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ABSTRACT

Due to the evolution of device miniaturization and the potential applications for new
nonvolatile memory devices, the ferroelectric/multiferroic tunnel junctions are an
emerging paradigm for these applications. Typical ferroelectric tunnel junctions (FTJs)
consist of a few unit cells of a ferroelectric material sandwiched between two electrodes
where the interplay of ferroelectricity and electron tunneling occurs. The electrical
junction resistance can be manipulated reversibly via the polarization direction of the
ferroelectric tunnel barrier, a phenomenon known as the tunneling electroresistance
(TER) effect. FTJs have attracted interest both for the basic physics which is involved in
controlling two conductance states (high resistance state (HRS) and low resistance state
(LRS)) and for their potential applications with a resistance ratio of two orders of
magnitude, in nanoelectronics operating with low power consumption. Realization of this
idea is a task with many obstacles, because it requires fabrication of ultrathin films
retaining pronounced ferroelectric properties at a thickness of only a few unit cells. For
this reason, we started studying the thickness effect on the ferroelectric properties of
PbZros52Tio.4803 (PZT).

We have synthesized PZT/Lao.67Sr0.33Mn0O3z (LSMO) heterostructured films of a range of
thicknesses (10-100 nm) on (001) (LaAlOz)o.3(Sr2AlTaOs)o.7 (LSAT) substrates using a
multi-target pulsed laser deposition (PLD) system. The dielectric anomalies and magnetic
phase transition temperatures were shifted to lower temperatures with decreasing
thickness of PZT films. Ferroelectric behavior persisted in films down to as thin as 10

nm.



After seeing that ferroelectricity could be retained at PZT-film thicknesses of only
few nanometers, we fabricated the ferroelectric tunnel junction. Here, we demonstrated
room temperature polar switching and tunneling behavior in PZT ultra-thin films of 3-7
nm thick, sandwiched between platinum and ferromagnetic LSMO layers. This junction
also shows magnetic field dependent tunnel current switching in PtY/PZT/LSMO
heterostructures. The effect of ferroelectric switching was observed in current density
versus voltage curves with a large variation in the high-resistance/low-resistance
(HRS/LRS) ratio (2:1 to 100:1, for different samples). However, these effects were more
prominent in the presence of an in-plane external magnetic field. The effect of a magnetic
field along the in-plane direction was observed when 10 kG was applied to the junction
during J(V) measurements. The resistance decreased only in the positive voltage range
(controlled by the LSMO electrode), while no significant change was observed in the
negative voltage range (controlled by the Pt electrode). This is reasonable considering
that LSMO becomes more metallic in its ferromagnetic state. For this LSMO/PZT
junction, the resistance switching between LRS and HRS became sharper and the
HRS/LRS ratio values at zero bias were ~60 at 0 G and 110 at 10 kG. The conductance
curve fit Brinkman’s model and the parabolic conductance upon bias voltage implies
transport is governed by electron tunneling.

Another interesting type of tunnel junction is the multiferroic tunnel junction
(MFTJ). MFTJs have two configurations: 1) a FTJ with ferromagnetic electrodes and 2) a
multiferroic barrier sandwiched by a normal metal and a ferromagnet. This device shows
four-resistance states: two states of the electroresistance effect and two states of

magnetoresistance effect (when the current flows between two ferromagnets separated by



an ultrathin insulator, the total resistance of the device, in which tunneling is responsible
for current flowing, changes with the relative orientation of the two magnetic layers). We
are interested in the latter configuration, which employs a multiferroic barrier. However,
most multiferroic materials exhibit multiferroic properties at low temperatures. This
makes them limited for practical applications. For these reasons,
Pb(Zro53Tio.47)0.60(FeosTaos)0.4003 (PZTFT) is a good candidate for these applications,
because this material is a single-phase magnetoelectric multiferroic at room temperature
(this material was discovered in our laboratory). The four-resistance-state with
multiferroic tunnel junctions has been reported by several researchers, however, these
devices required liquid helium to operate, as the four-resistance-state was obtained at low
temperature (10 K). For practical applications, devices need to work at room temperature.
For this reason, we choose the PZTFT multiferroic material.

In this part of the study, we focused on the effect of the thickness of PZTFT on its
magnetic and ferroelectric properties. We grew films of PZTFT on LSMO/LSAT (001)
substrates with film thicknesses ranging from 4 to 80 nm, by PLD. Well saturated
ferroelectric loops were observed for PZTFT with remnant polarizations of 43, 32, 25 and
10 uC/cm? for films of thicknesses 80, 50 and 20 nm respectively. An enhanced saturated
magnetization was observed with increasing PZTFT layer thickness in PZTFT/LSMO
heterostructures. At room temperature, we obtained polarization switching and stripe
domains at 7 nm using piezoresponse and magnetic force microscopy that confirmed a
multiferroic nature at the nanoscale level, thin enough for tunnel junctions. These devices
work at room temperature and for this reason, PZTFT is good candidate for multiferroic

tunnel junction applications.
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CHAPTER 1

INTRODUCTION

1.1. FERROELECTRIC MATERIALS
1.1.1 Ferroelectricity

A ferroelectric crystal shows a reversible spontaneous electric polarization and a
hysteresis loop that can be observed in certain temperature regions, delimited by a
transition point called the Curie temperature, Tc. At temperatures above Tc, the crystal is
no longer ferroelectric and exhibits normal dielectric behavior [1-2].
Ferroelectric materials usually, but not always, exist in a nonpolar state at temperatures
above Curie temperature (Tc), and have anomalously high dielectric constants, especially
near Tc. Typical dielectric constant temperature and polarization temperature
characteristics is shown in Figure 1.1. The dielectric constant increases very sharply to a
very high peak value at Tc. The anomalously high value of &, in the neighborhood of Tc
is generally referred to as the anomalous value. At T > T¢, anomalous behavior closely

follows the Curie-Weiss law

(1)
where C is known as the Curie constant. In fact, anomalous behavior always appears near

any transition point between two different phases, even at T below Tc. At the transition

points, there are anomalies not only in the dielectric constant and polarization, but also in
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Figure 1.1. Schematic illustration of the variation of the (a) dielectric constant, ¢,, and
the (b) spontaneous polarization, Ps, with temperature, for Barium titanate (BaTiO3) with
Tc =120°C [1].

piezoelectric and elastic constants and specific heat, because of the change in crystal
structure.

Ferroelectrics have reversible spontaneous polarization. The word spontaneous may mean
that the polarization has a nonzero value in the absence of an applied electric field. The
word reversible refers to the direction of the spontaneous polarization that can be
reversed by a field applied in opposite direction. The spontaneous polarization, Ps,
usually increases sharply, as the temperature is lowered across the transition point and
then gradually reaches a saturation value at lower temperatures. The most prominent
features of ferroelectric properties are hysteresis and nonlinearity in the relation between
polarization P and an applied electric field E. A typical hysteresis loop is shown
schematically in Figure 1.2. When the field is small, the polarization increases linearly
with the field. This is mainly due to field-induced polarization; because the field is not

large enough to cause orientation of the domains (path AB). At high fields, polarization



will reach a state of saturation corresponding to point B, in which most domains are

aligned toward the direction of the poling field. Now, if the field is gradually

> E

Figure 1.2. Schematic diagram of a typical ferroelectric hysteresis loop [2].

decreased to zero, the polarization will decrease, following the path BC. The point C
represents the remnant polarization Py.

The field required to bring the polarization to zero is called the coercive field Ec (portion
AD on zero polarization axis). Ec depends not only on temperature, but also on the
measuring frequency and the waveform of the applied field. When the field in the
opposite direction decreases to zero, the polarization is left reversed, indicating that
domains were formed during poling and that the motion of the domain walls results in the

change of direction of polarization [3-4].



1.1.2 Piezoelectricity

All ferroelectrics exhibit the piezoelectric effect (although all piezoelectrics are
not necessarily ferroelectric). The piezoelectric effect is a phenomenon whereby
mechanical stress or strain leads to reorientation of electric dipoles through a material,
inducing a spontaneous change in the charge polarization. This effect may be formally
described by the following set of equations, which provide a relationship between the
electric displacement D, the electric field E, and the stress and strain, T and S
respectively [5]:
D = €;E + d33T (2)
S = ds3E + 5T 3)
where e is the dielectric constant and ds3 is the piezoelectric constant, sg is the
material’s compliance (elastic modulus) in the presence of a constant electric field. This
constant describes the stress strain relationship for a material and is based on the
material’s Young’s modulus and Poisson’s ratio [6]. From the equations above, it can be
seen that any increase or decrease in stress (T) or strain (S) on the material will lead to an
increase or decrease in electric displacement (D) and in the material’s electric field (E).
These relations also predict the existence of the converse piezoelectric effect, whereby a
piezoelectric material physically changes shape when an external electric field E is
introduced. This altered shape is a result of an increase in stress T and strain S on the
material due to the electric field change. The piezoelectric effect is used in a variety of
applications because the crystal motion resulting from the electric field is both
predictable and precise. Common piezoelectrics include lead zirconate titanate (PZT) and

bismuth ferrite [7]. The piezoelectric effect can only be observed for those below the



ferroelectric Curie temperature since above this temperature, the net electric polarization

is zero.

1.1.3 Lead Zirconate Titanate Pb(Zr,Ti)Os (PZT) - Perovskite

Many ferroelectrics have the chemical formulas of an ABOz type, with a
perovskite structure. One representative ferroelectric material having a perovskite
structure is lead zirconate titanate (Pb(Zr,Ti)Os -PZT) which is a solid solution of lead
zirconate (PZ) and lead titanate (PT). In the perovskite structure, A atoms (Pb), with
large cations are located at the corner of the unit cell, oxygen at the face center positions
and an octahedron constructed by six oxygen atoms including a smaller metallic element
B (Zr and Ti) at the center of the perovskite unit cell, which are the active ions in

promoting ferroelectricity (Figure 1.3).

Figure 1.3. The cubic perovskite structure. Displacement of Zr-Ti ions with the
application of positive and negative electric fields.

The bonding in an ideal cubic perovskite is ionic and the short range repulsions between
the adjacent closed ions shell (electrons clouds) are minimized for symmetric structures.
The existence or absence of ferroelectricity depends on the balance between these short

range repulsions, which are favored by the non-centrosymmetric structures, and

o)



additional bonding considerations which act to stabilize the distortions necessary for the
ferroelectric phase.

In the tetragonal crystal system, the perovskite structure has one axis of the lattice (001)
extended, while the other two axes are shortened. Along the extended axis, the
displacement of positive ions (AandB), negative anions and their valence electrons,
separate the center of gravity of the positive and negative electric charges, which allow

the occurrence of an electric polarization moment [8, 9].

PZT
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Figure 1.4. Different composition corresponds to different crystallite structures. Note the
morphotropic phase boundary (MPB), at a composition of 52% lead zirconate to 48%
lead titanate [9].

The phase diagram of PZT is shown in Figure 1.4, substitution of Ti by Zr in PT reduces
the tetragonal distortion and above the Zr/Ti ration of 0.52/0.48, the rhombohedral
ferroelectric phase is formed. The boundary between tetragonal and rhombohedral phases

is independent of temperature and is referred to as the morphotropic phase boundary



(MPB). At the MPB, the lead zirconate titanate Pb(Zros2Tio4s)O3z perovskite has lattice
parameters a=b =4.03A and c=4.14 A, with an extremely large dielectric constant, a

marked piezoelectric effect and a ferroelectric nature. Another significant observation is
that most of the perovskite ferroelectrics contain d° (B cation such as Ti*, Zr*4, Nb* are

formally in a d°state) [10].

There has been great interest in understanding of the fundamental physics of
ferroelectrics over the last 50 years, which, in turn, has contributed to the optimization of
materials for specific device applications. Today, ferroelectrics are used to make high
energy density capacitors, transducers and actuators, because of their piezoelectric and
ferroelectric random access memory-FeRAM exploiting their ferroelectric hysteresis

properties, resulting in two stable states of opposite polarization [11].

1.2. FERROMAGNETIC MATERIALS

1.2.1 Ferromagnetic effect

Ferromagnetic materials are magnetic materials. General ferromagnetic properties
are summarized as follows: (1) The magnetization is spontaneous, (2) The magnetization
may reach a saturation value by a weak magnetizing field, (3) The material may have
zero magnetization at zero (or very small) magnetic fields, and the magnetization remains
after the removal of the magnetic field, and (4) The ferromagnetic behavior (i.e., the
spontaneous magnetization) completely disappears at temperatures higher than a critical
temperature, called the Curie temperature Tc. At T > Tc, spontaneous magnetization is
destroyed, and the material becomes paramagnetic, not ferromagnetic.

The exchange energy principle, coupled with the Pauli’s exclusion principle, shows that

the potential energy of the electrons in the magnetized state is lower than when they are
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Figure 1.5. (a) The M-H hysteresis loop of a typical ferromagnetic material [14].

in the nonmagnetized state [12-14]. This conclusion can also be realized on the basis of
band theory, by considering that the spin-up electrons form one band and those that are
spin-down, form another. Also, we would expect that there is a critical temperature, at or
above which, the magnetized state would become an unmagnetized state and spontaneous
magnetization would be completely destroyed. This critical temperature is called the
Curie temperature Tc. Its value is different for different magnetic materials.

The influence of an applied magnetic field on the orientation of the magnetic moments in
the domains toward the direction of the magnetic field (H) to produce an overall
magnetization of the whole material. Suppose that we apply a magnetic field H to a non-

magnetized ferromagnetic solid, starting with zero field and gradually increasing the field



in steps (Figure 1.5). The magnetization (M) increases with increasing H (portion OA),
corresponding to rotation of domains from the original “easy” crystal direction to another
“easy” direction more parallel to H. In point “A” the magnetic moments of all domains
parallel to H, implying that the magnetization has reached a saturation value.

Now we start to reduce the magnetic field H, also in steps. As can be seen in Figure 1.5,
with further decrease of H to zero (portion AB), M does not go back to zero, but
decreases following a different curve and reaches a finite value Mg at H = 0. MR is
referred to as the remnant magnetization. To bring M to zero (BC), we need a reverse
magnetic field -Hc, which is generally referred to as the coercive field. This is the size of
magnetic field, opposite in direction to the magnetization field, required to bring the
magnetization to the vanishing point. The formation of a hysteresis loop implies that the
magnetization of a ferromagnetic material is irreversible.

The most well-known material that exhibits magnetic properties is the ferromagnet. For a
ferromagnet, all magnetic dipoles in a domain are in parallel alignment. Even if all
magnetic dipoles are not aligned, however, a net magnetic moment may still be observed.
Such is the case with a ferrimagnet, a material in which the sum of the magnetic dipole
moments in one direction is stronger than the net magnetic moment in the antiparallel

direction.

1.2.2 Lanthanum strontium manganite (La, Sr)MnOs (LSMO) - Perovskite

Lanthanum strontium manganite is an oxide with perovskite structure. The
chemical composition of LSMO is Lai1xSrxMnOs, where X is a variable indicating the

doping level. The unit cell of LSMO is given in Figure 1.6. The manganese atoms are



surrounded by an octahedron of oxygen atoms. The oxygen atoms are ionized to O,
lanthanum to La%*, and strontium to Sr?*. The manganese atoms are either ionized to
Mn®** or to Mn* depending on the doping level. This results in the 3d shell of the
manganese atoms being filled with either 4 or 3 electrons. The electrical and magnetic
behavior is largely determined by the electrons in the 3d shell of the manganese atoms

[15].

La, Sr

.Mn

Figure 1.6. Unit cell of LSMO. The manganese atom(green) is surrounded by an oxygen
octahedron(red). The atoms at the yellow sites can be either lanthanum or strontium [15].

Phase diagrams of the mixed valence perovskite manganites are rich in different
magnetic, resistive and structural phases. Even though the phase diagram of each
composition is different there are some features that are common. A sketch of the phase
diagram of the perhaps most well studied manganite Lai1xSrxMnQs is depicted in Figure
1.7. A typical manganite phase diagram looks like this: The compositions at either end of
the x-range, are insulators at all temperatures and antiferromagnets at low temperatures
[16]. With a small amount of doping (x > 5%) the ferromagnetic phase can be obtained.

Further doping (x > 15 - 30%) results in a metallic phase and an increase in the magnetic

10



transition temperature. Then close to x = 0.5, where the Mn** to Mn®* ratio is about 1:1, a
charge-ordered (antiferromagnetic) insulating phase starts to evolve at low temperatures.
In the LaixSrxMnO3 compound a structural transition from orthorhombic (x > 20%) to
rhombohedral (x < 20%) as described in Figure 1.7 is present. The structural transition is
modified not only by composition but also with temperature. In general, the orthorhombic

phase is stable at lower temperatures, while the rhombohedral phase requires higher

temperatures.
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Figure 1.7. La1xSrxMnQg3 phase diagram system for 0 <x < 1. C, T, R, O*, O’, and O"
denote, respectively, the cubic Pm3m, tetragonal I4/mcm, rhombohedral R3c, two
orthorhombic Pbmn, and orthorhombicFmmm structural phases. AF-A, AF-C, and AF-
G stand for the antiferromagnetic phases of the A, C, and G type, respectively OO
denotes the region of stability of the orbital and charge ordered, insulating, ferromagnetic
phase. “Ins.” stands for “insulating” [16].

LSMO is one of the perovskite manganites that show the colossal magnetoresistance
(CMR) effect and is also observed to be a half-metal for compositions around x=0.33. For

this reason, we chose this composition.
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1.3. MULTIFERROIC MATERIALS
1.3.1 Multiferroics

A multiferroic is a material in which two or all three of the properties of
ferroelectricity, ferromagnetism and ferroelasticity occur in the same phase [17, 18]. The
overlap required of ferroic materials that allows them to be classified as multiferroic, is
shown schematically in Figure 1.8 (a). Only small subgroups of all magnetically and
electrically polarizable materials are either ferromagnetic or ferroelectric and fewer still
simultaneously exhibit both order parameters. In these select materials, however, there is
the possibility that electric fields cannot only reorient the polarization but also control
magnetization; similarly, a magnetic field can change electric polarization. This
functionality offers an extra degree of freedom and hence we refer to such materials as
magnetoelectrics (Figure 1.8 (b)). Magnetoelectricity is an independent phenomenon that
can arise in any material with both magnetic and electronic polarizability, regardless of
whether it is multiferroic or not. By definition, a magnetoelectric multiferroic must be
simultaneously both ferromagnetic and ferroelectric [19]. It should be noted, however,
that the current trend is to extend the definition of multiferroics to include materials
possessing two or more of any of the ferroic or corresponding antiferroic properties such
as antiferroelectricity and antiferromagnetism. The scarcity of magnetoelectric
multiferroics can be understood by investigating a number of factors including symmetry,
electronic properties, and chemistry. We note that there are only 13 point groups that can
give rise to multiferroic behavior. Additionally, ferroelectrics by definition are insulators
(and in 3d transition metal based oxides, typically possess ions that have a formal d°

electronic state), while itinerant ferromagnets need conduction electrons; even in double

12



exchange ferromagnets such as the manganites, magnetism is mediated by incompletely
filled 3d shells. Thus there exists a seeming contradiction between the conventional
mechanism of off-centering in a ferroelectric and the formation of magnetic order which
explains the scarcity of ferromagnetic-ferroelectric multiferroics [20]. The focus of many
researchers, in turn, has been in designing and identifying new mechanisms that lead to
magnetoelectric coupling and multiferroic behavior. It has been proposed that one can
engineer multiferroic properties by chemically controlling the functionality on a site by
site basis. Many researchers have focused on model systems, such as the perovskites with
chemical formula ABOs3, as a pathway for the creation of multiferroic behavior. Single
phase multiferroism has been identified in only a few perovskite oxides and is typically
achieved by making use of the stereochemical activity of the lone pair on large (A site)
cations to provide ferroelectricity while retaining magnetism on the smaller (B site)

cations.

(b) (E)

Ferromagnetic o= Ferroelectric

\

Magnetically
Polarizable

Electrically
Polarizable

‘M)

M
—=H)

& Magnetoelasticity

Magnetoelectric

Figure 1.8. (a) Relationship between multiferroic and magnetoelectric materials.
Illustrates the requirements to achieve both in a material. (b) Schematic illustrating
different types of coupling present in materials. Much attention has been given to
materials where electric and magnetic order is coupled. These materials are known as
magnetoelectric materials [19].
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1.3.2 Magnetoelectric coupling

The magnetoelectric effect in a single-phase crystal is traditionally described [21,
22] in Landau theory by writing the free energy F of the system in terms of an applied
magnetic field H whose ith component is denoted Hi, and an applied electric field E
whose ith component is denoted E;. Note that this convention is unambiguous in free
space, but that E; within a material encodes the resultant field that a test particle would
experience. Let us consider a non-ferroic material, where both the temperature-dependent
electrical polarization Pi(T) (uCcm2) and the magnetization Mi(T) (ug per formula unit,
where pg is the Bohr magneton) are zero in the absence of applied fields and there is no
hysteresis. It may be represented as an infinite, homogeneous and stress-free medium by

writing F under the Einstein summation convention in S.I. units as:

—F(E, H) = >0y BiE; + = tohyHiH, + oqyEHj + 25 EiHjHy + 25 HE By + -+ 4)
The first term on the right hand side describes the contribution resulting from the
electrical response to an electric field, where the permittivity of free space is denoted g,
and the relative permittivity &;;(T) is a second-rank tensor that is typically independent of
Ei in non-ferroic materials. The second term is the magnetic equivalent of the first term,
where p;;(T) is the relative permeability and p, is the permeability of free space. The
third term describes linear magnetoelectric coupling via a;;(T); the third-rank tensors
Biji(T) and vi;.(T) represent higher-order (quadratic) magnetoelectric coefficients. In the
present scheme, all magnetoelectric coefficients incorporate the field independent
material response functions &;;(T) and w;;(T). The magnetoelectric effects can then easily
be established in the form Pi(H;) or Mi(E;j). The former is obtained by differentiating F

with respect to Ej, and then setting Ei=0. One obtains the polarization:

14



= oF Bij
Pi(E, H) = _a_El = EOEi]'Ej + (X”H] + T]kH]Hk + YI]kH]Ek + - (5)

The former is obtained by differentiating F with respect to Hi, and then setting Hi=0. One

obtains the magnetization:

M;(E,H) = ~om = MokijHj + aiiEj + BijicEjHic + S vijicE By + -+ (7)
Mi(E) = oyiEj + EE]-EI( + - (8)

2

In ferroic materials, the above analysis is less rigorous because €;(T) and p;;(T) display
field hysteresis. Moreover, ferroics are better parameterized in terms of resultant rather
than applied fields [23]. This is because it is then possible to account for the potentially
significant depolarizing/demagnetizing factors in finite media, and also because the
coupling constants would then be functions of temperature alone, as in standard Landau
theory. In practice, resultant electric and magnetic fields may sometimes be approximated
[24] by the polarization and magnetization respectively.

A multiferroic that is ferromagnetic and ferroelectric is liable to display large linear
magnetoelectric effects. This follows because ferroelectric and ferromagnetic materials
often (but not always) possess a large permittivity and permeability, respectively, and
a;i(T) is bounded by the geometric mean of the diagonalized tensors &;;(T) and p;;(T)such
that [59]:

af < €oMokiil; )
Equation (9) is obtained from equation (4) by forcing the sum of the first three terms to
be greater than zero, that is, ignoring higher-order coupling terms. It represents a stability

condition in €;(T) and p;;(T), but if the coupling becomes so strong that it drives a phase
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transition to a more stable state, then a;;(T), &;(T) and p;;(T) take on new values in the
new phase. Note that a large ;;(T) is not a prerequisite for a material to be ferroelectric
(or vice versa); and similarly ferromagnets do not necessarily possess large p;;(T).

Therefore, large magnetoelectric couplings need not arise in, or be restricted to,

multiferroic materials.

1.3.3 Lead Iron Tantalate-Lead Zirconate Titanate Pb(Fe,Ta)Os-Pb(Zr,Ti)Os
(PZTFT) - Perovskite

Pb(Zro53Tio.47)060(FeosTaos)04003 (PZTFT) [25-31] is a single-phase magnetoelectric
multiferroic material that has the ability to control magnetization with an electric field
and polarization with a magnetic field, at room temperature, making this material
potentially important for the next generation of multiferroic spintronic devices. This
material was discovered in our laboratory. The single-crystal slices (Figure 1.9), using
transmission electron microscopy (TEM) techniques, showed that even within a single-
crystal lamella the microstructure is extremely rich. Domains with curved domain walls,
are present both as individual units and grouped into bundles, such that structure occurs
across a number of different length scales. When selected area diffraction patterns were
taken across different regions, they were extremely similar (Figure 1.9), strongly
suggesting that domain variants had formed from a single higher symmetry parent state.
In Figure 1.10 (a) (i) show the lateral piezoresponse force microscopy (LPFM) phase
information from a region of a different PZTFT single-crystal lamellae, after a magnetic

field of 3 kOe has been applied perpendicular to the imaged surface and then removed
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Figure 1.9. Complex domain structures in PZTFT single crystal. Transmission electron
microscopy (TEM) reveals the single crystal structure of the material. It seems that all the
domain variants have formed from a single higher symmetry parent state, as the selected
area diffraction patterns from different regions, indicated by the coloured circles in (b),
are indistinguishable. Scale bar, 200 nm [27].

before imaging. Different domains, with in-phase and anti-phase responses, are
represented by the blue and red colours. The direction of the magnetic field was
subsequently reversed and distinct changes in the phase image, Figure 1.10 (a) (ii),
resulted: ferroelectric domains with orientations yielding the red phase contracted, while
those mapped by the blue phase expanded. When the magnetic field was again applied in
the original direction, changes in the domain distribution were partially reversed: Figure
1.10 (a) (iii). Figure 1.10 (b) summarizes the extent to which magnetically-induced
ferroelectric domain changes could be reversed by changing the orientation of the applied

magnetic field.
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Figure 1.10. Modest magnetic fields induce partially reversible changes in ferroelectric
domains. Phase images from lateral piezoresponse force microscopy (LPFM) change
depending on the orientation of the magnetic field applied to the PZTFT lamella. Both
the images in (a) and the area histograms of different phase colours (b) illustrate that 3
kOe applied in a nominally positive direction, perpendicular to the lamellar surface,
favours the growth of polarization directions indicated in red. When applied in a
nominally negative direction, these regions contract. Scale bar, 2 mm [27].

1.4, FERROELECTRIC AND MULTIFERROIC TUNNEL JUNCTION

One of the most important considerations in fabricating ferroelectric tunnel
junctions (FTJ) is that the tunnel thickness must be greater than the minimum coherence
length for stable ferroelectric polarization. For many years, it was thought that this would
not work. Until the work of Gregg’s group [32], most in the ferroelectrics community
believed that ferroelectricity disappeared due to depolarization fields for films much
thinner than 100 nm. Since the tunneling of electrons in oxide films thicker than 6 nm is
negligible, this appeared to imply that ferroelectric tunnel junctions were impossible.
However, we now know that the minimum thickness for stable ferroelectricity in a

ferroelectric oxide [33] is ~ 1 nm, hence giving rise to the possibility of fabricating FTJ’s.
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The idea, based on the tunnel junction concept, in which a ferroelectric (polar) is
employed as the barrier material is fairly new. This device, called ferroelectric tunnel
junction (FTJ) can be used to interplay ferroelectricity and electron tunneling. The basic
idea of a FTJ device was formulated in 1971 by Esaki et al. [34] which they called a polar
switch at that time, an ultrathin FE tunneling barrier placed between two metallic
electrodes [35]. FTJ may exhibit a tunneling electroresistance (TER) effect associated
with the polarization switching of the ferroelectric barrier layer, leading to a change in
resistance of the junction [36, 37]. The realization of this idea is a task with many
obstacles, because it requires the fabrication of ultrathin films retaining pronounced
ferroelectric properties at a thickness of only a few unit cells. However, the tremendous
achievement in the field of complex oxide epitaxy [38, 39] and ferroelectric polymer [40]
ultrathin films and also the advance in the nanoscale characterization techniques during
the last few years, along with the theoretical studies, has made the fabrication and
characterization of FTJs possible.

Another important consideration to recognize in any discussion of FE junctions, contrary
to the discussions in most textbooks, is that ferroelectrics are generally NOT
insulators. For many years, transport in FEs was dismissed as unimportant, because they
were regarded as insulating crystals. However, the most widely used and studied FEs are
perovskite oxides, and the bandgaps of BaTiOz and SrTiOz lie between 3.2 and 3.6 eV,
with that of PbTiOs slightly less at ca. 2.9 eV. By comparison, the bandgap of 111-Vs such
as GaN or I1-VIs such as ZnO are both approximately 3.4 eV. Even SrBi,Ta20O9 has a
band gap of only 4.0 eV; while BiFeO3 has one of 2.74 eV. Thus oxides FEs are simply

wide-gap semiconductors. This was relatively unimportant for bulk materials of a few
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mm or more in thickness, but for very thin films it dominates electrical behavior. Hence
we need to know everything about their band structure such as we do for Ge, Si, InSb or
GaAs, if we are to design optimum devices. These materials are rather complicated,
typically with d-like conduction bands exhibiting both light and heavy electrons
(analogous to the light and heavy holes in the p-like valence bands of p-type I1I-VIs such
as CdS). The effective masses are large, with typical free electron masses of m* = 5.5 -
6.5.

It is well known that FE thin films are being used for technological applications in
electronic devices, such as ferroelectric memories and microelectronic sensors and
actuators. The existence of ferroelectricity persisting in ultrathin films (~1 nm), opens the
possibility to further miniaturize devices based on FE materials. On the other hand,
multiferroics can bring many more unique opportunities to exploit several functionalities
in a single material or artificial nano-heterostructures. Heterostructures that combine
ferroelectric with other functional materials can exhibit unusual physical properties. A
way to exploit the ferroelectric properties of ultrathin films and multifunctional character
of multiferroic materials, is to design tunnel junctions integrating ferroelectric or
multiferroic films as the tunnel barrier or making the tunnel junction itself, a multiferroic
heterostructures. At present, tunnel junctions using insulator (non-polar) barriers are the
basis of MRAMSs (magnetic random access memories). The ferroelectric and multiferroic
heterostructures mentioned above may take advantage of tunnel magnetoresistance
(TMR) and tunnel electroresistance (TER) effects.

A typical tunnel junction consists of two metal layers separated by a thin insulator layer

(tunnel barrier). However, the tunneling probability becomes significant only for ultrathin
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(< 10 nm thin) barriers. The tunnelling effect played a significant role during the
development of quantum mechanics, as was first discussed in this context by Frenkel in
1930, because it provided a proof for the wave-particle dualism [41]. At present, various
types of tunnel junctions have been studied fundamentally and used in microelectronic
industry. In 1970, spin-dependent electron tunneling from FM metal electrodes across an
amorphous Al20s3 film was observed by Tedraw and Meservey [42]. Michael Julliere, in
1975, proposed and demonstrated a magnetic tunnel junction using iron as the
ferromagnet and germanium as the insulator. When the current flows between the two
ferromagnets separated by an ultrathin insulator, the total resistance of the device, in
which tunneling is responsible for current flowing, changes with the relative orientation
of the two magnetic layers. The resistance is normally higher in the anti-parallel case
[43]. This effect is called the tunnel (or junction) magnetoresisitence effect (TMR),
however, this experiment was carried out at an extremely low temperature (4.2 K), so it
did not attract much attention for practical applications. The room temperature TMR was
discovered in 1995 first by Miyazaki et al. [44] and independently by Moodera [45]. In
2001, Butler [46] and Mathon [47] independently made theoretical predictions that using
iron as the ferromagnet and MgO as the insulator, the tunnel magnetoresistance can reach
several thousand percent. In 2004, Parkin [48] and Yuasa [49] were able to make
Fe/MgO/Fe junctions that reach over 200% TMR at room temperature. It is now the basis
for the magnetic random access memory (MRAM) and the read sensor in hard disk
drives. Despite the diversity of materials used in tunnel junctions, the common feature of

almost all existing tunnel junctions is that they are based on non-polar barrier dielectrics.
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Theoretical and experimental studies have demonstrated the existence of TMR (the

magnetization aligned/disaligned in the metallic electrodes) and TER (dependence with

the polarization state of the barrier) properties in TJs, using a polar barrier (i.e.

ferroelectric/multiferroic tunnel junctions (FTJ/MFTJ)). These systems can produce a

four-resistance state system [50], which is a novel tunnel junction with potential

applications in future technology.

1.4.1 Theory of ferroelectric and multiferroic tunnel junctions

The concept of the FTJ is illustrated in Figure 1.11 (left side), which shows a

simplified band diagram of the metal-ferroelectric-metal (MFM) heterostructures [56].

Due to the reversible electric polarization, the current-voltage characteristics of FTJs are

Ener gy

Affinity &
8 A
arner
height 4’
E‘ +eV E
= Mev ¢
Bottom :
electrode Top
——p clectrode

t

Ferroelectric barrier
thickness

(1] 2] 3

Strain vs. voltage
-

Charge vs. distance

. <9 <> w 4
- =
+ oo 0 9 ! 1
-9 o —— et
A SIS A
-V.V \V
—— —O—
Potential vs, distance + s 00 ®
° ° it 4

N

A
)82 ORu with v
0 oxygen in < t+ ‘\f’

Figure 1.11. Schematics of a ferroelectric tunnel junction consisting of two electrodes
separated by a nm-thick ferroelectric barrier layer. The ferroelectric nature of the barrier
changes the transmission probability in three ways (#1, #2, #3) [56].

22



expected to be different from those of convention metal-insulator-metal junction. The

electric polarization (P) in the FE barrier, which can be switched by an applied electric

field, may have a pronounced effect on the conductance of a FTJ [51]. The reversal of
polarization from + P to — P in the FE alters the switching of polarization charges at the
barrier/electrode interfaces, changing the position of the ions in the FE unit cell and
modifying the lattice strain inside the barrier.

Figure 1.11 [(1), (2), and (3)] summarizes how the ferroelectric nature of the barrier
changes the transmission probability in three ways: (1) The incomplete screening of the
FE bound charge leads to an electrostatic potential that superimposes the contact potential
in the tunnel junction; (2) The displacement of the B-site atom affects the atomic orbital
hybridizations at the interface which makes the transmission probability different for the
two opposite polarization orientations (here we consider a BaTiO3/SrRuOs interface, as
an example) and (3) Due to the piezoelectricity of a FE barrier, an applied voltage
produces a strain which changes the transport characteristics of the barrier, such as the
barrier width and attenuation constant.

Theoretical and experimental work indicates that the TER in MFM junctions with
ultrathin barriers depends on the orientation of the electric polarization which can be
switched by an applied electric field. Velev et al. [52], on the basis of first principle
calculations, have shown that the polarization of a BaTiOs3 barrier leads to a substantial
drop in the tunneling conductance due to changes in the electronic structure driven by
ferroelectric displacement. FTJs have attracted interest both for the basic physics which is
involved in controlling their properties and for their potential applications in

nanoelectronics and data storage [53-56].
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In the last few years a significant number of experimental work on FTJs has been carried
out based on inorganic polar barriers, where TER effects have been observed: i.e.
Pb(Zr, Ti)O3 [57-62], BaTiOs [63-66], BiFeOs [67,68] and (Ba,Sr)TiOs [69] and organic
barriers such as copolymers films of polyvinylidene fluoride (PVDF) (70%)-
trifluoroethylene (TrFe) (30%) [70]. Researchers observed reversal of polarization
through an apparent lattice shift, which was accompanied by an I-V diode-like tunneling
dependence.

Other interesting types of tunnel junctions are multiferroic tunnel junctions (MFTJ) and
are shown in Figure 1.12 (b) and (c). To obtain the Figure 1.12 (b) configuration, the
normal metallic electrode in FTJ (Figure 1.12 (a)) is replaced by a ferromagnetic metallic
electrode (i.e. LaosSrosC003, LaNiOs, SrRuO3z, LaxSr1.xMnQOs). Another MFTJ structure
is shown in Figure 1.12 (c) where a thin multiferroic layer is sandwiched between a
ferromagnetic metallic and a metallic electrode. The barrier itself is made of a material
that exhibits multiferroic properties in the bulk, such as BFO or BMO. In this case, we
expect the following: i) One can obtain a ME MF structure (FE barrier, ferromagnetic
metallic electrodes and the respective coupling between them); ii) This coupling in the
MFTJ devices allows one to control magnetization M via an electric field E and
polarization P via a magnetic field H; iii) The combination of the TMR and TER effects
in MFTJs allow the devices to operate as a four-state resistive system.

Another important point to consider is the effect of the interface bonding and the
direction of polarization in the FE barrier. Velev et al. [71], using first-principles
calculations of SRO/BTO/SRO MFTJs show that the interface terminations (BaO and

TiO for BTO and RuO:z and SrO for SRO) can significantly change the displacement of
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the transmission probability different for the two opposite polarization orientations.

Figure 1.12. (a) FE tunnel junction (FTJ), (b), and (c) MF tunnel junctions (MFTJ).
Ferroelectric (FE), ferromagnetic metallic (FM), multiferroic (MF) and Metal (M).

1.4.2 Critical thickness for ferroelectricity

Since ferroelectricity is a collective phenomenon, FE thin films are expected to
sustain a spontaneous electric polarization only above critical thickness due to extrinsic
effects. However, understanding size effects in ferroelectrics is complicated because
polarization interacts more strongly with other order parameters, such as compositional
fluctuations, strain, and charge, which in turn produce large extrinsic effects, if these
variables are uncontrolled. It was believed for a long time that the critical thickness for
ferroelectricity is of a few tens of nm [72]. However, from a recent theoretical studies by
Junquera and Ghosez [54], the critical thickness was estimated to be ~ 2.4 nm, which
makes it possible to effect a FTJ at the nanometer scale (< 6 nm) thickness. Due to recent
advances in thin film synthesis, it has now become possible to make heterostructures with

single crystalline perovskite—oxide films of thickness down to 1 to 2 lattice constants

25



with epitaxially and atomically sharp interfaces [73]. Typically, these films are prepared
with advanced thin film deposition techniques, such as molecular beam epitaxy (MBE),
pulsed laser deposition (PLD), chemical vapor deposition (CVD) and atomic layer
deposition (ALD). Another important point to consider is the appropriate choice of the
substrate materials that permits control of the lattice mismatch between the ferroelectric
film and the substrate, allowing the films to grow coherently.

Pulsed laser deposition is one of the most versatile methods to grow high quality films
[74]. Several studies had found stable polarization in ultrathin ferroelectric films. Tybell
et al. [59] have demonstrated the presence of stable polarization in a 4-nm thick epitaxial
film of perovskite ferroelectric Pb(Zro2Tiog)Os. Experimental evidence for
ferroelectricity in ultrathin epitaxial PbTiOs films was found at the Argonne National
Laboratory where structural investigations by synchrotron radiation demonstrated
ferroelectric properties in these films down to 1.2 nm in thickness [60]. Also,
ferroelectricity has been observed in mono- molecular layers of FE polymers in the form
of PVDF and its copolymers with TrFE [61]. Since it is possible to produce high quality
ultrathin FE films, novel applications can be realized by incorporating such films into

heterostructures with other materials, producing FTJ and MFT]J structures.

1.4.3 Effect of the depolarization field

In parallel with advances in synthesis, theoretical work has been done to understand the
atomic scale of ferroelectricity. Junquera et al. [54] reported first principle calculations of
realistic FE-electrode interfaces in BaTiOs ultrathin films between two metallic SfRuOs

electrodes, that when short circuited lose their ferroelectric properties below a critical
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thickness of about six-unit cells (24 A = 2.4 nm). Physically, this criticality comes from
the imperfect screening of the depolarization field, as shown earlier by Dawber et al.
[75]. The latter paper incorporated Fermi-Thomas screening in the metal electrodes,
whereas the paper by Junquera et al. [54] was a full theoretical model of the system.

The existence of a critical thickness for ferroelectricity is usually explained by
depolarization fields produced by the polarization charges accumulated on the surfaces of
the film. If the interface films are placed between two metal electrodes, the polarization
charges are screened. However, when the thickness is sufficiently reduced, the screening
becomes incomplete and at some critical thickness the electrostatic energy associated
with the depolarization fields overcomes the energy gained due to the ferroelectric
ordering. At this thickness, the ferroelectric state becomes unstable. These results indicate
that the screening of the depolarization field is the key to decreasing the critical film

thickness.

1.4.4 Role of interface on ferroelectricity at the nanoscale

Another aspect to consider for the ferroelectricity in ultrathin films is the effect of
ferroelectric/electrode interfaces due to the bonding of the interfacial atoms [76].
Nanoscale ferroelectricity is strongly affected by interfaces, which significantly influence
soft mode displacements of the interfacial atoms in ferroelectrics due to bonding of these
atoms to adjacent atoms in the metal electrodes. If the interface bonding is sufficiently
strong, the presence of interfaces imposes restrictions on the soft mode motion since the
atoms at the boundary of the ferroelectric are pinned to the electrodes. This inevitably

affects the displacements of other atoms in the ferroelectric and may completely destroy

27



the soft mode instability. Furthermore, the presence of interfaces reduces the symmetry of
a solid due to the asymmetric local environment at the interfaces compared to the bulk.
The reduced symmetry may produce electric dipoles at the interfaces even for a
paraelectric state and often gives rise to second harmonic generation. The interface
dipoles can be created as a result of interface strain, atomic rippling, non-stoichiometry,
and/or modified valence at the interface. Duan et al. [76] performed first principle
calculations of ultrathin KNbO3 ferroelectric films placed between two metal electrodes
(i.e. SrRuOgz or Pt). They show that bonding at the FE-metal interfaces imposes severe

constraints on the displacements of atoms, destroying the bulk tetragonal soft mode.

We [62] demonstrated the room temperature polar switching and tunneling behavior in
PbZros52Tio4sO03 (PZT) ultra-thin films of 3-7 nm (P3-P7) thickness, sandwiched between
platinum and FM Lao.s7Sro33MnOsz (LSMO) layers, this junction also shows magnetic
field dependent tunnel current switching in a Pt/PZT/LSMO heterostructure. The
capacitance versus voltage graphs show butterfly loops above the coercive field (> £3 V)
of PZT for a small probe area (~16 pm?). The effect of FE switching was observed in
current density versus voltage curves with a large variation in high-resistance/low-
resistance (HRS/LRS) ratio (2:1 to 100:1, for different samples). However, these effects
were more prominent in the presence of an in-plane external magnetic field. We show the
effect of a magnetic field along the in-plane direction. It was observed that when 10 kG
was applied to the junction during J(V) measurements, the resistance is decreased only in
the positive voltage range (controlled by the LSMO electrode), while no significant

change was observed in the negative voltage range (controlled by the Pt electrode). This
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is reasonable considering that LSMO becomes more metallic in its FM state. For this
junction, the resistance switching between LRS and HRS became sharper, and the
HRS/LRS ratio values at zero bias were ~60 at 0 G and it increased to 110 with 10 kG.
The conductance is fit with Brinkman’s model and the parabolic conductance upon bias

voltage suggests that electron tunneling governs the transport.
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CHAPTER 2

EXPERIMENTAL AND CHARACTERIZATION TECHNIQUES

2.1. EXPERIMENTAL
2.1.1 Pulsed laser deposition (PLD).

The components of a PLD system (Figure 2.1) are vacuum chamber connected to
a turbo pump with a rotating target holder capable of carrying up to six targets, substrate
heater, and a laser beam source. The film formation process in PLD generally can be
divided into the following four stages:
1. Laser radiation interaction with the target
2. Dynamics of the ablation material
3. Deposition of the ablation material with the substrate.
4. Nucleation and growth of a thin film on the substrate surface.
Each stage in PLD is critical to the formation of high quality oriented and polycrystalline
stoichiometric, and uniform thin films.
In the first stage the laser is focused onto the surface of the target by an external lens to
the chamber. The laser used in this work was an excimer laser with the wavelength of
248 nm (Krf), the pulse rate range from 1 Hz to 10 Hz and the energy is adjustable from
200 mJ to 550 mJ. In the interaction of the pulsed laser beam with the target the laser
energy is converted into thermal, chemical, and mechanical energies, to cause target
atoms to be ablated from the surface and the highly directional plasma is formed. The
plasma plume contained energetic atoms, molecules, ions and electrons which are highly

stoichiometric.
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Figure 2.1. Configuration of PLD chamber [1].

The ablation mechanism involved many complex physical phenomena, such as collision,
thermal, and electrons excitations.

During the second stage the substance ablated from a target, “the plume” is transported to
and deposited on the substrate. The substrate is mounted on the temperature variable
heater block. During and after the deposition reactive gases such oxygen is usually
injected into the deposition chamber to adjust the stoichiometric of the film. The target to
substrate distance is another parameter that governs the angular spread of the ablated
materials.

In the third stage there are several other parameters that determine the quality of thin
film, these include substrate temperature, the energy density and the frequency of the
laser beam. The substrate temperature determines if the films is amorphous or crystalline
during the deposition process. The energy density of the laser beam has significant effect

on the uniformity of the films.
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Multiple targets can be loaded inside the chamber on a rotating holder which can be used
to sequentially expose different target to the laser beam, thereby enabling the in-situ

growth of heterostructures like multilayer films composed of two or more materials [2].

2.2. STRUCTURAL AND MICROSTRUCTURE CHARACTERIZATION
2.2.1 X-ray diffraction technique

X-Rays are only a small part of the electromagnetic spectrum with wavelengths
(1) ranging from 0.02 A to 100 A having typical phonon energies in the range of 100 eV
- 100 KeV. X-rays used to study crystals have A of the order of 1 to 2 A (1 KeV- 120
KeV), these are much more energetic, i.e. they can penetrate deeper into a material. X-
ray diffraction is the result of interaction between x-ray and the periodic electronic
potential geometry of the crystal. The diffraction of an x-ray beam striking a crystal
occurs because the wavelengths (1) of the x-ray beam is similar to the spacing of atoms
in materials (1-10 A). When an x-ray beam encounters the regular 3-D arrangement of
atoms in a crystal most of the x-ray will destructively interfere with each other and cancel
each other out, but in some specific directions they constructively interfere and reinforce
one another. It is these reinforced (diffracted), because of which the diffracted waves
will consist of sharp interference maxima (peaks) with the same symmetry as in the
distribution of atoms in a material, later these x-rays produce the characteristic x-ray

diffraction patterns to determine the crystal structure of the material.
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Figure 2.2. Bragg’s law [3].

W.L. Bragg showed that diffracted x-rays act as if they were "reflected" from a family of
planes within crystals (Figure 2.2). Bragg's planes are the rows of atoms that make up
the crystal structure. These "reflections" were shown to only occur under certain
conditions which satisfy the Bragg equation:
nA=2dsin @ 2.1
Where, n is an integer (1, 2, 3, .... n), 4 is the wavelength, d is the distance between
atomic planes, and 6 is the angle of incidence of the x-ray beam and the atomic
planes. 2dsin@ is the path length difference between the two incident x-ray beams,
where one x-ray beam takes a bit longer (but parallel) path because, it reflects off an
adjacent atomic plane. This path length difference must equal an integer value of A the
incident x-ray beam for constructive interference to occur, such that a reinforced
diffracted beam is produced [3].
2.2.2 Atomic force microscopy (AFM)

The atomic force microscopy (AFM) system is comprised of the scanner and the

AFM detection system. The scanner houses the piezoelectric transducer. The piezo
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element physically moves the sample in the X, Y and Z direction. The detection system
consists of a laser which generates a spot of light that is reflected off of a micro-
fabricated cantilever onto a mirror and finally into a photodetector (Figure 2.3). The
position of the spot is determined by circuitry which generates a voltage from the
difference between the photodiode segments (A - B). The circuit outputs a voltage
ranging from +10 V to -10 V depending on the position of the spot on the two
photodiodes.

The AFM system maintains the tip at the end of the cantilever in contact with the sample
surface. The sample is scanned under the tip in X and Y. Features on the sample surface
deflect the cantilever, which in turn change the position of the laser spot on the
photodiodes. This position change is read by the feedback loop [4].

The feedback loop moves the sample in Z to restore the spot to its original position
(Figure 2.3).

1. A flat portion of the sample surface is scanned beneath the tip left-to-right, maintaining
the laser beam at the center of the photodiode array.

2. As the tip encounters a raised feature, the cantilever is pushed up and the laser beam is
deflected onto the “A” portion of the array. With the “A” photodiode receiving an
increased portion of the laser light, its voltage increases while portion “B’s” decreases (A
> B).

3. The Vertical Deflection (A-B) voltage differential is sensed by the feedback
electronics, causing a dropped voltage to the Z piezo crystal-the piezo retracts. As the Z

piezo retracts, the cantilever recenters the laser beam onto the photodiode array (A = B).
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Figure 2.3. Contact AFM concepts (Steps 1-5) [4].

4. As the tip encounters a decline in the sample topology, the tip drops. This directs more
of the beam onto the “B” portion of the photodiode array. With the “B” photodiode
receiving an increased portion of the laser light, its voltage increases while portion “A’s”
decreases (A < B).

5. Again, the Vertical Deflection (A-B) voltage differential is sensed by the feedback

electronics, increasing voltage to the Z piezo crystal-the piezo extends. As the Z piezo
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extends, the tip is pushed down until the laser beam recenters on the photodiode array (A
=B).

The AFM always first engages in the repulsive region of its operating range. In other
words, the cantilever exerts a positive pressure on the sample surface. The AFM block
diagram shows the relationship between the cantilever movement and the laser spot on
the photodiode array. The diagram shows that the spot moves onto “A” when the

cantilever is pushed up.

2.3. ELECTRICAL CHARACTERIZATION

2.3.1 Dielectric and impedance measurements

The capacitance (C) and loss tangent (tand) were measure using an HP 4294

impedance analyzer. The Agilent 4294A covers a broader test-frequency range (40 Hz to
100 MHz) with Basic impedance accuracy: +/-0.08 %. The DC bias range is 0 V to +/-40
V or Om A to +/-100m A. The temperature dependence of the impedance/dielectric
measurements were carried out over the wide range from 100 K to 640 K and the
temperature was controlled with an accuracy of + 0.7 °C using a temperature controller

(K-20 MMR technologies, Inc.).

2.3.2 Ferroelectric measurements

The ferroelectric hysteresis loops of the multilayer thin films were examined
using a ferroelectric measurement system RT6000 HVS; Radiant Technologies, Inc. [5]
The polarization hysteresis of the films were measured with a voltage range of - 20 V to

20 V and temperature dependence in the range 100 K to 650 K. Apart from the
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hysteresis, the instrument also allows us to measure fatigue properties of the films.
Frequency variation of the ferroelectric hysteresis loop was done in the frequency (50 Hz
— 100 KHz) and temperature (100 K - 300 K) ranges using a Precision Premier Il form

Radiant technologies equipped with vision data management software.

2.3.3 Top electrode

In this work the dielectric, impedance and ferroelectric properties were studied in
planar capacitor with metal-ferroelectric-metal (MFM) configuration by using Platinum
Pt/TiO2/SiO2/Si as top electrode. It was deposited by DC sputtering with a square mask

of ~100 pum side and ~ 70 nm thick.

2.3.4 Piezoresponse force microscopy (PFM)

To measure the deformations of a piezoresponse (PR) material in the vertical or
lateral direction, the sample is actuated using an AC electric field. The atomic force
microscopy (AFM) is operated in contact mode where the tip touches the surface of the
PR material and maintains a constant average deflection delta [6, 7]. In response to the
applied AC electric field, the sample expands and contracts. The vertical deflection of the
cantilever measured by the four-quadrant photodiode detector is the input source to a
lock-in amplifier. The vertical deflection is modulated at the same frequency as the

applied electric field.
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Figure 2.4. Schematic of piezoresponse measurement in contact mode AFM [6].

An important point is that the changes in the vertical deflection, when translated into
physical units, are of the order of a few picometers to a few tens of picometers. This
necessitates the use of a lock-in amplifier to measure such small signals. The applied
electric field is the reference input to the lock-in amplifier.

The NanoScope V Controller has three internal lock-ins. Lock-ins 1 and 2 are capable of
operating up to 5SMHz (denoted as high-speed) while lock-in 3 is capable of operating up
to 50kHz (denoted as low-speed). Figure 2.4 shows a schematic of a contact mode AFM

with a piezoresponse measurement set-up. The AFM tip is maintained with a constant
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deflection delta on the surface of a PR material. The vertical (or lateral) deflection of the
cantilever signal is the first input (source) to the NanoScope Controller internal lock-in.
AC bias is applied to the sample (or tip) causing the PR material to expand and contract.
This is the second input (reference) to the NanoScope Controller internal lock-in. At tip
position-A in Figure 2.4, suppose that the domains of the PR material oscillate in-phase
with the AC drive signal. The lock-in amplifier measures the component of the deflection
signal that oscillates in-phase with the AC drive signal and the component of the
deflection signal that oscillates perpendicular (at 90 degrees) to the AC drive signal.
From these two signals, the amplitude and the phase angles of the deflection signal are
calculated and displayed in the software. When the tip moves over to position-B, the
domains of the PR material oscillate out-of-phase with respect to the AC drive signal and
similar information is collected via the lock-in amplifier.

At the domain wall, ideally the amplitude drops to zero and the phase measured by the
lock-in amplifier changes by 180 degrees. To translate the amplitude of the PR
oscillations from volts to picometers, you must calibrate the deflection sensitivity of the
cantilever. Similar measurements may be performed to image the lateral domains in a PR

material by setting the lock-in source for the amplifier to lateral deflection.

2.4. MAGNETIC CHARACTERIZATION
2.4.1 Vibration Sample Magnetometer (VSM)
In a VSM a sample is vibrating in the vicinity of a set of pick-up coils. The flux

change (®) caused by the moving magnetic sample causes an induction voltage (V)

across the terminals of the pick-up coils which is proportional to the magnetization of the
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sample: V (t) = C%) . Figure 2.5 shows a VSM diagram. The sample is suspended from

a vibrating drive head by a non-magnetic rod and placed between two electromagnets
which produce a magnetic field. The vibrator generates a vertical sinusoidal vibration.
Therefore, the sample experiences sinusoidal motion, which induces an electrical signal

in the coils mounted on the pole faces of the electromagnets.

Sample Holder

Pickup
Coils 9

-

-
7}
S

Vibration ©
along N g
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(W]

X

L

uniform magnetic field

Figure 2.5. Schematic of a VSM system. The signal in the pick-up coils is caused by the
flux change produced by the moving magnetic sample [12].

The signal picked up by the coils is proportional to the frequency and amplitude of the
sinusoidal motion, and the total magnetic moment of the sample at the applied magnetic
field. The frequency and amplitude of the sinusoidal motion are maintained constant by a

capacitor (reference signal generator). By feeding the signals from the pick-up coils and

45



the reference signal into a demodulator, the magnetic moment of the sample is extracted

[8].

2.4.2 Superconducting Quantum Interference Device Megnetometer (SQUID)
SQUID is very sensitive magnetometer used to measure very small magnetic
fields, based on superconducting loops containing Josephson Junctions. A Josephson
junction is made up of two superconductors, separated by an insulating layer so thin that
electron can tunnel through. In superconductors, current is carried by pairs of electrons,
known as Cooper pairs, the superconductive electron pairs are not scattered they are
coupling over a range of hundreds of nanometers. The SQUID uses the properties of
electron-pair wave coherence and Josephson junctions to detect very small magnetic
fields. The resolution threshold for SQUID is ~10*2 T. SQUIDs generally use two

Josephson junctions, as is show in Figure 2.6.

O Voltage O

Current -' Current
ne
Josephson

junction Magnetic field

Figure 2.6. Two parallel Josephson junctions. SQUID [9].
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When the insulator layer is thin enough, electron pairs can actually tunnel through the
barrier with phase coherent. If there is not magnetic field, the current is divided equally
between the two junctions and there is no phase difference across the two junctions. But
when the magnetic field is applied, the current in these two junctions are not equal, but
the sum remains constant. This kind of relationship gives a periodic dependence of the
magnitude of the magnetic field. A set of superconducting loops act as detection
gradiometer coils, which are accurately balanced and arranged in a configuration that
only detects the magnetic flux induced by the magnetization of the sample (expels the
uniform field applied to the sample by the superconducting magnet). As the sample
moves through the coils, the magnetic moment of the sample induces an electric current
in the detection coils. Since the coils, the connecting wires and the SQUID input coil
form a closed superconducting loop, this current is not damped so that any change in
magnetic flux in the detection coils producing a proportional change in the persistent

current in the detection circuit.

2.4.3 Physical property measurement system (PPMS)

The Quantum Design Vibrating Sample Magnetometer (VSM) option for the
Physical Property Measurement System (PPMS) family of instruments is a fast and
sensitive DC magnetometer. The basic measurement is accomplished by oscillating the
sample near a detection (pickup) coil and synchronously detecting the voltage induced.
By using a compact gradiometer pickup coil configuration, a relatively large oscillation
amplitude (1-3 mm peak) and a frequency of 40 Hz, the system is able to resolve

magnetization changes of less than 10-6 emu at a data rate of 1 Hz.
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The VSM option consists primarily of a VSM linear motor transport (head) for vibrating
the sample, a coilset puck for detection, electronics for driving the linear motor transport
and detecting the response from the pickup coils, and a copy of the MultiVu software

application for automation and control [10].

2.4.3.1 Theory of operation
The basic principle of operation for a vibrating sample magnetometer is that a
changing magnetic flux will induce a voltage in a pickup coil. The time-dependent

induced voltage is given by the following equation:

Vo = 5 = () (@) @2

In equation (2.2), @ is the magnetic flux enclosed by the pickup coil, z is the vertical
position of the sample with respect to the coil, and t is time. For a sinusoidally oscillating
sample position, the voltage is based on the following equation:

Veoir = 2nfCmA ssin(2mft) (2.3)
In equation (2.3), C is a coupling constant, m is the DC magnetic moment of the sample,
A is the amplitude of oscillation, and f is the frequency of oscillation.

The acquisition of magnetic moment measurements involves measuring the coefficient of
the sinusoidal voltage response from the detection coil. Figure 2.7 illustrates how this is
done with the VSM option.

The sample is attached to the end of a sample rod that is driven sinusoidal. The center of
oscillation is positioned at the vertical center of a gradiometer pickup coil. The precise
position and amplitude of oscillation is controlled from the VSM motor module using an

optical linear encoder signal readback from the VSM linear motor transport. The voltage
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Figure 2.7. Operating principle for the VSM option [10].

induced in the pickup coil is amplified and lock-in detected in the VSM detection
module. The VSM detection module uses the position encoder signal as a reference for
the synchronous detection. This encoder signal is obtained from the VSM motor module,
which interprets the raw encoder

signals from the VSM linear motor transport. The VSM detection module detects the in-
phase and quadrature-phase signals from the encoder and from the amplified voltage
from the pickup coil. These signals are averaged and sent over the CAN bus to the VSM

application running on the PC.
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2.4.4 Magnetic force microscopy (MFM)

MFM imaging utilizes the Interleave and Lift Mode procedures. In MFM, a
tapping cantilever equipped with a special tip is first scanned over the surface of the
sample in tapping mode to obtain topographic information. Using Lift Mode as shown in
Figure 2.8, the tip is then raised just above the sample surface. Surface topography from
the initial scan is added to the lift height to maintain constant separation during the lifted
scan. The influence of magnetic force is measured using the principle of force gradient
detection. In the absence of magnetic forces, the cantilever has a resonant frequency fo.

This frequency is shifted by an amount Af proportional to mall, typically in the range 1-

50Hz for cantilevers having a resonant frequency fo ~100 kHz. These frequency shifts can
be detected three ways: phase detection, which measures the cantilever’s phase of
oscillation relative to the piezo drive; amplitude detection, which tracks variations in
oscillation amplitude; and frequency modulation, which directly tracks shifts in resonant
frequency. Phase detection and frequency modulation produce results that are generally

superior to amplitude detection.

Figure 2.8. MFM Lift Mode principles [11].

1 and 2 - Cantilever traces surface topography on first trace and retrace.

3 - Cantilever ascends to Lift scan Height.
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4 and 5 - Lifted cantilever profiles topography while responding to magnetic influences
on second trace and retrace.

For MFM procedures, magnetic coated tips are required. Various kinds of MFM probes
are available for specific applications. The remainder of this chapter assumes that the
reader is familiar with the operation of tapping mode to obtain topographical images of a
sample surface and has read the description of Interleave scanning. LiftMode allows the
imaging of relatively weak but long-range magnetic interactions while minimizing the
influence of topography (Figure 2.8). Measurements are taken in two passes across each
scan line; each pass consists of one trace and one retrace. In the first pass, topographical
data is taken in tapping mode on one trace and retrace. The tip is then raised to the lift

scan height and a second trace and retrace

Data type Height Data tupe Frequency
2 range 60.0 nm Z range 2.00 Hz

Figure 2.9. Topographic (left) and magnetic force gradient image (right) of metal
evaporated tape at 100 nm [11].

performed while maintaining a constant separation between the tip and local surface
topography. Magnetic interactions are detected during this second pass. Using LiftMode,

topographical features are virtually absent from the MFM image (Figure 2.9).
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2.5. TRANSPORT PROPERTIES
2.5.1 Current-voltages characteristic

Conduction mechanism through ferroelectric thin film has been an active area of
research over the years. Many mechanisms have been proposed for the conduction in the
ferroelectric thin films. In particular, Direct tunneling, Schottky thermionic emission, and
Fowler-Nordheim tunneling were considered as possible sources of leakage currents in
ferroelectric capacitors [12, 13]. This transport behavior changes dramatically when a
film thickness approaches a nanometer scale, making direct tunneling the dominant
mechanism of conduction [14]. The current-voltage (I-V), conductance, and resistive
properties will be used to verify the quality of a tunnel junction and to prove that
tunneling is the main source of the conductance. Dependence with the polarization state
of the barrier (electroresistance) and the magnetization aligned in the metallic electrodes
(magnetoresistence) in FTJ and MFTJ will be measured. In order to study the charge
transport properties through the ultrathin FE and MF layer, tunnel junctions will be
fabricated using the LSMO films as the bottom electrode and top electrode will be
fabricated by lithography technique [15]. Photolithography, also termed optical
lithography or UV lithography, is a process used in microfabrication to pattern parts of a
thin film or the bulk of a substrate. It uses light to transfer a geometric pattern from a
photomask to a light-sensitive chemical “photoresist”, or simply "resist,” on the substrate.
A series of chemical treatments then either engraves the exposure pattern into, or enables
deposition of a new material in the desired pattern upon, the material underneath the

photo resist.
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CHAPTER 3

THICKNESS DEPENDENT FUNCTIONAL PROPERTIES OF
MULTIFERROIC HETEROSTRUCTURES

3.1. INTRODUCTION

Recent advances in thin film technologies make it possible to fabricate
multiferroic heterostructures at nanoscale by artificial designing. Multiferroic
heterostructures thin films of ferromagnetic and ferroelectric materials have attracted
particular interest for their properties [1-4] which provide a unique opportunity to exploit
several functionalities which could yield a new device concept, such as magneto-electric
nonvolatile memory elements (NVRAM) and ferroelectric/multiferroic tunnel junctions
(FTJ and MFTJ). A typical magnetic tunnel junction (MTJ) consists of two metallic
ferromagnetic layers separated by an ultrathin insulating oxide layer. Recently a great
interest has emerged for the study of tunnel junction (TJ) structure using polar barrier (i.e.
ferroelectric/multiferroic) due to the possibility that these structures can produce a four-
state system. Some heterostructures studied using ultrathin polar barrier (thickness less
than 5 nm), are: BaTiO3(BTO)/Lao.67Sro.33sMnO3(LSMO) [5],
Co/PbZro2TiogOs/Lao.7SrosMnO3z [6], LSMO/Bao.9sSro.05TiOs/LSMO [7], BTO/LSMO
[8], BaTiO3/SrRuO3 (SRO) [9]. A considerable number of studies has been done on the
thickness effect on ferroelectric properties in thin films, but not much attention has been
placed on the effect of the polar layer (ferroelectric or multiferroic) on the ferromagnetic
metallic bottom electrode (such as, LSMO or SRO) and the importance of interface effect

between polar layer and metallic electrode as the thickness of the polar layer is decreased.
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In MFTJ and FTJ devices one of the more popular electrodes used is Lai-xSrxMnOs
manganite perovskite. This compound can be ferromagnetic insulator (FI) or
ferromagnetic metal (FM) at room temperature, depending upon the concentration x. FM
Lao.67Sro.33Mn0O3 is well studied due to its unusual electronic structure and the strong
interplay between magnetic ordering and charge transport properties leading to colossal
magnetoresistance. Since the ferromagnetic properties in LSMO are mainly due to the
double exchange interaction between Mn*3 and Mn** mediated via oxygen, the electrical
and magnetic properties of the manganites are mainly determined by the Mn valence,
which is described as a mixture of Mn®* and Mn**, correlated with the ratio between
trivalent (La*) and divalent (Sr*2) cations as well as the oxygen (non) stoichiometry [10-
14]. Due to the above mentioned facts the magnetic properties of LSMO thin films are
very susceptible to the processing conditions and the interface effects [15].

Tunneling magnetoresistance properties are highly dependent of the interface with the
electrodes, interface effects have been reported to play an important role in the properties
of materials having thickness less than 100 nm [16-19]. Blom et al. [16] have reported a
change in transport properties due to the metal-ferroelectric (M-FE) interface in
semiconducting LaosSrosCoOs/PbTiOs/Au  (LSCO/PT/Au) structures. LSCO/PT/Au
structures showed a difference of two orders of magnitude in the current through the
ferroelectric PT film between LSMO-bottom and Au-top electrode at a bias of 1 V due to
the polarization dependent internal electric field. This change was attributed to the
variation in the width of Scottky barrier, which is reduced/increased when the
polarization in the space charge region at the diode is parallel/antiparallel to the internal

electric field. Later Jiang et al. [17] proposed that SrRuOz/BiFeOs/Pt (SRO/BFO/Pt)
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structures can function as a resistive memory where the conductivity can be modulated
by BFO ferroelectricity. Scherwitzl et al. [18] also showed electric field control of the
metal-insulator transition in NbNiOs nickelates.

Jiang et al. [19] reported drastic changes in transport and magnetic properties of ultra-thin
Lao.sSro2MnO3 (LSMO) layers capped with ferroelectric PbZro2TiogOs (PZT). They
attributed the modified properties to the modulation of charge carries by the ferroelectric
field effect at the interface; this effect increased both magnetization and phase transition
temperature while decreasing the resistivity in PZT/LSMO bilayer structures compared
with the pure LSMO films.

Additional studies have been done related to the effect of metal top electrode (cap) on
LSMO. Plecenik et al. [20] studied the interface effect of LaMnOs with Al, In, Au, and
Pb. Presence of anomaly peak in resistance vs. temperature was attributed to the
formation of a depletion layer due to the migration of oxygen from LaMnOs to the metal
with a subsequent change in the Mn®*/Mn** ratio and these results were confirmed by x-
ray photoelectron spectroscopy (XPS) [20]. It was also observed that capping LSMO thin
films with Au has sizable effects on the manganite Curie temperature and saturation
magnetization [15, 21]. Liu et al. reported that the Au-capping layers on thinner (3 - 4
nm) Fesz0a4 films significantly increase the uniaxial magnetic anisotropy originating from
the magnetoelastic interactions due to the lattice mismatch at the Au/FezO4 interface [22].
The effect of YBa2Cu3O--5 cap layers on the magnetic and electronic properties of LSMO
have also been studied [23, 24]. PbZrTi1xO3 (PZT) thin and utrathin films have been

promising candidates for FERAM and FTJ applications, due to its high remnant
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polarization (Pr) and low coercive field (Ec) [25] and presence of a stable polarization in

ultrathin (~ 4 nm) epitaxial film [26].

3.2. EXPERIMENTAL DETAILS
3.2.1 Growth of PZT and LSMO bilayer thin films by pulsed laser deposition.
PbZro52T100.4803/Lao.67Sr0.33Mn0O3 (PZT/LSMO) bilayer thin films with different
thicknesses of PZT were fabricated by pulsed laser deposition (PLD) employing a KrF
excimer laser (A=248 nm) on (LaAlO3)03(Sr2AlTa0s)o.7 (LSAT) (001)-oriented substrates
(Figure 3.1 (a)). The PZT and LSMO were grown at 600 °C and 700 °C respectively
under an oxygen pressure of 80 mTorr, using a laser energy density of 1-2 J/cm? and
deposition frequency of 5 Hz, followed by annealing at 700 °C for 30 min in oxygen at a
pressure of 320 Torr. Finally, the films were cooled down to room temperature at a slow
rate. The thickness of LMSO was ~ 60 nm for all bilayers, while the thicknesses of the
PZT thin films varied: 100, 50, 25, and 10 nm for each bilayer structure. These bilayer
films will be identified in the manuscript and figures as P100, P50, P25 and P10
respectively. Films were deposited from ceramic targets of LSMO and PZT (with 20 %
excess of Pb) which were synthesized at 930 °C and 1250 °C, respectively by solid state

reaction.

3.2.2 Structural, ferroelectric, and magnetic experimental details.
The crystal structure was characterized using X-ray diffraction (XRD) technique
with a CuKa radiation, a step size 0.02° and scanning speed of 1.5 °/min. XRD patterns

were recorded over the angular range 20°-60° (20) with wavelength of 4 = 1.5405 A.
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Atomic force microscopy (Veeco-AFM-contact mode) was used to examine the
morphology and the surface roughness of the films. The film thickness was determined
using an X-P-200 profilometer. The electrical measurements were carried out a metal-
insulator-metal (MIM) configuration with Pt top electrode (square of side 100 um)
deposited by dc sputtering through a shadow mask. The capacitance and loss spectra were
measured in the temperature range of 100 °C to 640 °C for frequencies between 100 Hz
to 1 MHz by using a programmable temperature controller (MMR K-20) and an
impedance analyzer (HP 4294A). Ferroelectric hysteresis loops were measured using a
hysteresis loop tester (Radiant Technologies RT6000 HVS). The magnetic measurements
were performed using a vibrating-sample magnetometer (VSM-lakeshore 736) at room
temperature. The magnetization (M) versus temperature (T) and magnetization (M)
versus magnetic field (H) measurements were performed using Quantum Design MPMS
XL-7 SQUID magnetometer. For M versus T data, the samples were cooled from 300 K
to lowest temperature 2 K in presence of zero-field and then the magnetic field of 500 Oe
was applied and M versus T data was recorded while heating the sample from 2 K to 350
K. This is denoted as ZFC data. After the sample reached 350 K, the sample was again
cooled in the same applied field to the lowest temperature. Again the M versus T data
was recorded during heating the sample in the same applied field from 2 K to 350 K. This
is denoted as FC data. M-H loops at 300 K and 5 K were measured in magnetic field
range (-50 kOe < H < 50 kOe). For M-H loop at 5 K, sample was cooled in zero-field

from 300 K down to 5 K and the measurements were made at 5 K for the complete loop.
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3.3. STRUCTURAL CHARACTERIZATION

Figure 3.1 (b) shows the x-ray diffraction (XRD) patterns of the five different
PZT/LSMO highly oriented bilayer films for different PZT layer thicknesses deposited
on the LSMO. In all heterostructures only the (00I) reflections corresponding to the
LSAT substrate, PZT and LSMO layers were present in 6-20 scan in the range of 20°-
60°, without appearance of any additional peak or intermediate phase. These observations
suggest that individual PZT and LSMO phases were retained in the bilayer structures. A
close view of the (001) and (002) reflections are presented in Figure 3.1 (c) and (d)
respectively. As the thickness of PZT increase from 10 nm to 100 nm, the peaks at ~22°
and ~45° are observed to change as follows: i) gradually strengthened ii) narrowing, and
iii) slight shift to higher angles. The possible reasons behind these effects are the
different strains experienced due to lattice mismatch between LSMO/LSAT and PZT and
due to the improvement of crystallinity with increasing PZT thickness; although, the
thermal expansion coefficient values of LSAT (10x10° °C), LSMO (12x10° °C?) and
PZT (11x10° °C™?) [27] are very close to each other. Bulk LSAT and LSMO have a
cubic perovskite structure with lattice parameter of aisat = 3.868 A arsmo = 3.871 A
respectively, while PZT has a tetragonal perovskite structure with apzr = 4.036 A and
crzt = 4.146 A. Hence, LSMO on LSAT and PZT on LSMO experience an in-plane
strain of -0.078% and -4.26% respectively. Due to the high compressive stress
experienced for PZT, it is expected to decrease/increase the in or out of plane lattice
parameter respectively; however, the strain effect decreases with increase in film
thickness. Kim et al. [27] have observed a pronounced change in lattice constant with the

increase in PZT thickness at the micron-level. For film with 10 nm thickness, a broad

59



(b)

— P50
=
(4]
N
= P
s x
o (7))
- c P25
o (¢D}
— +—
£
P10
20 30 40 50 60
20 (deg)
= — =
— P100 N C — P100 i d
— P50 o ( ) : 27 ( )

— P25

Intensity

20 21 22 23 24 40 42 44 46 48 50

20 (deq)

Figure 3.1. (a) A sketch of the PZT thin films sandwiched between Pt top and LSMO
bottom electrodes, (b) 0-26 diffractograms for PZT films grown on LSMO(60 nm) coated
LSAT (001) substrate for thicknesses ranging from 10 nm to 100 nm, (c) and (d) show a
close view of (001) and (002) XRD reflections respectively.
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peak was observed that may be due to non-uniform distribution of the strain and possible
presence of different kind of dislocations [18].

Figure 3.2 shows the topography images obtained in a contact mode on a 3x3 pm? area of
the top surface of PZT/LSMO/LSAT heterostructures. The thickness of the PZT layer
was varied from ~100 nm (P100) to ~10 nm (P10), while the thickness of LSMO was
keep constant (~60 nm) in all structures. We have kept the z-scale of all images at

constant height ~ 30 nm to compare among

P100 P50
R,=1.88.nm R,=1.38nm

30 nm

P25 P10
R,=1.26 nm R,=0.81 nm

Oonm

Figure 3.2. Atomic force microscopy (AFM) topography images, of 3 um x 3 um x 30
nm Z-scale of PZT films with thickness: a)100 nm, b) 50 nm, c¢) 25 nm, and d) 10 nm,
deposited on LSMO(60 nm)/LSAT. Insets show the 3D topography images area of 1 um
X 1 um x 30 nm Z-scale respectively.
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them. It is clearly seen that the surface morphology of all structures is free of
microcracks, pores, or holes. These observations suggest that PZT films are densely
packed, smooth, and have uniform grain-size distributions. An evolution was observed in
the grain size with the variation of PZT film thickness from 10 nm to 100 nm: high grain
density was observed in Figure 3.2 (a)-(c) for PZT thickness from 100 nm to 25 nm;
however, a notable reduction of the grains density was observed in Figure 3.2(d) for 10
nm film. The grain size, average (Ra), and root-mean-square (Rrms) surface roughness
values obtained from AFM image for each sample have been summarized in Table 3.1.
Insets in Figure 3.2 show the three-dimesional (3D) AFM images on a 1x1 pm? area and
30 nm in z-scale for all structures, they show the morphologies of the P100, P50 and P25
samples do not vary significantly with the film thickness except for an increase in the
height and size of the grains. Average surface roughnesses (Ra) were very low for all
structres, less than 2 nm. A slight variation in the (Ra) from 1.26 nm (P25) to 1.88 nm
(P100) was observed due to the increase in PZT thickness, Ra = 0.81 nm was obtained for
P10, similar behavior was observed in Rrms values. 3D AFM images show a clear
evolution of the height of the grains. Round grains were observed for thinner films

Table 3.1. Grain size, average (Ra) and root mean square (Rrms) surface roughness

obtained from atomic force microscope images for different thickness of the PZT layer
deposited on deposited on LSMO(60 nm)/LSAT .

PZT f||r(rr1]r1']r)1|ckness Grain size (nm) Ra (Nm) Rims (Nm)
100 94 1.88 2.39
=0 a1 138 176
- % 0.81 0.99

(P10, P25), while a more hillocks-like shapes were obtained for thicker films (P50,

P100). The mean in-plane diameter of the grains increased with film thickness from 52
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nm (P10) to 94 nm (P100) (Table 3.1). The change in grain size with thickness may be
due to following: 1) small grains can coalesce into the larger grains as the thickness of the
PZT increases, and ii) high stress developed in the film due to the lattice mismatch
between film and substrate [28-30]. Fu et al. [31] have reported that the stress was
increased from 1.3 to 2.6 GPa when the film thickness decreased from 400 to 50 nm on
PbTiO3 thin film deposited on Pt/Ti/SiO2/Si, this effect was more marked in case of
thickness below 200 nm. An increase in the compressive stress was observed in our
system from the XRD data. In the next section we will discuss the effect of the grain size

and film thickness on the electrical and ferroelectrical properties of the PZT film.

3.4. DIELECTRIC CHARACTERIZATION
3.4.1 Dielectric properties

P/PZT/LSMO thin film capacitors have been prepared in an MIM sandwich
structure, and the dielectric properties were measured at a 100 mV oscillator level. Figure
3.3 (a)-(b) illustrate the frequency dependence of dielectric permittivity (real (¢°) and
imaginary (g )) for different PZT/LSMO bilayer structures at room temperature. The &
and €™ responses for all films have similar characteristics: i) weak frequency dependence
below 10° Hz; ii) relatively high ¢ and low ¢ values below 10° Hz; and iii) large &
dispersion above 10° Hz accompanied by a significant reduction in & value. There are
several factors responsible for the dielectric dispersion: 1) the extrinsic sources can be

attributed to the additional capacitance arising from the grain boundary and interfaces
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Figure 3.3. Frequency dependence of the (a) real part (¢) (b) imaginary part (¢°) of
dielectric permittivity and (c) thickness dependence of ¢ for PZT/LSMO bilayer
structures with different thickness of PZT.
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between layers as a consequence of the contribution of two different materials
(ferroelectric-PZT and ferromagnetic-LSMO). 2) As reported by Majumdar et al. [32]
the dielectric and conductive properties of LSMO are highly dependent on the strain and
grain boundary configuration of the LSMO film. The & vs. frequency measurements of
pure LSMO films show a similar trend compared with PZT/LSMO bilayer films; they
exhibit large dielectric dispersion at higher frequencies that is more pronounced in LSMO
films which have higher grain boundary population [32]. The frequency dispersion
observed in PZT/LSMO bilayers can be due to the LSMO dielectric response. Figure
3.3(c) shows the evolution of the real and imaginary permittivity measured at 10 kHz as
functions of PZT film thickness. The & (¢ ) values increase from 68 (9.75) to 463 (39)
when the PZT thickness increases from 10 nm to 100 nm. This increase in ¢ and €
with thickness can be due to the dependence of the intrinsic (lattice contributions) and
extrinsic contributions (domain wall motion) to the dielectric properties in the
ferroelectric thin films [28, 33]; however, the saturated dielectric constant values have
been reported for PZT thin films at certain thickness, typically 0.3-0.6 um [28, 34, 35].
Perez de la Cruz et al. [33] pointed-out that the film orientation, grain size and
mechanical stress from substrate clamping can be the parameters that modified the
dielectric intrinsic properties, while extrinsic properties can be associate with the
existence of the interfacial layer between ferroelectric films and bottom electrode.
Fujisawa et al. [29, 34] observed an increase in the grain size from 60 nm to 400 nm
when the thickness varied from 70 nm to 600 nm; however, grain size effects on
dielectric properties were observed for PZT having thickness below 200 nm. Since the

maximum PZT thickness in our system is 100 nm, grain size and mechanical stress
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between LSMO/LSAT and PZT can be the intrinsic effects responsible for the variation
of dielectric properties. Another source that can contribute in the variation observed in &
and € is the interfacial layer mentioned above, which act as a pinning center affecting
the domain wall mobility; however, this effect is minor when the thickness of

ferroelectric film increases.

3.4.2 Dielectric permittivity properties

Figure 3.4 (a) shows the temperature-dependent dielectric permittivity of the real
and imaginary part (inset in each figure) of PZT for different film thickness. It shows the
following features: i) notable frequency dispersion (however this effect decreases with
decrease in PZT thickness); ii) a reduction of dielectric permittivity values with
increasing frequency; iii) an anomaly in the range of 350-500 K. As we have discussed
before, the i) and ii) can be attributed to extrinsic source like grain boundary and
interfacial layers between PZT and LSMO which can generate additional capacitance.
The anomaly mentioned in point iii) can be related to the ferromagnetic-metal (FM) to
paramagnetic-insulator (P1) transition (Trm-pi) Of the LSMO. Ovysyannikov et al. [36]
have reported the Tem-pi (Curie temperature) value of LSMO thin films grown on LSAT
substrate is ~336 K, although the dielectric anomaly observed in PZT/LSMO structures is
narrower when the thickness of PZT layer decreases. Dussan et al. [37] have reported
similar temperature dependent dielectric behavior in PZT (550 nm)/LSMO (200 nm)
heterostructures; however, this anomaly for thick PZT layer are weak in the 1 kHz to 50
kHz frequency range, we observed this anomaly is more significant in this frequency

range when the thickness of PZT is reduced to 100 to 10 nm. Temperature-dependent
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resistivity (o(T)) measurement of the LSMO on different substrates including LSAT [36]
shows a similar trend to the temperature-dependent dielectric properties of PZT/LSMO
heterostructrues as the LSMO, which also forms the bottom electrode the resistivity or
conductivity behavior of LSMO can influence the behavior of dielectric PZT layer. Strbik
et al. [38] propose that resistivity p(T) for LSMO for T < 220 K, follows a ~ T2
dependence, whereas for 220 K < T <355 K, it follows a power-series equation p = oo +
22 T2+ pn(T-To)V  with 4.5 < N < 5. Electron-magnon and electron-phonon interactions
were assigned as responsible for this rapid increase in resistivity. In the temperature range
335 K < T <420 K LSMO undergoes a Trm-pi transition; in this temperature range the
scattering is stronger via polaron conductivity and p(T) does not follow polynomial
power law formula. For T > 420 K the resistivity is described by small polaron hoping
theory (p = omTexp(En/KgT)), where En is the hopping energy; Kgs the Bolzmant constant;
and pn the resisitivity coefficient. Figure 3.4(b) shows the temperature dependent
dielectric permittivity (¢ and &) of PZT/LSMO structures for different thickness of
PZT. We observed an increase in temperature of the dielectric peak when the thickness of
PZT increases from 10 nm P(10) to 100 nm (P100). This effect will be discussed in the
next section in the light of changes in LSMO magnetization with the variation of PZT

layer thickness.

3.4.3 Dielectric Spectroscopy
Figure 3.5(a) shows the Cole-Cole plot over frequency range from 100 Hz to 1
MHz for various PZT thicknesses (10 nm to 100 nm) at selected temperatures. The

pattern of the permittivity spectra is characterized by the presence of one semicircle arc at
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PZT/LSMO/LSAT structures for different thickness of PZT film.
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high frequencies (> 1-10 kHz), which indicates almost bulk permittivity contribution
below 400 K. A signature of other semicircles is present above 400 K and at low
frequencies (<1-10 kHz); however, this effect is more clearly seen when thickness of PZT
is reduced. A rapid increase of ¢ was observed above 300 K and about 1-5 kHz for
sample P10, an effect that may due to extrinsic sources such as interface effects between
dielectric layer and electrode. The €' radius of the semicircular arc shows significant
variation with temperature for thickness of PZT higher than 25 nm, but much less
variation was observed for 10 nm PZT sample. Since the intercept of the semicircular arc
gives an estimation of sample resistance, this indicates for ultrathin films the resistance
changes only slightly with temperature. The radius of Cole-Cole plots decreases when
the temperature increase from 400 K to 500 K for thinner films (P10 and P25), but not in
thicker film (P50 and P100). A possible reason is the effect of ferromagnetic-metal to
paramagnetic-insulator transition in LSMO is more marked when the thickness of PZT is
ultrathin. For comparison, Figure 3.5(b) presents the & vs. € response of the
PZT/LSMO structures with different PZT thicknesses for 100 K, 200 K, 300 K and 500
K. At low temperatures not significant difference was observed for thicker samples (P50,
P100). With increasing of temperature the bulk permittivity contribution (¢ radius, when
¢'=0) in Cole-Cole plot increases with PZT: at 500 K a ¢ radius was 65, 208, 429, and
670 for P10, P25, P50 and P100 respectively. Also at low frequency, the evolution of

second arc it is more significant for thinner samples compared with thicker PZT films.
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3.5. FERROELECTRIC PROPERTIES
Figures 3.6(a) shows the evolution of the polarization versus electric field (P-E)
hysteresis loops for different applied voltage at room temperature for P25 film. A well-
defined loop was observed with an increase in remnant polarization (Pr) and coercive
field (Ec) with increasing of voltage. A saturated loop was obtained at an applied voltage
above 4 V (1600 kV/cm). Figure 3.6(b) presents P-E hysteresis loops at 300 K for
different thickness of PZT (P10, P25, P50, P100) using Pt top electrodes. It was observed
that with increase in the PZT thickness that: i) an improvement occurs in symmetry and
saturation of the P-E loop; ii) a slightly reduction in Py value was observed for thicker
PZT films (> 25 nm) while an appreciable Pr reduction was obtained for PZT film with
thickness of 10 nm; iii) a reduction in the P-E loop gap; iv) a reduction in the coercive
field, i.e. ~170, 390, 420 and 1300 kV/cm for P100, P50, P25 and P10, respectively. The
higher Pr values in P100, P50 and P25 could be attributed to the larger tetragonal
distortion and the in-plane epitaxial strain of the PZT unit cell, as observed from the
XRD. Previous works for both polycrystalline and epitaxial PZT films [37, 39-41]
reported Py values vary from 15 to 54 uC/cm? for PLD grown PZT films with one of the
highest Pr values reported as ~ 70 uC/cm? for PLD-grown PZT films, but requiring ex-
situ post annealing at 750 °C in air by rapid thermal annealing (RTA) techniques [42].
The values of Py and Ec of the thin film structures were in the range of 24- 42
uC/ecm? and 169-1945 kV/cm under a maximum applied voltage of 5 V. The drastic
decrease of Pr and increase of Ec when the thickness of PZT is reduced to few nm level
(20 nm) can be explained by the effect of the passive layer (also called low dielectric or

dead layer) originating at the ferroelectric-electrode interface [43, 44]. A decrease in Pr
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Figure 3.6. Room temperature ferrolectric hysterisis loops for: (a) P25 heterostructure
thin film at different voltages at 2 kHz. (b) PZT/LSMO/LSAT structures for different
thickness of PZT film (from 100 nm to 10 nm) at 5 V and 2 kHz. (c) PZT film thickness
dependence of the remanent polarization (Pr) and electric coercive field (Ec).
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and increase in E¢ has been observed by other research when the thickness of PZT
ranging between 100 nm to 4 um [28, 33, 45] As the thickness of PZT layer decreases at
this very thin level, the role of the passive layer is more important: due to the drop of the
potential across of the passive layer, a higher voltage is needed across the capacitor to
switch bare ferroelectric layers. For this reason, it is expecting Ec increase, when the
thickness of the ferroelectric layer increases, the effect of a passive layer is diminished,
with an enhancement in both domains wall mobility and switching with the respective
reduction of the E. value [28].

The relation between the relative dielectric constant and the PZT film thickness could be
explained by a model which introduces a low dielectric constant thin layer in series with
a normal PZT layer [45]. The importance of the low dielectric constant layer in ultrathin
ferroelectric films is also supported by dielectric data in which an increase of the €' radius
at ¢ '= 0 in Cole-Cole plot (Figure 4(a)) is increasing with PZT thickness. The intercept
of the semicircular arc with the real axis gives an estimation of sample resistance.
Another factor which contributes to the electrical properties with different film thickness
is the degree of crystallinity of PZT which is intensified with the increase in film
thickness, as can be seen in XRD results (Figure 3.1 (b), (c) and (d)). The dipole moment
in each domain increases because of the high crystallinity in the PZT thick film, leading

to the enhancement of domain switching and resulting in higher polarization [46, 47].

3.6. MAGNETIC PROPERTIES
The magnetization versus magnetic field (M-H) hysteresis loops of PZT/LSMO

hetero-structures at 300 K show ferromagnetic behavior in all samples. Since the
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thickness of LSMO layer was kept constant in all the films, the magnetization values
were only normalized to the volume of the LSMO layer assuming no magnetic
contribution from the PZT layer. Appreciable decrease of saturated magnetization (Ms)
was observed with decrease of PZT layer thickness (Figure 7 (a) and (b)). The average M
values were 195, 160, 106 and 50 emu/cm® for 100, 50, 25, and 10 nm, respectively at
room temperature, similar behavior was observed in M-H curves measured at low
temperature 5 K. Curie temperature 7c ~335 K was observed for the thicker samples
P100 and P50, whereas, a significant decrease of 7. value (7. ~ 290) was obtained for
thinner sample (P10) (Magnetization versus temperature (M-T) curves). Similar trend of
T. was observed in the temperature-dependent dielectric anomaly (see Figure 4(b)). An
Analogous behavior was observed by Jiang et al. [19] in ultrathin LSMO films capping
with Pb(Zro2Tio8)O3 ferroelectric layer. They found an increase in both 7. (from 200 K to
250 K), and M, (from 2.06 to 3.71 us/Mn), and a decrease in resistivity of about four
order of magnitude, compared with pure LSMO thin film. However, a weak effect on
LSMO properties was observed when the capping layer is a non-ferroelectric material
such as SrTiO; and LaAlOs;. They attributed this effect due to PZT/LSMO interface
effect: 1) ferroelectric polarization of PZT increases the hole density at the interface
changing the conductivity of LSMO layer, ii) the hole accumulation enhance the
population/size of the FM- phase domains. The observed decreased of the 7. value with
reduction of PZT thickness support the idea of decrease of FM phase domains at the
PZT/LSMO interface in heterostructures with thinner ferroelectric layers. Similar
behavior was also observed by Sim et al. [48] in bilayer multiferroic CoFe>O4 (CFO)

/PZT thin films.
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CHAPTER 4

FERROELECTRIC TUNNEL JUNCTION

4.1. INTRODUCTION

Typical ferroelectric tunnel junctions (FTJs) consist of a few unit cells of a
ferroelectric (polar) material sandwiched between two electrodes where interplay of
ferroelectricity and electron tunneling occurs [1-6]. This is possible since ferroelectricity
can be retained in perovskite oxides films with thickness of the order of a few
nanometers. Realization of this idea is a task with many obstacles, because it requires
fabrication of ultrathin films retaining pronounced ferroelectric properties at a thickness
of only a few unit cells, however recent progress in epitaxy of complex oxides [7,8],
ultrathin films of ferroelectric polymers [9], advancement in nanoscale characterization
techniques, and theoretical advances have made the realization of FTJs possible. For
these reasons many different experimental and theoretical [10-12] studies have been
reported in the past decade.
A ferroelectric polarization in a tunnel barrier leads to a change in resistance of the
junction, a phenomenon known as the tunneling electroresistance (TER) effect,
associated with polarization switching of the ferroelectric barrier layer [6,10]. The TER is
of purely electronic origin and involves changes in the density of states at the interfaces

(barrier/electrode) following polarization reversal and a resulting asymmetric potential
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profile across the FTJs [4,5,13]. FTJs have attracted interest both for the basic physics
which is involved in controlling their properties and for their potential applications in
nanoelectronics and data storage [14-17]. In the last few years a significant number of
works have been reported TER effects in FTJs based on different polar systems, such as
Pb(Zr,Ti)O3 [18-20], BaTiO3 [21-24], BiFeO3s [25], and (Ba,Sr)TiOs [26]. Maksymovych
et al [18]. have reported a highly reproducible control of local electron transport in thick
PZT (30 nm) via its spontaneous polarization at low temperature. Electrons were injected
from the tip of an atomic force microscope into a ferroelectric PZT thin film in the
regime of high field-assisted electron tunneling (Fowler-Nordheim tunneling). The
tunneling current showed a pronounced hysteresis with abrupt switching events that
coincided, within experimental resolution, with the local switching of ferroelectric
polarization. The huge spontaneous polarization of the PZT film resulted in 100-fold
amplification of the tunneling current upon ferroelectric switching. The magnitude of the
result was subjected to electrostatic control via ferroelectric switching. Pantel et al [19].
also showed that ferroelectric polarization direction and resistance state are correlated in
epitaxial ferroelectric Pb(Zro2Tiog)O3 nanoscale capacitors. These nanoscale capacitors
showed a high resistance ratio, up to 1500:1, as well as high switching current densities
of about 10 A/cm?, sufficient for resistive readout. Recently Chen et al [20]. showed that
the preferential orientation of polarization in as-grown PZT ultrathin layers can be
manipulated by choosing an appropriate type of bottom electrode material, i.e. PZT films
deposited on SrRuOs or (La,Sr)CoOs electrodes exhibit preferential upward or downward

polarization.
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4.2. EXPERIMENTAL DETAILS
4.2.1 PZT and LSMO bilayer ultrathin films grown by pulsed laser deposition.

The oxide PZT/LSMO heterostructure films were synthesized on
(LaAIlO3)0.3(Sr2AITa0s6)o.7 (LSAT) (001)-oriented substrates, using a multi-target pulsed
laser deposition (PLD) system equipped with a KrF excimer laser (A=248 nm). The PZT
and LSMO were grown at 600 °C and 700 °C respectively, under an oxygen pressure of
~80 mTorr, using a laser energy density of ~1-2 J/cm? and deposition frequency of 1 Hz,
followed by annealing at 700 °C for 30 min in oxygen at a pressure of ~320 Torr. The
films were cooled down to room temperature at a rate of 5°/min. The thickness of the
PZT was controlled to 7, 5, or 3 nm for each heterostructure films, whereas the thickness
of the LSMO layer was keep contant (~30 nm) in all films. The thickness of the films was
precisely maintained by controlling the number of laser shots. These heterostructures
films will be identified in the manuscript and figures as P7, P5, and P3 for 7-, 5-, and 3-
nm thickness. An in-situ reflection high-energy electron diffraction (RHEED) system
operating at 21 keV beam energy, 1.4 A filament current and with an incident angle of 1°

to 4° was employed to monitor the growth of the heterostructure films.

4.2.2 Structural, ferroelectric, and transport experimental details.

The crystal structure of the films was characterized using X-ray diffraction (XRD)
techniques (Rigaku Ultima I11) with CuKa radiation with wavelength 4 = 1.5405 A, a
step size of 0.02° and scanning speed of 1°/min. XRD patterns were recorded over the

angular range 20 = 20°-60°.
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A multimode Nanoscope V (Veeco Instruments) was used to examine the morphology of
the ultrathin films (atomic force microscopy, contact-mode AFM) and nanoscale
ferroelectric properties of the PZT layers (piezoresponse force microscopy - PFM). For
AFM measurements a commercial silicon nitride tip was used with back side coating (top
Au/bottom Cr); whereas for PFM a phosphorous-tipped doped-Si coated with Co/Cr was
used. The driving voltage was applied either on the PZT surface or on the top electrode.
The electrical measurements were carried out in metal-insulator-metal (MIM)
configuration with Pt top electrode. The Pt electrodes were deposited by DC sputtering
on top of the heterostructure films. The junctions were patterned into a cross-strip
geometry using photolithography. The junction areas were ~16 pum? and 64 pm?. The
transport measurements were made with a Keithley 2400 multimeter with four-point
geometry at temperatures of 80 K and 297 K. The capacitance versus voltage was

measured using an SI 1260 Impedance/Gain-phase Analyzer.

4.3. STRUCTURAL CHARACTERIZATION

Figure 4.1(a) shows the XRD patterns of the three different PZT/LSMO
heterostructures. In all heterostructures only the (00l) (I = 1 and/or 2) reflections
corresponding to the LSAT substrate, PZT and LSMO layers are present in the range of
20°- 60°. These observations suggest that individual PZT and LSMO phases were
retained in the heterostructure films. Bulk LSAT and LSMO have a cubic pervoskite
structure with lattice parameter of aisar = 3.868 A and aismo = 3.871 A respectively,

while PZT has a tetragonal perovskite structure with apzr = 4.036 A and cpzt = 4.146 A.
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Figure 4.1. (a) XRD patterns for PZT ultra-thin films grown on LSMO (30 nm) coated
LSAT (001) substrate for thickness from 3 nm (P3) to 7 nm (P7). (b) RHEED patterns of
LSAT (001) substrate before deposition; and after deposition of: 30 nm of LSMO film, 3
nm (P3), 5 nm (P5) and 7 nm (P7) of ultrathin films of PZT.

83



Hence, LSMO on LSAT and PZT on LSMO experience an in-plane strain of -0.078%
and -4.26% respectively. Due to the high compressive stress experienced by PZT, it is
expected to decrease (increase) the in-plane (out-of-plane) lattice parameter. This effect is
more pronounced for very thin films [27], a systematic decrease of the 26 position from
~44.65° to ~44.56° for the (002) PZT peak was observed when the thickness was
decreased from 100 nm to 10 nm [28]. Although weak PZT peaks were obtained for
ultrathin films in the present study (Figure 4.1(a)), a similar decrease in 26 was observed
when the PZT thickness decreased from ~7 to 3 nm (see the dashed line in the inset of
Figure 4.1(a)). The systematic shift of 26 to lower angles with decrease of PZT thickness
(100 nm to 3 nm) can be attributed to the different strain experienced for PZT films when
its thickness decreases. The surface crystallinity of the substrates before growth and the
LSMO bottom layer and ultrathin PZT films of different thicknesses were monitored by
in-situ high-pressure reflection high energy electron diffraction (RHEED); and the
corresponding patterns are shown in Figure 4.1(b). In case of LSAT substrates a series of
clear bright diffraction spots lying on the Laue zone and Kikuchi lines can be identified,
which are the signatures of well- crystallized material, smooth and atomically flat
surfaces [29,30]. RHEED patterns after deposition of ~30 nm of LSMO show a streak-
like pattern indicating a flat sample surface, with a slight increase of the roughness as
compared with spectra of pure LSAT substrates. RHEED patterns of P3, P5 and P7
samples containing ~3, 5, and 7 nm thick PZT layers grown on LSMO/LSAT substrates
show streak-like diffraction spots indicating highly oriented monocrystalline growth,
suggesting that the surface of ultrathin films became rather rougher compared with the

surface of the LSMO layer.
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Figure 4.2. Atomic force microscopy (AFM) surface topography images, of 3 x 3 um?
having 5 nm in Z-scale of (a) LSMO/LSAT, PZT ultra-thin films with thickness: (b) 7
nm- P7, (c) 5 nm- P5, and (d) 3 nm- P3, deposited on LSMO(30 nm)/LSAT.

Figure 4.2(a) shows the surface morphology of bottom LSMO layer of thickness ~ 30 nm
grown on an LSAT substrate. In a contact mode with scan size of 3x3 pm?, it presents a
flat surface without granular structure, with average (Ra), and a root-mean-square (Rrms)
surface roughness of ~0.17 nm and 0.20 nm respectively. Figures 4.2(b)-(d) illustrate the
morphology of the ultrathin PZT films of different thickness deposited on LSMO/LSAT
substrates. The z-scale of all images was kept at constant height ~5 nm to facilitate

comparisons among them. It is clearly seen that the surface morphology of all structures
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displays a smooth and very homogeneous surface, free of microcracks, pores or holes.
The Ra and Rmms values obtained from AFM image for PZT/LSMO samples were
observed to decrease with the thickness of the PZT films (e.g. Rrms/Ra 0f 0.81/0.78 nm,
0.37/0.30 nm and 0.28/0.24 were obtained for P7, P5 and P3 respectively). The smooth
surface and low roughness characteristics of the PZT ultrathin films make them suitable

for FTJ applications.

4.4. FERROELECTRIC PROPERTIES

PZT ultrathin PFM measurements produced small out-of-plane vibrations that
were transmitted to the piezoelectric material by an oscillating voltage applied to a
conducting tip. These oscillations were identified using a lock-in amplifier, and the phase
and amplitude of the signals were directly associated to the piezoelectric response of the
PZT thin film kept under the tip. Figure 4.3(a) shows diagrams of the domain pattern of
three different ultrathin PZT films deposited on ferromagnetic semi-metallic LSMO
electrodes. A clear ferroelectric response was obtained in all ultrathin PZT films by using
PFM. The polar switching was performed by scanning at a probe bias of +3 V over a 4
um? area in a reversed bias -3 V scanned area, leading to the contrast change in the
middle of the 1 pm? (bias voltage ~ -3 V) scanned area, as shown in Figure 4.3(a) for
different thickness of PZT. It can also be seen from PFM images that a clear contrast in
the signal is observed even for PZT films with ~3 nm thicknesses; however it is also
observed that the signal weakens with decreasing film thickness from 7 nm to 3 nm, and
this indicates that the ferroelectric character tends to diminish with decreasing film
thickness. The PFM images show that the out-of-plane component of the polarization can

be switched between two stable states. The polarization switching is further confirmed by
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Figure 4.3. Piezoresponse force microscopy (PFM) measurements shows: (a)
Polarization switching images for P7, P5, and P3 ultra-thin films. PFM phase and
amplitude hysteresis loops measured in two configurations (b) Tip/P7/LSMO and (c)
LSMO/P7/LSMO, where P7 represent 7 nm thick of PZT barrier.

the phase hysteresis loops in Figures 4.3(b) and (c) for two different configurations. In
Figure 4.3(b) the PFM measurement for tip/P7/LSMO configuration show well-defined
phase hysteresis and amplitude butterfly loops, showing that the film possesses
ferroelectric character. The PFM phase changes by 180° at the coercive voltages (V¢) of -

1.9 and 1.8 V; similar results were also obtained for LSMO/P7/LSMO (Figure 4.3(c))
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with coercive voltages of -0.6 and 1.6 V. Similar values of V¢ were reported by Pantel et
al [19]. in Au/Cu/PZT/LSMO with a PZT barrier of 9 nm and by others in PbTiO3
ultrathin ferroelectric films [31]. The hysteresis and butterfly loops in Figure 4.3(b) when
the PFM tip was directly in contact with the film surface are almost symmetrical, in
agreement with some reports [6,32]. On the other hand, in Figure 4.3(c) the PFM loops
are asymmetrical, as observed by other authors [16,19,33]. The asymmetry behavior in
the PFM hysteresis loop may arise due to following two reasons: i) different kinds of
bottom and top electrodes and ii) large internal bias field in ultrathin PZT film. The
former can be attributed to the difference in work function at the two film-electrode
interfaces, while the latter involves a built-in electric field in the PZT. This electric field
could be due to enhanced interdiffusion of chemical species at the interfaces during
annealing, resulting in high enough defect dipole accumulation at the interface to polarize
thin PZT layer in the vicinity of the electrodes. The self-polarized layer might lead to
asymmetrical hysteresis loop. In addition Wu et al [34]. reported that oxygen-loss is
associated with internal stress at the PZT/LSMO interface may be another reason

responsible for the large internal electric field in epitaxial PZT films [28].

4.5. TRANSPORT PROPERTIES

Figure 4.4 show experimental conductance-voltage curves (open circles in Figure
4.4) for two different barrier thicknesses of PZT (5 and 7 nm) and at two different
temperatures (80K and 297 K). The differential conductance G(V) = dl/dV show a
parabolic dependence on bias voltage, as can be seen in the normalized conductance

G(V)/G(0), where G(0) is the conductance at zero bias (equation 4.1). The parabolic
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behavior of the dynamic conductance is indicative of electron tunneling through an

insulating barrier. The observed G(V) characteristic was fitted with Brinkman’s model

[35].
GV) _y_| Al +(9A§](ev Y, @)

to obtain following parameters: barrier thickness (d), average barrier height (¢) and the
asymmetry in the barrier (A¢) for the curves with the barrier polarized up or down.
According to the Brinkman model, the expression for conductivity has an error margin
around 10% when the barrier thickness is greater than 10 A and when Ag /¢ is less than
one. In equation 4.1 we can define Agp =@, — ¢, as the difference of the work functions

of the electrodes with respect to the insulator’s conduction band, the average barrier

height o=(p, +0,)2, A, =4(2m)"?d /3n and

G(0)= (3.16><101° P d)exp(—1.025 d @1’2). For numerical parameters given above
the barrier height (¢ ) and (A ) are given in eV and the barrier thickness (d) in A.

Our experimental data, taken at low-resistance-state were fitted using the Brinkman
model, and the solid line in Figure 4.4 represents equation 4.1. From Figure 4.4 good
agreement of the conductance curve with Brinkman’s model implies that electron
tunneling governs the transport process in these structures. A list of parameters obtained
from fitting this model is in table 4.1. The barrier heights at the two interfaces
(LSMO/PZT and PZT/Pt) of both structures and at two temperatures are in agreement
with the values obtained by others, which range from 0.5 to 1.2 eV [2,33,36-38]. The

different barrier heights at the PZT/electrode interfaces presumably result in asymmetric
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I(V) curves and a shift of the minimum value of conductance from zero voltage for both 5
and 7 nm PZT barriers.

Table 4.1. The experimental barrier thickness (dexp) and barrier thickness (d), average
barrier height (¢ ) and asymmetry in the barrier height (A¢ ) obtained using Brinkman
model in the low resistance state (LRS).

State 1EMPerature Oexp d @ Ag @, ?,
(K) (nm) (nm) (eV) (eV) (eV) (eV)
LRS 80 5 45 0.37 0.23 0.25 0.48
LRS 297 5 4.4 0.33 0.28 0.19 0.47
LRS 80 7 4.3 0.40 0.11 0.35 0.46
LRS 297 7 3.7 0.50 0.33 0.33 0.66

For the 5-nm PZT barrier in Figure 4a the value of the barrier thickness shown in table 1
is close to the expected value with approximately 10% difference for two temperatures
(80 and 270 K); however, for 7 nm PZT barrier in Figure 4b the difference is
approximately 40% for both temperatures (80 and 270 K). These discrepancies in the
values of barrier thickness could be due to the following reasons: (i) Brinkman’s model
shown by equation 4.1 is derived at 0 K, and at such low temperatures the G(V)
characteristic can be explained by almost purely tunnel conduction; however, at elevated
temperatures, as reported by Oliver et al [39]. voltage dependent hopping conductance is
also present, which grows proportionally with increasing barrier thickness. Hence, finite
temperatures and thicker barriers height may play a crucial role as follows: (i) higher
degree of errors at elevated temperatures and bias field; (ii) inter-diffusion at the interface
of hetero-structures during growth process; and (iii) finite roughness at the interfaces
(LSMO/PZT and PZT/Pt), resulting in hot spots; and finally, (iv) pin holes in the

junction.
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4.6. CAPACITANCE VOLTAGE CHARACTERISTICS
In order to check the ferroelectric nature of the PZT ultrathin films, we measured

DC voltage dependence of the capacitance C(V) measurements. Figures 4.5(a) and (b)
show C(V) response of Pt/PZT/LSMO FTJ with PZT barrier of thickness ~7 nm and
junction area of 16 pm?2. These measurements were carried out at room temperature
where 10 mV AC voltages was applied at 1 kHz frequency, while the DC voltage was
swept from positive to negative bias and vice versa. In accordance with PFM
measurements, a noticeable signature of two different states was visible in C(V) when the
DC voltage applied to the junction was +2 V (Figure 4.5(a)), corresponding to a contrast
observed between two distinct regions of opposite polarization in PFM measurements
(not shown). A clear butterfly loop was observed at applied voltage of +3 V, (Figure
4.5(b)) in agreement with the PFM results shown in Figure 4.3(a). The hysteric behavior
of the C(V) characteristics can be easily understood in terms of ferroelectric polarization-
induced depletion in the LSMO film. Indeed, while the FE polarization rotation has little
effect on Pt electrode due to its extremely short screening length (Fermi-Thomas length
of <0.1 nm) and can be omitted, LSMO has a lower carrier concentration and it is
affected by induced interface charges. When polarization is pointing toward the interface,
the positive electric charges at the PZT/LSMO boundary push the holes, which are the
majority current carriers, away from the interface. This carrier depletion effectively
increases the thickness of the insulating area and decreases the capacitance. In contrast,
when the polarization points away from the interface, negative charges effectively retain
carriers at the interface, keeping capacitance at its high value. This argument is further
supported by the analysis of the resistive component of the measured impedance, as

shown in Figure 4.5(c). The
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Figure 4.5. Evolution of the capacitance-voltage curve for Pt/P5/LSMO junction at
different applied DC voltage (a) 2 V and (b) 3 V. (c) The resistance vs voltage curve
exhibited resistance switching properties for the junction.
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formation of the depletion area significantly increases the tunneling barrier width and

consequently the resistance.

4.7. TRANSPORT PROPERTIES UNDER A MAGNETIC FIELD

Figure 4.6(a) shows the current density versus voltage J(V) curve of a
Pt/PZT/LSMO configuration with PZT barrier of ~7 nm thick and a junction area of 64
um?, The applied DC voltage was swept from negative to positive bias (-2.7 V to 0 V to
+2.7 V) and back again (+2.7 V to 0 V to -2.7 V) (see arrows in Figure 4.6 and its inset).
The J(V) curve clearly shows the resistance switching at voltages ~ -2.0 V and 2.2 V,
which are very close to the switching voltage obtained from phase and amplitude PFM
measurements. In order to make clear the effect of electrode area on transport properties,
the left side inset of Figure 4.6 shows the J(V) curve with a smaller junction area of 4
um?; in this case sharp resistance switching at about -1.7 V and +2.3 V was observed,
similar to values obtained for 64 um? junction, indicating homogeneous transport and
similar ferroelectric properties of the barrier layer for different sizes of the junction area
[19]. In order to verify that the resistance switching observed in J(V) measurements is
due to ferroelectric switching in the barrier layer, the J(V) curves were recorded at
different DC applied voltages from +1.1 V to £1.5, smaller than coercive field. In each
case nonlinear J(V) characteristics were observed, indicating tunneling mechanism but
without any indication of resistance switching up to bias voltage of ~1.5 V. The
resistance switching began to appear when the bias voltage was increased to ~2.5 V — 3.0

V. These results are in agreement with the PFM measurements in which no polarization

94



10°
NA
E -4
O 1074
<
2 10°
7))
c
()] A =4 pm? ‘
e 10-6! N,Exlo'3 N 4 i Nﬁlors
c < A Y < g 5
9.’ EE’/10'5 \\.; <t
S 1074 v S
© e I e
Volgate (V) Voltage (V)
10-8 L] L] L] L] L] L] L]
-3 -2 -1 0 1 2 3
Voltage (V)
107 4
— 10°1
e ]
O a1
< 10
> ) ]
=10%
S 5
A 10°4
S
L 10 7
=)
O 10°4
10-9 L] v T - T - T - T - T - T
-3 -2 -1 0 1 2 3
Voltage (V)

Figure 4.6. (a) Current density versus voltage J(V) curves of the sample P7 showing
highly reproducible resistance switching at +2.7 V for a junction area of 64 um?. Left
side inset show J(V) loop for the same sample with a junction area of 4 um?. Rigth side
inset present the J(V) curve for sweep voltages from +1.1 V to £1.5. (b) J(V) switching
curves of another junction from the same P7 sample showing the effect of an applied 10
kG magnetic field.
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switching was observed below 2.0-2.5 V. However, the ratio between the low resistance
state (LRS) and the high resistance state (HRS) in case of 64 um? junctions (HRS/LRS)
was between ~2-4, whereas, it was 26:1 for 4 um?. It has been shown by different
researchers that this ratio depends strongly on the pinned polarization state at the
interface of the electrodes, defects in the ferroelectric barrier, interface quality across the
sample, small variations in the PZT thickness through the film, formation of conducting
paths due to hot spots or pinholes; and all these factors might induce differences in the
switching behavior among different junctions, even in the same film [16,17,33,40-43]. In
order to check the reproducibility of the resistance switching, a DC electric field was
swept three consecutive times from -2.7 V to 0 V to +2.7 V, and back again, and a well-
defined hysteresis in J(V) characteristics was observed in all runs (see 1%, 2", 3" runs in
Figure 4.6a) with almost equal values in the current density. From Figures 4.6(a) and (b)
we observed a notable asymmetric shape of the J(V) curve in the negative and positive
voltage range; this behavior arises from different barrier heights at the
electrode/ferroelectric interfaces due to dissimilar top (Pt) and bottom (LSMO) electrodes
[2,4,5,13,40].

Figure 4.6(b) shows the effect of magnetic field along the in-plane direction; it was
observed when 10 kG was applied to the junction during J(V) measurements, the
resistance is decreased only in the positive voltage range (controlled by the LSMO
electrode), while no significant change was observed in the negative voltage range
(controlled by the Pt electrode). This is reasonable considering that LSMO becomes more
metallic in its ferromagnetic state. For this junction the resistance switching between LRS

and HRS became sharper, and the HRS/LRS ratio values at zero bias was between ~60

96



(without magnetic field at 0 G) and 110 (with magnetic field at 10 kG); the maximum
value of HRS/LRS ratio was obtained in presence of a magnetic field. Sun et al [44]
reported a similar result and a qualitative model suggesting that the PZT polarization pins
magnetic energy levels. It is worth mentioning that the switching behavior was observed
in most of the J(V) curves measured for different junctions in P5 and P7 samples. This
behavior is probably due to ferroelectric nature of PZT; however, a significant variation

in HRS/LRS ratio at zero bias (HRS/LRS from 2-100) was observed.
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CHAPTER 5

FERROELECTRIC CAPPED MAGNETIZATION IN TUNNEL
JUNCTIONS

5.1. INTRODUCTION
Highly polar ferroelectric thin (< 8 nm) films capable of tunneling charge carriers

sandwiched between two metal/ferromagnetic-metal electrodes (MIM structure) produce
ferroelectric tunnel junctions (FTJ) [1-3]. Advancements in thin-film growth technologies
make it possible to fabricate epitaxial, defect-free, relaxed or strained polar thin films
suitable for tunneling devices. FTJs have been a fascinating area of research due to their
potential applications as multi-state nonvolatile memory elements with fast write and
read logic bits, low power consumption, and small heat dissipation [4]. In addition to
using normal metal electrodes in FTJs, scientists are also working with ferromagnetic
metal electrodes to make ferroelectric (FE)-ferromagnetic (FM) multiferroic
heterostructures that provide an extra degree of freedom to manipulate the logic states.
These multiferroic heterostructures provide extra logic states but at the cost of more
complex densities of states for charge carriers crossing the junctions. compared to normal
metal electrodes; hence a careful study across the FE/electrode interface is needed [5, 6].

One should understand the major problems across the interfaces of the FTJs. These are as
follows: (i) less than 3-nm thickness of ferroelectric capping shows poor ferroelectricity
for direct transport measurements, using photolithography or electron beam lithography
and device areas of a few microns; (ii) quantum tunneling effects diminish greatly for
films thicker than 8 nm. Hence to maintain both good ferroelectricity and strong

tunneling effects in heterostructures, a thickness window d exists only for 3nm <d < 8
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nm. The present study therefore deals with polar PZT (5 nm and 7 nm) capping on 30
nm thick LSMO films [7, 8].

Several experimental and theoretical research works on FTJ have been demonstrated
based on ferroelectric polar barriers such as Pb(Zr,Ti)Oz [9-11], BaTiOs [12, 13],
(Ba,Sr)TiO3 [14], and polyvinylidene fluoride (PVDF) (70%)—trifluoroethylene (TrFE)
(30%) [15]. In these devices polarization reversal provides distinct and significantly
different resistive states due to tunnel magnetoresistance (TMR) and tunnel
electroresistance (TER). Among ferroelectrics, PZT has a track record of good
ferroelectricity down to 2.4 nm and it is popular among researchers for investigation of
ultra-thin films [16]. Among strongly correlated materials, strontium-doped lanthanum
manganite (LSMO) has shown colossal magneto-resistance phenomena under application
of small external magnetic fields. Exchange among the various valence states of Mn-
cations leads to complex magnetization properties and transport behavior of LSMO,
modulated by external hole/electron doping and electric/magnetic field application [9].
PZT, LSMO, and their heterostructures are of special interest due to rich basic physics
and technological applications. There are several reports on the XPS analysis of PZT and
LSMO thin films which deal with the compositional analysis of both systems and the
valence states of each individual element. A few X-ray photoelectron spectroscopy (XPS)
reports are also available in the literature on PZT/LSMO heterostructures; however, a
thick layer of PZT restricts the investigation of their chemical and valence states to those
near the top surface of the LSMO bottom layer [17, 18]. Note that XPS is surface-

sensitive and investigates only a few nanometers below the surface.
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Preziosi et al. [10] have carefully demonstrated the transport properties of LSMO (5 nm)
under two different polar states of PZT, which revealed that ferroelectric polarization
significantly changes the interfacial magnetic anisotropy and affects the spin-orbit
coupling. Leufke et al. [11] have shown significant modification of magnetization of
LSMO (7.2 nm) thin films with thick polar PZT (90 nm) layers. Switching of
ferroelectric polarization towards the LSMO surface (downward) significantly increased
the magnetization below the Curie temperature (T~ 247 K for 8-nm LSMO film). In this
situation holes accumulate at the LSMO interface, which significantly increases the
magnetization; and opposite n-type state occurs for upward direction of polarization. As
expected, this situation reverses above Tc, which qualitatively differs only in the sign of
the modulation.

The presence of ferroelectric and magnetic dead layers is well known in the
literature; their thicknesses were found to be 2-5 nm in manganite compounds and 1-2 nm
in ferroelectric perovskites. The dead-layer effect is also crucial in the magnetic and
polarization properties of FTJs and in magnetic tunnel junction (MTJ) devices which deal
with ultra-thin films [19]. In most investigations the active layers of heterostructures are
much thicker than the dead layers; only a few reports on multiferroic heterostructure
field-effect devices even mention the existence of dead layers. Brivio et al. [20] report the
absence of any electric field effect on magnetic modulation of 3-nm LSMO thin films
when it was bottom-gated with non-polar SrTiOz (STO) thin films, however the effect
was significant when applied from the top side. They proposed that this effect was due
the presence of a dead layer at the bottom STO/LSMO interface. Molegraaf et al. [21]

illustrate a shift of nearly 20 K in the Curie temperature and a 20 % change in magnetic
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modulation for STO/LSMO/PZT heterostructures and a change in sign of modulation
near 150 K.

Magnetic control of ferroelectric polarization and perturbation of the first unit cell of
LSMO under applied electric field, probed by magnetic second-harmonic generation,
were shown on PZT/LSMO heterostructures [22, 23]. We have recently demonstrated the
tunneling electroresistance (TER) with large resistance ratios (up to 100:1) in
hetrostructures mainly depends on the active device area [24]. The effect of magnetic
fields on TER was also observed and was much greater with applied in-plane magnetic
field. Here we report that the capping of polar ferroelectric PZT on LSMO significantly
modulates the magnetization of LSMO. The magnetic properties of mangannites strongly
depend on the Mn valences and the Mn-O-Mn bond angle. XPS studies have been carried

out to understand the underlying physics responsible for magnetic modulation.

5.2. EXPERIMENTAL DETAILS
5.2.1 PZT/LSMO ultrathin films grown by pulsed laser deposition.

The PZT/LSMO heterostructure films were grown on (LaAlO3)o.3(Sr2AITa0s)o.7
(LSAT) (001)-oriented substrates, using a pulsed laser deposition (PLD) system. The
PZT and LSMO were grown at 600 °C and 700 °C respectively, under an oxygen
pressure of ~80 mTorr, using a KrF excimer laser (1 =248 nm) with energy density of
~1-2 J cm™2 and deposition frequency of 1 Hz, followed by annealing at 700 °C for 30

min in oxygen at a pressure of ~320 Torr.
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5.2.2 Structural, XPS, and magnetic experimental details.

The crystal structure of the films was characterized using x-ray diffraction (XRD)
technique. A multimode Nanoscope V (Veeco Instruments) was used to examine the
morphology and piezoelectric properties using a conducting tip. The details of the
electrical characterization results are described elsewhere [24]. The X-ray photoelectron
spectroscopy (XPS) studies were carried out on clean surfaces of heterostructures with a
commercial VG ESCALAB 2201-XL imaging system. The XPS spectra were obtained
using an Al K, radiation source at 1486.6 eV. The energy spectra of the emitted electrons
were analyzed by a hemispherical mirror analyzer with an energy resolution of 0.5 eV.
The data were collected in binding-energy mode and calibrated with the standard 285 eV
of C 1s binding energy. The magnetic properties were measured using the physical
property measurement system (PPMS; Quantum design). The magnetization versus
temperature (M-T) measurements were carried out in field-cooled (FC) mode where the
samples were first cooled to 10 K under 100 and 1000 Oe magnetic fields, then warmed
to 300 K to obtain the FC data. After the M-T measurements were made, hysteresis

curves were measured at 50 K under applied fieldsupto 1 T.

5.3. STRUCTURAL CHARACTERIZATION

Systematic XRD studies have been performed on PZT/LSMO/LSAT
heterostructures from 100 nm to down 3 nm PZT with constant LSMO thickness [24, 25].
It was found that 26 shifted to lower angles with decrease in film thickness. Figure 5.1
shows the weak XRD patterns of both PZT 5 nm and 7 nm samples, oriented along

(001/002) planes. The lattice parameters of bulk LSAT, LSMO and tetragonal PZT are
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Intensity (a.u.)

20 degree

Figure 5.1. The XRD patterns of PZT (5 nm and 7 nm)/LSMO/LSAT heterostructures
oriented along the (001/002) plane. Inset illustrates their 3D PFM images under (+/- 3V).

aLsat=3.868 A, asmo0=3.871 A, and (apzr=4.036 A, cpzr=4.146 A), respectively. These
observations suggest a large in-plane compressive strain (-4.26 %) developed in PZT,
especially in ultra-thin films, during the growth process, as can be seen in XRD patterns

(20 for PZT ~ 44.56° and LSMO/LSAT ~ 47.16°).
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5.4. FERROELECTRIC PROPERTIES

The inset of Figure 5.1 illustrates a three-dimensional (3D) image (3x3 um?) of
the polarization switching for both PZT films using PFM with +/- 3 V bias voltages. A
distinct change in the contrast of poled PZT film surfaces can be seen with positive and
negative E-field poling. The PFM scan was first performed over a 2x2 um? area with +3
V tip bias, later at the center over 1x1 um? with -3 V tip bias, and finally over the 3x3
um? area without any tip voltage. The contrast of the -3 V tip bias poling area well
matched with the contrast of the area without any poling. These observations imply that
as-grown samples are self-poled towards the surface of LSMO with switchable

polarization.

5.5. MAGNETIC PROPERTIES

Figure 2(a) and (b) show the magnetic moments of PZT (5 and 7 nm) /LSMO (30
nm) /LSAT heterostructures recorded over 25 to 300 K under 100 Oe and 1000 Oe
magnetic fields, below and above the coercive field. Magnetic versus Temperature (M-T)
responses show similar trends using 100 and 1000 Oe fields with greater saturation for
1000 Oe. The magnitude of the magnetic moment of 7-nm PZT- capped LSMO is almost
100% higher than that for 5-nm ferroelectric capping; note that the magnetic properties of
these films come from similar LSMO dimensions 0.5 cm x 0.5 cm x 30 nm. The
magnetic phase transition of LSMO for 5-nm ferroelectric capping was 275 (+/- 5 K),
calculated using Arrott’s method [26], far lower than that of the 7-nm PZT-capped

LSMO film. The Curie temperature for the 7-nm PZT-capped LSMO was found to be
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Figure 5.2. M-T graphs of PZT/LSMO(30 nm)/LSAT heterostructures; (a) 5-nm PZT
capping; (b) 7-nm PZT capping [at 100 and 1000 Oe magnetic field]. The inset of Fig. 2
(b) shows dM/dT as function of temperature at 1000 Oe field.

beyond the experimental limits. Temperature-dependent differential magnetization (inset
Figure 5.2(b)) exhibited a kink for the 5-nm PZT-capped film; however, it was absent for
7-nm capped LSMO.

Figure 5.3 illustrates the comparative magnetic versus magnetic field (M-H) curve of
both samples at 50 K, which indicates almost twice the remanent magnetization for the 7-
nm capped PZT/LSMO compared to that of the 5-nm PZT; however, the coercive field in

both cases was the same. The inset of Figure 5.3 shows the large diamagnetic effect of
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the substrate for high probe field that is subtracted for M-H presentation. The first
quadrant of the M-H curves indicates that the 5-nm PZT-capped LSMO was almost self-
aligned; however, the 7-nm PZT-capped LSMO was less aligned and saturated for higher
applied magnetic field.

To explain the magnetic anomaly, we have thoroughly investigated the chemical
and compositional behavior of the PZT surfaces and the PZT/LSMO interfaces. It was

difficult to probe
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Figure 5.3. M-H graphs of PZT (5 nm and 7 nm)/LSMO(30 nm)/LSAT heterostructures
at 50 K; inset shows applied field dependence upto 1.0 T.

the different elements of LSMO, since it is 5 and 7 nm underneath the PZT surface.
However, core-level XPS spectra provide qualitative information for possible

enhancement in magnetization.
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5.5. X-RAY PHOTOELECTRON SPECTROSCOPY (XPS)

Figure 5.4 (a) and (b) show the core-level XPS spectra of Pb 4ps» and Mn 2ps32 to gain
insight into possible changes in oxidation states of Mn and changes in the spin-orbit
coupling. It was difficult to deconvolute all the peaks, since Pb 4p peaks and Mn 2p
peaks are both within the same 641-647 eV range of binding energy (B.E). The Pb 4p
peaks dominate the Mn 2p peaks; however, using XPSPEAK41 online software with
proper background corrections and normalized peaks intensity and based on the literature
reports, [17, 18, 27] we were able to fit the raw data with the known Pb and Mn peaks.
Carefully fitted graphs indicate that the Mn3" states are significantly enhanced for 7-nm
PZT-capped LSMO films. This enhancement in Mn3* states may be due to the
comparatively large hole doping by the self-poled 7-nm PZT film. To further support
this, Mn 3s core-level spectra (free from overlapping of Pb spectra) were fitted for the
pure Mn 3s (83.7 eV) peak and the exchange-splitting (ES) shoulder at 88.6 eV which is
produced by spin-orbit coupling (SOC) supported exchange. A significant enhancement
in the normalized intensity of this SOC supported ES shoulder can be seen in Figure
4(c,d). Qualitative analysis of Mn 2p (3+) and Mn 3s peaks indicate that Mn®" and SOC

are playing significant roles in the improvement of the 7-nm PZT-capped LSMO films.
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Figure 5.4. (a-d) The core-level XPS spectra of Pb 4pz», Mn 2psi2, and Mn 3s peaks: (a)
Pb 4ps2, Mn 2p3; for 5-nm PZT capping; (b) Pb 4ps2, Mn 2ps2 for 7-nm PZT capping;
(c) Mn 3s for 5-nm PZT capping; and (d) Mn 3s for 7-nm PZT capping.

Figure 5.5 (a) and (b) show the Ti 2p XPS core-level spectra of 5-nm and 7-nm PZT-
capped LSMO films, respectively. The spectra were normalized to verify Ti valences:
the two peaks observed are ascribed to Ti 2ps;z and Ti 2paz spin-orbit components [28].
Raw data as well as fitted data don’t reveal any shoulder on the higher B.E of Ti 2pap

peak, which rules out any trace of T3*-ions responsible for magnetism. XPS spectra of Ti

2p3s2 peaks
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Figure 5.5. (a-f) Show the core level XPS spectra of: (a) Ti 2pa2, Ti 2p1s, for 5-nm PZT
capping; (b) Ti 2par , Ti 2p1e, for 7-nm PZT capping; (c) comparative Ti 2p peaks; (d)
comparative Pb 4f peaks; (e) Zr 3d peaks; and (f) O1s peaks for both 5- and 7-nm PZT

capping.

demonstrate (Figure 5.5(c)) a shift of nearly 0.25 eV in B.E to the low energy side for 7-

nm PZT-capped LSMO, which indicates relaxation in the in-plane compressive strain
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with increase in polar capping thickness. XPS spectra for Pb 4f states show almost
negligible change in shape and broadening with increased thickness of capping layer;
however, a 0.1-eV shift in peak position towards the lower B.E side was observed for 7-
nm PZT capping (Figure 5.5(d)). An interesting feature was observed in Zr 3d XPS
spectra (Figure 5.5(¢)). Most of the features were similar to other reported data for PZT
XPS spectra, but 7-nm PZT capping showed a sharp kink (~183.5 eV) near the lower
binding energy of Zr 3di. spin-orbit components. This kink suggests that SOC
significantly modifies the d-orbital of the Zr atom sitting at the center of the oxygen
octahedra. Asymmetry in Zr 3di2 and Zr 3dz; peaks provide large uncertainties in the
fitting of raw data. Figure 5.5 (f) shows the O 1s surface and bulk XPS spectra. It would
be unwise to discriminate the contribution of O 1s from PZT and LSMO; in general, both
systems show indistinguishable XPS peaks. The only distinction in O1ls XPS spectra is
the shift to the lower B.E side and less contribution of surface oxygen (normalized
relative intensity compensating for smaller area) with 7-nm PZT capping on LSMO
films. The analysis of XPS spectra implies the presence of less in-plane compressive
strain in the 7-nm PZT-capped LSMO films. Mn 3s and Mn 2ps/> (3+) spectra indicate a

strong SOC and excess presence of Mn®* cations for thicker polar capping.
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CHAPTER 6

THICKNESS DEPENDENT MULTIFERROIC PROPERTIES OF PZTFT

6.1. INTRODUCTION

In multiferroic materials there coexist at least two different ferroic orders
(ferromagnetism, ferroelectricity, ferroelasticity, and ferrotoroidicity), which are often
coupled. Multiferroic magnetoelectric materials combine ferromagnetism and
ferroelectricity, combining the possibility of controlling polarization (P) with a magnetic
field (H) or magnetization (M) with an electric field E [1-14]. The strong coupling
between the ferromagnetic and ferroelectric orders is expected to produce new magneto-
electric, magneto-capacitive, and magneto-optic properties. These properties would
exploit the best features of ferroelectricity and magnetism, for example with electrical-
writing and magnetic-reading in random access memories. This memory device is only
one example of the range of potential applications of magnetoelectric technologies that
have been proposed; they have also potential application in information storage,
spintronics, magnetic field sensing, and transducers. In the field of information storage
these materials could bring significant advances in memories, displaying fast and low-
power write operation combined with non-destructive reading. Another way to exploit the
magnetoelectric multiferroic nature of single-phase materials is to use them as tunnel
barriers in multiferroic tunnel junctions. Ultrathin films offer the opportunity of

combining the respective advantages of fast low-power electrical write operation and
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non-destructive magnetic read operation in ferroelectric random access memories
(FeERAMs) and magnetic random access memories (MRAMS), resulting in the realization
of four-state logic, as well as the exploitation of magnetoelectric random access
memories (MERAMS) which combine the magnetoelectric coupling where the spin is
controlled by electric field [15-20]. However, most single-phase multiferroic materials
exhibit low Curie temperatures and weak magnetoelectric coupling [21-30]. This makes
them limited for practical applications. For these reasons,
Pb(Zro.s3Tio.47)060(Feo5Ta05)0.4003 (PZTFT) is a good candidate for many applications,
because this material is a single-phase magnetoelectric multiferroic at room temperature
[31-37]. Sanchez et al. [28] showed multiferroic properties in a Pt/PZTFT(350
nm)/LSCO/MgO configuration at room temperature. And Evans et al. [30] showed that
PZTFT single crystal lamella with a modest magnetic field can induce partially reversible
changes in ferroelectric domains. These previous studies were made for thickness above
300 nm. However, for multiferroic tunnel junction (MFTJ) device applications, the
multiferroic properties of single-phase multiferroic tunnel barrier must persist below 10
nm, where quantum mechanical tunneling occurs. Recent research has focused on
nonvolatile memory devices based on MFTJ with a multiferroic tunnel barrier. The first
work with a multiferroic tunnel barrier was reported by Gajek et al. [38] using
Lao.1Bio.osMnO3 ultrathin films as tunnel barriers that can operate as a four-resistance-state
system. This gave the possibility to encode quaternary information and to read out it non-
destructively by a resistance measurement; however, this device required liquid helium to
operate, because the four-resistance-state was obtained at low temperature (10 K). For

practical applications the devices need to work at room temperature. For this reason, we
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propose PZTFT as a multiferroic tunnel barrier in MFTJ. This should be a very promising
candidate for next-generation nonvolatile memory devices.
We focused on the effect of thickness of PZTFT on its magnetic, ferroelectric and

transport properties.

6.2. EXPERIMENTAL DETAILS
6.2.1 PZTFT and LSMO bilayer thin films grown by pulsed laser deposition.
PZTFT/LSMO heterostructures films were grown on (LaAlO3)o.3(Sr2AlTa0s)o.7
(LSAT) (001)-oriented substrates, using pulsed laser deposition (PLD) system, with a
KrF excimer laser (A\=248 nm). The PZTFT and LSMO were grown at 600 °C and 700 °C
respectively, under an oxygen pressure of ~150 mTorr, using a laser energy density of
~1-2 J/lcm? and deposition frequency of 5 Hz, followed by annealing at 700 °C for 30 min
in oxygen at a pressure of ~300 Torr. The films were cooled down to room temperature
at a rate of 5 °/min. The thickness of the PZTFT and LSMO were controlled by the
number of laser shots. The thicknesses of PZTFT were 80, 50, 20, 7 nm for each
heterostructure films, whereas the thickness of the LSMO layer was keep constant (~100
nm) for the range 20-80 nm thin PZTFT films and (~60 nm) for 7-nm ultrathin films of

PZTFT.

6.2.2 Structural, ferroelectric, magnetic, and transport experimental details.
The crystal structure of all the films were characterized using x-ray diffraction
(XRD) with CuKa radiation, a step size of 0.02° and scanning speed of 1.5 °/min. XRD

patterns were recorded over the angular range 20°-60° (20) with wavelength of 1 =
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1.5405 A. A multimode Nanoscope V (Veeco) was used to examine the morphology of
all thin films (atomic force microscopy, contact-mode AFM); and the nanoscale
ferroelectric and magnetic properties of the PZTFT layers were done by piezoresponse
force microscopy (PFM) and magnetic force microscopy (MFM). For AFM
measurements a commercial silicon nitride tip was used with back-side coating (Ti/Au 45
nm); for PFM, an antimony (n)-tipped doped-Si coated with Pt/Ir; and for MFM,
antimony (n)-tipped doped-Si coated with Co/Cr were used. The electrical measurements
were carried out in a metal-insulator-metal (MIM) configuration with Pt top electrode
(square of side 100 um) deposited by dc sputtering through a shadow mask. The
capacitance and loss spectra were measured in the temperature range of 100 °C to 600 °C
for frequencies between 100 Hz to 1 MHz by using a programmable temperature
controller (MMR K-20) and an impedance analyzer (HP 4294A). Ferroelectric hysteresis
loops were measured using a hysteresis loop tester (Radiant Technologies RT6000 HVS).
The magnetic measurements (magnetization (M) versus magnetic field (H) and the
magnetization (M) versus temperature (T)) were performed using a physical property
measurement system (PPMS) (Quantum Design). M-H loops at 300 K and 5 K were
measured in magnetic field range (-10 kOe < H < 10 kOe). For M-H loops at 5 K, the
sample was cooled in zero-field from 300 K down to 5 K and the measurements made at
5 K for the complete loop. For M-T data, the samples were cooled from 300 K to lowest
temperature 5 K in zero-field, and then a magnetic field of 100 Oe was applied and M-T
data recorded while heating the sample from 5 K to 390 K. This is denoted as ZFC data.
After the sample reached 390 K, the M-T data were recorded during cool down process in

the same applied field to the lowest temperature of 5 K (field-cooled-cooling, FCC). The
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transport measurements were made with a Keithley 2400 multimeter at room

temperatures.

6.3. STRUCTURAL AND SURFACE MORPHOLOGY CHARACTERIZATION
The XRD patterns of PZTFT/LSMO heterostructures are shown in Figure 6.1. In

all heterostructures only the (00I) (I = 1 and/or 2) reflections corresponding to the LSAT

substrate, PZTFT, and LSMO layers are present in the range of 20°- 60°. According to

these observations
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Figure 6.1. (a) XRD patterns for different PZTFT thicknesses grown on LSMO/LSAT
show only peaks of these materials without any additional second phase. (b) The effect of
thickness on crystallization, possibly due to the quick increase of compressive stresses
with a decrease in film thickness due to PZTFT and LSMO lattice mismatch.

the individual PZTFT and LSMO phases are retained in the heterostructure films. Bulk
LSAT and LSMO have a cubic pervoskite structure with lattice parameter of aisat =

3.868 A and aismo = 3.871 A respectively, while PZTFT has an orthorhombic structure

with apzrer = 4.038 A, bezrer = 4.047 A, and cpzrer = 4.058 A at room temperature.
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Sanchez et al. [34] have reported the phase transitions in ceramic PZTFT using
temperature dependent XRD and Raman spectroscopy: cubic Pm3m above 1300 K;
tetragonal P4mm in the range 460 K to 1300 K; orthorhombic Pmm2 in the range from
250 K to 460 K; and rhombohedral or monoclinic (unknown space group) below 250 K.
Additionally, Schiemer et al. [36] have provided a detailed study of three phase
transitions in ceramic PZTFT: magnetization increases rapidly below 40 K; a broad peak
is seen near 240 K, where a rhombohedral-orthorhombic transformation occurs; and the
orthorhombic-tetragonal transition takes place at 475 K. They found these phase
transitions using SQUID measurements of magnetization, combined with measurements
of electric properties and changes in elastic properties (from resonant ultrasound
spectroscopy).

In our data the crystallization of all thin films is drastically reduced with decreasing film
thickness. The peaks of the PZTFT thin films (~22° and ~44.9°) were narrowed with
increase in thickness from 4 nm to 80 nm, as shown in Figures 6.1(a) and (b). The effect
of thickness on crystallization may be due to the rapid increase of compressive stress
(imposed by the LSMO electrode, which has an in-plane lattice parameter smaller than
that of PZTFT) with decreasing film thickness; it is expected to decrease/increase the
infout-of-plane lattice parameter, respectively; however, the strain effect decreases with
increase in film thickness [39, 40].

Figure 6.2 shows the surface morphology for different thicknesses of PZTFT thin films
deposited on LSMO/LSAT substrates. These measurements were made using atomic
force microscopy in contact mode with scan size of 3x3 pum?. Figure 6.2(a)-(f) shows a

flat surface without granular structure with a root-mean-square (Rrms) surface roughness
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of a) 2.25 nm, b) 1.48 nm, c) 1.24 nm, d) 1.13 nm, e) 0.87 nm and f) 0.54 nm for 80, 50,
20, 7,5, and 4 nm of PZTFT thickness, respectively. The z-scale for samples were kept to
~20 nm of height to facilitate comparison among them. It is clearly seen that the surface
morphology of all structures displays a smooth and very homogeneous surface, free of
microcracks, pores or holes. The smooth surface and low roughness characteristics of the

PZTFT ultrathin films make them appropiate for multiferroic tunnel junction

20 nm
0 nm
73 ﬁ o * .;4 ==

applications.

5 nm

b U

0 nm

Figure 6.2. Atomic force microscopy surface topography images for different PZTFT
thicknesses: (a) 80 nm, (b) 50 nm, (¢) 20 nm, (d) 7 nm, (¢) 5 nm, and (f) 4 nm. The
reduction in roughness with decreasing film thickness may be due to a reduction in grain
size.

6.4. DIELECTRIC PROPERTIES

Metal/insulator/metal (MIM) sandwich structures of (Pt/PZTFT/LSMO) were

prepared for electrical measurements, and the dielectric properties were measured at 100
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mV oscillator level. Figure 6.3 (a)-(b) illustrate the frequency dependence of dielectric
constant (er) and loss tangent (tan o) for different thickness of PZTFT at room
temperature. The dielectric constants for all films have the following characteristics: i)
weak frequency dependence below 5x10* Hz; ii) a significant reduction in dielectric
constant values above 5x10% Hz; and iii) an enhancement of the dielectric constant values
when the thickness of PZTFT thin films was increased. The dielectric constant values
increase from 50 to 310 when the PZTFT thickness increases from 20 nm to 80 nm. This
evolution has been observed in many ferroelectric thin films [41-43]. There are several
factors responsible for the dielectric dispersion: 1) The extrinsic sources can be ascribed
to the additional capacitance arising from the grain boundary and interface effects
(Pt/PZTFT and PZTFT/LSMO). 2) There are several kinds of polarization (dipole
polarization, electronic polarization, etc.) contributing to the dielectric constant of the
thin films. In the lower frequency region, the dielectric constant is high since all the
defect dipole polarization can follow reversal of the external electric field. With
increasing frequency, the polarization cannot follow in phase the reversal of the external
electric field, and the polarization slowly diminishes, which contributes to the decrease of
dielectric constant [44]. 3) The dielectric and conductive properties of LSMO are highly
dependent on the strain and grain boundary configuration of the LSMO film [45].
Measurements of dielectric constant versus frequency for pure LSMO films show a
similar trend compared with PZTFT/LSMO bilayer structures; they exhibit large

dielectric dispersion at higher frequencies that is more

123



300
‘lE -
& 200
)
g - )
o 100: 8
S o ;
2 ] 3
g :
s -
2 ]
S it
P "9genaancaagoag §388%ao" {10
-99089099999999995559989
10° 10° 10 0 "
Frequency (Hz)
150 ne
C) -~ 80 nm
100 K -~ 50 nm
1901 100+
50t sol
- (1]3 ol
[ ]
w 150 150

100+

50t

Figure 6.3. (a) The dielectric constant (), and (b) loss tangent (tan &) versus frequency
for different thicknesses of PZTFT at room temperature. (c), (d), (¢) and (f) show Cole-
Cole plots of the temperature-dependent dielectric permittivity real (¢') and imaginary
(¢'") parts for different thicknesses. The semicircles imply a single relaxation time.
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pronounced in the LSMO films that have larger grain boundary population. The
frequency dispersion observed in PZTFT/LSMO bilayer structures can be due to the
LSMO dielectric response. 4) This increase in dielectric constant with thickness can be
due to the dependence of the intrinsic (lattice contributions) and extrinsic contributions
(domain wall motion) to the dielectric properties [46-48]. Similar behavior was observed
in the loss tangent for the thin films, which remained almost constant with values of 0.08,
0.06, and 0.05 for 20, 50, and 80 nm PZTFT thickness in the frequency range from 100
Hz to 5x10* Hz. When the frequency increases beyond 5x10* Hz, the loss tangent
increases with frequency could be due to rapid decrease of dielectric loss mechanisms
(e.g., electronic and ionic polarization) and conductivity with the increase of frequency.
Dielectric constant and loss tangent properties are important for the operation of
electronic devices fabricated with any dielectric thin films.

Figures 6.3 (c), (d), (e) and (f) show the Cole-Cole plots of the temperature-dependent
dielectric permittivity of the real (¢') and imaginary (¢'") part of PZTFT for different
films thickness (20, 50 and 80 nm). The € vs. € response of the PZTFT/LSMO
structures with different PZTFT thicknesses for 100 K, 200 K, 300 K, and 400 K have the
following characteristics: i) The €' radius of the semicircular arc shows small variation
with temperature for thickness 20, 50 and 80 PZTFT samples; ii) With increasing
temperature the bulk permittivity contribution (&' radius, when ¢ "= 0) in the Cole-Cole
plot increases with PZTFT thickness: at 400 K the &' radius was 50, 250, and 310 for 20,
50, and 80 nm, respectively; iii) Since the intercept of the semicircular arc gives an
estimation of sample resistance, this indicates that for ultrathin films the resistance

changes only slightly with temperature; iv) The €' values is more significant for (50 and
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80 nm of PZTFT thickness) samples compared with 20 nm of PZTFT thin films. These
behaviors are due to the thickness of the films, because €' and €' depend directly on the
dielectric constant. Another contribution can be due to the ferromagnetic-metal to
paramagnetic-insulator transitions of LSMO. These changes were more marked when the

thickness of PZT was ultrathin in PZT/LSMO heterostructures [41].

6.5. FERROELECTRIC PROPERTIES

Figures 6.4 (a), (b) and (c) show the room-temperature ferroelectric polarization
versus electric field (P-E) hysteresis loops for different thickness: (a) 80 nm, (b) 50 nm
and (c) 20 nm. A clear ferroelectric hysteresis loops were observed in all films, with an
increase in remnant polarization (Pr) and coercive field (Ec¢) with rising voltage. These
measurements were made using Pt top electrodes. It was observed that with increase in
the PZTFT thickness: i) an improvement occurs in saturation of the P-E loop; ii) an
enhancement in Py values is observed and; iii) a reduction in the coercive field occurs.
The values of Py and Ec were 10, 55, and 65 uC/cm? and 670, 640 and 500 kV/cm for 20,
50 and 80 nm of PZTFT thickness under applied electric field of 2000 kV/cm (Figure
6.5(a) and (b)). These values of P, are in the range of many reported for both
polycrystalline and epitaxial pure PZT, with P values from 15 to 70 uC/cm? grown by
PLD [49-52]. The excellent ferroelectric properties of PZTFT were also reported in
ceramic and thick films for our group and collaborators [31-37]. An enhancement of the
polarization can be attributed to the larger orthorhombic distortion and the in-plane
epitaxial strain of the PZTFT unit cell, due to the increased concentration of ferroelectric

domains and the
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Figure 6.4. The ferroelectric hysteresis loops for different thickness (a) 80 nm, (b) 50 nm
and (c) 20 nm PZTFT at room temperature. An increase in remnant polarization and
coercive field was observed with increasing voltage. (d) The reduction of the polarization
when the thickness of PZTFT is reduced to 20 nm.

distortions in the B-site (e.g. Ti**, Zr**, Fe®*, and Ta®") in the ABOj3 crystal structure. The
resultant chemical strain from the structure variation can enhance the polar displacement
of Pb?* ions at the A-site, and as a result, increase polarization [53, 54]. The decrease of
Pr and increase of Ec when the thickness of PZTFT is reduced to 20 nm can be explained
by the effect of the passive layer (also called the low-dielectric or dead-layer) originating

at the interfaces between PZTFT and top/bottom electrodes (Pt/PZTFT and

PZTFT/LSMO)
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Figure 6.5. Shows the values of remnant polarization and coercive field for different
thicknesses of PZTFT. The ferroelectric properties are dependent on the grain size of the
films; this behavior has been reported by many researchers.

[55, 56]. A decrease in Pr and increase in E¢ has been observed by other researchers for
thickness of pure PZT ranging between 100 nm to 4 um [46, 57, 58]. As the thickness of

PZTFT layer decreases at this very thin level, the role of the passive layer is more

important: due to the drop of the potential across of the passive layer, a higher voltage is
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needed across the capacitor to switch the PZTFT layers. For this reason, one expects E¢ to
increase. In the other situation when the thickness of the PZTFT layer increases, the
effect of a passive layer is diminished, with an enhancement in both domains wall
mobility and switching with consequent reduction of the E. value.

For comparison Figure 6.4(d) shows the hysteresis loops for 20, 50 and 80 nm PZTFT at
different voltages. These results show that PZTFT has good ferroelectric properties at

room temperature.

6.6. MAGNETIC PROPERTIES

Figure 6.6 (a) and (b) shows the magnetization versus magnetic field (M-H)
curves of PZTFT/LSMO hetero-structures for different PZTFT thicknesses: 20, 50, and
80 nm at 5 and 300 K of temperatures, respectively. All samples show a slim, open, and
well defined ferromagnetic loops, for the complete range of magnetic fields used (Figure
6.7 (a) and (b)). These samples have different contributions for the magnetism: i) the
ferromagnetic LSMO (100 nm) layer that was kept constant in all thin films; ii) the
magnetization of PZTFT layers (Figure 6.8(a) and (b)), the magnetic properties of PZTFT
in both ceramic and thick films forms, at room temperature were shown by our group and
collaborators [31-37]; and iii) the interface effect (changes in the lattice strain, chemical
bonding and charge modulation). The magnetization values were normalized to the
volume of the LSMO and PZTFT layers. A diminution in remnant magnetization (M,)
was observed with decrease of thickness of PZTFT. The M, values were 287, 362, and

420 emu/cm? for
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Figure 6.6. The magnetization versus magnetic field for PZTFT/LSMO hetero-structures
at (a) 5K and (b) 300 K for different thicknesses of PZTFT. In all samples ferromagnetic
behavior and a decrease in saturated magnetization was observed with decreasing PZTFT
thickness.
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Figure 6.7. Magnetization versus magnetic field for the range (-10 to 10 k Qe); the
ferromagnetic properties of the LSMO and PZTFT/LSMO hetero-structures for different
thicknesses of PZTFT at (a) 5 K and (b) 300 K.
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thickness of PZTFT 20, 50, and 80 nm at 5 K (Figure 6.6(a)), respectively. At 300K
(Figure 6.6(b)), the M, values were 46, 47 and 64 emu/cm’. Also, an enhancement of
coercive field (Hc) was obtained when increase the thickness of PZTFT. The Hc values
were 74, 78 and 92 Oe for thickness of PZTFT 20, 50, and 80 nm at 5 K (Figure 6.6(a)),
respectively. Similar behavior was observed at 300K (Figure 6.6(b)), where the values
were 19, 24 and 27 Oe. Sanchez et al. [34] have reported in PZTFT ceramics the
ferromagnetic hysteresis loop at room temperature. This material has a good remnant
magnetization of 0.024 emu/g. The room temperature magnetization value of 0.4 Bohr
magnetons (up) per Fe*" spin, using known density of 7.5 g/cm? and unit cell volume of
64 x 10718 cm™, is quite reasonable. This magnetization is equivalent to about 7 % of the
maximum saturation value of 5.9 up for all Fe spins aligned at T= 0. The Fe*" ions are
known to cluster in pure PbFe;»Tai203;, which is responsible for the relatively high
magnetic ordering temperature for only 15-20 % Fe-occupation of the B-site in these
specimens. The remnant magnetization value of PZTFT is comparable to the known room
temperature multiferroics including bismuth ferrite and other lead-based multiferroic
relaxors [59-61].

Huijben et al. [62] have studied BFO(25 nm)/LSMO(5 nm) and PbZro2TiosOs
(PZT)/LSMO heterostructures. These heterostructures show an enhancement in coercive
field (Hc), compared to the single LSMO layer. It is however important to note that at all
temperatures the BFO/LSMO heterostructures show a larger Hc compared to the
PZT/LSMO heterostructures, hinting at an additional contribution from magnetic
interactions across the interface, as the effective polarization is similar in this direction.

Although an exchange bias interaction is observed between LSMO and BFO, it is not
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Figure 6.8. Magnetization versus magnetic field for pure PZTFT 300 nm thick at (a) 5 K
and 300 K showing the ferromagnetic properties of the PZTFT films; (b) the small
hysteresis loop at room temperature.

133



present in the case of a single LSMO layer or PZT/LSMO heterostructure. The fact that
the exchange bias shifts are observed only in heterostructures of the ferromagnet LSMO
together with the ferroelectric/antiferromagnetic BFO and not with the ferroelectric PZT
points to the integral role that the antiferromagnetic properties of the BFO play in
determining the properties of such heterostructures. Similar behavior could be occuring in
our PZTFT/LSMO heterostructures, like BFO, PZTFT is a single-phase multiferroic at
room temperature. Other contributions to the enhancement of the satured magnetization
with increase in thickness of PZTFT could be attributed to the exchange bias origining
from the PZTFT/LSMO heterostructure, which suggests ferromagnetic alignment
between the pinned spins of the ferromagnetic LSMO and PZTFT.

The temperature dependence of the magnetization measured under the zero-field-cooled
(ZFC) and field-cooled-cooling (FCC) conditions are shown in Figure 6.9(a). The ZFC
and FCC curves were measured by warming (5 to 390 K) and cooling (390 to 5 K) the
samples at 100 Oe, respectively. An irreversibility clearly appears, as evidenced by the
nonzero difference between the FCC and ZFC magnetizations. The FCC and ZFC curves
do not vary monotonously; they initially decrease with temperature and increase before
reaching the maximum and finally decrease again once the maximum is passed, due to
the transition to the paramagnetic phase. This behavior is related to the increase of
magnetic domain wall mobility at low magnetic fields upon heating, thus leading to an

increase in the ZFC magnetization activated by the thermal process.
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Figure 6.9. The magnetization versus temperature for PZTFT/LSMO hetero-structures
for different thicknesses of PZTFT. (a) The irreversible ZFC and FCC curves show the
presence of glassy behavior; (b) The transition temperature decreases when the PZTFT
thickness was decreased.
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Figure 6.10. The magnetization versus temperature for PZTFT/LSMO hetero-structures
for different thicknesses of PZTFT. The irreversible ZFC and FCC curves show the
presence of glassy behavior. Ergodic temperature increases when the PZTFT thickness
was decreased.

The results in Figure 6.9 (a) indicate that the interactions between spins become
nonhomogeneous below a certain temperature depending of the thickness of the PZTFT
films. The thermal irreversibility in the ZFC and FCC magnetizations (Figure 6.10)

shows that the ferromagnetic order in PZTFT/LSMO heterostructures is affected by some

glassy behavior.
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The irreversible behavior of the magnetization in the PZTFT/LSMO heterostructures can
be explained as follows: Under the ZFC condition, the directions of the spins in the spin-
glass region are randomly oriented, and thus the spins in the spin-glass region are
randomly coupled with the spins of the ferromagnetic region near the interface. Such
random coupling makes the motion of the domain walls unfavorable. As a result, for
decreasing temperature the ZFC magnetization becomes small (Figure 6.9(a)) and the
coercive field becomes large, as shown above for 5 and 300 K. Under the FCC condition,
the directions of the spins in the spin-glass region tend to align more with the external
field, so the randomness in the magnetic coupling between the ferromagnetic and the
spin-glass regions is diminished. Consequently, the magnetic domains move more easily,
allowing the FCC magnetization to become large. However, the coercivity remains large
because the directions of the spins in the spin-glass region are still random, even under
the FCC condition. Also, the transition temperature decreases when the PZTFT thickness
was decreased (Figure 6.9(b)). For another hand, the transition temperature of 300 nm
thick pure PZTFT (Figure 6.11) have similar behavior of the ceramic-lamella reported

[36].

6.7. MULTIFERROIC PROPERTIES AT NANOSCALE LEVEL.

Figure 6.12(a) shows the switching polarization of 7 nm thick PZTFT. This
measurement was carried out by piezoresponse force microscopy at room temperature.
This result shows the ferroelectric properties of PZTFT at the nanoscale thickness level.

For ferroelectric ultrathin films finite screening occurring at ferroelectric/electrode

137



a
y )
PZTFT

1.5. ‘hm‘ —— ZFC

—o— FCC

1.0+

w T | b)

s ™

1.04 ﬁk,. ‘q'n]lhﬂ416|1'

Magnetization (emu/cm3)

0.5+

Temperature (K)

Figure 6.11. (a) and (b) show the magnetization versus temperature of 300 nm thick pure
PZTFT films.
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Figure 6.12. The multiferroic properties of ultrathin 7-nm PZTFT films. (a) Shows the
switching polarization of 7-nm PZTFT using piezoresponse force microscopy, and (b)
displays the stripe magnetic domains for ultrathin 7-nm PZTFT using magnetic force
microscopy.

interfaces more significantly affect the ferroelectric stability. Incomplete compensation of
the polarization charges happens due to the finite screening at ferroelectric/electrode
interfaces, inducing a depolarization field Eq against the polarization inside the
ferroelectric. Depolarization fields exist in all ferroelectric thin films, and this effect is
higher in thinner films [63-65].

Further, Figure 6.12(b) shows stripe magnetic domains for ultrathin 7-nm of PZTFT film.
This measurement was done by magnetic force microscopy at room temperature. It

displays the magnetic properties of PZTFT at nanoscale level that is required for potential

nano-devices.
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6.8. TRANSPORT PROPERTIES

The study of conduction mechanisms in dielectric films is very important for
different device applications (e.g. multiferroic tunnel junctions). There are three main
types of conduction mechanisms in dielectric films: i) space-charge-limited (bulk-
limited); ii) Poole-Frenkel bulk, and iii) interface-limited (Schottky and/or Simmons)
[66]. The bulk-limited conduction mechanism depends on the electrical properties of the
dielectric itself. Based on this type of conduction mechanism, some important electrical
properties in the dielectric films can be extracted, including the dielectric relaxation time,
the electronic drift mobility, and the density of states in the conduction band. For this
type of conduction mechanism, we consider first space charge-limited conduction
(SCLC), and afterwards, Poole-Frenkel.
Let us look initially at the voltage dependence: The In J - In E plotted, where J is the
density current and E is the electric field, for space-charge-limited current is shown in
Figure 6.13. This conduction mechanism can be governed by two laws: Ohm’s law (Joum
« E) for low electric field, and Child’s law (Jcni < E?) for high electric field.

Jonm = NoleE (Ohm’s law) (6.1)

2

9 E o
Jchila = gHEoer — (Child’s law) (6.2)

where ng is the concentration of the free charge carriers in thermal equilibrium; u, the
mobility of the charge carriers; e, the charge of the electron; E, the applied electric field,
d, the thickness of thin films; &y, the permittivity of free space; and &, is the relative
dielectric constant of the thin film. At low applied electric field the plots are linear with a
slope around 1 (Figure 6.13 (b)), indicating that Ohm’s law may govern in this range of

electric field (note however, that Schottky/Simmons conduction is also linear at low

140



fields £ and is certainly not ohmic). This implies that the density of thermally generated
free carriers inside of the films is larger than the injected carriers [67]. This ohmic-like
behavior takes place in the electrically quasi-neutral state corresponding to the situation
when trap centers are filled at weak injection. In this region the carrier transit time is
larger than the dielectric relaxation time. This implies that the injected carrier density is
small in comparison with free carriers and that the injected carriers will redistribute
themselves with a tendency to maintain electric charge neutrality internally in a time
comparable to the dielectric relaxation time. Therefore, the injected carriers have no
chance to travel across the insulator. The redistribution of the charge is known as
dielectric relaxation. The ohmic behavior can be observed only after these space charge
carriers become trapped. When the transition from the ohmic to the space-charge limited
region occurs, the carrier transit time at electric field transition (E; = 0.5 MV/cm) of the
linear to quadratic behavior becomes equal to the dielectric relaxation time. The traps are
filled up and a space charge appears. The injected excess carriers dominate the thermally
generated carrier since the injected carrier transit time is too short for their charge to be
relaxed by the thermally generated carriers. The increase of electric field may increase
the density of free carriers resulting from injection to such a value that the Fermi level
moves up above the electron trapping level. It can be understood that after all traps are
filled up, the subsequently injected carriers will be free to move in the dielectric films, so
that at the sub-threshold voltage (voltage required to fill the traps or, the voltage at which
Fermi level passes through trapping level) to set on this transition, the current will rapidly

jump from its low trap limited value to a high trap-free space-charge-limited current.
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Figure 6.13. (a) The J vs. E plots for different thickness of PZTFT; (b) The In J vs. In E
plots for space-charge-limited conduction (SCLC); Thickness dependence I(d) for the
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assumes d is the film thickness and yields d ', whereas the lower curve assumes ~ 7 nm
accommodation length @ and gives the expected space-charge-limited d ! dependence. d)
The quadratic region (slope ~2 in (b), the upper curve yields d>¥ whereas the lower
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In the high electric field (more than 0.5 MV/cm), all traps are filled and the conduction
becomes the space-charge-limited (Child’s law). Hence a space charge layer in the
dielectric builds up and the electric field cannot be observed as constant any longer.
Further, when the traps gradually saturate, which means that the Fermi-level gets closer

to the bottom of the conduction band, this results in a strong increase of the number of

free electrons, thus explaining the increase of the current. The current is fully controlled
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by the space charge, which limits the further injection of free carriers in the dielectric. We
obtained the mobility of the PZTFT using Equation 6.2 (Child’s law), where &, (the low
frequency dielectric constant) was taken from the Figure 3(a); for 80 nm thickness of
PZTFT that value is about 300. The mobility found was 9.2x107 ¢cm?/V.s, this value
agrees rather well with that 1x10° cm?V.s for pure PZT fimls [68]. This value of
mobility (u) was replaced in Equation 6.1 (Ohm’s law), giving the concentration of free
charge carriers (ny) as 2.1x10'® cm™. These values are comparable with those in pure
PZT obtained from other works [69, 70]. This might suggest that in the bulk-limited
conduction regime SCLC describes our data. Also, this is compatible with the thickness
dependence of J(V). For SCLC conduction J must vary rather precisely as V/d at low
fields and V?/d® at high fields. In the low-field linear regime (Figure 6.13(b)), the d-
dependence at constant £ over a wide range of £ is linear in //d (Figure 6.13(c)). For
high-field quadratic regime (Figure 6.13(b)), the d-dependence at constant £ over a wide
range of E is cubic in I/&° (Figure 6.13(d)); for example, at 700 kV/cm, we found the
current ratio of different thickness of PZTFT, Loun/Isonm=(dsonm/d20nm)*=64.9, this is very
close to 64, Lo0nm/Is0nm=(d50mm/d200m)*=16.3, close to 15.6, and
I50nm/Lsonm=(dsonm/d50nm)*=4.0, very close to 4.01.

Hence, we see that based upon current-voltage J(V) data alone, it is difficult to
distinguish between interface-limited Schottky conduction (Simmons’ limit of small
electron mean free path) and bulk-limited SCLC; both give plausible numbers (as does
Poole-Frenkel). However, as discussed elsewhere by one of us, [66] the thickness
dependence at constant field for small £ for SCLC predicts current proportional to //d,

whereas Schottky-Simmons is nearly independent of thickness d (it is limited by two
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electrode interfaces and nearly independent of how thick the dielectric is between these
two electrodes). Figure 8(c)-(d) shows that for all fields used, the current versus thickness
at constant field £ differ of the SCLC prediction, assuming that the voltage drop is
uniform across the whole sample; but a more precise analysis [66] incorporates an
“accommodation length” a at each electrode interface, such that 1/(d-2a) was predicted,
where a is typically a few nm. In order to explain the thickness dependence observed in
Figure 8(c)-(d), we found that a is approximately 7 nm for the PZTFT 20, 50, and 80 nm
films. It shows that the mechanism is SCLC, whereas it rules out both Schottky/Simmons
and Poole-Frenkel. Poole-Frenkel is a bulk mechanism, so it depends strongly upon film

a—(bV/d)1/2]

thickness d. It is of form | = gexp{[ /KT} and hence varies more rapidly than

1/d at constant voltage; but it is independent of d at constant field £ = V/d.
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CHAPTER 7

7.1. CONCLUSIONS

R/
L X4

We have successfully growth, the ferroelectric PbZros2Tio4gO3 (PZT) thin films
with  various  thicknesses ranging from 100 to 10 nm on
Lao.67Sr0.33Mn0O3/(LaAlO3)o.3(Sr2AlTaOe)o7  (LSMO/LSAT) (001)  substrates

deposited by pulsed laser deposition technique.

The effect of PZT thickness on the heterostructures properties was studied. X-ray
diffraction analysis revealed that both PZT and LSMO films were well oriented
along (00I) plane; however, a gradually strengthening and sharpening diffraction
pattern with slight shift to higher angles was observed with increase of PZT layers

thickness.

The frequency dependence of dielectric permittivity (real (¢”) and imaginary (£”))
showed that the ¢ (¢) increase from 68 (9.75) to 463 (39) when thickness of
PZT increased from 10 nm to 100 nm at 10 kHz. The grain size and mechanical
stress across different interfaces of PZT/LSMO/LSAT can be due to intrinsic

effects responsible for the variation of dielectric properties.

The anomalies observed in temperature-dependent &’ data in all PZT/LSMO
heterostructures were assigned to LSMO Tgwm-pi transition. Similar behavior was

observed in the temperature dependent magnetization. The drastic decrease of
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remanent polarization (Pr) and systematic increase of coercive field (Ec) in
ultrathin films (~ 10 nm) may be due to the role of the passive layer between the

ferroelectric layer and the electrode.

An appreciable increase of saturated magnetization (M) was observed with the
increase of PZT layer thickness at 300 K and 5 K. An enhancement in
magnetization with increase in PZT thickness may be due to PZT/LSMO interface

effects.

We demonstrate the room temperature polar switching and tunneling in
PbZros2TiossO3 (PZT) ultra-thin films of thickness 3-7 nm, sandwiched between
platinum metal and ferromagnetic Lao.e7Sro.33sMnOs (LSMO) layers, which also
shows magnetic field dependent tunnel current  switching in

Pt/PbZro52Tio.4803/Lao.67Sro.33MnO3 heterostructures.

The epitaxial nature, surface quality and ferroelectric switching of all
heterostructures films were examined with the help of X-ray diffraction (XRD)
patterns, atomic force microscopy (AFM), and piezo force microscopy (PFM),

respectively.

The capacitance versus voltage graphs show butterfly loops above the coercive
field (> £3 V) of PZT for small probe area (~16 pm?). The effect of ferroelectric
switching was observed in current density versus voltage curves with a large

variation in high-resistance/low-resistance (HRS/LRS) ratio (2:1 to 100:1),
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however, these effects were more prominent in the presence of in-plane external
magnetic field. The conductance is fitted with Brinkman’s model, and the
parabolic conductance upon bias voltage implies electron tunneling governs the

transport.

Self-poled ultra-thin ferroelectric PbZros2Tio.4¢03 (PZT) (5 and 7 nm) films have
been grown on ferromagnetic Lao.s7Sro.33sMnO3z (LSMO) (30 nm) to check the
effect of polar capping on magnetization vital for ferroelectric tunnel junction

(FTJ) devices.

PZT/LSMO heterostructures with thick polar PZT (7 nm) capping show nearly
100% enhancement in magnetization compared with thin polar PZT (5 nm) films,
probably due to excess hole transfer from the ferroelectric to the ferromagnetic

layers.

Core-level X-ray photoelectron spectroscopy (XPS) analysis revealed that 7-nm
PZT capping generated excess holes from the polar layer to the magnetic layer
producing large spin-orbit coupling (Mn(3s)) and more Mn** to Mn3* transfer. In-
plane compressive strain also decreased with increase in polar capping thickness,

significantly modifying the PZT surface and PZT/LSMO interface.

We have shown that the dielectric, ferroelectric, magnetic and transport properties
of the single-phase multiferroic Pb(Zros3Tio.47)o.c0(FeosTaos)0.4003 (PZTFT) thin

films change with different thicknesses.

151



R/
L X4

X/
°

Due to evolution of device miniaturization and the potential application for new
nonvolatile memory devices, this material can be used as a barrier in multiferroic
tunnel junctions. Such devices have limitations in critical thickness (less than 8
nm) for ultrathin multiferroic tunnel barriers, which is vital to the properties and

performance of this kind of memory.

We show two things: (1) It remains a switching multiferroic at room temperature
down to at least thickness d = 7 nm, thin enough for tunnel junctions; (2) both
voltage and thickness dependence of leakage current density J confirm that it
cannot be Simmons/Schottky interface-limited or Poole-Frenkel (bulk). The
former requires thickness-independent current density J, and the latter requires
that current be independent of d at constant field. The data satisfy space-charge-
limited current (SCLC) in the linear voltage regime, or more precisely, vary as
1/(d-2a), where a is an accommodation length. A strong d-dependence is found
over several decades of field and voltage, leading to an estimate of a. Which was

estimated to be 7 nm for PZTFT films.
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