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Abstract

In the last years, the steep rise of the amount of digital information
stored and shared worldwide has posed a set of important challenges
for research and industry in order to develop new storage technologies

that are fast, nonvolatile and energy-efficient.

Among the different solid state technologies under development, the
most innovative magnetic memories, based on the MRAM architec-
ture, seem to be able to offer the best performances in terms of speed
and reliability. However, the excessive power consumption, due to the
high current densities required for magnetic state writing, limits the

large-scale applications of these devices.

A potential alternative to current-driven writing in magnetic memo-
ries can be found in multiferroic systems that show magnetoelectric
coupling. In these systems, coexistence of ferromagnetic (FM) and
ferroelectric (FE) ordering and their reciprocal interaction allows a
purely electric control of magnetism, with possible applications in

low power storage devices.

The present work, carried on in the Nanobiotechnology and Spintro-
nics group of Politecnico di Milano, aims at investigating magnetoe-
lectric coupling effects in composite FE/FM heterostructures, with

the goal to realize devices in which the magnetic properties of the
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FM could be modified upon application of an electric voltage to the
FE. This idea is exploited in two different kinds of devices: ferroelec-
tric capacitors with magnetic electrodes and multiferroic tunnelling
junctions.

Key components of ferroelectric capacitors are the FE oxyde BaTiO3
(BTO) and the FM alloy Cog4Fep4Bg2 (CoFeB). The dependence
of the perpendicular magnetic anisotropy of CoFeB thin films on
BTO polarization at room temperature is revealed in these devices
by the variation of the magnetic coercive field of CoFeB, measured by
magneto-optical Kerr effect.

Multiferroic tunnelling junctions are based instead on the heterostruc-
ture Co/Fe/BaTiO3/Lagg7Sr9.33MnO3, where Lagg7Srg33MnO3 and
Co/Fe are the FM electrodes and BTO acts both as tunnel barrier
and FE element. In these devices, both tunnelling electroresistance
and tunnelling magnetoresistance are indipendently observed. Mo-
reover, ferroelectric control of spin polarization of Fe layer is found,
denoted by the dependence of the magnetoresistance values on the
barrier polarization.

The magnetoelectric coupling effects shown by these devices finally
demonstrate the opportunity of a purely electrical control of the ma-
gnetization, thus paving the way to a new generation of low power

consumption magnetic memories.



Sommario

L’aumento vertiginoso della quantita di informazione digitale imma-
gazzinata e scambiata ha posto negli ultimi anni ricerca e industria
di fronte a importanti sfide per sviluppare nuove tecnologie di memo-

rizzazione veloci, stabili e a basso consumo energetico.

Tra le diverse tecnologie a stato solido in via di sviluppo, le memorie
magnetiche pitl innovative, basate sull’architettura MRAM, sembrano
potere offrire le prestazioni migliori in termini di velocita e affidabilita.
Tuttavia, 1’eccessivo consumo energetico, dovuto alle alte densita di
corrente necessarie per la scrittura dell’informazione magnetica, ne

limita ancora l'applicazione su larga scala.

Una possibile alternativa alla scrittura per mezzo di correnti nelle
memorie magnetiche é fornita dai sistemi multiferroici che presenta-
no accoppiamento magnetoelettrico. In questi sistemi la coesistenza
di ordinamento ferromagnetico (FM) e ferroelettrico (FE) e la loro
reciproca interazione permette di ottenere un controllo puramente
elettrico del magnetismo, con potenziali applicazioni in dispositivi di

memorizzazione a basso consumo.
Il presente lavoro, svolto nel gruppo di Nanobiotecnologia e Spin-
tronica del Politecnico di Milano, si propone di investigare possibili

fenomeni di accoppiamento magnetoelettrico in eterostrutture compo-
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site FE/FM, con 'obiettivo di realizzare dispositivi in cui le proprieta
magnetiche del FM possano essere modificate dall’applicazione di una
tensione al FE. Questa idea viene applicata a due diversi tipi di di-
spositivo: capacitori ferroelettrici con elettrodi magnetici e giunzioni
multiferroiche ad effetto tunnel.

Gli elementi fondamentali dei capacitori ferroelettrici sono ’ossido FE
BaTiO3 (BTO) e la lega FM Coq 4Feq4Bo2 (CoFeB). La dipendenza
dell’anisotropia magnetica perpendicolare dei film sottili di CoFeB
dalla polarizzazione del BTO a temperatura ambiente si traduce in
questi dispositivi nella variazione del campo coercitivo magnetico del
CoFeB, misurato per mezzo dell’effetto Kerr magneto-ottico.

Le giunzioni multiferroiche ad effetto tunnel sono basate invece sull’e-
terostruttura Co/Fe/BaTiO3/Lag 67510.33MnO3, dove Lag 7510 33MnO3
e Co/Fe sono gli elettrodi FM e il BTO svolge la funzione di barrie-
ra ed elemento FE. Questi dispositivi presentano indipendentemente
sia elettroresistenza che magnetoresistenza per effetto tunnel. Si os-
serva inoltre un controllo ferroelettrico sulla polarizzazione di spin
del Fe, evidenziato dalla variazione dei valori di magnetoresistenza in
funzione della polarizzazione della barriera.

Gli effetti di accoppiamento magnetoelettrico mostrati da questi di-
spositivi dimostrano la possibilita di un controllo puramente elettrico
della magnetizzazione, aprendo la strada ad una nuova generazione di

memorie magnetiche a basso consumo.
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Chapter 1

Introduction

At the end of 2013, the amount of digital information stored worldwide was
estimated in 4.4 zettabyte (a zettabyte is a trillion of gigabyte or 10*! byte), this
value doubles approximately every two years and is expected to reach 44 zettabyte
by 2020 [1]. This ever-increasing volume of data, as well as the pervasive diffusion
of portable computing devices, is pushing new and more challenging demands to

information storage technology.

The goal of a fast, high density, nonvolatile memory with special attention
to low energy consumption is not currently met by any state of the art tech-
nology: magnetic recording in hard disk drives, the conventional method still in
widespread use especially in big data facilities, requires electric current to write
and erase bits, hindering both high-density integration and power consumption
reduction. At the contrary, commercial ferroelectric devices such as FeRAMs
have the advantages of high scalability and low power electric field writing, but a

complex and destructive read-out process keeps those memories in a niche market.

Among the emerging devices, ferroelectric/ferromagnetic heterostructures that
show magnetoelectric (ME) coupling may overcome the disadvantages of each
technology taken singularly and pave the way for next generation memories.

Growth and characterization of multiferroic structures of this kind will be de-



2 Introduction

scribed in detail in this thesis work as well as results that prove the existence of
ME coupling.
This first chapter will review current and emerging technologies in information

storage, with particular focus on applications of multiferroic systems.

1.1 Survey of Information Storage Technology

Since the beginning of civilization, information recording has been a need for hu-
manity: from runes carved in stones and clay tablets, through characters hand-
written or printed on paper, till the billions of bits stored in every modern personal
computer, increasing density and accessibility of information have always been a
priority. In the digital information society we are living, the methods to record
and access data have become crucial even more: for this reason multiple types of
digital memories have been developed in the last decades and several still coexist
in the variegated landscape of information technology. We will distinguish here

three classes of memories on the base of their working principle.

e Magnetic memories, based on the stable spontaneous magnetization of fer-
romagnetic materials at room temperature. Data are written applying a
magnetic field and read by magnetic head sensors. The development of

magnetic memories is presented in section [I.1.1]

e FElectrical memories, in which information is stored in an electrical state.
They include conventional Random Access Memories (S-RAM, D-RAM),
Read Only Memories (ROM) and FLASH memories. Ferroelectric devices
that will be discussed in section also belong to this class.

e Optical memories, in which the digital value is related to reflection or ab-
sorption of a laser beam from a surface. Writing and reading of optical

memories (CD-ROMs, DVDs) is completely achieved by optical means.
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Different recording technologies are employed for different tasks on the base
of their characteristics and performances. A comparison of the principal solid

state technologies is shown in table

Static random access memories (SRAMs) are used for their great read/write
speed as low-level cache in microprocessors. As SRAM is actually a CMOS
logic circuit it can not be scaled easily, and SRAMs storage capacity is limited
to few megabyte. For this reason, main memories in computers are realized
with the Dynamic RAM (DRAM) technology, which allows higher density at
expense of slower operation speed. DRAMs hold binary information as charge
in capacitors but, since capacitors tend to discharge rapidly, a continuous refresh

cycle is needed to mantain the data stored, raising the power consumption.

Both SRAMs and DRAMs are volatile memories, meaning that they retain
the information only as long as they are powered. For data storage, nonvolatile
memories such as FLASH or FeRAMs (described in Section are required.
The former are widely used as mass storage devices but suffer of slow write
speed, while the latter have intermediate performances and are used for specific

applications in embedded systems.

Finally, the MRAM technology (discussed more in detail in Section [1.1.1])

offers great performances in terms of speed, density and relaiability, but its ap-

Property Memory Type
SRAM DRAM FLASH FeRAM MRAM
Read Fast  Moderate Fast Moderate Fast
Write Fast  Moderate Slow  Moderate Fast
Retention No No Yes Partial Yes
Endurability Good Good Poor Poor Good
Refresh No Yes No No No
Density Low High High Medium High
Power consumption  Low High Low Low High

Table 1.1: Performance comparison of principal solid state memory technologies
(from |[2]).
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plications are currently limited by the high power consumption.

1.1.1 Magnetic Storage Technology

The spontaneous magnetization of ferromagnetic materials has been employed
in data storage since the early days of computing. In the 50s, magnetic-core
memories, based on arrays of ferrite rings in which the sense of magnetization
represented the digital information, were introduced and remained the predom-
inant Random Access Memory (RAM) technology for over two decades. In the
same period the first magnetic hard disk was presented by IBM (1956) and the
technology has kept progressing since that moment until today. In particular the
discoveries of magnetoresistive effects in magnetic thin films and heterostructures,
Anisotropic Magnetoresistance (AMR) [4], Giant Magnetoresistance (GMR, sec-
tion [5] and Tunnel Magnetoresistance (TMR, section [6], found
immediate application in hard disks reading heads, improving by several orders
of magnitude the sensitivity of magnetic detection and leading to unprecedented

densities of stored information (Figure |[1.1]). In the years, many other magnetic
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Figure 1.1: Evolution of areal density of information stored in commercial hard
disks (adapted from [3]).



1.1 Survey of Information Storage Technology 5

storage media have also been investigated and commercialized for different appli-
cations, including floppy disks, magnetic recording tapes, and magnetic stripes.

Magnetic storage technology has been successful in hard disk drives for its
intrinsic non-volatility and low cost, nonetheless the continuously increasing re-
quirements of density are pushing more challenges that have to be faced. First,
the reduction in size of magnetic data cells results in less stable magnetization,
and under a certain limit self-demagnetization is unavoidable at room temper-
ature (superparamagnetic limit). Second, a large magnetic field is required to
write the state, even more if materials with larger coercive fields are used to
avoid the supermaramagnetic limit, thus the power consumption remains high if
compared to other solid state technologies such as FLASH or FeRAM. Moreover,
the moving parts of hard disks (spinning platters and reading head) increase the
energy consumption even more, reducing at the same time the reliability of the
storage medium because of the high failure risk of mechanical components.

A developing architecture of memories that try to address these issues, while
retaining the advantages of conventional magnetic storage, is the so called Mag-
netic Random Access Memory or MRAM represented in Figure Unlike
hard disk drives, MRAMs are solid state memories that do not present moving

parts. They are based on Magnetic Tunneling Junctions (MTJs) i. e. two mag-

‘Bit' lines

Figure 1.2: Structure of a standard cross-point MRAM architecture (from )
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netic films separated by a ultrathin insulating layer. These devices could be used
both as mass data storage memories and as fast random access memories, with
higher densities with respect to DRAMs and free from the need to refresh contin-
uously the information thanks to the intrinsic stability of the ferromagnetic state.
TMR allows easily to read the state of the cell non destructively and with small
consumption, while writing may be obtained inducing local magnetic fields with
a grid of current lines in a very similar fashion to what was done in magnetic-core
memories. In MRAMSs, the regular arrangement of current lines shown in Figure
allows to write a memory cell by composing the magnetic fields generated by
the current flowing in the word line and in the bit line on which the addressed
cell lies. Both the word and the bit line generate a magnetic field smaller than
the coercive field of the memory cells, and just at the cross-point the sum of the
two field is strong enough to write the cell, leaving all the others unchanged.

This cross-point architecture and the use of current lines, of course, limits
scalability and reduction of energy consumption, for this reason the use of alter-
native mechanisms such as Spin Transfer Torque (STT) to flip magnetization is
recognized as a better approach (STT-MRAM) [11]. Unfortunately, though, even
employing STT, current densities of the order of 107 A /cm? are still required to
write a a magnetic state [12].

In conclusion MRAMs hold potential to become the universal memory, but
the problem of high power consumption during the writing process remains a
major challenge to be faced before a massive breakthrough of this technology

could happen.

1.1.2 Ferroelectric Storage Technology

Ferroelectric materials are named that way in analogy to ferromagnetic ones:
while the latter hold a remanent magnetization in absence of magnetic field,

ferroelectrics retain a remanent polarization in absence of an applied electric
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field. As in the case of the magnetic counterpart, ferroelectric polarization can be
switched by an external electrical field and hence used to store information. Here
we present the state of the art of ferroelectric memories, while an introduction to

the general physics of ferroelectric materials can be found in section [2.2]

The structure of a conventional Ferroelectric Random Access Memory (FeRAM)
[13[14] is illustrated in Figure [I.3p. As pointed out before, to write a state of
polarization an electric field sufficiently large is applied to the ferroelectric capac-
itor. Readout process is slightly more difficult and is illustrated in Figure [I.3p:
a voltage is applied as to write a "1" bit in the memory cell, if the ferroelectric is
already in the "1" status nothing happens, but if it is in the "0" status the charge
movement due to the polarization reversal causes a small current flow that can

be detected.

Being the reading voltage sufficient to switch polarization, it is cleat that
one of the disadvantages of this memory is the destructive readout (DRO): the
ferroelectric polarization will always point in a certain direction at the end of the
reading process and a write-after-read cycle is necessary to restore the original

information. However, nonvolatile storage, high density, fast access and low power

Bit 0
I I Reading Voltage
FE ¢ /\ Reading Current FE T
Bit 1
I I Reading Voltage
FE ? Reading Current FE ?

(b)

Figure 1.3: a)Structure of a FeERAM Device. b) Readout process for FeRAM,
the ending configuration is the same for both initial states.
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Figure 1.4: Principle of a ferroelectric tunnel junction. The direction of polariza-
tion in the ferroelectric (white arrow) influences the charge current (black arrow)
between two conducting layers (from [21]).

consumption make FeRAMs a peculiar memory among the currently available

commercial technologies, and its use is growing in embedded systems.

Another kind of ferroelectric memory currently in development is the Ferro-
electric Tunneling RAM (FTRAM) [15]. This technology is based on the Tun-
neling Electroresistance (TER, discussed in detail in section characteristic
of asymmetrical ferroelectric tunnel junctions (FTJs). According to the sense
of polarization the junction exhibits a variation of resistance (Figure with
an ON/OFF ratio, i. e. the ratio between highest and lowest resistance, up to
10 ,. For this reason, to read the status is sufficient to apply a small volt-
age much lower than the writing voltage and readout can be accomplished non

destructively.

FTRAMSs retain all other advantages of FeRAMs and are a promising tech-
nology for applications. Moreover some architectures show good memristive be-
haviour and may be employed in the future as analogic memories in
adaptive circuits. However, ultrathin ferroelectric film growth is still an embry-
onic field and better control of film properties have to be attained before large

scale production could take place.
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1.2 Applications of Multiferroics in Information

Storage

We have seen that ferromagnetic and ferroelectric materials are interesting in

themselves for information storage technology: magnetic recording grants easy

reading and non-destructive readout (NDRO) but is limited in storage density and

writing power consumption; commercial ferroelectric memories, by the contrary,

offer high density and low writing energy, but requires complex and destructive

readout . The ideal solution would be of course to combine the advantages of

both ferromagnetic and ferroelectric memories in a single device and this jus-

tifies the rampant interest in multiferroic systems . The word multiferroic
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defines materials and structures which exhibits (at least) two of the four fer-
roic orders (ferromagnetism, ferroelectricity, ferroelasticity, ferrotoroidism) [21]).
Of particular interest for the scope of this work are multiferroics that present
a magnetoelectric (ME) coupling between magnetic and electric order (Figure
, as they may hold great potential to improve the performances of memory
devices [21,123]. Unfortunately the few multiferroic materials in nature exhibit
weak ME coupling and often only below room temperature [24,25|, thus limiting
applications in memory devices. Greater interest comes instead from compos-
ite multiferroics systems, i. e. heterostructures made of interacting single phase
ferroelectric and ferromagnet. Several groups [26-30| reported results in which
devices of this kind were employed with encouraging results in electric-field con-
trol of magnetizazion and multistate memory devices. Some of these results will

be briefly reviewed in the following sections.

1.2.1 Electric Control of Magnetization

The issue of power consumption in magnetic based memories is bounded to the
need of electric currents to write a magnetic state. Magnetoelectric coupling
opens a different perspective, in which electric fields are used to control mag-
netization instead of currents. On the base of this idea, in year 2008, Bibes
et al. |31] proposed the concept of electric-writing and magnetic-reading random
access memories (MERAMSs) by fabrication of MTJs on top of a multiferroic
layer.

Electric-field control of magnetization have been demonstrated in a large vari-
ety of single phase Ferroelectric/Ferromagnetic heterostructures such as BaTiO3/
CoFey Oy [32], BaTiO3/Fe [33,34], BaTiO3/Ni [35], PMN-PT/CoFeB [36] and so
on. Polarization can affect magnetization in several ways and some examples are
shown in Figure [1.6]

Ferroelectric control of the Curie temperature (Figure[L.6p) has been demon-
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strated in LaggSrgoMnOs/PbZrg 2 TigsO3 bilayers . Toggling between para-
magnetic and ferromagnetic state (Figure ) has been predicted for palla-
dium and a switch from ferromagnetic to antiferromagnetic ordering has
been observed at Fe/BaTiOj interface [30]. Spin polarization at the interface
between a ferromagnet and a ferroelectric may also be tuned by the ferroelectric
polarization direction (Figure [1.6k). This effect has been demonstrated
experimentally by observing the polarization dependence of the TMR in MTJs
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Figure 1.6: Possible effects of coupling with a ferroelectric in magnetic films: a)
Control of the Curie Temperature. b) Magnetic toggling. ¢) Change in spin
population. d) Modification of interlayer coupling (from )
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with a ferroelectric barrier [26}29,43].

All these interfacial magnetoelectric effects could be in principle amplified by
combining them with bilinear exchange coupling. Magnetic layers separated by a
thin nonmagnetic spacer are either coupled parallel or antiparallel, and the sign
of the coupling depends on spacer thickness and interfaces magnetization [44]. By
changing magnetic properties by means of a ferroelectric, it has been predicted
a switch of the multilayer configuration from ferromagnetic to antiferromagnetic
that may be employed in electrically controlled GMR devices [45] (Figure [1.64d).

A fifth different effect that could be exploited is the ferroelectric control of
magnetic anisotropy. This method is particularly appealing because the mag-
netic anisotropy determines stable orientations of magnetization, and tailoring
the anisotropy of a ferromagnetic film by means of electric fields could allow a
switching of the magnetic moment. This magnetoelectric effect has been object
of investigation by the group in which this thesis has been done. Preliminary
results obtained on CoFeB/ BaTiOj3 structures have been reported in [46] and

exhaustive characterization on devices of this kind is presented in chapter 4.

1.2.2 Magnetoelectric Multistate Systems

Coexistence of ferroelectric and ferromagnetic order in a single device may offer
another advantage in information storage technology: in fact the two polarization
states and the two magnetization states can be used to store two independent
binary informations, thus realizing a four states memory. The idea in this case
is to employ the ferroelectric material as the barrier in the MTJ, instead of
conventional non-ferroelectric insulators (MgO, Al,O3), and combine TMR and
TER effects to distinguish the four different cases (Figure [1.7c).

The first of this kind of Multiferroic Tunneling Junctions (MFTJs) was re-
ported by Gajek et al. in 2007 in Au/Lag;BigoMnO3/Lag¢7Srg33MnO3 het-

erostructures, exploiting the intrinsic multiferroicity of the barrier at low tem-
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Figure 1.7: Comparison of MTJ, FTJ and MFTJ. a) Magnetic Tunnelling Junc-
tions exhibit two resistive states for parallel and antiparallel alignment of magne-
tizations. b) Ferroelectric Tunnelling Junctions exhibit two resistive states for up
and down polarization. ¢) Multiferroic Tunnelling Junctions show four states of
resistance for combination of magnetic alignment and ferroelectric polarization.

peratures . Subsequently ferroelectric control of spin tunneling was demon-
strated in Fe/BaTiO3/ Lag ¢7Sr.33MnO; [26], Co/BaTiO3/ Lag 67Sro.33MnO3 [43]
and Co/PbZrg2Tips03/ Lage7Sro.33MnO3 junctions, always below room tem-
perature. MFTJs working at room temperature were first demonstrated by
Yin et al. in all-oxide Lagg7Sr.33MnQO3/Bag o55r0.05Ti03/Lag ¢75r0.33MnO3 het-
erostructures [28].

In this work, fully epitaxial Fe/BaTiO3/ Lag¢7Sr0.33MnO3 MFTJs have been

investigated and the results are reported in Chapter 5.

1.3 Thesis Outlook

As stated before, investigation of multiferroic systems which exhibit magnetoelec-

tric coupling is interesting not only for its underlying fundamental physics, but
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also for the severe impact that may have on storage technology applications. This
thesis work is focused on the study of magnetoelectric (ME) coupling in composite
multiferroic systems with the aim to demonstrate ferroelectric control of magneti-
zation, both in single ferromagnetic layers and in complex heterostructures. Two
different devices will be discussed in the text: the first will show electric control
of interface magnetic anisotropy of Cog4Feq4Bg2 ultrathin films grown on top
of ferroelectric BaTiO3 (BTO) capacitors; the second, based instead on the cou-
pling between BTO and epitaxial iron in Fe/BTO /Lag ¢7Sr0.33Mn0O3 MFTJs, will
demonstrate ferroelectric control of spin polarization and TMR of the junction.

The project has been carried on in the NanoBiotechnology and Spintron-
ics (NaBiS) group of Politecnico di Milano, coordinated by professor Riccardo
Bertacco . The thesis work has been done at the L-NESS (Laboratory for Nanos-
tructure Epitaxy and Spintronics on Silicon), at Polo Regionale di Como of Po-
litecnico di Milano.

In the next chapters the results obtained during my thesis work will be pre-
sented, along with the underlying theory and the methods of fabrication and
characterization employed.

Chapter 2 includes foundamental theory of ferromagnetic and ferroelectric
materials, spin dependent transport and magnetoelectric coupling.

Chapter 3 describes growth techniques, the lithographic process and charac-
terization methods.

Chapter 4 presents the investigation of CoFeB/BTO heterostructures and the
results in electric control of magnetization.

Chapter 5 exposes the design and realization of Fe/BTO /Lag 751 33 MnO3 mul-
tiferroic tunneling junctions and preliminary results of transport measurements

in different polarization and magnetization states.



Chapter 2

Theory

In this chapter the basic physics behind multiferroic devices is exposed. Sections
and introduce ferromagnetism and ferroelectricity, describing similari-
ties and differences between the two phenomena and the related magnetoresis-
tive/electroresistive behaviour in nanoscale heterostructures.

Section is dedicated instead to the coupling between magnetic and electric
ordering, starting from the general definition of multiferroic single-phase crystals

to specific applications in composite multiferroics.

2.1 Ferromagnetism

Ferromagnetic materials exhibit a long-range ordering at the atomic level which
causes the unpaired electron spins to line up parallel with each other in a region
called a domain. In these materials, macroscopic magnetization can be changed
reordering domains by means of an external magnetic field and the switching is
associated to an hysteresis loop (Figure 2.1]).

The origin of magnetic ordering is the exchange interaction between electrons.
Depending on the electronic arrangement within the atoms and the crystalline

structure, a parallel alignment of magnetic moments may be favoured: if this
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M|

Figure 2.1: Magnetic domains and magnetic hysteresis loop in ferromagnetic
materials (from [48]).

happens ferromagnetic order is enstablished [49].

2.1.1 Spin Polarization in Ferromagnets

In ferromagnetic materials, the asymmetry between electrons with opposite spin
results in the splitting of the bands corresponding to the density of states (DOS)
of the two electron populations as shown in Figure[2.2] The lower band in energy
is called the majority-spin electrons band, while the higher one is the minority-
spin electrons band.

Since electrons tend to occupy lower states in energy, the majority band is
more populated, the difference of population between majority and minority spin
band accounts for the spontaneous magnetization of ferromagnets.

This simplified representation also helps to introduce the concept of spin de-
pendent transport. Only electrons with energy near to the Fermi level participate
to transport phenomena and the DOS at Fermi level is different for minority and
majority spins. This determines an intrinsic spin polarization of the current flow-

ing in a ferromagnet that is given by

(2.1)
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Figure 2.2: Simplified representation of the density of states in paramagnetic,
ferromagnetic, and half-metal ferromagnetic materials. In ferromagnetic mate-
rials splitting of the bands is determined by exchange interaction that favours
parallel alignment. In the case of an half-metal ferromagnet the density of states
for minority-spin electrons is zero at the Fermi level, so that only majority-spin
electrons are present and the population is 100% spin polarized.

where Ny(y) corresponds to the density of states at Fermi level for majority (mi-
nority) spin.

In a non magnetic material there is no splitting of the DOS and the two
bands are equally populated as shown in Figure [2.2h, so that spin-polarization P
is zero. In a ferromagnetic material the spin splitting (Figure ) determines
a polarization comprised between 0 and 1. As an extreme case, if minority-spin
DOS at Fermi level is zero (Figure )7 the polarization approaches 1 and ideally
all the current flowing is carried by electrons with the same spin. This situation

is proper of ferromagnetic half-metals such as Lag 7Sr9.33MnO3 and CrOs [50].

2.1.2 Giant Magnetoresistance

Giant Magnetoresistance (GMR) arises from the spin-dependent scattering of
electrons in superlattices made of alternating ferromagnetic and nonmagnetic
metals. The effect was first observed by Baibich et al. in 1988 in Fe/Cr super-
lattices [5] and independently by Binasch et al. [51]. For the discovery of GMR,
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Albert Fert and Peter Griinberg were awarded the Nobel Prize in Physics in year
2007.

The origin of GMR can be understood considering different scattering coeffi-
cients for majoritary and minoritary spins in magnetic materials and at interfaces.
In the two-current model, total conductivity can be expressed as sum of separate
contributions from majority and minority electrons in the assumption that spin
is preserved (spin flip events are neglected, so that the currents correspondings to
the two different spins flow in parallel). Figure shows the basic idea: parallel
alignment of the magnetic moments of subsequent layers causes one spin channel
to experience very high conductance, hence the total resistance, given by the par-
allel resistance of the two channels, is low (Figure 2.3p). Antiparallel alignment
instead determines low conductance for both channels as electrons encounter a
region in which scattering is more probable and the total resistance is high .

In these GMR devices, ferromagnetic films are held in antiparallel configura-
tion at zero field thanks to exchange coupling. In this configuration scattering is

maximum and device resistance is high. However, if parallel alignment of magne-
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Figure 2.3: a) Representation of spin-dependent scattering and b) equivalent
circuit in the two currents model. ¢) GMR at 4.2K in Fe/Cr superlattices for
different Cr thicknesses [3)]
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tizations is forced through application of a large magnetic field a lower resistance

is measured (Figure [2.3f).

The value of magnetoresistance is defined as

_ Rap — Rp

MR
Re

(2.2)

where R,p is the resistance in the antiparallel state and Rp the resistance in
the parallel state. In the pioneering work of Baibich et al. [5] on Fe/Cr/Fe
multilayers, a GMR of 80% was measured at 4.2K and of 20% at 300K for a
chromium thickness of 9A. Being the effect seizable at room temperature and
the ratio AR/R independent of area, GMR devices were well suited for circuit

integration, that actually happened in few years |52].

2.1.3 Tunnel Magnetoresistance

Magnetoresistance in Ferromagnet/Insulator/Ferromagnet tunneling junctions
was first studied by Julliére in 1975 [6]. As in the case of GMR, also in these
structures a change of resistance is observed in case of antiparallel or parallel
magnetizations. Julliére accounted for this behaviour completely within the spin
split band representation discussed in section[2.1] in a simple model that neglects
both tunnelling matrix elements and scattering events that may lead to a spin
flip, so that, in a first approximation, transmission is proportional to the DOS
on both sides of the barrier.

The idea is illustrated in Figure 2.4] In parallel state the DOS at Fermi
level for one of the spin channels (minority in this case) is high at both sides of
the barrier, determining a relatively high tunnelling probability and hence a low
resistance. In antiparallel state instead, both spin-up and spin-down channels
experience low tunneling probabilities, as they tunnel from a region with high
DOS to a region with low DOS or viceversa.

On the base of this model Julliére derived a simple expression, equivalent to
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Parallel state Antiparallel state
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Figure 2.4: Two-current model for parallel and anti-parallel alignment of the
magnetizations. In the case of parallel magnetizations, electrons will more easily
find free states to tunnel to and the tunnelling probability is relatively high.
For antiparallel magnetization, both the majority and minority spin channels
experience lower tunnelling probabilities (from )

Eﬁ

the general definition of eq. [2.2] to express TMR in terms of spin polarization:

2P, P,
TMR =122 2.
R=1"pp (2:3)

P, and P; are the spin polarizations calculated as in eq. for the left and right
electrode respectively.

Record values of TMR up to 600% at room temperature and over 1100% at
4.2 K were observed in junctions of CoFeB/MgO/CoFeB

2.2 Ferroelectricity

Whereas ferromagnetic materials present an asymmetry in spin, ferroelectric
materials show instead an asymmetry in charge. This determines two discrete
states of non zero electric polarization that can be reversed by a external electric
field . As in the case of ferromagnetic materials, ferroelectric switching is
associated to an hysteresis cycle (Figure 2.5p).

In order to exhibit spontaneous polarization a material must have a non-

centrosymmetric unit cell. In most of the ferroelectrics this is possible thanks
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to the distortion (second order Jahn-Teller distortion) of a non-polar centrosym-
metric prototype phase. The distortion causes displacement of ions inside the

crystal unit cell and the formation of an electric dipole [56].

Typical examples of materials that show this behaviour are the ferroelectric
perovskite oxides like BaTiOg, that will be employed in this work. Perovskite
oxides have structure ABO3; where A and B are two different metallic cations.
Under specific conditions, the cubic prototype phase of this crystals undergoes a
distortion to lower its potential energy by shifting either A or B cations (or both)
as shown in Figure [2.5pb.

The local offcentering of ions alone is not sufficient to grant net macroscopic
polarization: ferroelectrics analogously to ferromagnets require long range order-
ing. In this case, the role that quantum exchange has in magnetism is taken
by dipole-dipole interactions. In BaTiOgs this purely electrostatic effect favours

ferroelectric ordering as demonstrated also by first principles calculations [57].

J;%x +P (uC/em’)

%I centrosymmetric ferroelectric

(a) (b)

Figure 2.5: a) Ferroelectric hysteresis loop (from ) b) Centrosymmetric proto-
type unit cell of a perovskite with ABOj3 structure (left) and non-centrosymmetric
distorted perovskite unit cell (right). The distorted structure may develop ferro-
electricity if long range ordering of dipoles is favoured.
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2.2.1 Tunneling Electroresistance

The concept of ferroelectric tunneling junctions was proposed by Esaki back in
1971 , however, at that time, there were no experimental techniques and ca-
pabilities to fabricate ferroelectric ultrathin films. Moreover, it was believed that
the critical thickness for ferroelectricity was much higher than the few nanometers
necessary for tunnelling to take place. Only with the discovery of ferroelectricity
in nanometer-thick films , FTJs have received again the attention of the
scientific community.

The simplified band profile of a tunnelling junction with a ferroelectric barrier
is shown in Figure 2.6, Polarization influences the band profile as the ferroelectric
charges repel or attract electrons at metal interfaces and the incomplete screening
of these charges gives rise to an additional electrostatic potential.

If we consider an asymmetric FTJ in which one electrode screens charges more
efficiently than the other, the additional electrostatic potential will be different

at the two interfaces as it depends on the ratio between screening length and

M1 FE = M2

=

Low barrier height (®_) Large barrier height (®,)

Figure 2.6: Polarization-induced variation of the tunnel barrier height in FTJs
and potential profile across the metal 1 (M1)/ferroelectric/metal 2 (M2) het-
erostructure for two orientations (right and left) of the ferroelectric polarization
(P). Ferroelectric charges are more efficiently screened in M1 than in M2 and,
owing to electrostatic effects, the average barrier height is small (®_) or large
(), when P points to the right or to the left, respectively (from )
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dielectric constant. In such a system, ferroelectric charge induces an asymmetric
modulation of the electronic potential profile that is reversed by changing the
polarization verse. As shown in Figure[2.6] this results in a greater average barrier

height when polarization points towards the most screening-efficient electrode.

Since the tunnel transmission depends exponentially on the square root of the
barrier height, the junction resistance will depend on the direction of polarization.
The figure of mertit of this change of resistance is the tunnelling electroresisance
ratio.

Rorr — Ron

TER = (2.4)

Ron
Rorr and Rpy are the highest and lowest states of resistance, respectively, mea-

sured in opposite states of polarization.

Besides the electrostatic effect, some other mechanisms related to ferroelectric
polarization may contribute to the change of tunnelling resistance. The displace-
ment of atoms in the barrier for opposite polarization orientations, for instance,
may affect the atomic orbital hybridizations at the ferroelectric/metal interface
determining a different transmission probability. Or else, polarization dependent
strain of the ferroelectric material can modify the barrier width and consequently

the tunnelling probability [61].

2.2.2 Brinkman model

To evaluate the role of electrostatic TER effect, Brinkman model for trapezoidal

potential barriers [62] is commonly employed in FTJs characterization |26}63-65].

Assuming a barrier of width d and potential steps at the interfaces ¢; and

¢2, Gruverman et al. [63] derived the following equation for tunnelling current
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density J in the WKB approximation.

S = 1/2 17212 %
eV eV

@2(V) [(02 = %) = (01 + %) (25)

3 eV \? eV\'?| eV

nd 3 eV B eV ev

sin {za(V) (¢2 5 ) <¢1 + 5 > 5
where €' = -4 o = %, being m* the effective tunnelling electron

mass.

The parameters in this equation can be obtained by fitting current-voltage
characteristics of FTJs. Of particular interest are the values of ¢; and ¢, and
their variation in different polarization states, as it allows to quantify the change

of the average barrier height that gives rise to TER.

2.3 Magnetoelectric coupling

Magnetoelectric coupling, in its most general definition, describes the interaction
between electric and magnetic fields in matter (i. e. induction of magnetization
(M) by an electric field (E) or polarization (P) by a magnetic field (H) as shown
in Figure .

The general framework in which ME coupling could be described is the Landau
theory of phase transitions [23,66]. The free energy F' of a magnetoelectric system

under an external electric field E and magnetic field H can be expanded as follows:

1 1
F(E, H) = FO — ]DZSEZ — MZSHZ — §€O€ijEiEj — _//LO/’LZ]HZHJ+

2
B

2.6
EH.H, — *HEE 20
o ity — =il by = ..

— OéijEiHj —

where Fj represents the ground state free energy, P’ and M the components of
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spontaneous polarization and magnetization, €pe;; and pop;; the dielectric con-
stant and magnetic susceptibility of the material, and «;;, B;ji, Vijr the first order
and higher order ME coupling coefficients. Different components of electric and

magnetic fields are denoted by F;, E;, Ey, and H;, H;, Hy, respectively.

By differentiating Eq. with respect to E; and H; respectively one gets the

following expressions for P; and M; [23]:

OF
i 5 (2.7)
= PP+ coey By + iy Hj + %Hij iR+
oF
i ) (2.8)
= M; + piopuig Hy + 0 By + B B + "2 BB+

2

From Egs. and one can see the interdependence between the ferroelec-
tric order and the ferromagnetic order in multiferroic materials, provided that
at least one of the terms o;;, Bijk, Vijr is non zero. The control of polarization
by means of a magnetic field (Eq. is called magnetoelectic coupling, while
the control of magnetization by means of an electric field (Eq. is defined

converse magnetoelectric coupling.

Values of the a coefficients in single phase material are tipically in the order
of 10713 — 107" s/m with a record value of 4.6 - 107!° s/m for TbPO, at 2 K
[67]. For comparison, the record magnetoelectric coupling constant in composite
multiferroics corresponds to a = 2- 107! s/m, as reported by Radaelli et al. |30]
for Fe/BaTiOj interface at room temperature. This specific case will be discussed

in more detail in the next section.
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2.3.1 Ferroelectric Control of Magnetization in Fe/BaTiO;

Among other FM/FE structures, Fe/BaTiO3 has emerged as a prototypical com-
posite multiferroic interface. Both these materials possess robust ferroic order
at room temperature and a negligible lattice mismatch (1.6%), that allows for
the epitaxial growth of heterostructures embedding Fe and BaTiOj |68|. For this
reason, multiferroic structures of this kind have been widely investigated also by
the group where my work has been done [30},33,34], and will be the subject of
part of this work.

In the first work on direct (i. e. not strain mediated) ME effects, Duan
et al. predicted with density-functional calculations that ME coupling could arise
in the ideal Fe/BaTiO3 (001) multilayer (Figure 2.7h) from a change of interface
bonding configuration [39].

Fe magnetization is affected by displacement of Ti atoms due to ferroelectric
polarization. The upward polarization pushes Ti atoms towards the interface
(Figure 2.7h) and reduce the Fe-Ti bond length. Hybridization between 3d or-

bitals of Fe and Ti results in a minority-spin bonding state lying below the Fermi
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Figure 2.7: a) Atomic structure of Fe/BaTiO3/Fe multilayer. b) Orbital-resolved
DOS for Ti and Fe at BaTiO3/Fe interface. Red solid line and blue dashed line
represent DOS for upward and downward polarization respectively. Shaded plots
are DOS for atoms far form the interface that can be regarded as bulk (from [39)]).
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level. For downward polarization, the smaller overlap between orbitals causes a
shift in energy of the bonding state, thus giving rise to a considerable difference

in the interface DOS in the two ferroelectric states (Figure 2.7b).

A greater magnetoelectric effect of quantum origin has been recently reported
by Radaelli et al. at the same interface [30]. In this work, a transition from
ferromagnetic to antiferromagnetic ordering of the first layer of oxidized Fe at
the interface with BaTiO3 has been demonstrated experimentally by means of
X-ray Magnetic Circular Dichroism (XMCD). Part of the work has been done in
the laboratories where my thesis took place and represents the starting point for
the realization of the multiferroic tunnelling junctions that will be discussed in

chapter 5.

To observe the magnetic transition of interfacial Fe atoms, X-ray absorption
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Figure 2.8: a,c) XAS Fe-Ly 3 spectra taken at 300K after upward and downward
polarization of BaTiO; (BTO). d,f) XAS Fe-L,3 spectra taken at 80K after
upward and downward polarization of BTO. b,e) XMCD signal in the Fe-L;
energy region for upward BTO polarization (blue circles) and downward (red

squares) (from [30]).
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spectra of Fe-Lj 3 edge have been taken at 300 K and 80 K for both polarization
directions (Figure . By taking the difference between absorption spectra
obtained with left and right circularly polarized light (Figure[2.8b,e) it is possible
to study the magnetization of the system. The absorption peak of oxidized Fe is
shifted from the one of metallic Fe and can be easily distinguished (yellow band);
in this peak, a dramatical change of XMCD response is observed between upward
and downward polarization states(Figure 2.8p,e).

The disappearance of XMCD signal for downward polarization is explained by
the transition of FeOx from ferromagnetic to antiferromagnetic. This hypothesis
is supported also by ab initio calculations that predict a reduction, and possibly

a change of sign, of the exchange constant in the interface layer.

2.3.2 Ferroelectric Control of Magnetic Anisotropy

In magnetic materials, rotational invariance is always broken by anisotropy ef-
fects, which make magnetization along particular space directions particularly
favourable. Many effects concur to anisotropy such as crystalline structure, strain,
shape and interface proximity [49].

Ferroelectric control of magnetic anisotropy in CoFeB/BaTiO3 heterostruc-
ture will be shown in chapter 4, however, due to the disorder of CoFeB alloy, no
theoretical predictions were made for this interface. Results for the well known
Fe/BaTiOj3 interface will be exposed here instead.

Ab initio calculations performed on Fe/BaTiO3 by Duan et al. show in fact
that magnetic anisotropy energy (MAE) can be controlled through ME coupling
with a ferroelectric [69]. The supercell structure investigated by the authors is
composed of 3 BaTiO3 unit cells with TiO termination and 1 monolayer of Fe,
and is depicted in Figure 2.9a. MAE is calculated within the force theorem as
the difference of single particle energies corresponding to magnetization along the

[100] and [001] directions, as MAE = EM — E001 - The results of calculations
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are shown in Figure 2.9b, denoting a variation of anisotropy energy as large as
46% between up and down polarization of BaTiOs3. Similar results were later

confirmed by other calculations for thicker layer of Fe |70].

The positive value of MAE indicates a magnetic easy axis normal to the sur-
face; the resulting out-of-plane magnetization arises from interface effects [71] and
can be observed in ultrathin ferromagnetic films. This interface anistropy, often
indicated as Perpendicular Magnetic Anisotropy (PMA), is particularly interest-
ing for applications, since perpendicular magnetization may allow higher storage
densities in memory devices . Moreover, the potential coupling of PMA and
ferroelectric polarization open new perspectives: electric field assisted magnetic
recording can be obtained by decreasing the required magnetic field to reverse the
magnetization [73| or, even better, an electrically controlled transition between
in-plane and out-of-plane magnetization can be achieved by proper engineering

of ME coupling and magnetic anisotropy [74].

This fully justifies the interest in the CoFeB/BaTiO3 system; CoFeB is one
of the most used materials in the framework of PMA [75-79] and electric control
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Figure 2.9: a)Unit cell of a monolayer-thick Fe film on BaTiO3. b) calculated
MAE as a function of polarization scaling factor A. A = —1 and A = 1 correspond
to polarization pointing down and up respectively (adapted from )
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of its magnetic properties is a significant result.



Chapter 3

Experimental Methods

This chapter will introduce the relevant methods and technologies that have been
employed during this work.

The thin film growth equipments used in sample fabrication are described in
section 311

Afterwards, the optical lithography process required for device patterning is
presented in section

At last, the principal characterization methods that have been used through-
out the thesis (Ferroelectric, magneto-optical and magnetotransport measure-

ments) are presented in section

3.1 Sample Preparation Techniques

In this work, two different kind of devices are presented. The first, multiferroic ca-
pacitors based on the Ta/CoFeB/BaTiO3/Lag ¢75r0.33MnO3 template, are grown
by pulsed laser deposition (PLD) and sputtering, while the second, multiferroic
tunnelling junctions realized on Au/Co/Fe/BaTiO3/Lag¢7Sr033MnO3 multilay-
ers, are grown by PLD and molecular beam epitaxy (MBE).

Multiferroic tunnelling junctions and part of the multiferroic capacitors have
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been realized in the multichamber system LASSE (Layered Artificial Structures
for Spin Electronics), a cluster tool that allows combined growth by PLD and
MBE in vacuum conditions. The system offers as well several in situ characteriza-
tion techniques such as Reflection High-Energy Electron Diffracition (RHEED),
Low Energy Electron Diffraction (LEED), X-ray and Ultraviolet Photoemis-
sion Spectroscopy (XPS,UPS), Spin resolved Inverse Photoemission (SPIPE) and
Magneto-optical Kerr effect (MOKE) [30]. A schematic view of the complete sys-
tem is sketched in Figure[3.1] The Introduction Chamber (IC) serves as fast entry
lock and as connection between Pulsed Laser Deposition Chamber (PLDC) and
the Sample Preparation Chamber (SPC). The Pulsed Lased Deposition Cham-
ber (PLDC) is devoted to the growth by PLD; in situ high-pressure Reflection
High-Energy Electron Diffracition (RHEED) is disposable to monitor the growth
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Figure 3.1: Schematic diagram of the LASSE cluster (top view). High and ultra-
high vacuum chambers are interconnected by gauge valves and samples can be
moved from one chamber to the others by means of magnetic and mechanical
transfer arms. (from [80])



3.1 Sample Preparation Techniques 33

process in real time. Sample Preparation Chamber (SPC) allows: i) sample and
substrate cleaning by ion sputtering and thermal annealing, 1) growth by MBE,
ii1) surface quality characterization through Low Energy Electron Diffraction
(LEED). At last, Measurement Chamber (MC) is dedicated to electron spec-
troscopies. PLDC and IC have a base pressure of about 10~% mbar, SPC and
MC chambers, instead, are maintained in Ultra High Vacuum (UHV) conditions,
i. e. at a pressure lower than 10~ mbar; this is necessary to avoid sample con-
tamination and to grant a sufficient mean free path for particles during MBE
deposition and spectroscopy experiments.

The four chambers are interconnected by gate valves and the different steps
involved in the sample growth may be conducted without breaking the vacuum,
as sample can be moved from one chamber to another by means of magnetic and

mechanical transfer arms.

3.1.1 Pulsed Laser Deposition

Pulsed Laser Deposition is a well established technology for thin film preparation.
In particular, this technique offers the possibility to obtain the correct stoichiom-
etry also in very complex compounds such as ferroelectric (e.g. BaTiO3), fer-
romagnetic (e.g. Lagg7Sr0.33Mn0O3) or high temperature superconducting oxides.
These functional oxides, in fact, are typically ternary or quaternary compounds
and their manifold structure is difficult to obtain with other deposition methods
such as sputtering or co-evaporation of the single constituents.

The principle of PLD is shown in Figure 3.2l An high-energy pulsed laser
beam is focused on the surface of a target with the stoichiometry to be transferred
to the sample. The target is instantaneously heated up to 2000-3000K causing
vaporization and ionization of the material. The continuous absorption of energy
from the laser pulse increases rapidly temperature and pressure inside the plasma,

that quickly expands perpendicularly to the target, forming the characteristic
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plume (inset of Figure [3.2)). The plume is highly directional and the chemical
species move inside the plasma towards the substrate where they impinge and

condensate.

The system in LASSE employs a quadrupled Nd:YAG laser source (A =
266 nm) operating in Q-switched regime. Intensity, fluence, focalization and
repetition rate can be independently tuned. Up to four stoichiometric targets

can be lodged inside the chamber and selected at any time thanks to a rotating

holder.

Even if targets have the correct stoichiometry, oxide films have a tendency to
deoxygenate during growth. To compensate for this effect, a continuous flow of
0.2 SCCM of high purity (> 99.9999%) oxygen, controlled through a flowmeter,
is introduced in the chamber during deposition. Pressure of the oxygen gas
is regulated manually by acting on a leak valve between the chamber and a

turbomolecular pump.

Perovskite films, like Lag 675rg.33MnO3 and BaTiOs3, are usually grown at high
temperature (800 K - 1200 K) in order to increase the mobility of atoms on the

Pulsed Laser Deposition

7 ~._ Deposition
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Target
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Figure 3.2: Schematic of a pulsed laser deposition system. The inset picture show
an actual photograph of the plasma plume (from [81]).
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La0,67Sr0.33Mn03 BaT103

Oxygen pressure 2.9-107! mbar  2.7-1072 mbar
Substrate Temperature 730°C 640°C
Beam Energy 40 mJ 9mJ
Repetition Rate 2 Hz 2 Hz
Sample distance 37.5 mm 27.5 mm

Table 3.1: Parameters for growth of BaTiO3 and Lagg7Sr0.33MnO3 by Pulsed
Laser Deposition

surface and promote the rearrangement towards a stable crystalline order (at
least in case of good lattice matching between film and substrate). For this
reason, the substrate can be heated by a 400W infrared lamp lodged in an Al
coated reflector. Temperature is regulated manually and controlled by means of

an optical pyrometer.

During the growth process, targets are rotated and translated vertically in
order to uniform the erosion of the material. Also the substrate is held in rotation
to obtain uniform film growth. All the movements are realized by stepper motors

remotely controlled with a PC.

PLD has been employed in this work to deposit ferroelectric insulator BaTiO3
and ferromagnetic half-metal Lagg;Sr933MnO3 perovskite oxides on commer-
cial 0.5 mm thick SrTiOj substrates. BaTiOj growth conditions had already
been optimized in previous works of NaBiS group [82|, while parameters for
Lag ¢7519.33MnO3 have been re-optimized during this thesis period to achieve
atomically flat surfaces. The optimized growth parameters employed for these

two materials are summarized in Table B.11

Growth rates for Lag g75r9 33MnO3 and BaTiOg, at the conditions reported in
table , have been measured from the RHEED oscillation period (Figure
and by X-Ray Reflectometry (XRR) on test samples, resulting 1.824+0.2 nm/min
and 1.85 + 0.2 nm/min respectively. XRR measurements have been performed

by Greta Radaelli at Thales Research - Université de Paris-Sud.
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Figure 3.3: RHEED oscilation monitored during BaTiO3 growth, each period is
related to the completion of a unit cell layer (4.04 A) The resulting growth rate
is then 1.85 nm/min.

Upgrade of the PLD setup

As part of my thesis work, an upgrade of the PLD system has been developed in
order to achieve uniformity of thin films over areas up to 1 sq inch.

Uniformity in PLD growth is limited by the extension and shape of the plasma
plume: in our case, this corresponds to a uniformity radius of about 2.5 mm. To
cover uniformly a radius larger than few millimetres, a relative motion of the
plasma plume with respect to the substrate is commonly employed in large area
deposition processes [83]. Since the sample holder in our system is not allowed to
translate, a system was designed to scan the position of laser spot on the surface
of the target, in order to achieve this relative motion. This method, upon proper
optimization of the rastering algorithm, could allow uniformity over a area that
is limited only by the target dimension, as the laser spot can be moved all over
the target diameter (1 inch).

In the realized system, sketched in Figure [3.4] the laser beam is directed by
means of two high reflectivity dielectric mirrors (R > 99.5% at A=266 nm) of
which one mounted on a motorized stage. The translation axis of the stage is
chosen parallel to the target surface and the focusing lens is rigidly coupled with
the moving mirror, in this way the beam focusing on the sample is maintained in-

dependently from the translation. To coordinate the movement of the mirror with
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target and sample rotations, the proprietary software previously used to control
the stepper motors of PLDC has been rewritten in the LabVIEW environment
to include also the motorized stage.

The system has been successfully tested with a laser diode and will be soon

introduced in the LASSE setup.

Motorized stage axis /]

‘ / /‘/
. /| Target

. Focusing lens . i
| Quartz window

A
\
A
2™ dielectric mirror 5 (\
A
. 1
A}
A
' ‘ Sample
3 |
A
.
A)
A}

Plume

Base plate

-~

Nd:YAG 4™ armonic,
=266 nm \

Figure 3.4: Sketch of the mechanical system for large area PLD (dimensions are
not to scale).

3.1.2 Molecular Beam Epitaxy

Molecular Beam Epitaxy allows deposition of high quality epitaxial films in a
UHYV regime. Heating of a target source in a effusion cell causes thermal evap-
oration of atoms which travels freely in the UHV (p < 107 mbar) environment
until they impinge on the sample surface. Atomic level control is achieved via
shuttering and resulting layers presents abrupt interfaces. Growth in UHV en-
sures low impurity incorporation even though deposition rates are rather low (few
A /min).

Deposition of Fe, Co and Au layers in multiferroic tunnelling junctions has



38 Experimental Methods

been obtained by MBE in the Sample Preparation Chamber. SPC is equipped
with six confocal evaporator cells and an additional cell that can be moved near
to the sample to achieve larger growth rate. Thermal evaporation is achieved by
electron bombardment of high purity metal rods, as in the case of Fe and Co,
or beads contained in Mo crucibles, as in the case of Au. Deposition rates are

calibrated before each growth process with a quartz microbalance mounted in the

SPC chamber.

3.1.3 Sputtering

Sputtering is a physical vapor deposition technique which allows a good film
adhesion to the substrate and a high control on the thickness, uniformity and
composition of the deposited material.

In a sputtering process, atoms of an inert gas (frequently Ar) are introduced
into the high vacuum chamber and a negative bias voltage is applied to the
target of material to deposit. Every free electron and Ar* ions is immediately
accelerated by the electron field in proximity of the target and ionize by collision
the Ar atoms leaving Ar' ions and e~ free electrons. The newly ionized Ar™
ions and electrons, accelerated by the target potential, ionize other Ar atoms in
a cascade process which ignites the plasma. At this point, positively charged
Ar™ ions are accelerated towards the negatively biased target material, which is
eroded by ions via momentum transfer. This causes an ejection of the source
material in the form of neutral atoms, clusters of atoms or molecules. As these
neutral particles are ejected, they will mainly travel in a straight direction until
they impinge on the sample and get incorporated in the growing thin film.

In this work, an AJA ATC Orion sputtering system has been used to grow the
films of Ta and Cog 4Fey 4Bg.» on ferroelectric BaTiOg3 capacitors previously grown
by PLD, as well as to deposit SiOy during the lithography of both capacitors and
MFTJs. The specific system is provided with 10 confocal sputtering guns with
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individual pneumatic shutters that ensure a control of the deposited film with a
precision up to about 1 A. Deposition rates have been measured with a quartz
microbalance mounted in the vacuum chamber and by atomic force microscope

profilometry.

3.1.4 Comparison of Growth Technologies

Each of the growth methods employed in this work (pulsed laser deposition,
molecular beam epitaxy and sputtering) has its strengths and weaknesses. The
choice of one technique over the others depends on the specific material to grow
and the required characteristics of the deposited film.

Pulsed laser deposition allows growth of thin films with high control of sto-
ichiometry and crystallinity also of complex compounds like functional oxides.
Nevertheless, the already discussed problem of uniformity limits this technique
to deposition on small substrates or wafers.

Molecular beam epitaxy is a very simple technique that allows epitaxial growth
of thin films, high control of deposited thickness and abrupt interfaces. This high
quality growth finds a drawback in the very low growth rates of MBE processes
(not exceeding few A /min). Moreover, MBE requires an ultra high vacuum setup,
differently from the other two techniques here considered.

Sputtering deposition offers high growth rates and high surface uniformity
over large areas (2 sq inch in our system), while preserving good chemical quality
of the deposited compound. This comes at expenses of crystalline quality, as
polycrystalline films are grown.

In conclusion, PLD and MBE are techniques for high quality film deposition.
PLD is ideal to grow perovskite oxides like BaTiO3 and Lag g7Sr.33MnO3, while
MBE allows epitaxial deposition of simple compounds like elemental 3d metals.
Sputtering is the most efficient of the techniques here considered as long as epitaxy

of the film is not required, as in the case of amorphous alloy CoFeB.
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3.2 Optical Lithography

Ultraviolet Optical Lithography is a widespread technique for micro-fabrication
of electronic devices. This technique employs an ultraviolet radiation source
to transfer a pattern from a properly designed chromium mask to a radiation
sensitive polymer (photoresist) deposited on sample surface. After exposition
and a proper developing process, selected areas of sample remain covered with
photoresist allowing for successive steps of deposition or etching.

The steps of lithographic process are illustrated in Figure[3.5 and are described

in the following.

1. Sample cleaning. Superficial contaminations have a bad influence on the
resist adhesion and on the quality of the transferred image. The cleaning
of the sample consists in general in an ultrasonic bath in acetone or a soft

bake in order to desorb water.

2. Primer deposition. A better adhesion of the resist is achieved on hy-
drophobic surfaces, because the polymer is a non-polar substance and the
formation of polar bounds O-H prevent the resist from wetting the sub-
strate. A promoter of the adhesion (primer, in our case TI-PRIME from

MicroChemicals GmbH) makes the surfaces hydrophobic. The deposition

=
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Figure 3.5: Schematic of an optical lithography process with positive resist.
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of primer is achieved by spin-coating (see below) and is followed by a soft

bake at 120 °C for 2 minutes in order to evaporate the solvent.

3. Photoresist deposition. The image reversal photoresist AZ5214E from
MicroChemicals GmbH has been used for device lithography. It consists
of a photoactive compound (naphthoquinone diazide) in a Novolak resin

matrix.

The deposition from solution of phototoresist films 1.4 pm thick occurs
via spin-coating. The sample is covered with some drops of liquid and
put on rapid rotation so that the centrifugal force distributes the material
uniformly on the sample surface. Thickness ¢ of the resulting film depends
on angular velocity w and fluid viscosity 7 accordingly to the empirical

relation
C %75
w0

t=K

where K, «, 3, 0 are specific constants of the system.

The spin coating method provides a high processing speed and a high ho-
mogeneity of the layer thickness for films up to a few microns. However, if
the sample has no rotational symmetry, the spun material becomes thicker
at the corners. In the case of photoresist deposition, this could lead to

problems during development.

After the photoresist deposition, the solvent is evaporated by a soft bake
at 110 °C for 50 seconds.

4. Exposure. The exposure to light radiation, over a certain dose, modifies
the chemical properties of the photoresist, producing a different solubility
of the exposed and unexposed part of the film. In the case of the positive
resist AZ 5214E, the exposed regions become more soluble and can thus
be easily removed in the development process. UV radiation has been used

and the image transfer is realized through a mask patterned with Cr: where
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the metals is present on the mask, it adsorbs the radiation protecting the
underlying resist from the exposure. In this way it’s possible to transfer

the Cr pattern into a resist pattern on the sample.

To align the mask to the sample in the various lithographic steps a Karl
Suss MA56 mask aligner has been used; the UV source is the Hg-I line (365

nm) of a mercury lamp with a power density of about 10 mW/cm?.

. Development. During the developing process, an appropriate solvent

(AZ100 DEV from MicroChemicals GmbH) removes the part of resist not
belonging to the image. In case of positive resist, the exposed part is dis-
solved, while the part protected from the light by the Cr mask remains onto
the sample. For a negative resist (not used in this work) the mechanism is

just the opposite.

. Addictive or subtractive processes. As the sample is patterned, selec-

tive etching and/or material deposition can be performed. In the case of
etching (done with the technique of ion beam etching described in section
, resist protects the covered areas from being removed, whereas, in the
case of deposition, it prevents the adhesion of material on the underlying

layer.

. Strip or Lift-off. After ion beam etching, strip of the resist gives a pattern

with some parts in relief, corresponding to the metallic zone of the mask.
In the case of deposition, the lift-off of the resist removes also the overlying
material: the pattern consists in deposited material in correspondence of
the exposed part of the sample surface. In both cases samples were kept
in AZ100 Remover from MicroChemicals GmbH in order to remove the
remaining resist. To check the completion of the process, samples were

carefully examined with an optical microscope.
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3.2.1 Ion Beam Etching

Ton Beam Etching is a physical dry etching technique where Ar™ ions are acceler-
ated towards the sample in a vacuum chamber (p ~ 10~7 Torr). Similarly to what
happens with sputtering targets, the sample material is removed by momentum
transfer between the accelerated Ar ions and the sample surface.

During the etching process, the sample holder is kept in rotation to ensure
the uniformity of the etching on the whole surface. Furthermore, it is possible
to tilt the sample holder with respect to the incident beam by a desired angle
(tipically 30°or 60°) to avoid redeposition of material during the etching.

The etching rate depends on many factors, including the composition of the
etched material. When dealing with critical lithographic processes such as the
junction definition in MFTJs, we employed a visual method to determine when to
stop the etching. Flags, i. e. exact replicas of the to-be etched part of the sample
grown on a transparent substrate, are mounted together with the samples on the
holder, so that they are etched in the same exact way. As shown in Figure [3.6]
when the flags become transparent, it means that all the flag material and the
correspondent part of the sample have been removed, thus the etching can be

stopped.

(a) ’ ~ (b) | - (c)

. . to etch to etch
e [ substrate
ot 10 etoh . substrate ot ot . substrate

| e
top view
transparent
sample flag sample flag sample flag

Figure 3.6: Visual method based on flags. a) At process beginning sample and
flag have a similar surface colour. b) Appoaching the desired etching depth the
flag clears up. ¢) When the flag becomes transparent the desired depth has been
reached and the process is stopped.
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3.3 Measurement and Characterization Techniques

3.3.1 Ferroelectric Properties Characterization

The measure of the polarization-voltage curve (becoming an hysteresis cycle in
ferroelectric materials) is fundamental for the determination of ferroelectric prop-
erties like the coercive field and the remanent polarization. Traditionally, a ca-
pacitance bridge as first described by Sawyer and Tower in year 1930 [84] has
been used for this purpose.

The Sawyer-Tower circuit is sketched in Figure 3.7 As the sample is in
series with a reference capacitor, the charge is the same on both elements. The
measurement, of the voltage drop on the capacitor gives an estimation of the
charge on the ferroelectric sample. The signal generator applies a sinusoidal
voltage to the capacitance bridge, which is also sent to the oscilloscope. The
oscilloscope measures this voltage as the x-signal and voltage drop on reference
capacitor as the y signal, in order to display on screen the ferroelectric hysteresis
loop.

Nevertheless, this method is not suitable in thin-film characterization for var-

J Oscilloscope
Xe Oid

||
l I _|_Ferroelectric

— Reference = capacitor

capacitor

Signal generator

Figure 3.7: Sawyer-Tower circuit composed of a signal generator operating on
the series of the sample and a reference capacitance. An oscilloscope measures
the voltage drop on the capacitor.
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ious reasons; for example, the need to compensate for dielectric loss and the fact

that the film is being continuously cycled.

An alternative approach, that will be employed in this work, is to infer the
ferroelectric properties directly from the current-voltage characteristics of planar
ferroelectric capacitors. In fact, the I-V curve of an ideal ferroelectric capaci-
tor presents an abrupt current peak in correspondence its coercive field (Figure
) related to the displacement of ions, which allows to disclose the extrinsic

ferroelectric effect.

In the measurements, a voltage sweep of amplitude V., and frequency vy is
applied to the sample and the current response signal is measured. Polarization
P is then calculated as the ratio between charge (obtained integrating the current

through time) and area A [85].
[ I(t)at 1 j{

where C; and C5 are integration constants that can be obtained from the bound-

ary condition P(V,42) = —P(—Vinaz) -

Ferroelectric characterization of thin films is particularly problematic, mainly
because of spurious contributions to the hysteresis cycle. Due to the reduced
thickness, conductive pinholes caused by defects can easily cross the film favoring

leakage currents. Moreover, also dielectric charging current has to be taken in
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Figure 3.8: Ideal current-voltage characteristics and relative polarization-voltage
curves of different circuital elements: a) Capacitor. b) Ohmic resistor. c¢) Ferro-
electric (from [85]).
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account, and its contribution increases with the inverse of thickness.

The effect of these parallel channels on the measured current and its conse-
quence on polarization-voltage curves is sketched in Figure [3.8 In particular,
the contribution of leakage to the hysteresis loops may be considerable, leading
to fictitious values of relevant ferroelectric parameters, such as the remanent po-
larization and the coercive field, and even to the incorrect determination of the
ferroelectric character [86].

In the present work, ferroelectric characterization has been performed using a
TF Analyzer2000 (AixACCT System GmbH), which allows to measure I-V curves
for applied voltages up to 25 V and frequencies between 10 mHz and 5 kHz.

[-V loops have been recorded with the method called Dynamic Hysteresis
Measurement (DHM). Four bipolar triangular excitation signals of frequency 1y
are applied with a delay time 7 between them (Figure . The final I-V loop
is obtained from the combination of the currents measured while applying the
negative voltage during the second pulse and the positive voltage during the
fourth pulse (negative and positive voltages, respectively). The first and the
third pulses are necessary in order to obtain the same measurement conditions

while recording the positive and the negative part of the final loop.

The I-V curves obtained by DHM can be corrected for leakage effects using
the Dielectric Leakage Current Compensation (DLCC) method. This method

DHM

VAV

Figure 3.9: Voltage train pulses that are applied in dynamic hysteresis measure-
ments, shaded areas correspond to the pulses at which the current measurement
is performed. 14 is the measurements frequency and 7 the delay time between
pulses (from [87]).
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is based on two assumptions: i)the leakage current is independent of frequency
and i) the dielectric current and the current due to the ferroelectric switching
are both linearly depending on frequency. Under these hypotheses, measuring
the DHM cycles at two frequencies (v and 1/2) allows subtraction of leakage

current, thus leaving only the displacement current.

A different method could be used to obtain reliable values of remanent polar-
ization in case DLCC were not effective in removing leakage contribution, being
either or both the hypothesis unsatisfied, or, in any case, to exclude also dielec-
tric contribution. The Positive-Up-Negative-Down (PUND) technique employs
a train of five voltage pulses applied to the sample (Figure 3.10). The first is a
negative prepolarization pulse that leaves the sample in a negative polarization
state. The second and the third pulses are positive: the second (P, for "posi-
tive") polarizes the sample and therefore the corresponding current contains the
ferroelectric and non-ferroelectric contributions, while current during the third
(U, for "up") pulse only contains the non-ferroelectric contributions; therefore,
their subtraction allows to obtain, in principle, only the ferroelectric contribution.
The same applies, for the negative state, to the fourth (N, for "negative") and
the fifth pulse (D, for "down"), so that the current loop Ipynp — V' is obtained
from Ip — Iy for positive voltages and from Iy — Ip for negative voltages. Con-

sequently, PUND current only contains the switchable ferroelectric contribution,

PUND

Bias ‘ ,."."\\
/ P ‘/I‘ U\ time
\7 N D

Figure 3.10: Voltage train pulses applied during PUND (Positive-Up-Negative-
Down) measurements (from [87]).
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while all the other contributions are excluded.

3.3.2 Magneto-Optic Kerr Effect

MOKE technique provides a powerful way for studying the magnetic properties
of thin films by analysing the light reflected from their surface. A linearly po-
larized electromagnetic wave can be decomposed in one right-handed (RCP) and
one left-handed (LCP) circularly polarized components of equal amplitude. A
magnetized material reflects the two components in a different way, introducing
a difference between their amplitudes (Kerr ellipticity) and phases (Kerr rotation)
proportional to the magnetization. The Kerr rotation is associated to the differ-
ent phase delay undergone by RCP and LCP components (birefringence), while
the Kerr ellipticity to the different absorption of RCP and LCP light (dichroism).

In the basic configuration for MOKE measurements, the incident light, which
is usually generated by a laser diode, is linearly polarized by a polarizer, before
reaching the sample; the reflected light passes through through a second polarizer
(the analyzer) and reaches a photodiode.

As depicted in Figure different components of sample magnetization
vector can be measured, depending on the relative direction of the magnetization
to the plane of incidence. Whether the magnetization is parallel to the surface
normal, parallel to the surface and in the plane of incidence, or parallel to the

surface and perpendicular to the plane of incidence, it is called the polar Kerr

Polar Longitudinal Transversal MOKE

Figure 3.11: Schematic configurations of the sample magnetization for the polar,
longitudinal, and transverse magneto-optical Kerr effects.
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effect, the longitudinal Kerr effect, and the transversal Kerr effect, respectively.

The MOKE measurements performed during this thesis work were typically
affected by a small signal-to-noise ratio, essentially due to the reduced thickness of
the ferromagnetic material, leading to weak magneto-optical signals (rotation and
ellipticity). A modulation-demodulation technique was therefore employed. The
standard measurement scheme is the MOKE configuration as described in [88]
and reported in figure [3.12]

A laser diode generates a collimated light beam that is linearly polarized by a
polarizer (P1 at 0° or 90° with respect to the optical plane) before it is reflected
from the sample. After the reflection, it crosses a Photoelastic Modulator (PEM)
oscillating at a frequency f = 50 kHz that introduces a controlled phase delay
between the electric field components parallel and perpendicular to the plane of
incidence. After the PEM, a second polarizer (P2 at 45°) is placed as analyzer
before the beam reaches the photodiode.

The phase modulation introduced by PEM, besides allowing a modulation-
demodulation technique, disentangles the rotation and ellipticity variations after
the reflection [88]. The demodulation either at the frequency of the PEM (f) or its
double (2f) gives information about the Kerr ellipticity or rotation, respectively.

It is worth noting that a MOKE measurement does not provide quantitative
information about the magnetization vector, but gives an accurate picture of the

magnetization curve. Quantitative values of magnetic moment can be obtained

N
517 x
PEM ) Kj .
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2l

Figure 3.12: Scheme of the MOKE apparatus (from [88|)
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instead with other techniques such as Vibrating Sample Magnetometry (VSM)
which, however, can be employed only on non patterned films, and is thus non
suited for characterizing our devices.

Finally, although MOKE is a surface-sensitive method, the probing depth is
on the order of 10-20 nm, then, if the films are thin enough, one can also obtain

information about the magnetization of the underlying layers.

MicroMOKE setup

MOKE characterization of microcapacitors that will be presented in Chapter 4
requires a probing laser spot whose diameter could not exceed 70 pm (i. e. the
smaller side of the rectangular capacitor surface), in order to collect the signal just
from the device that is electrically controlled. For this reason the microMOKE
setup sketched in Figure has been used in all the measurements.

In addition to the standard setup, the polarized light passes through a beam
splitter to a 10x objective lens in order to focalize the beam in a small spot. The

diameter of the laser beam has been found to be around 60 pm at its smallest
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Figure 3.13: Scheme of the MicroMOKE setup.
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size, i.e. when located close to the focal point of the objective lens (f= 4 mm). A
CCD camera can conveniently placed on the reflected light path to get a magnified
view of the sample and of the laser spot on it. The sample holder allows for the
micrometric control of the position of the sample on the three axes. Referring
to the coordinate system sketched in Figure [3.13], the x-y movement allows to
accurately probe different zones of the sample, while the z movement allows to
finely adjust the position of the sample close to the focal point of the objective

lens, in order to work with the smallest diameter of the laser spot on the sample.

3.3.3 Transport Measurement

Electrical measurements in this work were used to study the I-V characteristic
and magnetoresistive behavior of multiferroic tunneling junctions. In both cases,
two-point or four-point probe measures have bee performed. In the former case,
referring to the experimental setup in Figure |3.14h, each contact serves as a
current and as a voltage probe. The intention is to determine the resistance

Rpyr of the device under test (DUT). The total resistance is given by:

%
Rr = 7 =2Rw + 2R + Rpyr (3.2)

where Ry is the resistance of the wire used for the connections, R is the contact

resistance and Rpyr is the device resistance. Unless the condition Rpyr >
(a) Ry (b) Ry

) v

Figure 3.14: a) Two-points probe and b) Four-point probe resistance measure-
ment arrangements. c) Sketch of a four-point system for TMR measurements.
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Ry + Rc holds true, it is impossible to measure Rpyr precisely with a two-point
probe system.

The problem of parasitic resistances can be solved by using a four-point probe
setup, whose circuital scheme is shown in Figure [3.14p. The current path is the
same, but the voltage drop across Rpyr is measured by a voltmeter on a parallel
circuit. Even though also this circuit is affected by wire and contact parasitic
resistances, if the voltmeter input impedance is high enough (which is tipically
true, since Ryy = 1012 ), the current flowing in this branch would be negligible
and consequently also the voltage drop across the resistances. As a result, the
actual measured resistance will be Rpyr.

Figure[3.14f shows the scheme of a four-point system for TMR measurements.
The sample is located in the between the magnetic poles of an electromagnet. The
current flowing in the coils comes from a KEPCO bipolar generator controlled
remotely by a PC. A fixed junction voltage is set and the junction current is
sensed for different values of applied magnetic field. The data are sent in real-

time to a LabVIEW software for analysis.



Chapter 4

Magnetoelectric coupling at the

CoFeB /BaTiOs3 interface

This chapter presents the part of this work devoted to growth and characteri-
zation of ferroelectric capacitors with magnetic electrodes. The optimization of
the growth process and the first demonstration of electric control of magnetic
anisotropy in Ta/CoFeB/BaTiO3/Lag 7Sr0.33MnO3 structures have been previ-
ously performed by the NaBiS group, as reported in detail in reference [46].
Starting from this result, in this chapter we prove the presence of a stable mag-
netoelectric coupling between BaTiO3 and CoFeB. The interaction is present also
in absence of an external applied electric field and is associated to the non-volatile

ferroelectric properties of BaTiOs.

Ferroelectric control of magnetic anisotropy is a valuable technique to achieve
a low power writing of magnetic states. A reversible, non-volatile, electrically-
driven modification of the magnetic easy axis or, even better, a switch from out-
of-plane to in-plane magnetization in a thin film, would determine a dramatical
change of resistance in a MTJ-based structure in which this film is an electrode,
and the other electrode is a ferromagnetic film with the magnetization pinned in-

plane or out-of-plane. The advantages of magnetic reading and electric writing
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could be combined, in this way, in a single scalable device.

In the work done prior to the beginning of this thesis, A. Manuzzi observed a
variation of anisotropy constant (i. e. a modulation of the coercive field of the FM
layer) up to 70% at room temperature in perpendicularly magnetized films [46].
During my activity, further optimization of the structure has been pursued in
order to achieve the transition between out-of-plane and in-plane magnetization,
but we realized that the criticalities of the process (e.g. the control of the magnetic
layer thickness with atomic precision) make this objective absolutely non-trivial.

In this chapter, instead, we focus our attention on the ferroelectric charac-
terization of different samples in order to better understand the entity of the
magnetoelectric effect, and we demonstrate the stability of the electrical switch-
ing of magnetization in remanence conditions (magnetic states are stable for a
time longer than the maximum measurement time of 24 hours).

Section describes the growth process and the microfabrication steps em-
ployed for realizing the microcapacitors.

Section presents ferroelectric characterization of BaTiOs on patterned
capacitors, aiming at demonstrating existence of a remanent polarization. We
demonstrate the existence of a ferroelectric loop of BTO with a ferromagnetic
remancence of 3 uC/cm?.

Section shows the ferroelectric control of the perpendicular magnetic
anisotropy of the CoFeB layer, with a change of the coercive field between upward

and downward polarization of BaTiO3 of 29% at room temperature.

4.1 Device Design

The ferroelectric/ferromagnetic capacitors were fabricated on Ta(1.2 nm)/CoFeB
(tcores)/ BTO(150 nm)/LSMO(50 nm) heterostructures. to,pep is the CoFeB
thickness, either 1.1 nm or 1.3 nm, BTO stands for BaTiO3, and LSMO stands for
Lag.¢7Sr0.33MnO3. The heterostructure has been grown on (001)-oriented SrTiOj
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(STO) single crystal substrates. By means of optical lithography, we have defined
on each sample many identical Ta/CoFeB/BTO pillars. The structure of a pair
of capacitors is represented in figure

The layer of LSMO is chosen as bottom electrical contact. Being a perovskite
oxyde like STO and BTO, with similar lattice parameters, it allows for the growth
of epitaxial BTO/LSMO/STO heterostructures [82]. The common bottom elec-
trode allows the application of poling voltage between any pair of capacitors on
the same sample (top-top configuration, Figure [4.1p).

CoFeB is used as magnetic top electrode because it is widely demonstrated
that CoFeB ultrathin films may exhibit a perpendicular magnetic easy axis,
resulting in out-of-plane magnetization . The perpendicular magnetic
anisotropy (PMA) responsible of out-of-plane magnetization is related to inter-
face effects [71], and it has been theoretically demonstrated [69,70] that if can
be influenced by ferroelectric polarization of an adjacent BTO layer. Possibly,
this may lead to a electrically-driven transition from out-of-plane to in-plane
magnetization [74], or at least to a modification of the magnetic properties.

On top of CoFeB, a Ta layer is grown to protect the underlying layer from
oxidation. Tantalum also promotes CoFeB crystallization and PMA stabilization

by absorbing Boron atoms from CoFeB alloy during a post-annealing process in

Active area Contact (Au/Cr)
for MOKE

T

LSMO

Figure 4.1: a) 3D view of a pair of capacitors. b) Side view of the structure. The
continuous film of LSMO acts as common bottom contact for all the capacitors
allowing for top-top measurements, applying a voltage difference to a couple of
top contacts and polarizing the corresponding BTO pillars in opposite directions.
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applied field [89-91].

During the last lithographic step, a gold contact is evaporated on top of each
capacitor in order to allow the application of an electric potential across the BTO
layer, thus setting the polarization of BTO in a desired direction. The contact
does not cover completely the pillar structure, leaving most of the ferromagnetic
layer accessible to magneto-optical probing methods (microMOKE). Insulation
between gold contacts and LSMO is ensured by means of a 70 nm thick SiO,
layer added during the lithographic process.

4.1.1 Growth Process

The multilayers required for the realization of capacitors were grown by com-
bined use of pulsed laser deposition (PLD) and sputtering. The thickness of each
layer and the process parameters had been previously optimized, as reported in
reference [46].

A fundamental parameter in these structures is the thickness of the CoFeB
layer. PMA is an interface effect and is dominant over other anisotropic con-
tributions (like magnetocrystalline and shape anisotropy) only for ultrathin lay-
ers. In CoFeB, for instance, a transition to in-plane easy axis is expected for
tooren ~ 1.3 nm (Figure . Samples fabricated prior to the beginning of this
thesis work had tc,rep=1.1 nm. Although they show ferroelectric modulation of
PMA, this is not sufficient to switch magnetization from out-of-plane to in plane.
New samples were fabricated during my activity with tc,pep=1.3 nm in order to

ease the transition, according to the steps listed here.

1. SrTiOj3 substrate annealing at 1000K for 30’ to clean and order the surface.

2. Deposition of 50 nm of LSMO by PLD in the conditions reported in Table
B.11

3. Deposition of 150 nm of BTO by PLD in the conditions reported in Table
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B.1

4. Annealing at 873K for 30" and cooling for 30’ in oxygen atmosphere (0.5 bar)

to improve BTO structure and oxygen stoichiometry.

5. Extraction of the sample from the LASSE system (see section and

insertion in the sputtering deposition system.

6. Soft-etch in Ar plasma (7W power) for 3’ to clean the BTO surface after

the exposure at the atmosphere.

7. Deposition of 1.3 nm of CoFeB by sputtering

8. Deposition of 1.2 nm of Ta by sputtering

After the growth, the samples were annealed in vacuum at 550 K for 15’ to

allow crystallization of CoFeB. During the process, a magnetic field of 4 kOe

is maintained perpendicular to the sample in order to promote stabilization of

PMA.

0.2

0.0

Knr\'.trznms '[:mJ.fmz) '[:Erg.l'cma}

0.3

0.3

0.1}

Korlor = -1 El?'ml"::nr."' 14-107

-
\/

01}
D2k

= VSM dala
—— Linear fit

K] 1.2 13 1.4 15 16
tosran (nm)

Figure 4.2: Plot of the product of K.tf-tcoren versus tcoren, calculated from the
vibrating sample magnetometry (VSM) data, and corresponding linear fit. K gy
is the effective anisotropy constant of CoFeB, a positive value of K. is related
to an out-of-plane easy axis, while a negative value is related to an in-plane easy

axis (from [46]).
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4.1.2 Lithographic Process

Rectangular capacitors with an area of 70 x 100 um? have been realized with
the two-steps lithographic process illustrated in Figure [£.3] Patterning has been
done by UV lithography and Ar ions beam etching, as described in section [3.2]
At the end of the process, a single substrate (10 x 10 mm?) can host up to 26
capacitors each one having a gold contact in order to apply the external voltage.

The whole process is summarized here:
1. Definition of the capacitor structure (Figure [4.3p)

(a) Deposition of 1.25 um thick AZ5214E photoresist, exposition to about
125 mJ/em? dose of UV light with mask 1 and development (30 sec
in AZ 726 MIF, water as stopper).

(b) Ton beam etching of the pillar leaving about 100 nm of BTO. The etch-
ing time has been calculated by using known etching rates previously
calibrated by AFM profilometry on test samples. Note that, an error
of few nanometres in the etching depth is not crucial, since the BTO

film is 150 nm thick.

Mask I: capacitor area definition (pillar) and SiO, patterning

uv -
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t N N + * (3] ' (3]
Do — - -
M B B B
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Mask 1 photoresist  Uy-Lithography ~Development ion-beam Sio; photo resist
layer spinning etching deposition layer strip
Mask Il: contacts deposition
U‘V B Photo-resist
== O Au/Cr
» o=
(b) 2> O Ta/CoFeB
== @ BaTio,
e
: B Lags;5r033Mn0;
Mask 2 | photo resist Uv-Lithography = Development Au deposition lift-off W SrTiO; substrate
ayer spinning m 50,

Figure 4.3: Schematic of the lithographic process employed to realize capacitors.
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(c¢) Deposition of 70 nm SiO, insulating layer by sputtering to prevent

from short circuits between the top and bottom electrodes.

(d) Lift-off in AZ 100 Remover.
2. Lithography of contacts (Figure )

(a) Deposition of 1.25 pum thick AZ5214E photoresist, exposition to about
125 mJ/em? dose of UV light with mask 2 and development.

(b) Electronic evaporation of the contacts (7 nm of chromium as adhesive

layer, 300 nm of Au).

(c) Lift-off in AZ 100 Remover.

4.2 Ferroelectric Characterization

Dynamic hysteresis and PUND measurements, described in section have
been done on the patterned samples in order to probe ferroelectric properties
such as coercive field and remanent polarization. The measurements have been
performed in the top-top configuration connecting the capacitors to a TF An-
alyzer 2000E (AixACCT Systems GmbH) through a mechanical probe station.
Ideally, in top-top configuration, the measured dielectric and ferroelectric prop-
erties should correspond to a series of two identical capacitors connected through
the bottom electrode. This is in principle equivalent to the measurement of a
single thin film capacitor with double thickness (300 nm).

Figure [£.4h shows current hysteresis loops taken on a pair of patterned capac-
itors with the dynamic hysteresis method at different frequencies. The dielectric
contribution (I = CdV/dt) is dominant over the ferroelectric one, nevertheless,
the ferroelectric peaks (see section are distinguishable in every curve.

The peak position, indicated by black arrows, shifts with the excitation fre-

quency from 2.7 V to 4.5 V between 100 Hz and 3100 Hz. Even though a small
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Figure 4.4: a) Current-voltage curves for a a pair of capacitors of area 70 X
100 pm? at frequency f =100, 1000, 3100 Hz. b) Polarization hysteresis cycle
obtained integrating the current over time.

contribution from electrical inductance of the setup can be deducted from the
rings at extremities of the curve taken at 3100 Hz, this alone can not account
for this effect. The behaviour is imputable, instead, to the viscous dynamics of

ferroelectric switching and its dependence on frequency [92].

The polarization hysteresis cycles, obtained by integrating the current over
time for each fixed voltage, are plotted in Figure 4.4b. The results are summa-
rized in table . Remanent polarization over 10 xC/cm? is measured, while the
saturation polarization is about 30 xC/cm?. The difference of saturation polar-
ization between the three curves may be accounted by a reduction of capacitance

with frequency, as confirmed also by direct calculation of capacitance as

C=1(V = O)Z—Z (4.1)

The parallel capacitance due to silicon dioxide has been neglected since its dielec-

tric permittivity is more than 100 times smaller than the one of barium titanate.

As discussed in section[3.3.1], in order to disentangle the ferroelectric part from
the other contributions (leakage and dielectric currents) present in the dynamic

hysteresis cycle, it is useful to perform a measurement with the PUND method.
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Frequency Capacitance Saturation polarization Remanent polarization

100 Hz 342 pF 34.1 uC/cm? 11.0 uC/cm?
1000 Hz 302 pF 30.5 uC/cm? 10.6 4C/cm?
3100 Hz 260 pF 27.2 uC/cm? 12.2 uC/cm?

Table 4.1: Dielectric and ferroelectric properties obtained from dynamic hystere-
sis measurements on BTO capacitors.

The result of a measurement of this kind, obtained from a train of triangular
pulses of amplitude £7V and frequency 3125 Hz, is shown in Figure 1.5l The
difference of current flowing between "positive" and "up" pulses and, similarly,
between "negative" and "down" pulses is represented in Figure [£.5h; the resulting
polarization curve is shown in Figure [.5pb.

Remanent polarization calculated with this method is 3 + 0.5 uC/cm?, with
a clear reduction with respect to the value obtained from dynamic hysteresis.
This value is more reliable, since the subtraction of non-switching currents leaves
only the ferroelectric contribution. In particular, the dynamic hysteresis cycle is
inflated by the integration of leakage current.

The obtained value of remanent polarization is reduced with respect of the
one of bulk BTO (24.3 uC/cm?) [93]. In BTO thin films, remanent polarization

depends heavily on thickness, morphology and strain. By a proper engineering
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Figure 4.5: a) Ferroelectric switching current obtained from difference P-U (blue
line) and N-D (red line) in a PUND measurement with amplitude 7V and fre-
quency 3125 Hz. b) Ferroelectric polarization hysteresis cycle obtained from
integration of the switching current over time.
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of these parameters, remanent polarization values over 40 xC/cm? have been

reported [94-96].

4.3 Electric Control of Magnetic Anisotropy

Control of magnetic anisotropy by application of a continuous voltage to BTO
during measure has been widely discussed by A. Manuzzi |46]. Here we aim
at demonstrating a purely ferroelectric control mechanism with the ferroelectric
polarized in remanence, that is the operative condition of any realistic device. For
this reason, magnetic measures described in this section have been performed in
remanence upon polarization of BT O by voltage pulses.

Magnetic hysteresis cycles presented here are obtained by polar MOKE us-
ing the microMOKE setup described in section [3.3.2l Magnetic field is applied
perpendicularly to the sample surface through coils driven by a KEPCO genera-
tor. The sample is wire bonded to a support and polarized before each measure
by applying voltage pulses through the TF Analyzer 2000E employed also for
ferroelectric characterization. With this specific apparatus, ferroelectric and fer-
romagnetic characterization can be made in a single setup, which allows to get
an immediate feedback on a possible magnetoelectric coupling.

Each magnetic hysteresis cycle is taken upon application of three pulses (Fig-

Prepolarization pulse (+15V)

@ 41—5» 10ms .L. 10ms
A——p A— .
— t
o % N/ Y/
Switching pulse Reading pulse

Figure 4.6: Pulse train applied to set ferroelectric polarization. Pulse (I) saturates
ferroelectric polarization in a specified direction. Pulse (2) of amplitude Vp is
applied in the opposite direction, possibly leading to a ferroelectric switch. Pulse
) is the same as (2) and is used to set a reference for non-switching current.
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ure to the device under test. Pulse (I) (trapezoidal, 10 ms long) saturates
ferroelectric polarization upward (downward) for V<0 (for V>0) . Pulse 2) (tri-
angular, 10 ms long) is applied with amplitude Vp in the opposite direction with
respect to the first pulse. This is like a "positive" ("negative") pulse of a PUND
measurement and allows to measure switching current. Finally, pulse (3) is iden-
tical in amplitude and duration to pulse 2). It is used to measure non-switching

current like if it were a "up" ("down") pulse in a PUND train.

After this conditioning of the ferroelectric state, the MOKE measurement
is performed. We note that for a magnetic characterization as a function of
ferroelectric polarization would be sufficient to apply only the first two pulses,
but since we are also interested to the ferroelectric characterization at the same

time, a third pulse is also needed.

Examples of magnetic hysteresis loops measured by polar microMOKE, taken
with this polarization method on a sample with tc,r.p=1.1 nm presenting PMA,
are shown in Figure £.7h. Amplitude of pulse (I) is -20 V in both cases. The
red curve is taken upon application of Vp=-20 V so that the system remains

in upward polarization state, while the blue curve is taken after application of
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Figure 4.7: a) Magnetic signal versus applied field for different ferroelectric po-
larization. Red curve is for Vp=-20 V while blue curve is for Vp=-+10 V. In both
cases, prepolarization pulse (I) amplitude is -20 V. b) Out-of-plane magnetic
coercive field as a function of polarization pulse voltage Vp.
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Vp=+10 V so that the system remains in downward polarization state. The
consequent switch of polarization determines a variation of the coercive field of
CoFeB, originated from a change of the magnetic anisotropy, from 45 Oe to
58 Oe at room temperature, with a modulation of 29%. Moreover, we verified
that both states of polarization are stable, since no variation of coercive field have
been observed for over 24 hours from application of the ferroelectric polarization.

This is very important in view of applications in storage technology.

The trend of magnetic coercive field versus the amplitude Vp of pulses (2) and
@) is shown in Figure [£.7b. Amplitude of pulse (I) in the two branches of the
cycle is respectively -20 V and +15 V. This choice is forced by the asymmetry of
the leakage current (Figure that, despite the intrinsic symmetry of the top-
top measurements, presumably originates from defects in fabrication. Being the
leakage asymmetric, the effective potential drop across the ferroelectric capacitor
is different for positive and negative biases. This explains also the asymmetry in
the hysteresis loop of Figure [4.7p (i. e. the ferroelectric coercive field for positive
bias is lower than that at negative bias, namely +5 V and -10 V).

This sample, in particular, has been previously measured with application of

Peak current (A)
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Figure 4.8: Peak current as a function of Vp. the red line is a guide for the
eye. The asymmetric leakage determines different potential drop on ferroelectric
capacitor for positive and negative biases resulting in a asymmetric ferroelectric
hysteresis loop cycle.
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large continuous voltage and the leakage is much higher than in newly fabricated
samples. The leakage, in the order of mA, covers completely the ferroelectric
switching current (few pA) and no meaningful information can be obtained from
the current difference between pulse (2) and (3). Nonetheless, despite the aging of
the device, ferroelectric control of magnetic anisotropy is a persistent and robust
effect that is still observable and reproducible.

Finally, the devices realized with nominal thickness of CoFeB layer 1.3 nm
present an in-plane easy axis that is not affected by ferroelectric polarization.
Since the macroscopic ferroelectric properties are similar in samples with 1.1 nm
and 1.3 nm thick layers of CoFeB, this difference of behaviour has to be related
to the different thickness of the magnetic layer. PMA, which is affected by po-
larization, is dominant, in fact, only for a small range of thicknesses; in thicker
layers it becomes negligible compared to the shape anisotropy. Hence, to achieve
the in-plane to out-of-plane transition, an equilibrium between different compet-
ing anisotropies has to be found. Considering that the contribution of interface
effects leading to PMA decreases very rapidly with thickness, the tolerance re-
lated to the deposition (over 1 A) may be too large to achieve such a delicate

equilibrium.

4.4 Conclusions

Summarizing this first part of my experimental activity, we characterized ferro-
electric capacitors with ferromagnetic electrodes based on the Ta/CoFeB/BTO/
LSMO//STO (001) template, showing non-volatile ferroelectric control of per-
pendicular magnetic anisotropy.
Ferroelectric measurement were performed on different batches of devices, pre-
pared in different times, with similar results. Dynamic hysteresis cycles showed,
2

at all the frequencies, a saturation polarization of about 30 uC/cm?. Since in

hysteresis measurements dielectric and resistive (leakage) contributions are also
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present, the value of remanent ferroelectric polarization has been measured with
the PUND method, in order to exclude spurious contributions, giving a value of
3+0.5 uC/cm?.

On previously fabricated samples with CoFeB thickness 1.1 nm, we demon-
strated ferroelectric control of perpendicular magnetic anisotropy in remanence,
by observing a relative increase of coercive field between upward and downward
polarization states of 29%. The variation of coercive filed in these samples by
application of DC voltage, range from 25% to 70% [46|. However, from the appli-
cations point of view, a purely ferroelectric control as demonstrated here is more
appealing, since there is no static dissipation of power.

It is worth to notice, at last, that the sign of this effect is the opposite of
the one predicted for Fe/BaTiOs interface and discussed in section [2.3.2] If the
theoretical results were right, this would mean that CoFeB PMA has a radically
different origin from the one of epitaxial Fe on BTO.

Finally, the idea to increase CoFeB thickness to ease the transition from out-
of-plane to in-plane magnetization has actually proven non-trivial to implement.
A different approach would require instead an optimization of ferroelectric prop-
erties of BTO in order to be able to observe a larger modulation of the magnetic
properties. In perspective, BTO growth will be re-optimized in order to increase
the ferroelectric polarization above the actual 3 4C/cm?, while maintaining, or
improving, the PMA and its electrical control of the CoFeB film grown on top.

Another strategy to obtain the electrical control of magnetism is based on the
Fe/BTO/FM system, where the Fe at BTO interface can undergo a FM/AFM
transition caused by the change in ferroelectric polarization of the thin BTO layer
used as a barrier. In the next chapter, we are going to investigate this different
solution employing Fe instead of CoFeB according to the very encouraging results

achieved by the NaBiS group on the Fe/BTO systems [30].



Chapter 5

Fe/BaTiO3/Lag 7Sr) 33MnO3 Multi-

ferroic Tunneling Junctions

This chapter describes the part of this thesis work dedicated to realization and
characterization of Multiferroic Tunneling Junctions (MFTJs) based on the Au/Co/
Fe/BTO/LSMO template. Samples with different BTO barrier thickness, were
grown, patterned and characterized in terms of their magnetoresistive and elec-

troresistive properties.

At first, section presents the preliminary measurements that confirmed
ferroelectricity of ultrathin BaTiO3 films. Then, in section [5.2] the structure of

MFTJs and the processing needed for device realization is described.

In section results of electrical characterization and analysis within the
Brinkman model are shown, demonstrating a clear tunnelling electroresistance of
over 100% in thicker samples (BTO barrier 4 nm thick). In section instead,
spin dependent tunnelling characterization is described, with measured values
for TMR below 1%. Despite the low TMR, coupling between magnetism and
ferroelectric polarization is proven by demonstrating ferroelectric control of the

tunnel magnetoresistance.
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5.1 Characterization of Ultrathin BTO Films

Before the realization of MFTJs, no previous work of NaBiS group employed
ultrathin ferroelectric films. To confirm that ferroelectricity is preserved despite
the low thickness (2-4 nm) of BTO, piezoresponse force microscopy (PFM) has
been performed on a BTO (4 nm)/LSMO (50 nm)// STO (001) test sample
(the same template is used in the junctions). PFM analysis is necessary in this
case since no information can be obtained on ferroelectric films so thin from the
characterization techniques described in section [3.3.1]

A PFM image is shown in Figure [5.1a. The stable ferroelectric remanence is
confirmed by the clear contrast between the 3 x 3 um? square previously written
with upward polarization and the internal 1.5 x 1.5 um? square written with
downward polarization. The phase versus applied voltage (Figure ) shows a
squared hysteresis cycle with phase jumps at about -3V and +1.5V.

Surface roughness (RMS) of 1.6 A has been measured on 3 x 3 um? area by
AFM | and resulted to be essentially the same one measured on the annealed
STO substrate (1.2 A). This confirms that the growth conditions employed for
BTO and LSMO are the optimal ones for obtaining atomically flat surfaces.
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Figure 5.1: a) PFM phase image of a 4 nm thick BTO film grown on LSMO.
Image recorded after writing an area of 3 x 3 um? with -5 V and then the central
1.5 x 1.5 ym? square with +5 V using a biased conductive tip. b) PFM phase
as function of applied voltage.
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5.2 Device Design

Multiferroic tunneling junctions were fabricated on Au(10 nm)/Co(1 nm)/Fe
(0.28 nm)/BTO(tpro)/LSMO(50 nm) heterostructures with ¢ pro=2,3,4 nm grown
on (001)-oriented SrTiOj single crystal substrates. We note that 0.28 nm of Fe
corresponds to 2 monolayers (the layer spacing of bee Fe(001) is 0.14 nm). The
structure of a complete MFTJ is represented in Figure [5.2]

LSMO is chosen as bottom electrode because, being a perovskite oxide with
similar lattice parameter with respect to BTO and STO, it allows epitaxial growth
of BTO; moreover it is a ferromagnetic half metal, for which it is predicted a
spin polarization (see Section near unity at cryogenic temperature (95%
at 4 K [97]). BTO and Fe are chosen as ferroelectric barrier and ferromagnetic
top electrode, respectively, because of the expected ME coupling effects described
in section m Furthermore, epitaxial growth of Fe on BTO (with a relative
rotation of 45 degrees between the two lattices to minimize lattice mismatch) has

been previously optimized by the NaBiS group [98].

To reproduce the conditions in which the magnetoelectric transition of Fe ox-
ide from ferromagnetic to antiferromagnetic was demonstrated in a recent work

of our group [30], thickness of the Fe layer has been mantained the same (2 mono-

Top contact (Au/Cr)
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Figure 5.2: a) 3D view of a complete multiferroic tunneling junction. The bottom
contact is a junction itself but its dimension give rise to a low resistance, negligible
respect to the real junction one. b) Side view of the structure illustrating the
current flow from top to bottom contact in a two probe measurement.
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layers). Cobalt is then grown on top in order to stabilize the magnetization of
the ultrathin iron film. Finally, a gold capping is added to protect the underlying
layers from oxidation due to air exposure.

Each junction is connected in cross-strip geometry (Figure ) by two top
and two bottom contact pads, thus allowing four points measurements. The
current path across the tunnelling barrier is sketched in Figure [5.2b. Bottom
contacts are junctions themselves but, thanks to their greater area, their series
resistance is negligible respect to the real junction one. To grant proper insulation
between top and bottom contacts, a 30 nm thick layer of SiO, is added during
the lithographic process.

5.2.1 Growth Process

Multilayers required for MFTJs were grown by combined use of pulsed laser
deposition and molecular beam epitaxy in the LASSE system described in section
B.11

Samples with BTO thickness of 2, 3 and 4 nm were realized in order to inves-
tigate dependence of electroresistive and magnetoresistive behaviour on barrier
width. Except for the ferroelectric barrier thickness, the multilayer is similar to
the one employed in reference [30] and the previously optimized growth conditions
have been maintained the same.

The various steps of the growth process are listed below. Each step is taken
consecutively without breaking the vacuum regime, in order to obtain surfaces

as clean as possible and free of contaminations.

1. SrTiOj3 substate annealing at 1000K for 30" to clean and order the surface.

2. Deposition of 50 nm of LSMO by PLD in the conditions reported in Table
B.11
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3. Deposition of 2-4 nm of BTO by PLD in the conditions reported in Table
B1

4. Annealing at 873K for 30" and cooling for 30" in oxygen atmosphere (0.5 bar)

to improve BTO structure and oxygen stoichiometry.
5. Deposition by MBE of 2 monolayer of Fe (2.86A).
6. Annealing at 473K for 20’ to improve Fe crystalline quality.
7. Deposition of 1 nm by MBE of Co to stabilize Fe magnetization.

8. Deposition of 10 nm of Au by MBE to protect underlying layers from oxi-

dation.

Steps 5-8 are performed in ultra high vacuum conditions (p < 1-107? mbar).
Before and after the Fe deposition, X-ray photoemission spectroscopy (XPS) anal-
ysis is conducted on the sample in order to have a feedback on BTO stoichiometry
and deposited Fe thickness. After growth completion, the sample is removed from
the vacuum system and undergoes the lithographic process described in the next

section.

5.2.2 Lithograhic Process

Lithography of MFTJs require three steps of process, as illustrated in Figure[5.3|
Patterning is done by UV lithography and Ar ion beam etching as described in
section The whole process is summarized here:

1. Definition of the mesa structure (Figure [5.3p)

(a) Deposition of 1.25 pum thick AZ5214E photoresist, exposition to about
125 mJ/em? dose of UV light with mask 1 and development (30 sec
in AZ 726 MIF, water as stopper).



72 Fe/BaTiO3/Lag7Sr) 33MnO;3 Multiferroic Tunneling Junctions

(b) Ion beam etching down to the insulating substrate (STO). Etching
depth in this step is not crucial as long as any conductive path between
different mesas is removed. Process time is calculated upon etching
rates previously obtained by AFM profilometry on test samples. At
the end of the process, effective insulation between different structures

is checked by electrical measurements.

(c) Photoresist strip in AZ 100 Remover.
2. Definition of junction area and bottom electrodes (Figure [5.3p)

(a) Deposition of 1.25 um thick AZ5214E photoresist, exposition to about
125 mJ/cm? dose of UV light with mask 2 and development (30 sec
in AZ 726 MIF, water as stopper).

(b) Ion beam etching to define the pillar and bottom pads. In this step

a flag made of Au/Co/Fe layers is used as reference for the etching
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Figure 5.3: Schematic of the lithographic process employed to realize multiferroic
tunnelling junctions.
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time. An excessive etching leads to erosion of the bottom layer and
consequent disconnection of the bottom electrodes from the junction;
a short etching leaves part of the top layer which cortocircuits the

junctions.

(c) Deposition by sputtering of SiO, (30 nm) to prevent shorcuts between

top and bottom electrodes.

(d) Lift-off in AZ 100 Remover.
3. Lithography of top contacts (Figure [5.3k)

(a) Deposition of 1.25 pum thick AZ5214E photoresist, exposition to about
125 mJ/em? dose of UV light with mask 3 and development (30 sec
in AZ 726 MIF, water as stopper).

(b) Electronic evaporation of the contacts (7 nm of chromium as adhesive

layer, 300 nm of Au).

(c) Lift-off in AZ 100 Remover.

At the end of the process a single substrate (10 x 10 mm) can arrange up to

36 junctions with different shape and area ranging from 4 pm? to 1600 pm?.

5.3 Electrical Characterization

Electrical measurements were performed in two and four-probe geometry (for
details see section . In most of the devices, the junction resistance is over
100 times larger than the one of the contacts, and the two methods give almost
identical results.

Measurements were taken both at room temperature and in a helium cooled
cryostat. In the first case a Keithley 236 sourcemeter and a Keithley 182 volt-

meter were employed connected to a mechanical probe station. In the second,
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Figure 5.4: a) Current-voltage characteristic (green dots), fit with Brinkman
model (orange line) and differential conductance (blue dashed line) of a 15 x
15 um? junction with 2 nm thick BTO barrier measured at room temperature.
b) Representation of the trapezoidal potential barrier resulting from the fit with
Brinkman model.

junctions were wire bonded to a support and connected to a Keithley 2611
sourcemeter + voltmeter.

In order to investigate tunnelling transport, the I-V curve of each junction
has been measured. The typical electrical current-voltage characteristic (green
circles) and differential conductance (blue dashed line) of a 2 nm thick junction
at room temperature is shown in Figure [5.4h. In this figure and in the following
a positive voltage correspond to current flow from top to bottom contacts.

As expected for tunnelling transport, the characteristic is highly nonlinear.
The conductance, calculated as dI/dV, has a minimum near zero and shows a
parabolic-like trend.

The asymmetry of the curve is attributable to different barrier heights at the
electrode interfaces. To estimate these quantities, numerical fitting of the data
has been carried on within the Brinkman model (equation [2.5)).

By imposing multivariable regression on left and right barrier heights as well
as on the barrier width, a reasonable approximation of the curve is achieved. Best

results have been obtained fixing in the model a effective tunnelling mass m* ~
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2mgy (my is the electron rest mass), coherently to the fit done by Chanthbouala
et al. with the same model, on Co/BTO/LSMO FTJs [64]. In particular, for
the junction of Figure [5.4h, barrier heights of 0.26 €V and 0.72 eV are estimated.
Barrier witdh d results 1.97 nm, in good agreement with the nominal thickness of

BTO (2nm). The resulting trapezoidal potential barrier is represented in Figure

5.4b.

A further confirmation of tunnelling behaviour comes from the analysis of the
junctions resistance as a function of temperature. The peculiar bell shaped curve
of Figure is typical of LSMO-based MTJs [26}29,99] and follows from the
transition of the LSMO surface from paramagnetic oxide to ferromagnetic half-
metal at about 200K. Moreover, the bell shape allows to exclude short circuits
between electrodes, that would introduce a parallel ohmic transport channel,
and oxygen vacancies in BTO, that would be detrimental for its ferroelectric
properties [100]. In fact, if a short circuit were present, the continuous decrease
of resistance typical of metals would be observed. At the contrary, if oxygen
vacancies were present in BTO, a continuous increase of resistance would be

measured [101].
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Figure 5.5: Resistance at Vj;,s= 50 mV as a function of temperature in the case
of a 15 x 15 pum? junction with 2 nm thick BTO barrier.
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5.3.1 Electroresistance measurements

In order to investigate electroresistive behaviour of MFTJs, the ferroelectric po-
larization of the BTO barrier layer was changed by manually applying bipolar
voltage pulses with amplitude up to 3 V and 0.5 s duration.

[-V curves were collected upon polarizing BTO barrier layer with positive
or negative Ve pulses, corresponding to the ferroelectric polarization of BTO
pointing down (P}) or up (P;) respectively.

Figure[5.6,b show electrical characteristic upon Viire =-3 V and Viyire =+3 V
poling (red and blue lines, respectively) of two representative junctions with nom-

inal barrier thickness of 3 nm and 4 nm.

The curves reveal a clear resistance difference between positively (P}) and
negatively (P;) poled devices. Junctions are in high resistance state when a
sufficiently high positive V. is applied to the contacts to polarize BTO down-
ward (P,), and switches to low resistance state when ferroelectric polarization is
reveresed by large enough negative Vi (Pr). TER ratio measured at +300 mV
is about 40% in junctions with barrier thickness of 3 nm and over 100% for

junctions with barrier of 4 nm.

Barrier representations obtained from Brinkman model in these two cases
are shown in Figure [5.6c,d. The values obtained from fitting of these curves
are reported in Tables and 5.2l Asymmetry A¢ = ¢, — ¢r of the barrier
changes coherently with ferroelectric polarization of about 0.24 eV. The average
barrier height ¢n, = (¢1, + ¢r)/2 changes as well and is higher of 0.03-0.04 eV for
polarization pointing towards LSMO (P}), suggesting, in the picture of section
2.2.0] a shorter screening length for LSMO than for Fe. Finally, the similar
barrier profile resulted from fitting implies that the difference in terms of TER
modulation between these two devices, with nominal barrier thickness of 3 nm
and 4 nm, has to be related only to the different barrier width and not to different

interface conditions or ferroelectric properties.
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Figure 5.6: I-V curves taken at room temperature in Py and P| states (red and
blue lines, respectively) of a MFTJ with a) BTO thickness 3 nm and junction
area 125 ym?, and b) BTO thickness 4 nm and junction area 900 um? . c),d)
Trapezoidal barrier representation for the different states of polarization as ob-
tained from fitting of data in the Brinkman equation.

State ¢ (V) 6 (V) A (V) @ (V) d (nm)
Py 0.78 0.33 0.45 0.56 2.87
Py 0.63 0.43 0.20 0.53 2.90

Variation 0.15 -0.10 0.24 0.03 -0.03

Table 5.1: Values obtained from fitting of current-voltage characteristic repre-

sented in Figure (BTO 3 nm)
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State @1 (eV) g (V) A (V) ¢a (eV) d (nm)

P 0.81 0.36 0.45 0.59 3.84
Py 0.66 0.45 0.21 0.55 3.84
Variation 0.15 -0.9 0.24 0.04 0

Table 5.2: Values obtained from fitting of current-voltage characteristic repre-
sented in Figure (BTO 4 nm)

Differently from the other two, the sample with 2 nm thick BTO did not
show TER at room temperature. However, measures performed at 20 K gave
TER ratio up to 10% and the expected hysteretic loop of resistance versus Vi, e
(Figure . In this sample, TER rapidly decreases with temperature and halves
already at 80 K. This behaviour is probably due to a lowering of the ferroelectric

Curie temperature in approaching the thickness limit for ferroelectricity.
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Figure 5.7: Resistance at Vj;,s= 50 mV as a function of polarization voltage Vit
in the case of a 15 x 15 pum? junction with 2 nm thick BTO barrier cooled at
20K (blue line) and 80K (orange line).

5.4 Tunnel Magnetoresistance Measurements

Magnetoresistance measurements of the junctions were performed in four-probe

geometry in a helium cooled cryostat with the same methods and conventions
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described in the previous section. Magnetic field was applied externally with an
electromagnet powered by a Kepco generator. The field direction was set in the
plane of the sample, parallel to the (100) crystallographic axis of Fe, that is also
its magnetic easy axis.

Resistance versus field curves were collected upon polarizing BTO barrier
with positive or negative V. pulses, corresponding again to downward (P))
and upward (P;) polarization respectively. Magnetoresistive characterization has
been performed in detail only on BTO(2 nm) sample obtaining values of TMR
below 0.6%. Even though TMR was still detectable on BTO(3 nm) sample, with
comparable values, measures were affected by noise of order of 0.2% related to
higher resistance and ferroelectric creep.

Examples of TMR curves taken at 20 K on a 15 x 15 um? junction with
2 nm thick barrier are shown in Figure for -80 mV bias voltage and for
+80 mV bias voltage. In both cases the polarization state is P;.

The resistance versus magnetic field loops present a butterfly shape that in-
dicates spin dependent tunnelling of electrons. Maximum value of TMR is calcu-
lated at an applied field of 48 Oe, however, there is not a clear plateau that proves

fully antiparallel alignment. This is probably due to very similar coercive fields
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Figure 5.8: TMR measurements at 20 K on a 15 x 15 gm? junction with 2 nm
thick BTO barrier. a) Resistance at -80 mV versus field in P; state. b)Resistance
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of epitaxial Co/Fe and LSMO layers and to interaction between magnetic layers.
Coupled magnetic layers tend to stay aligned even during ferromagnetic switching
and magnetic moments of the two layers are never in antiparallel configuration.
The net effect is a small disalignment of magnetization and, consequently, a very
small change of resistance. Nonetheless, TMR values even under 0.6% are fairly
well measurable in this sample.

Furthermore, the curves represented in Figure show a radical different
behaviour at -80 mV and at + 80 mV. In the first case the "antiparallel" (AP)
state of magnetization (denoting with antiparallel the point of maximum resis-
tance variation with respect to the parallel state) presents an higher resistance
than the parallel (P) state. In the second case, the opposite is true: the lower
resistance is measured in the AP configuration.

In other systems that show this behaviour [102H106], the phenomenon is com-
monly explained considering the alignment of bands at different bias voltage, as
pictured in Figure[5.9 Inverse TMR (Rp > Rap) is favoured when regions of the
DOS with opposite spin polarizations are aligned in the first and in the second

ferromagnetic layer (Figure [5.9p), while normal TMR (Rp < Rap) is observed
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Figure 5.9: Simple model to explain inverse magnetoresistance for an hypothetical
DOS. Shaded regions show portions of the DOS that take part in the tunnelling
process. a),b) FM2 biased at -0.2V (+0.2V) with respect to FM1, c¢) Resultant
TMR versus bias curve (from [102]).



5.4 Tunnel Magnetoresistance Measurements 81

when the sign of spin polarizations is the same (Figure 5.9p). In this way, the
relative shift of eVj;,s between electronic bands of the two ferromagnets FM1 and

FM2 may determine a change of sign of TMR (Figure [5.9).

5.4.1 Ferroelectric control of spin dependent transport

We consider now the role of ferroelectric polarization on spin dependent transport.
A comparison of TMR curve taken at 20 K in opposite states of polarization is

shown in Figure [5.10pa for V4;,s=-80 mV and [5.10p for Vj;,s=+80 mV. At this

A . 138.0k ——— T
107 2k |- . 137.8k - ]
2 107.0k[ ] 5137'6"5 1
P 106.8k_— ] ‘;137'4k__ V‘W% i
S 106.6k | . g 137.2kp 1
£ £ 1370
B 954k I glzz 8k .
£ sl ] § 1220 :
osokf ] 127 4k .—-ﬁ“?n;;?‘ t
94'6k " 1 122.2k - .
’ T T T T T T T T T T 1220k ———T—T—T T 11
-300-200-100 O 100 200 300 -300-200-100 0 100 200 300
Applied Field (Oe) Applied Field (Oe)
(a) TMR curves at -80mV bias (b) TMR curves at +80mV bias
0.8
0.6
— —— P (42 V)
X 04+ —=— P1(-1.3 V)
S
e 0.2
=
—0.4 | | | |
—100 =50 0 50 100

Bias voltage (mV)

(¢) Bias dependence of TMR

Figure 5.10: TMR measurements at 20 K. a),b) Resistance versus field loops at
-80mV (+80mV) for two opposite states of polarization in a 15 x 15 um? junction
with 2 nm thick BTO barrier. ¢) TMR ratio as a function of bias voltage for the
same device.
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temperature, V.. has been limited in the range 42V and -1.3V in order to

avoid current densities higher than 8 - 103A/cm? and to preserve the junction.

At Viies=-80 mV, TMR values are mostly similar in the two ferroelectric
polarizations and the only macroscopic difference between the two resistance
versus field curves is due to the TER (11.8%) of the junction. Nevertheless, for
+80 mV, a larger absolute value of TMR is measured for upward polarization
(0.32%) than for downward polarization (0.17%). Furthermore, also the point in
which TMR changes its sign is dependent on ferroelectric polarization, as can be
seen from the plot of TMR as a function of bias voltage and polarization (Figure
5.10). For upward polarization, a shifts toward smaller biases (+35 mV instead

of 450 mV) of the inversion point is registered.

Finally, ferroelectric control of spin polarization is utterly confirmed by the
repeatable switch between negative and positive TMR at +40mV bias voltage
upon positive and negative polarization of the ferroelectric barrier as shown in

Figure [5.11}
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Figure 5.11: Resistance versus field curve at Vj;,s= 40 mV in the case of a 15
x 15 pm? junction with 2 nm thick BTO barrier measured at 20 K. TMR sign
changes from positive to negative between downward polarization (blue curve)
and upward polarization (red curve).
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5.4.2 Temperature dependence of TMR

To further investigate dependence on temperature of the behaviour observed at
20 K, cycles of TMR versus bias voltage were collected also at 80 K and 110 K.
The results are shown in Figure [5.12] The change of sign is not influenced by
temperature, and is repeated almost at the same bias. In the curve taken at
110 K, however, the low ferroelectric polarization does not allow to see a clear
difference in the curves for opposite states of polarization, even if a TER=3% is

still measurable.
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Figure 5.12: TMR as a function of bias voltage in a 15 x 15 um? junction with

2 nm thick BTO barrier. a) Measure at 80 K. b) Measure at 110 K.

0.35
0.3
0.25
0.2
0.15
0.1
0.05

TMR (%)

=-0.1

O
-0.05

|

A —

T — T
o— -80 mV Bias -
—n— +80 mV Bias |

—

e

:_ l’.\./ .\./

-0.15 T T T T T T T T T T T ]
0 50 100 150 200 250 300
Temperature (K)

Figure 5.13: TMR as a function of temperature in the P, state. Positive (nega-
tive) TMR is calculated at -80 mV (480 mV). TMR is not observed over 200 K
coherently with the phase transition of LSMO interface.



84 Fe/BaTiOj3/Lag¢;Srg33MnO3 Multiferroic Tunneling Junctions

TMR values decrease with temperature as shown in Figure[5.13| and disappear
at about 200 K, in correspondence of the phase transition of the manganite
interface (peak of Figure [5.5).

In conclusion, the four states of resistance, determined by the relative ori-
entation (P or AP) of the magnetic electrodes and direction of the ferroelectric
polarization (P, and P;), are observed only below room temperature. Further
optimization of the stack is needed in order to achieve larger TMR values and,

possibly, to realize a four-state memory that works at room temperature.

5.5 Discussion

We fabricated multiferroic tunneling junctions by means of optical lithography;,
starting from epitaxial Au/Co/Fe/BTO/LSMO//STO (001) heterostructures grown
by PLD and MBE.

We measured devices at room temperature for different states of polarization,
and found non linear [-V curves indicating that tunnelling across the ferroelectric
barrier is the main transport mechanism. Tunnelling electroresistance is in the
order of 40% for 3 nm thick BTO sample and 100% for the 4 nm thick one, with
very small dependence on reading voltage. Sample with 2 nm thick barrier show
TER only at low temperature. By fitting the curves with the Brinkman model,
we estimated barrier heights (on the Fe and LSMO sides) for both polarization
verses and found a relevant change of barrier profile.

We performed also TMR measurements at low temperature on BTO (2 nm)
showing both TMR and TER. TMR values are limited to values below 1%, prob-
ably due to the coupling of magnetic layers. The TMR of these devices is positive
for negative bias, while becomes negative for big enough positive voltages (inverse
TMR). Such a inverse MR depends on the polarization state of BT'O: for upward
polarization, inverse TMR values are higher and sign inversion shifts accordingly

to lower bias voltage.
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Ferroelectric control of spin polarization was already observed in similar MFTJ
structures. In Fe/BTO/LSMO nanojunctions, a TMR change from -3% to -17%
between downward and upward polarization states was reported in reference [26],
anyway, the results here presented are quite different. In the case of nanojunc-
tions, the greater coercive field of Fe (over 1 kOe at 4 K) allowed to see more
defined TMR peaks. Nevertheless, only inverse TMR and no sign inversion was
reported. This could be related to the different interface conditions between
sputtered Fe of nanojunctions [26] and epitaxial Fe grown on BTO in situ of our
devices. This difference is suggested also by the reduced barrier height at Fe in-
terface (0.475 eV), calculated for nanojunctions with respect to ours (0.6-0.8 eV).

The sign of the modulation of TMR observed in our junctions is coherent
with the electrically-driven transition of Fe oxyde from ferromagnetic to anti-
ferromagnetic reported by our group in reference [30] and discussed in section
[2.3.1] In fact, the additional antiferromagnetic layer expected for downward po-
larization would reduce the spin polarization at Fe interface and hence cause a
reduced TMR. However, since the modulation is clearly distinguishable for in-
verse TMR, but not so clearly in the case of normal TMR, this behaviour could be
also accounted on the base of the effect predicted by Duan et al. in reference [39]
(see section [2.3.1)). In conclusion, even if the results are in agreement with the
electrically-driven magnetic transition of the oxidized Fe layer, they could not be
unequivocally related to this magnetoelectric effect.

Regarding instead the bias dependence of TMR, even though a complete
description would require dedicated ab initio transport calculations, we could
make some assumptions.

As introduced in section [5.4] bias dependence of TMR sign is related to the
alignment of bands with opposite spin polarization depending on the applied
potential. Being LSMO a ferromagnetic half metal, it is predicted that only
majority-spin electrons are present near the Fermi level. So, as a first approxi-

mation, the change of sign we observed should be related only to the DOS of the
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Figure 5.14: Calculated orbital resolved DOS for the first layer of Fe in an ideal
BaTiOgs/Fe interface, for upward polarization (left) and downward polarization
(right) (from [70]).

Fe layer.

Symmetry based spin filtering is predicted for BTO barriers [107,/108| and the
only propagating states expected have symmetry Aq (s, p,, d.2) or As(ps, Py, duz, dyz)-
Limiting our analysis to d electrons, this result would suggests to consider pri-
marily d,,,d,. (which are degenerate in absence of spin orbit coupling) and d,»
bands of Fe.

In Figure calculated orbital resolved DOS for Fe at BTO interface is
shown for both states of polarization. From the plot results that the d.» band
(red line) has a definite majority-spin character anywhere near the Fermi level
and below. However, the orbital DOS rapidly decrease above Er where d,, and
d,. bands (blue line) have instead a definite minority-spin character.

Assuming that only these electronic states participate in tunnelling, even
without considering different attenuation in the barrier, we obtain a simplified
DOS as sketched in figure |5.15] with positive spin polarization at Fermi level and
below, and negative spin polarization a little above Ep.

In agreement with the description given in Figure [5.9] this would determine
two opposite behaviour for large enough positive and negative biases.

For V < 0 (Figure [.15h), electrons tunnel from occupied states of Fe to
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e

LSMO Fe LSMO Fe

Figure 5.15: Hypothetical coherent tunnelling process in epitaxial
LSMO/BTO/Fe multiferroic tunnelling junctions. a) Band alignment for
negative bias. Effective spin polarization of Fe is positive and normal TMR is
expected. b) Band alignment for sufficiently high positive bias. Due to the rapid
decrease of d.2> orbital DOS above Fermi level, the effective spin polarization of
Fe may become negative, resulting in inverse TMR.

empty states of LSMO. The latter have only majority-spin character; likewise,
the occupied Fe states have positive spin polarization and tunnelling is favoured
for parallel alignment (normal TMR).

For V > 0 (Figure p.15b), majority spin electrons tunnel from LSMO to
Fe. Near the Fermi level, spin polarization of Fe states is still positive due to
the high majority-spin DOS of d.2 electrons. Since this band rapidly decreases
and the d,,/d,, minority-spin DOS increases above Ep, for larger positive biases
the effective spin polarization becomes negative, and tunnelling is favoured for
antiparallel alignment (inverse TMR).

Furthermore, both d,» and d,./d,. orbital DOS results from calculations to
be dependent on BTO polarization (comparison between Figure and b).
In particular, the rigid shift towards higher energies in majority-spin d.» band
for downward polarization could explain the higher crossing point and the lower
inverse TMR values observed in our junctions with respect to the case of upward

polarization.
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In conclusion, spin filtering of the BTO barrier selects tunnelling states on
the base of the symmetry of the electron wave function. The specific symmetries
allowed (A; and Aj) may account, in the case of a Fe electrode analyzed by
means of a ferromagnetic half-metal such as LSMO, for the following features of

the TMR versus bias curve:

1. Normal TMR for negative bias, due to the tunnelling of electronic states

with symmetry A; from the majority-spin d.» band.

2. Inverse TMR for high enough positive bias, due to the tunnelling of elec-
tronic states with symmetry Ay to the minority-spin states in the empty

d./d,. bands above Fermi level.

3. Dependence of TMR sign and entity on BTO polarization, due to the vari-
ation of both d,2 and d,./d,. orbital DOS for opposite directions of ferro-

electric polarization.



Chapter 6

Conclusions and Perspectives

In the present thesis work the investigation of composite multiferroic heterostruc-
tures exhibiting magnetoelectric coupling between ferroelectric and ferromagnetic
materials is reported. Besides being a very intriguing phenomenon in fundamen-
tal condensed matter physics, electric control of magnetism may find application
in the field of information storage technology, as it could be the key element
to achieve energy-efficient, fast and nonvolatile writing in magnetic random ac-
cess memories. The relative scarcity of single phase materials that present both
magnetic and ferroelectric ordering at room temperature leads to investigate pri-
marily composite systems made of ferroelectric/ferromagnetic heterostructures,
like the ones described in the present thesis.

Two different approaches have been employed.

1. Ferroelectric control of perpendicular magnetic anisotropy in CoFeB/BaTiOj3 het-

erostructures

2. Ferroelectric control of spin polarization in Fe/BaTiO3/Lag ¢7Sr0.33MnO3 tun-

nelling junctions

In the first approach, in order to investigate ferroelectric control of magnetic

anisotropy, CoFeB/BaTiOj3 bilayers have been grown on Lag ¢75r0.33MnO3/ /SrTiO;
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(001) by pulsed laser deposition (oxides) and sputtering (metals). The thickness
of the CoFeB layer has been proved to be a critical parameter for achieving
perpendicular magnetic anisotropy (PMA) and for observing a seizable influ-
ence of the BaTiO3 (BTO) polarization on the magnetic properties. In samples
with CoFeB layer thickness of 1.1 nm, perpendicular magnetic anisotropy, essen-
tially arising from symmetry breaking at the interface, is prevalent over other
anisotropic effects, leading to out-of-plane remanent magnetization. In this work
it has been shown that ferroelectric polarization affects the PMA, leading to a
modulation of the coercive field of CoFeB, in the order of 30% at room tempera-
ture, when the BTO remanent polarization is switched from upward to downward
(or viceversa).

In samples with nominal CoFeB layer thickness of 1.3 nm, instead, the volume
contributions, in particular shape anisotropy, largely prevail. This results not
only in a spin reorientation transition towards in-plane magnetization, but also
in absence of any detectable variation of the anisotropy.

An equilibrium condition between competing in-plane and out-of-plane an-
isotropies should be in principle achievable by finely controlling the CoFeB layer
thickness. This could allow, in principle, to determine not only coercivity, but
also magnetization direction (parallel or perpendicular to the interface) by ferro-
electric polarization. However, we found that the control and reproducibility of
the heterostructure fabrication process is extremely crucial and, at the current
stage, it does not possess a sufficient precision to achieve this goal.

Since the ferroelectric characterization performed on BTO capacitors has
given a lower remanent polarization value (3 uC/cm?) with respect to the state
of the art (over 40 uC/cm?) [94-96], a totally different approach could be to im-
prove the ferroelectric remanent polarization acting on the BaTiOj3 film, in order
to enhance the magnetoelectric effect observed.

Whatever will be the chosen path (improving the precision of the fabrication

process or optimizing the BTO ferroelectric properties), finding a way to control
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the direction of magnetic easy axis in a ferromagnetic thin film would set a
milestone in the route of electrically controlled MRAM devices. As a matter of
fact, the same principle could be extended, in principle, to multiferroic tunnelling
junctions with structure CoFeB/MgO/CoFeB/BaTiO3, where the magnetization
of the first electrode is fixed and that of the second can be electrically switched
through the CoFeB/BaTiO3; magnetoelectric coupling, thus finally realizing a
purely electrically controlled MRAM.

In the second approach proposed by this thesis work, a complete device based
on the tunnelling junctions paradigm has been realized on the fully epitaxial stack
Au/Co/Fe/BaTiO3/Lag67510.33MnO3. The heterostructure has been grown in
situ by pulsed laser deposition (oxides) and molecular beam epitaxy (metals) in
a high-vacuum cluster tool, in order to preserve the interface quality. Thanks to
the coexistence of tunnelling magnetoresistance (due to the two magnetic elec-
trodes Co/Fe and Lag 67510 33MnO3 separated by the BTO insulating barrier) and
electroresistance (due to the ferroelectricity of the BTO barrier), the devices re-
alized can exhibit four different states of resistance according to the two possible
alignments (parallel and antiparallel) of the electrodes magnetization and to the
two polarization directions in the barrier.

We found that tunnelling electroresistance values depend strongly on the fer-
roelectric barrier thickness, and range from 10% at 20 K for junctions with 2 nm
thick barrier to over 100 % at room temperature for devices with 4 nm thick bar-
rier. Tunnelling magnetoresistance values, instead, are in the order of 0.3-0.6%,
suggesting that the two magnetic layers are not completely decoupled. Larger
values of TMR could be expected upon optimization of the structure. A possible
improvement in this direction may come simply by employing a thicker Co layer
which should harden the magnetization in the top layer.

A peculiar bias dependence of TMR has been evidenced in devices with 2 nm
ferroelectric barrier, with a change of TMR sign for small positive voltages. Both

the inversion point (i. e. the bias voltage at which the TMR sign changes from
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positive to negative) and the values of inverse TMR are affected by ferroelectric
polarization, demonstrating actual magnetoelectric coupling.

A previous experimental work have already demonstrated magnetoelectric
coupling mechanisms in Fe/BaTiO3/Lag ¢751r0.33MnO3 junctions |26], but the mul-
tiferroic tunnelling junctions there described were not fully-epitaxial, differently
from our junctions [68]. Moreover, only inverse TMR was initially predicted and
observed for junctions of this kind with a 3d metal as top layer, while both in
our samples with 2 nm and 3 nm barrier normal TMR is observed at zero bias.

A possible explanation of this behaviour has been given in terms of symmetry
based spin filtering, predicted in BaTiOg barriers by first principles calculations
[107,|108]. If this hypothesis were confirmed by further investigation, this would
be the first demonstration of coherent tunnelling and spin filtering in BaTiO3-
based devices.

This would be particularly appealing since, as in the case of Fe/MgO/Fe
tunnelling junctions [109], a specifically engineered device could employ spin-
filtering of the barrier to achieve high value of TMR up to room temperature,
which is fundamental for any industrial application. Before to conclude, it is
worthwhile to stress that devices of this kind would benefit of the additional
degree of freedom given by ferroelectric polarization, thus allowing the realization
of a four-state memory, and in perspective the design of a four-values (0,1,2,3)

logic, instead than the usual binary (0,1) one.
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