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Abstract
In tunnel junctions, electrons quantum-mechanically tunnel through a thin insulating barrier
between two electrodes. Different types of tunnel junctions are used in a variety of solid-state
nanoelectronic devices, including transistors, diodes, memories, and magnetic ﬁeld sensors. In
most of these devices, the tunnel barrier acts as a passive element whose properties cannot be
modiﬁed by external actuation. The use of oxide tunnel barriers with magnetic or ferroelectric
order would enable active control of the tunnelling conductance in a magnetic or electric ﬁeld.
Moreover, the physics of oxide electrode-barrier interfaces is very rich and its exploration
could lead to new functionalities.
In this thesis, two types of all-oxide epitaxial tunnel junctions are studied. First, the growth
of tunnel junction with a ferrimagnetic CoFe2O4 barrier is discussed. In this realisation, the
tunnel barrier acts as a spin ﬁlter. As electrode materials, ferromagnetic La 2/3Sr1/3MnO3 and
SrRuO3 are used. Different growth sequences are examined on single-crystalline SrTiO3(001)
and MgO(001) substrates. X-ray diffraction and high-resolution transmission electron
microscopy reveal that the quality of epitaxial growth is compromised by the large lattice
mismatches between the tunnel barrier and the two electrodes. The best results are obtained
for SrRuO3/CoFe2O4/La2/3Sr1/3MnO3 trilayers on SrTiO3 substrates. In these structures, the
magnetization of the CoFe2O4 barrier and the La2/3Sr1/3MnO3 layer switch at different
magnetic ﬁeld, which is a prerequisite for spin-ﬁlter tunnel junctions. Tunnelling
magnetoresistance measurements, however, only show a high-ﬁeld effect, which can be
attributed to the La2/3Sr1/3MnO3 electrode.
In the second part of this thesis, resistive switching in tunnel junctions with a ferroelectric
PbZr0.2Ti0.8O3 or BaTiO3 tunnel barrier and two La2/3Sr1/3MnO3 electrodes is investigated.
Despite the nominally symmetric trilayer structure, very large resistive switching effects up to
107 % are obtained at low temperatures. The origin of this phenomenon is discussed in terms
of a polarization-induced metal-to-insulator transition in La2/3Sr1/3MnO3 and electric-ﬁeld
driven migration of oxygen vacancies. Transmission electron microscopy measurements reveal
clear differences in structural roughness and atomic mixing at the two electrode-barrier
interfaces. This breaks the symmetry of the junction and enables hysteretic resistive switching.
Model ﬁts to electrical transport data indicate that the potential energy proﬁle of the barrier is
asymmetric in the high resistance state and that an insulating interface layer is formed in the
La2/3Sr1/3MnO3 bottom electrode. This observation is independently veriﬁed by in-plane
transport measurements on Hall bar structures.
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Tiivistelmä
Sähköisissä tunneliliitoksissa elektronit tunneloituvat kvanttimekaanisesti kahden
elektrodin välissä olevan ohuen eristevallin läpi. Erilaisia tunneliliitoksia käytetään monissa
nanoelektroniikkalaitteissa. Useimmissa näissä laitteissa tunnelointivalli on passiivinen
elementti, jonka ominaisuuksia ei voi muuttaa ulkoisella ohjauksella. Magneettisten tai
ferrosähköisten oksiditunnelointivallien käyttö mahdollistaa tunnelointikonduktanssin
aktiivisen ohjauksen magneetti- tai sähkökentällä. Lisäksi vallin ja elektrodin oksidirajapinnan
monimuotoisia fysikaalisia ilmiöitä tutkimalla voidaan löytää uusia toiminnallisuuksia.
Tässä väitöskirjassa tutkitaan kahdenlaisia oksiditunneliliitoksia. Ensimmäisessä osassa
tutkitaan spinsuodattavan ferrimagneettisen CoFe2O4 tunnelointivallin kasvatusta.
Elektrodeina käytetään ferromagneettisia La2/3Sr1/3MnO3 ja SrRuO3 oksideja. Eri
kasvatusjärjestyksiä tutkitaan yksikiteisillä SrTiO3(001) and MgO(001) substraateilla.
Röntgendiffraktio- ja läpivalaisuelektronimikroskopiamittaukset osoittavat, että rakenteen
epitaksinen laatu kärsii elektrodi- ja vallimateriaalien erisuuruisista hilavakioista. Parhaat
tulokset saadaan SrRuO3/CoFe2O4/La2/3Sr1/3MnO3 kolmikerrosrakenteesta SrTiO3
substraatille. Näissä rakenteissa CoFe2O4 ja La2/3Sr1/3MnO3 oksidien magnetoitumien
suunnanmuutos tapahtuu erisuuruisilla magnettikentillä, mikä on edellytys spinsuodattaville
tunneliliitoksille. Tunnelointimagnetoresistanssimittauksissa havaitaan kuitenkin vain
La2/3Sr1/3MnO3 elektrodista johtuvia piirteitä.
Toisessa osassa tutkitaan vastusmuutosta tunneliliitoksissa, jotka koostuvat ferrosähköisestä
PbZr0.2Ti0.8O3 tai BaTiO3 tunnelointivallista ja kahdesta La2/3Sr1/3MnO3 elektrodista.
Symmetrisestä rakenteesta huolimatta tunneliliitoksissa havaitaan vastusmuutos, jonka
suuruus on jopa 107 % matalissa lämpötiloissa. Ilmiön alkuperää tarkastellaan polarisaation
aiheuttamana metalli-eriste-muutoksena La2/3Sr1/3MnO3 elektrodissa ja sähkökentän
aiheuttamana happivakanssien vaelluksena. Läpivalaisumikroskopiamittaukset paljastavat
selkeitä eroja elektrodi-valli rajapintojen rakenteellisessa epätasaisuudessa ja atomien
sekoittumisessa. Nämä erot rikkovat liitoksen symmetrian ja mahdollistavat hystereesimäisen
vastusmuutoksen. Virta-jännite -käyrän sovitus tunnelointimalleihin osoittaa, että
tunnelointivallin potentiaalienergiaproﬁili on epäsymmetrinen korkean vastuksen tilassa ja
La2/3Sr1/3MnO3 pohjaelektrodiin muodostuu eristävä rajapintakerros. Tämä havainto
varmistetaan riippumattomasti vastuksen tasomittauksella Hall bar –rakenteessa.
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1. Introduction

Quantum mechanical tunnelling of electrons through thin insulating barriers forms the basis of many solid-state nanoelectronic devices including resonant tunnelling diodes (RTDs), resonant tunnelling transistors
(RTTs), superconducting quantum interference devices (SQUIDs), and
magnetic tunnel junctions (MTJs). The functionality of these multilayer
structures relies on the quantisation of energy levels in thin ﬁlms, the
quantum phase difference and critical current or the spin-dependence of
the electron tunnelling probability, which are determined by the physical
properties of the electrodes. In RTDs and RTTs the electrodes are III/V
semiconductors, SQUIDs use low- or high-temperature superconductors,
and the electrodes of MTJs are ferromagnetic. Tunnel barrier materials
that are used include wide band gap III/V semiconductors and insulating nonpolar oxides like Al2 O3 . The predominant role of the barriers is
to quantise electron energy levels between two closely spaced barriers or
to provide direct tunnelling between electronic states in the electrodes.
The barrier materials are thus mainly selected because of their insulating
nature, and since it is impossible to alter their properties during device
operation, they can be considered as passive elements.
Oxides exhibit a number of functional properties such as ferromagnetism, ferroelectricity and high-temperature superconductivity. The use of
ferromagnetic or ferroelectric tunnel barriers can lead to active control
over tunnel barrier properties during device operation. In such structures, the tunnelling conductance depends on the direction of the ferroic
order parameter (magnetization or polarization) inside the barrier, which
can be modiﬁed by an external magnetic or electric ﬁeld. Thus, the tunnel
barrier becomes an active element [1]. In addition, oxide interfaces exhibit very rich physics, which could be probed by studying the tunnelling
characteristics of all-oxide tunnel junctions.
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This thesis is a summary of two projects on all-oxide tunnel junctions.
The ﬁrst project concentrates on the growth of spin-ﬁlter tunnel junctions
with a ferrimagnetic barrier. In the second project, resistive switching in
tunnel junctions with a ferroelectric tunnel barrier is studied.
Conventional MTJs consist of two ferromagnetic electrodes that are separated by a thin insulating barrier. Its electrical resistance depends on
the relative magnetization orientation in the ferromagnetic layers. This
tunnelling magnetoresistance (TMR) effect arises from a difference in the
density of majority and minority spin states at the Fermi level of the electrodes. MTJs with an Al2 O3 barrier exhibit a maximum TMR of about 70%
at room temperature [2]. To further optimize the sensitivity of MTJs, several methods have been investigated. The use of fully spin-polarized electrodes or so-called half-metals is one of them [3]. Examples include mixedvalence manganites, CrO2 , and some Heussler alloys [1], but growth difﬁculties and the loss of half-metallicity with increasing temperature limit
their application potential [4, 5]. Alternatively, it is possible to exploit the
band structure of crystalline tunnel barriers as spin ﬁlters [6, 7]. This
has been successfully demonstrated with MgO-based MTJs which can exhibit TMR values of several hundred percent at room temperature [8, 9].
Another approach involves the use of ferromagnetic or ferrimagnetic insulating barriers. In these materials, the conduction band is spin-split
by exchange and consequently the tunnel barrier height for majority and
minority spins are dissimilar [5]. This results in efﬁcient spin ﬁltering
and when combined with a ferromagnetic electrode could yield large TMR
values [10, 11]. Classical examples of ferromagnetic spin-ﬁltering barriers are EuS, EuSe and EuO [12], but due to their low Curie temperatures, they are not suitable for practical applications. Recently, insulating ferrimagnetic spinel oxides such as NiFe2 O4 [13], CoFe2 O4 [14], and
MnFe2 O4 [15] have been used as a tunnel barrier, but despite their high
Curie temperature, the TMR at room temperature has reached only very
moderate values [16]. Various defects have been discussed to be the reason of this [15, 17, 18]. The magnetic and electronics properties of spinel
ferrites are extremely sensitive to structural and chemical defects [11].
Therefore, a good crystalline quality of spinel tunnel barriers is a prerequisite for achieving efﬁcient spin ﬁltering and TMR at room temperature.
In this thesis, the growth of all-oxide heterostructure for spin-ﬁlter tunnel junctions is studied. The ferrite spinel CoFe2 O4 is used as a tunnel
barrier, and ferromagnetic perovskites La2/3 Sr1/3 MnO3 and SrRuO3 are
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employed as electrodes. Epitaxial growth of CoFe2 O4 tunnel barriers is
possibly compromised by its large lattice mismatch with the electrodes. To
study the crystalline structure, two possible growth sequences of SrRuO3 /
CoFe2 O4 /La2/3 Sr1/3 MnO3 trilayers are examined on single-crystalline
SrTiO3 (001) and MgO(001) substrates using X-ray diffraction and highresolution transmission electron microscopy. Magnetic switching in these
trilayers is investigated by SQUID magnetometry. It is shown that epitaxial growth of the oxide trilayers is possible and magnetization reversal
in the layers proceeds mostly independently, which is an important requirement for spin-ﬁlter tunnel junctions. Finally, non-linear tunnelling
transport characteristics are obtained for patterned structures, but no signiﬁcant tunnelling magnetoresistance is measured.
Recently, ferroelectric tunnel junctions (FTJs) have generated considerable scientiﬁc interest. FTJs consist of a ferroelectric tunnel barrier that
is sandwiched between two electrodes. Switching of the ferroelectric polarization inside the barrier results in a resistance change that has been
coined tunnel electroresistance (TER). Large TER effects with resistance
ratios up to 104 have been measured using ferroelectric BaTiO3 [19–21],
PbZr0.2 Ti0.8 O3 [22, 23], PbTiO3 [24], and BiFeO3 [25] tunnel barriers. In
most cases, the TER effect arises from an electrostatic screening effect.
More recently, other sources of TER have been demonstrated, including
polarization-induced metal-to-insulator transitions in complex-oxide electrodes [26] and ferroelectric ﬁeld effects in semiconductors [27].
Resistance change originating from ferroelectric polarization reversal is
only one example of many resistive switching effects [28]. In general, resistive switching refers to a change in resistance in metal-insulator-metal
structures, where the switching is induced by applying voltage pulses
[29, 30]. The phenomenon has been observed for many oxide materials,
including manganites and other perovskites [29, 31]. In these materials,
resistive switching typically arises from ion migration [29, 30].
In this thesis, resistive switching is studied in nominally symmetric
La2/3 Sr1/3 MnO3 /2–6 nm PbZr0.2 Ti0.8 O3 /La2/3 Sr1/3 MnO3 and La2/3 Sr1/3 MnO3 /
2–6 nm BaTiO3 /La2/3 Sr1/3 MnO3 tunnel junctions. Resistance switching
curves of tunnel junctions with a 2 nm thick PbZr0.2 Ti0.8 O3 or BaTiO3 tunnel barrier show a large TER effect of 107 % at low temperatures, which
strongly decreases with increasing temperature and, surprisingly, with
increasing tunnel barrier thickness. Transmission electron microscopy
studies reveal clear differences in structural roughness and atomic mixing
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at the two electrode/tunnel barrier interfaces. This breaks the symmetry
of the tunnel junctions and enables hysteretic resistive switching. Tunnelling transport model ﬁts to electrical transport data indicate that the
potential energy proﬁle of the tunnel barrier is asymmetric in the high
resistance state and that an insulating interface layer is formed in the
La2/3 Sr1/3 MnO3 bottom electrode. This observation is independently veriﬁed by in-plane transport measurements on Hall bar structures. Finally,
the origin of resistive switching in these tunnel junctions is discussed
in the context of a polarization-induced metal-to-insulator transition and
electric-ﬁeld driven oxygen vacancy migration.
This thesis is organised in the following way. Chapter 2 provides the
theoretical foundation of this thesis. Quantum mechanical tunnelling and
tunnel transport models are introduced ﬁrst. A description of magnetic ordering phenomena and an introduction to the magnetic materials used in
this thesis follows. The concept of tunnelling magnetoresistance is introduced and followed by an overview of spin ﬁltering and spin-ﬁlter barriers
in recent literature. Ferroelectricity together with the ferroelectric materials used in this thesis are described. An overview of tunnel electroresistance is given with recent advances in ferroelectric tunnel junctions.
Finally, resistive switching based on ion migration is introduced.
Chapter 3 presents the experimental methods, including thin ﬁlm growth
by pulsed laser deposition, methods to study the structural and magnetic quality of thin ﬁlms (X-ray diffraction/reﬂectivity and SQUID magnetometry), lithography of all-oxide tunnel junctions, and ﬁnally, electrical transport measurements. Chapter 4 summarises the results on tunnel
junctions with spin-ﬁlter tunnel barriers and Chapter 5 on tunnel junctions with ferroelectric tunnel barriers.

4

2. Theoretical foundation

2.1

Quantum mechanical tunnelling

The operation of tunnel junctions is based on quantum mechanical tunnelling. This phenomenon occurs when an electron, with an energy E,
penetrates through a potential barrier that has an energy U0 > E, which
is a classically forbidden region. A quantum mechanical treatment of
this problem results in a probability for the electron to be found at the
other side of the barrier. Figure 2.1 illustrates the tunnelling process.
The electron wave function Ψ(x) decays exponentially inside the barrier.
When the barrier is thin enough, there is a ﬁnite transmission probability
through the barrier, which is termed quantum mechanical tunnelling. After the penetration through the barrier, the energy of the electron has
not changed, but the amplitude of the electron wave function has decreased. In tunnel junctions, the potential barrier is created by a thin (a
few nanometres thick) insulating layer that is sandwiched between two
metallic electrodes.
U(x)
Ψ(x)

U0

E

0

d

x

Figure 2.1. Quantum mechanical tunnelling through a potential barrier of thickness d.
The electron wave function Ψ(x) decays exponentially inside the barrier. If
the barrier is thin enough, it is possible that the electron tunnels through it.
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The current ﬂow through a tunnel barrier has been calculated by Simmons [32]. The current density J through a a rectangular potential barrier is given by





eV
eV
J(V ) = J0 ϕ −
exp −A ϕ −
2
2





eV
eV
− J0 ϕ +
exp −A ϕ +
, (2.1)
2
2
where
J0 =

e
,
2πhd2

A=

4πd 
2meff ,
h

and ϕ is the barrier height, d is the barrier thickness, meff is the effective
mass of the tunnelling electron, and V is the applied bias voltage [32].
The use of Eq. (2.1) is limited to voltages smaller than the barrier height,
i.e. e|V | < ϕ.
Brinkman et al. calculated the tunnelling conductance of trapezoidal
barriers, where the potential steps at the two electrode/barrier interfaces
are dissimilar [33]. An analytical expression for the current density was
calculated by Gruverman et al. using the Wentzel–Kramers–Brillouin
(WKB) approximation [20]. The current density is given by
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,
C = − 2 eff
9π 3

√
4d 2meff
.
α(V ) =
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Here, ϕ1 (ϕ2 ) is the barrier height at the bottom electrode/barrier (the
barrier/top electrode) interface. It is assumed in Eq. (2.2) that the barrier

width is not too small d (2m/2 )ϕ1,2  1, and the applied voltage is not
too large e|V |/2 < ϕ1,2 (low bias voltage range). Figure 2.2 (a) illustrates
schematically tunnelling through a trapezoidal tunnel barrier in the low
bias voltage range.
For high bias voltages (e|V | > ϕ1,2 ), the barrier proﬁle becomes triangular as illustrated in Fig. 2.2 (b). In this case, electrons tunnel via ﬁeld
emission, which is also known as Fowler-Nordheim tunnelling [34]. The
current density for this tunnelling mechanism is given by


√
3/2
e3 meff,e
8π 2meff ΦB
2
,
E exp −
JFN =
8πhmeff ΦB
3he
E
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(a)

(b)

1

1

2
eV

2
eV

Figure 2.2. Quantum mechanical tunnelling through a potential energy barrier (a) in
the range of low bias voltage (direct tunnelling) and (b) in the range of high
bias voltage (ﬁeld emission). The arrow depicts the tunnelling direction of an
electron.

where ΦB is the barrier height, meff,e and meff are the effective masses
of the injecting electrode and the barrier, respectively, and E is the electric ﬁeld [34]. In Fowler-Nordheim tunnelling, the triangular shape of
the barrier effectively decreases the barrier thickness, which drastically
enhances the tunnelling current. The Fowler-Nordheim tunnelling mechanism is very sensitive to the barrier height at the electron injecting electrode (ΦB ). Band bending due to different barrier heights at the two
electrode/barrier interfaces can be taken into account in the electric ﬁeld,
which is then given by [35]
E = Eap + Eband = −

ϕ2 − ϕ 1
V
+
.
d
ed

(2.4)

Besides the tunnelling processes described above, it is also possible that
electrons overcome the barrier potential by thermal energy. This mechanism is called thermionic injection.

2.2

Ferromagnetism and magnetic ordering

A spontaneous magnetization in the absence of an applied magnetic ﬁeld
characterises a ferromagnetic material. Magnetism originates in the electron’s magnetic moment that arises from its orbital and spin magnetic moment. The atomic magnetic moments arise from the magnetic moments
of electrons, and exchange interaction between the atomic moments can
result in a parallel alignment, hence ferromagnetism.
Electron spins in incompletely ﬁlled shells of an atom can combine to
give a non-zero atomic magnetic moment. The Pauli exclusion principle
states that two electrons with parallel spins cannot occupy the same quantum state. In addition, electrons in a shell experience Coulomb repulsion
forces. As a result, electrons ﬁll the quantum states within a shell with
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their spin in parallel as far as possible to minimise the Coulomb energy.
Unpaired electrons that are localised at atomic sites produce the atomic
magnetic moment. Materials with full electron shells cannot therefore be
magnetic.
Exchange interaction, which is effectively a spin-dependent Coulomb
interaction, is responsible for ferromagnetic ordering. Exchange interactions can be described by the Hamiltonian of the Heisenberg model for
two adjacent atoms
Ĥ = −2JS1 · S2 .

(2.5)

Here, S1,2 are the atomic spins and J is the exchange constant. The exchange interaction couples the atomic spins. J > 0 results in a ferromagnetic alignment, and J < 0 causes antiferromagetic alignment.
In ferromagnetic 3d transition metals, delocalised conduction electrons
in unﬁlled bands are responsible for ferromagnetism. The exchange interaction acts as an internal magnetic ﬁeld, which results in an imbalance
between the density of electron states for spin-up and spin-down electrons. In other words, the number of spin-up and spin-down 3d-electrons
is unequal, and there exists a spontaneous magnetic moment. The exchange splitting is especially distinctive in the 3d transition metals as the
density of states of the 3d electrons is high because of their energy-wise
narrow band.
In insulators, direct exchange, i.e. exchange interaction between neighbouring magnetic moments, is not often sufﬁcient to cause magnetic ordering because of limited direct overlap between neighbouring magnetic
orbitals. Magnetic alignment can, however, also result from indirect exchange mechanisms such as superexchange or double exchange. Superexchange interactions occur between two magnetic ions via a non-magnetic
ion. This usually results in antiferromagnetic alignment. The double exchange mechanism occurs in a magnetic compound, where the magnetic
ion exists in a mixed-valence state, i.e. in more than one oxidation state.
The double exchange interaction explains ferromagnetic ordering in manganites.
The spontaneous magnetization of a ferromagnet disappears above the
Curie temperature TC due to the randomizing effect of thermal energy,
and the material becomes paramagnetic. Ferromagnetic materials exhibit
a hysteretic switching behaviour as illustrated in Fig. 2.3. When a high
enough magnetic ﬁeld is applied, the magnetization M aligns with the external magnetic ﬁeld H and a saturation magnetization MS is measured.
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Figure 2.3. Schemtaic illustration of a magnetic hysteresis loop M (H) of a ferromagnetic
material.

The remanent magnetization Mr is the value of magnetization that remains at zero ﬁeld (H = 0). The value of external magnetic ﬁeld that is
required to reduce the magnetization to zero is given by the coercive ﬁeld
HC .
The magnetic materials that are used in this thesis are La2/3 Sr1/3 MnO3 ,
SrRuO3 , and CoFe2 O4 . Their properties are introduced in the following
Sections.

2.2.1

La1−x Srx MnO3

La1−x Srx MnO3 is a mixed-valence manganite and a colossal magnetoresistance material [36–39]. It has a rich phase diagram, shown in Fig. 2.4,
as a function of the Sr2+ doping level x [38]. Sr2+ ions introduce holes
on the Mn sites. As a result, a fraction x of Mn ions becomes Mn4+
while a fraction 1 − x remains as Mn3+ . In this work, La2/3 Sr1/3 MnO3
(LSMO) has been used. LSMO is ferromagnetic with a Curie temperature
of TC = 370 K [40]. Additionally, LSMO is a half metal, which means that
the LSMO conduction band is fully spin polarized at the Fermi level [41].
LSMO possesses a rhombohedral structure with a pseudocubic lattice parameter of 3.870 Å and an angle between the axes of 89.74◦ . The lattice can
be approximated by a pseudo-cubic perovskite structure as illustrated in
Fig. 2.5.
Ferromagnetic ordering in LSMO arises from double exchange between
the localised moments of Mn3+ and Mn4+ ions. Figure 2.6 illustrates
schematically this interaction mechanism. The crystal ﬁeld in the octahedral environment of Mn ions splits the ﬁvefold degeneracy of the 3d
orbitals into a t2g triplet and an eg doublet, the t2g triplet being lower
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Figure 2.4. Phase diagram of La1−x Srx MnO3 as a function of Sr2+ doping concentration
x. Reprinted from Physics Reports 344, 1–153 (2001), E. Dagotto, T. Hotta,
and A. Moreo, Colossal magnetoresistant materials: the key role of phase
separation, Copyright (2001), with permission from Elsevier.

A
B
O

Figure 2.5. ABO3 perovskite lattice. In LSMO, La3+ and Sr2+ take the A sites, while
Mn3+ and Mn4+ are positioned at the B sites, and the O site is occupied by
O2− .
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(a)

(b)

eg

eg

t2g

t2g

Mn3+ 3d4

Mn4+ 3d3

Mn3+ 3d4

Mn4+ 3d3

Figure 2.6. The double exchange mechanism in LSMO. (a) In the ferromagnetic state, eg
electrons can hop between Mn3+ and Mn4+ ions. (b) Hopping is not energetically favourable for the antiparallel apin alignment.

in energy. The eg electron of the Mn3+ ion can hop to the neighbouring Mn4+ ion only if the spins of the t2g electrons of Mn4+ are aligned
parallel to the spin of the eg electron of the Mn3+ ion. In this case, the
Coulomb energy is minimised according to Hund’s rules and the Pauli exclusion principle. Therefore, if the spins of the t2g electrons of Mn4+ are
antiparallel to the hopping eg electron of Mn3+ , hopping is not energetically favourable. Thus, ferromagnetic alignment reduces the energy and
allows for hopping transport of eg electrons, which is the reason for the
high electrical conductivity of the ferromagnetic state [42]. The saturation magnetization of La1−x Srx MnO3 compounds with 0.2  x  0.5 is
given by MS = x · Mn4+ (S = 3/2) + (1 − x) · Mn3+ (S = 4/2) and becomes
MS ≈ 3.7μB for x = 1/3 [39, 40, 43, 44].
The half-metallicity and the highest TC among manganites combined
with abrupt magnetic switching characteristics have made LSMO an attractive material for spintronics [4, 45–47]. In this thesis, LSMO is used
as a magnetic electrode and a spin detector in spin-ﬁlter tunnel junctions,
and as electrode and strain engineering layer in ferroelectric tunnel junctions.

2.2.2

SrRuO3

SrRuO3 (SRO) is a metallic ferromagnetic oxide with TC = 160 K. It crystallises into a GdFeO3 -type orthorhombic structure that can be described
as a slightly distorted pseudo-cubic perovskite lattice with a = 3.93 Å, α =
β = 90◦ and γ = 89.67◦ [48].
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SRO exhibits 4d itinerant ferromagnetism (i.e. ferromagnetism is based
on a spontaneously spin-split band of delocalised electrons) [49], and it is
the only known ferromagnetic metal among 4d oxides [50,51]. The crystal
ﬁeld in the octahedral environment splits the 4d energy band of the Ru4+
ions into t2g and eg levels. The ion is in a low-spin state (S = 1) with ↑ t32g
and ↓ t12g , and the excited eg level is unoccupied [52, 53]. The experimentally obtained value for the magnetic moment of SRO is 1.1 − 1.6μB /Ru4+ ,
which is substantially reduced from the low-spin conﬁguration value of
2μB /Ru4+ [54, 55]. The discrepancy has been attributed to the itineranttype of ferromagnetism [55].
In this work, the metallicity of SRO is exploited and SRO is used as an
electrode in spin-ﬁlter tunnel junctions.

2.2.3

CoFe2 O4

The ferrite CoFe2 O4 (CFO) is an insulating hard magnetic material with a
Curie temperature of 793 K. It possesses an inverse spinel structure with
eight tetrahedral and sixteen octahedral cations. The Fe3+ ions occupy all
the tetrahedral sites and half of the octahedral sites, while the Co2+ ions
are located at the other half of the octahedral sites. The unit cell of CFO
exhibits a face-centered cubic (fcc) structure with a lattice parameter of
a = 8.39 Å.
CFO is ferrimagnetic. Cations in the tetrahedral and octahedral sublattices are coupled ferromagnetically, while the two sublattices are coupled
antiferromagnetically (J < 0), which arises from superexchange via O2−
ions. The moments of Fe3+ ions at the tetrahedral and octahedral sites
cancel each other as they are equal in number, and thus the net magnetization of CFO is due the Co2+ (3d7 ) cations. The theoretical saturation magnetization of CFO is 3μB /Co2+ as the Co2+ ion is in the highspin state [56]. However, the experimentally measured value is about
3.7μB /Co2+ , which has been attributed to unquenched orbital moments of
the Co2+ ion [57]. Additionally, CFO possesses a large magnetocrystalline
anisotropy [58] and high coercivity [1, 11].
In this thesis, CFO is used as a spin-ﬁlter tunnel barrier. First-principle
studies on CFO have predicted a band gap of 0.80 eV and an exchange
splitting of the conduction band of 1.28 eV [59]. The lowest energy level in
the conduction band corresponds to a spin-down state, so that the tunnel
barrier height is lower for spin-down electrons [11]. The use of CFO as a
spin-ﬁlter tunnel barrier will be discussed in more detail in Section 2.3.
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2.3

Tunnelling magnetoresistance and spin-ﬁlter barriers

A magnetic tunnel junction normally consists of two ferromagnetic electrodes (FM) and a non-magnetic insulator (I). The resistance of the junction depends on the relative alignment of the magnetic moments in the
ferromagnetic electrodes. This is the basis for tunnelling magnetoresistance (TMR). It is deﬁned as the relative difference between the resistance
in the parallel and antiparallel state. It can also be deﬁned through the
spin polarizations of the electrodes:
TMR =

R↑↓ − R↑↑
2P1 P2
=
,
R↑↑
1 − P 1 P2

(2.6)

where the spin polarization is given by
Pi =

Ni↑ (EF ) − Ni↓ (EF )
,
Ni↑ (EF ) + Ni↓ (EF )

(2.7)

and Ni↑(↓) (EF ) is the density of spin-up (spin-down) states at the Fermi
level. Equation (2.7) is known as the Julliere formula of TMR [60]. In this
approximation, it is assumed that (1) the tunnel current is proportional to
the density of states of the electrodes at the Fermi level EF , and (2) spin
ﬂipping is absent during tunnelling transport. In the Julliere approximation, the TMR effect is fully determined by the properties of the electrodes,
which is an acknowledged limitation of the model [5, 61]. For example,
the band structure of a crystalline barrier, such as MgO, is known to signiﬁcantly enhance TMR [6–9]. Within the Julliere model, TMR can be
explained by means of Fig. 2.7. When the magnetic moments of the ferromagnetic electrodes FM1 and FM2 are aligned in parallel, the majority
electrons from FM1 (here, spin-up) have many available states in FM2 to
tunnel into. In addition, there is a smaller contribution from the minority
electrons to the tunnel current. The tunnel current is suppressed for antiparallel alignment as the majority carriers from FM1 have less empty
states in FM2 to tunnel into and the number of minority carriers in FM1
is low [62, 63].
Spin ﬁltering in tunnel junctions with a magnetically ordered barrier is
based on exchange splitting of the bottom of the conduction band of the
magnetic insulator [11]. In Figures 2.8 (a) and (b), a spin-ﬁlter tunnel
barrier is sandwiched between two metal electrodes (M). Above the Curie
temperature of the spin-ﬁlter barrier, the spin-up and spin-down electrons
experience the same barrier height ϕ0 . Below the Curie temperature, the
conduction band of the barrier is spin-split by exchange, and the barrier
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Figure 2.7. Illustration of tunnelling magnetoresistance in a FM/I/FM junction. (a) For
parallel alignment, tunnel current is large as the majority electrons have
many available states to tunnel into. (b) For antiparallel alignment, the tunnel current by majority electrons is suppressed due to a lower number of
available states in FM2, and the contribution of the minority electrons to the
tunnel current is small due to their low number.

heights for spin-up and spin-down electrons, ϕ↑ and ϕ↓ , are unequal. The
difference in barrier height is given by the exchange energy ΔEex
|ϕ↑ − ϕ↓ | = 2ΔEex .

(2.8)

The current density of spin-up and spin-down electrons depends exponentially on the barrier height [11, 12, 32, 33]
J↑(↓) ∝ e−d

√

ϕ↑(↓)

.

(2.9)

Consequently, even a small difference in barrier height results in efﬁcient
spin ﬁltering, and the tunnel current becomes spin-polarized even for nonmagnetic electrodes. The spin-ﬁltering efﬁciency (or polarization) of the
tunnel barrier is deﬁned as [11, 12]
PSF =

J↑ − J ↓
.
J↑ + J ↓

(2.10)

The use of a magnetic counter-electrode provides a spin detector in the
spin-ﬁlter tunnel junction and a method to measure the spin-ﬁlter efﬁciency [1]. Now, the spin-polarized density of states in the magnetic
electrode has to be taken into account. Accordingly, the total current
density depends on the number of available states in the magnetic electrode and thus on the relative orientation of the magnetization direction
in the spin-ﬁlter barrier and in the magnetic electrode. For parallel alignment (Fig. 2.8 (c)), there are empty states available for the majority spinup electrons that experience the lower barrier height, leading to a large
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tunnel current and a low barrier resistance. For antiparallel alignment
(Fig. 2.8 (d)), there are more states available for the minority spin-down
electrons, but due to the larger barrier height, the tunnel current is minimal and the resistance is high. The spin-ﬁltering efﬁciency can be analysed by TMR measurements, and the magnitude of TMR becomes
TMR =

2P1 PSF
,
1 − P1 PSF

(2.11)

where P1 is the spin-polarization of the magnetic electrode [10] as deﬁned
in Eq. (2.7). Another method to measure the spin polarization is the
Meservey-Tedrow technique, where a superconducting counter-electrode
acts as a spin detector in a tunnel junction [64]. In an applied magnetic
ﬁeld, the junction conductance as a function of bias voltage reveals the unequal densities of spin-up and spin-down electron states as an asymmetry
in the conductance–voltage curve [12], from which the spin polarization
can be deduced. Although this technique remains the more direct method
to measure the spin polarization, it is limited to low temperatures, while
TMR can be utilised at any temperature [11].
Materials that have been used as spin-ﬁlter barriers include EuSe (TC =
4.6 K) [65], EuS (TC = 16.6 K) [66], EuO (TC = 69.3 K) [67], BiMnO3
(TC = 105 K) [68], NiFe2 O4 (TC = 850 K) [13], MnFe2 O4 (TC = 573 K) [15],
and CFO (TC = 793 K) [14]. Field-emission experiments provided early evidence of spin-ﬁltering in EuS and EuSe more than 40 years ago [69, 70].
The early work concentrated on the Eu chalcogenides but their disadvantage is the low Curie temperature, which precludes room-temperature
applications. However, the Eu chalcogenides yield very high spin-ﬁlter efﬁciencies. For example, nearly 100 % spin polarization has been observed
in EuSe [65] and 85 % in EuS [66, 71] at temperatures below 1 K by the
Meservey-Terdow technique. TMR was ﬁrst exploited in Al/EuS/Gd tunnel junctions by LeClair et al. [10].
In the quest for room temperature spin ﬁltering, an interest in ferrites
arose due to their high Curie temperature. Lüders et al. ﬁrst demonstrated spin ﬁltering in LSMO/NiFe2 O4 /Au tunnel junction [13]. Assuming 90 % spin polarization in LSMO, they calculated a spin-ﬁlter efﬁciency
of 19 % in NiFe2 O4 with a TMR of 40 % at 4 K. However, TMR vanished at
140 K. Insertion of a magnetic decoupling layer of SrTiO3 between LSMO
and NiFe2 O4 increased the TMR to 50 % and the NiFe2 O4 spin-ﬁlter efﬁciency to 22 %. A passive spacer layer, e.g. SrTiO3 [68] or Al2 O3 [14],
is typically needed between the spin-ﬁlter barrier and the magnetic electrode. In a spin-ﬁlter tunnel junction, the two magnetic layers are oth-
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Figure 2.8. Schematic illustration of spin-ﬁlter tunnelling. (a) Above TC of the spinﬁlter (SF) barrier, the barrier heights for spin-up and spin-down electrons
are equal. (b) Below TC , the conduction band of the SF barrier becomes
spin-split by exchange. (c) and (d) show a spin-ﬁlter tunnel junction with
one magnetic counter-electrode (FM). (c) For parallel alignment between the
spin-ﬁlter barrier and FM electrode, the current is large. (d) For antiparallel
alignment, the current is suppressed.
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erwise in direct physical contact, which easily leads to magnetic coupling
and simultaneous magnetic switching. Nevertheless, spin ﬁltering has
also been measured without the use of a spacer layer [13, 72].
Furthermore, spin ﬁltering has been shown in CFO [14] and in MnFe2 O4
[15], in the latter at low temperatures using the Meservey-Tedrow technique. Ramos et al. obtained a spin-ﬁlter efﬁciency of PCFO = −25 %
at 2 K and PCFO = −4 % at 290 K in Pt/CFO(111)/γ-Al2 O3 (111)/Co(0001)
epitaxial tunnel junctions [14]. The negative value of PCFO arises from
the lower barrier height for spin-down electrons. Later, Takahashi et al.
showed PCFO = −44 % at 10 K and PCFO = −4.3 % at room temperature in
Pt/CFO(001)/MgO/Co junctions, where the CFO barrier was fabricated by
thermal oxidation [73]. Very recently, Matzen et al. obtained PCFO = −8 %
in nanojunctions of Pt/CFO(111)/γ-Al2 O3 /Co [16]. This is thus far the
highest reported spin-ﬁlter efﬁciency at room temperature.
Considering the magnitude of the exchange splitting of the conduction
band in ferrites, the spin-ﬁlter efﬁciencies obtained to date remain moderate. It has been suggested that the low spin polarization is caused by
defects such as antiphase boundaries [15,17], oxygen vacancies [15,18], or
non-stoichiometry leading to cationic disorder [15], spin scattering events
or direct tunnelling without spin ﬁltering [11]. Density functional theory calculations have also predicted the formation of majority-spin interface states in a Au/CFO/Au (001) tunnel junctions [74]. Moreover, nontunnelling transport has been reported for CFO tunnel barriers [75, 76].
In this thesis, the growth of all-oxide tunnel junction structures with a
CFO spin-ﬁlter barrier is studied.

2.4

Ferroelectricity

Ferroelectrics are a group of dielectric materials that exhibit spontaneous
polarization, the direction of which can be switched by an external electric
ﬁeld. Above a Curie temperature TC , the spontaneous polarization is lost
and the material becomes paraelectric. Ferroelectricity is related to the
structural properties of the material, and it can be caused by ionic displacements in the lattice, as for example in BaTiO3 , or by order-disorder
transformations (e.g. in KH2 PO4 ) [77]. Therefore, ferroelectricity is a collective phenomenon.
Similarly to magnetization, the polarization directions aligns with an
external electric ﬁeld E, yielding a hysteresis loop P − E as illustrated
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Figure 2.9. Schematic illustration of a ferroelectric hysteresis loop.

in Fig 2.9. The direction of the polarization reverses at a coercive ﬁeld
EC . The saturation polarization is given by PS , and Pr is the remanent
polarization, which is the polarization after the external electric ﬁeld has
been removed.
Due to the collective nature of ferroelectricity, spontaneous polarization
is expected to exist in ferroelectric thin ﬁlms only above a certain critical thickness. Experimentally, a critical thickness of 1.2 nm [78] and
2.8 nm [79] has been found for PbTiO3 , 4 nm at 300 K for PZT [80], and
5 nm at 300 K [81] and 3.5 nm at 77 K [82] for BTO. These values of critical thickness are in a similar range as the barrier thickness of tunnel
junctions, which enables the exploration of ferroelectric tunnel barriers.
Two ferroelectric materials, PbZr0.2 Ti0.8 O3 and BaTiO3 , are used in this
thesis as tunnel barriers. These materials will be brieﬂy introduced in
Sections 2.4.1 and 2.4.2.

2.4.1

PbZr0.2 Ti0.8 O3

PbZr0.2 Ti0.8 O3 (PZT) possesses an ABO3 perovskite lattice, which is illustrated in Fig. 2.5. A sites are occupied by Pb2+ , B sites by Zr4+ or
Ti4+ and O sites by O2− . The Curie temperature of bulk PZT crystal is
730 K, at which a phase transition the tetragonal ferroelectric state to the
cubic paraelectric state occurs [83]. At room temperature, the lattice constants of PZT are a = 3.935 Å and c = 4.135 Å [84], and the polarization
is aligned along a 001 direction. The experimentally obtained value for
the spontaneous polarization of PZT ﬁlms is about 110 μC/cm2 at room
temperature [23, 85].
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2.4.2

BaTiO3

Similarly to PZT, BaTiO3 (BTO) also exhibits an ABO3 perovskite lattice with A sites occupied by Ba2+ , B sites by Ti4+ , and O sites by O2− .
The Curie temperature of BTO is 393 K. Above the Curie temperature,
BTO is paraelectric and cubic. Unlike PZT, BTO undergoes a number of
structural phase transitions below its Curie temperature [86–89]. In a
temperature range of 278–393 K, BTO is tetragonal and its spontaneous
polarization points along a 001 direction. Below 278 K, BTO becomes orthorhombic, and the direction of its spontaneous direction rotates to 011 .
Finally, below 183 K, BTO is rhombohedral, and its polarization is aligned
along a 111 direction.
In the tetragonal phase at room temperature, the lattice parameters of
BTO are a = 3.992 Å and c = 4.036 Å [90], and it exhibits a spontaneous
polarization of 26 μC/cm2 [89].

2.5

Tunnel electroresistance

A ferroelectric tunnel junction (FTJ) consists of two metallic electrodes
(M1 and M2 ) that sandwich a ferroelectric tunnel barrier (FE). Figure 2.10
(a) illustrates a FTJ schematically. As discussed in Sec. 2.4, the polarization direction of a ferroelectric ﬁlm can be switched by an external electric
ﬁeld. This feature is exploited in FTJs. Variation of the tunnel barrier resistance upon polarization reversal is called tunnel electroresistance. Resistance ratios of up to 104 have been obtained recently [19–27, 91–110].
Polarization reversal inside the ferroelectric barrier has been predicted
to effect the tunnelling conductance by three possible mechanisms [111]:
(1) an electrostatic effect due to incomplete screening of polarization
charges in the electrodes, (2) an interface effect resulting from ferroelectric ionic displacements at the barrier/electrode interfaces, and (3) a piezoelectric effect that modiﬁes the barrier width. Most of the experimental
results on FTJs are explained by the electrostatic effect [19–25, 95, 98,
100–102, 105, 107, 108], which will be described below.
The electrostatic effect is based on a modulation of the electrostatic potential upon reversal of the ferroelectric polarization P in the barrier
[112–114]. The polarization creates surfaces charges at the barrier/electrode interfaces. The polarization charges, ±σP , are screened by surface
charges, ∓σS , in the electrodes. Figure 2.10 (b) shows the charge distri-
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butions, when the polarization is pointing towards the electrode M1 . Incomplete screening of the polarization charges produces a depolarization
ﬁeld E inside the ferroelectric barrier. This ﬁeld opposes the direction of
the ferroelectric polarization. Additionally, if M1 has a larger ThomasFermi screening length than M2 , the polarization charges are screened
over a longer distance in M1 , and the electrostatic potential at the M1 /FE
interface is larger than the one at the FE/M2 interface, i.e., Φ1 > Φ2 .
The resulting asymmetric electrostatic potential is shown in Fig. 2.10 (c).
Switching of the polarization direction will reverse the electrostatic potential as shown by the dashed line in Fig. 2.10 (c).
The total potential energy for quantum mechanical electron tunnelling
is a superposition of the barrier heights ϕ1,2 from the electrostatic potentials Φ1,2 (ϕ1,2 = −eΦ1,2 ) shown in Fig. 2.10 (c), the energy of the
bottom of the conduction bands in the two electrodes with respect to the
Fermi energy EF , and the potential energy barrier U of the ferroelectric
insulator [112]. The potential energy proﬁle of the junction is shown in
Fig. 2.11 for the two opposite directions of ferroelectric polarization in the
barrier. Clearly, the asymmetry in the electrostatic potential is reﬂected
in the potential energy proﬁle. The average barrier height is lower when
the polarization is pointing towards M1 , i.e., the electrode with a larger
Thomas-Fermi screening length. Since the tunnel current depends exponentially on the barrier height, the resistance of the junction changes
with the direction of ferroelectric polarization. This results in a high and
low resistance state, Rhigh and Rlow . The magnitude of this tunnel electroresistance (TER) effect is deﬁned as
Rhigh − Rlow
· 100 %.
TER =
Rlow

(2.12)

First experimental realisations of the electrostatic TER effect were demonstrated on bare surfaces of ferroelectric thin ﬁlms by exploiting the tip
of an atomic force microscope (AFM) as the top electrode [19, 20, 22]. Garcia et al. showed a TER of 75000 % in 3 nm thick BTO with a 30 nm LSMO
bottom electrode on a NdGaO3 substrate that induces a compressive epitaxial strain in BTO [19]. This strain effect enhances the lattice tetragonality of the BTO tunnel barrier and thereby its spontaneous polarization [90]. The resistive switching effect was correlated to polarization
reversal by comparing images of resistance maps obtained by conductivetip AFM (C-AFM) and images of ferroelectric domains from piezoresponse
force microscopy (PFM). Maksymovych et al. studied a 30 nm PZT ﬁlm
with a 50 nm LSMO bottom electrode on SrTiO3 substrate in the range of
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Figure 2.10. (a) Schematic illustration of a FTJ. (b) Charge distribution in a FTJ. The
ferroelectric polarization creates surface charges that are screened in the
electrodes. (c) Polarization-induced electrostatic potential of a FTJ for two
polarization directions. The depolarization ﬁeld E in the barrier produces
an asymmetric electrostatic potential proﬁle, when the electrodes have different Thomas-Fermi screening lengths. Figures (b) and (c) are based on
Refs [112, 113].
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Figure 2.11. The potential energy proﬁle of a FTJ is asymmetric if the Thomas-Fermi
screening lengths of M1 and M2 are different. As a result, the average barrier height changes, when the ferroelectric polarization inside the barrier is
switched by an applied electric ﬁeld. The barrier heights ϕ1,2 are related to
the electrostatic potentials Φ1,2 of Fig. 2.10 (c) by ϕ1,2 = −eΦ1,2 . The ﬁgure
is based on Refs [112, 113].
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Fowler-Nordheim tunnelling reaching a 500-fold enhancement of current
after ferroelectric switching [22]. The ferroelectric origin of the switching
effect was shown by simultaneous measurements of the local conductance
and piezoresponse of the PZT ﬁlm. Gruverman et al. measured a resistance ratio of about 7 and 80 for 2.4 nm and 4.8 nm BTO ﬁlms, respectively,
with a SRO bottom electrode on a SrTiO3 substrate [20]. They correlated
the switching to ferroelectricity by combining C-AFM current maps and
PFM images.
Since these pioneering studies, the electrostatic TER effect has been
studied by both local-probe techniques based on AFM on bare ferroelectric surfaces [24, 99, 100, 107, 108] and lithographically deﬁned FTJs [21,
23,25,95,98,101,102,105]. The ferroelectrics that have been used as a tunnel barrier include BTO, PbTiO3 , PZT and BiFeO3 . Typically, LSMO is exploited as the bottom electrode (SRO in Refs [20, 98, 99, 102],
Ca0.96 Ce0.04 MnO3 in Refs [25, 105] and Pt in Ref. [101]), and the top electrode is either a metal (usually Cu or Co) or another conducting oxide.
The resistive switching effect is in most cases attributed to ferroelectric
polarization reversal based on a comparison of local transport characteristics and PFM imaging or agreements between the ferroelectric coercive
ﬁeld and the resistive switching ﬁeld.
Ferroelectric polarization switching can also produce an interface effect
in FTJs with two ferromagnetic electrodes [91–94,115]. In Fe/BTO/LSMO
and Co/BTO/LSMO FTJs, the spin-polarization of the Fe/BTO and Co/
BTO interfaces and the magnitude of TMR can be controlled by the direction of the ferroelectric polarization [91, 93]. The modiﬁcation of TMR
by polarization reversal was ascribed to magnetic moments that are induced on Ti ions of BTO [93]. Furthermore, studies on Co/PZT/LSMO
FTJs demonstrated that the the reversal of ferroelectric polarization can
change the sign of TMR [94]. The effect can be attributed to an induced
magnetic moment on the Ti ions of PZT or to spin-dependent electrostatic
screening of the polarization charges in the interface layers of LSMO.
Additionally, FTJs can function as memristors [96, 97, 106]. A memristor (memory resistor) is a circuit element, whose resistance depends on
the history of the current ﬂow through it [116]. Memristive operation was
only recently experimentally demonstrated in Pt/TiO2 /Pt junctions [117].
Interestingly, memristive behaviour in Au/Co/BTO/LSMO FTJs have been
attributed to two different effects [96, 97]. Chanthbouala et al. showed
that the memristor effect results from the switching dynamics of ferro-
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electric domains in the BTO in 10–200 ns pulse range [96]. Kim et al.
attributed the memristive behaviour, studied in pulse ranges from 1 ms
to 10 s, to a ﬁeld-induced charge redistribution at the Co/BTO interface,
which modulates the Co/BTO interface barrier height [97].
The magnitude of TER can be enhanced by other effects. Very recently,
Wen et al. reported on TER in a Pt/BTO/Nb:SrTiO3 FTJ, where the TER
effect increases due to a ferroelectric ﬁeld effect modifying the width of
the barrier [27]. The surface of the semiconducting Nb:SrTiO3 substrate
can be switched between accumulation and depletion by polarization reversal in the ferroelectric barrier. In depletion, an extra barrier is created by the depleted space charge region in the semiconductor, which increases the barrier width and enhances the resistance. Resistance ratios
of > 104 were obtained at room temperature. These metal/ferroelectric/
semiconductor FTJs can also be operated as memristors [106].
In addition to the ferroelectric ﬁeld effect, a ferroelectric polarization
induced metal-to-insulator transition in the manganite electrode can be
exploited to increase the magnitude of TER. This mechanism will be explained in the following Section.

2.5.1

Tunnel electroresistance based on a charge-driven
metal-to-insulator transition

At a ferroelectric/mixed-valence manganite La1−x Ax MnO3 (LAMO, A =
Sr, Ca, or Ba) interface, the ferroelectric polarization can induce a magnetic reconstruction, analogous to a magnetic phase transition [118], in
the interface layers of LAMO. This has been predicted by ﬁrst-principles
density-functional theory calculations in a BTO/La0.5 A0.5 MnO3 structure
[118] and demonstrated experimentally in PbZr0.2 Ti0.8 O3 /La0.8 Sr0.2 MnO3
[119–121] and BTO/La0.67 Sr0.33 MnO3 [122] bilayers. Besides magnetic reconstructions, abrupt changes in electrical conductivity including metalto-insulator transitions can simultaneously occur. Below, the discussion
on phase transitions will be restricted to LSMO as it is the electrode material used in this thesis.
Phase transitions in LSMO result from accumulation or depletion of
charge carriers that screen the polarization surface charges of the ferroelectric. The phase transition can be understood intuitively as a horizontal shift in the LSMO phase diagram (see Fig. 2.4 for the phase diagram)
[103,122]. When the ferroelectric polarization points towards LSMO, negative screening charges accumulate in the interface layers of LSMO and
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effectively reduce the intrinsic hole doping by Sr2+ ions. If this effective
decrease in doping concentration is large enough, it is possible to induce
a phase transition from the ferromagnetic metallic phase to the paramagnetic insulating phase (at room temperature) or to the ferromagnetic insulating phase (below 250 K). A ferroelectric polarization that points away
from LSMO results in the accumulation of positive screening charges.
In this case, a phase transition can occur from the ferromagnetic metallic phase to the antiferromagnetic insulating (AFM-I) phase below about
240 K. At higher temperatures, the phase boundary separates two metallic states (ferromagnetic and paramagnetic). The polarization-induced
metal-to-insulator transitions can be exploited in FTJs with a LSMO electrode to increase the magnitude of the TER effect [26, 103, 123].
Yin et al. studied experimentally TER effects in 30 nm LSMO/0.8 nm
LCMO/3 nm BTO/50 nm LSMO FTJs (LCMO stands for La0.5 Ca0.5 MnO3 )
[26]. With this level of Ca2+ ion doping, LCMO is at the boundary between
the ferromagnetic metallic phase (x < 0.5) and the antiferromagnetic insulating phase (x > 0.5). If the ferroelectric polarization points towards
the thin LCMO layer, electrons accumulate near the interface to screen
the polarization charges. As a result, the doping level of LCMO shifts towards the ferromagnetic metallic phase. Upon polarization reversal, electrons deplete from the LCMO interface layer (or holes accumulate), and
LCMO is biased towards the antiferromagnetic insulating phase. Consequently, for polarization pointing away from the LCMO layer, an increase
in the tunnel barrier resistance should occur due to an additional insulating layer at the interface. Indeed, this was observed and a TER of 104 %
was measured at a temperature of 4 K. In the same work, the TER effect of a reference LSMO/3 nm BTO/LSMO sample, i.e. a symmetric FTJ
without the LCMO layer, was only 30 % at 40 K, which is in line with theoretical predictions of an electrostatic TER effect in FTJs with symmetric
electrode materials but asymmetric interface terminations [124].
In addition, the interfacial metal-to-insulator transition in La1−x Srx MnO3
was studied in 10 nm PbZr0.2 Ti0.8 O3 /5 nm La1−x Srx MnO3 bilayers by varying the Sr2+ doping concentration (x = 0.20, 0.33 and 0.50) [103]. Based on
PFM phase images and current maps by C-AFM, large TER effects were
obtained when x positions LSMO close to one of its phase transitions, i.e.,
x = 0.20 or x = 0.50.
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2.6

Resistive switching based on ion migration

Ferroelectricity-related resistance change is only one example of many
resistive switching effects [28–31, 125–130]. In general, resistive switching refers to a voltage-pulse-induced change in resistance in capacitorlike structures, where an insulating or a resistive layer I is sandwiched
between two conductors (M) [29, 30]. In conventional resistive switching
structures, the layer I is usually tens of nanometres thick unlike in tunnel
junctions. The phenomenon has been observed for many oxide materials,
including manganites and other perovskites [29–31]. In these materials,
resistive switching typically arises from ion migration [29, 30].
Resistive switching is typically divided into two modes and two main
mechanisms [28–31, 125, 127–129]. The modes are related to the electrical polarity that is required for the switching process. Switching is unipolar when it does not depend on the polarity of the bias voltage. In bipolar switching, the polarity of voltage signal determines the ON and OFF
state. For example, ferroelectricity-related switching is bipolar. The type
of the conduction path divides resistive switching into two main switching mechanisms. The conduction path is said to be ﬁlamentary, when
switching originates from the formation and rupture of conductive ﬁlaments in the insulating material. This mechanism can result both in
unipolar and bipolar switching. When the switching occurs at the interface between the metal electrode and the insulator, the conduction path is
of the interface-type. Bipolar resistive switching in semiconducting perovskite oxides originates usually from interface-type conduction. The two
conduction path types result in a dissimilar area dependence of the cell
resistance [29]. As the ﬁlamentary conduction path forms locally, the cell
resistance does not depend on the area, or the dependence is very weak.
For interface-type conduction, switching occurs over the entire interface
and therefore, the resistance scales with the device area.
Further classiﬁcations of resistive switching devices are based on the
conduction mechanism that causes resistive switching. Here, the focus
is on resistive switching mechanisms that arise from ion migration. In
this case, the devices can be divided into two types [28–30, 125]. The ﬁrst
class is related to migration and redistribution of cations. The motion of
cations is used in electrochemical metallization MIM cells (ECM), where
the layer I can be a solid electrolyte or a dielectric. A ﬁlamentary conduction path is formed by oxidized cations from one electrode that migrate

25

Theoretical foundation

towards the inert electrode and become reduced, and resistive switching
is redox-based [28, 30, 125]. The second type concerns migration of anions such as oxygen ions, typically described by their corresponding vacancies. Resistive switching in binary transition metal oxides and complex perovskite oxides usually arises from the migration of oxygen vacancies [29, 30]. When the migration leads to compositional non-uniformity
in the oxide, a new phase with different cation valencies may form a ﬁlamentary conduction path. This mechanism forms the basis for valence
change memory (VCM) [28, 30]. On the other hand, accumulation of the
oxygen vacancies at the metal/oxide interface can change the proﬁle of the
Schottky barrier, which leads to an interface-type conduction path [29].
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3.1

Thin ﬁlm growth by pulsed laser deposition

Pulsed laser deposition (PLD) is a physical vapour deposition process
and one of the most suitable methods to grow thin multicomponent oxide ﬁlms. Under optimal deposition conditions, it is possible to preserve
the stoichiometry, so the ratios of the elemental components of the target
and ﬁlm are equal [131, 132]. Reviews on PLD can be found in References [131, 133, 134]. The description of PLD below is based on Ref. [135].
Figure 3.1 (a) presents schematically the principle of PLD. A pulsed
laser beam is focused on an area of the target inside a vacuum chamber.
When the laser energy density, i.e. ﬂuence, is above a threshold value, the
beam ablates material from the target creating a highly forward-directed
plasma plume, from which a thin ﬁlm is deposited on a heated substrate.
The target is being rotated to avoid continuous ablation of the same area
on the target. Elevated substrate temperatures are required for epitaxial growth. Moreover, a background gas can be introduced, such as O2 to
prevent oxygen deﬁciency in the ﬁlm. The growth rate is typically from
0.001 Å to 1 Å per pulse, which provides submonolayer control over the
ﬁlm thickness. The deposition rate depends on target-substrate distance,
background gas pressure, substrate temperature, laser spot size on the
target, and laser ﬂuence. Due to the highly-forward directed plume, PLD
is a small-area deposition technique, although it can be extended with
target rastering to larger areas.
The pulse duration and the wavelength of the laser varies from the femtosecond to nanosecond range and from the infrared to ultraviolet range,
respectively. The use of ultraviolet lasers and pulses in the nanosecond
range are preferred for pulsed laser deposition of multicomponent inor-
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Figure 3.1. (a) Pulsed laser deposition: A pulsed laser beam is focused on the target and
ablates material from the target. A thin ﬁlm grows on the heated substrate
from the plasma plume created from the ablated material. A background gas
(O2 in the ﬁgure) can be introduced in the vacuum chamber. (b) A photograph
of the pulsed laser deposition system. The labels: L — KrF excimer laser, O
— optical path for the UV laser beam, H — substrate heater, D — deposition
chamber, C — carousel target holder, E — evaporation/load-lock chamber, P
— vacuum pumps.

ganic materials to obtain epitaxial ﬁlms. In that case, the laser energy
is strongly absorbed by a small volume in the target, and the plasma
plume consists of atomic, diatomic, and other low-mass species. In addition, the absorption of energy in a small volume results in vaporisation
of the target material independent of the vapour pressures of the constituent cations.
The stoichiometry of the deposited ﬁlm is, however, not automatically
guaranteed if the vapour pressure of a cation element is high. This mainly
occurs at elevated deposition temperatures. Of the materials used in this
thesis, Pb in PZT possesses a high vapour pressure [135], and Pb deﬁciency can lead to the formation of undesired pyrochlore phases [83]. High
oxygen partial pressure suppresses Pb resputtering from the ﬁlm surface
and promotes the formation of PbO with a lower vapour pressure on the
growing surface [136, 137]. The optimal deposition temperature is in the
range of 500–600◦ C [83, 137]. In addition, using a target with excess lead
of 10–20 % compensates for the losses of Pb [138]. In this work, a PZT
target with 10 % of excess Pb was used.
Figure 3.1 (b) shows a photograph of the PLD system utilised in this
work. The system consists of a Lambda Physik COMPex 205 KrF excimer
laser (λ = 248 nm, pulse duration 20–30 ns), optics to focus the beam at
the target, and a deposition chamber with a load-lock chamber. The laser
spot size at the target is 4 mm2 , and the carousel target holder can host
three targets. The base pressure of the deposition chamber is 10−8 mbar.
The substrates are attached to a metallic plate with silver paste that pro-
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vides a good thermal contact. The substrate heater consists of eight 400 W
halogen lamps that are heated by a DC power supply and mounted in a
water-cooled reﬂector. A rotating cylinder encloses the reﬂector and acts
as a frame to which the substrate plate is mounted. The substrate can
be heated up to 900◦ C. The temperature is monitored by an S-type thermocouple that measures the temperature in the middle of the halogen
lamps. The actual substrate temperature is lower than that given by the
thermocouple, and the substrate temperature is estimated from a calibration curve [139].
The thin ﬁlm structures discussed in this thesis are all grown by PLD
on single-crystalline SrTiO3 (001) (STO) and MgO(001) substrates of an
area of 10 × 10 mm2 . The STO substrates were etched in buffered HF solution and annealed in oxygen atmosphere at 950◦ C for 1 hour to obtain
fully TiO2 -terminated surfaces [140–142]. Prior to deposition, the MgO
and the treated STO substrates were ultrasonically cleaned in acetone,
isopropanol, methanol, and DI water. The pulsed laser deposited materials include LSMO, SRO, CFO, BTO and PZT. The targets were purchased
from Testbourne Ltd, except for the PZT target that was purchased from
Able Target. The targets are typically 99.9 % pure (LSMO 99.5 % pure).
LSMO and SRO were used as electrodes and CFO as a tunnel barrier
in the spin-ﬁlter tunnel junctions. In the ferroelectric tunnel junctions,
LSMO was used as the bottom and top electrode material, and either BTO
or PZT formed the ferroelectric tunnel barrier. The following Sections discuss the details of sample fabrication for these two types of tunnel junctions.

3.1.1

Thin ﬁlm structures for tunnel junctions with spin-ﬁlter
barriers

For spin-ﬁlter tunnel junctions, two possible structures were studied: SRO/
CFO/LSMO and LSMO/CFO/SRO (naming convention top/middle/bottom)
on STO and MgO substrates. As seen from Table 3.1, the lattice parameters of LSMO and SRO match well with STO, whereas CFO has a
good lattice match with MgO. Lattice mismatches have been calculated
as (atop − abottom )/abottom , and the columns in Table 3.1 give the “bottom”
layers. The SRO/CFO/LSMO growth sequence is labelled as “normal” and
the LSMO/CFO/SRO growth sequence as “inverse” throughout this thesis. The deposition conditions of the structures are given in Table 3.2.
The laser ﬂuence at the target was 2.5 J/cm2 and the repetition rate was
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Table 3.1. Lattice parameters of spin-ﬁlter tunnel junction materials (LSMO, CFO and
SRO) and STO and MgO substrates, and lattice mismatches between the materials.

a

LSMO

SRO

CFO

STO

MgO

3.87 Å

3.93 Å

8.39 Å

3.905 Å

4.213

−7.7 %

−0.9 %

−8.1 %

−6.3 %

0.6 %

−6.7 %

7.4 %

−0.4 %

a/2 = 4.195 Å
−1.5 %

LSMO
SRO

1.6 %

CFO

8.4 %

6.7 %

Table 3.2. Deposition conditions of the LSMO, SRO and CFO layers in the spin-ﬁlter
tunnel junction structures.

Film

T /◦ C

LSMO

800
800

Post-annealing

p(O2 )/mbar
0.5
0.5

Film type or structure

◦

Single-layer

◦

Normal trilayer

◦

Inverse trilayer

800 C, 0.65 mbar, 30 min
800 C, 0.65 mbar, 15 min

700

0.5

700 C, 0.65 mbar, 15 min

SRO

650

0.1

None

Single and trilayer

CFO

650

0.1

None

Single and trilayer

4 Hz. Table 3.3 lists the samples that were deposited to study the spinﬁlter tunnel junction structures. In addition to the trilayers, single-layer
ﬁlms of each material and a bilayer ﬁlm of LSMO and SRO were fabricated as a reference for the characterisation of structural and magnetic
properties.
Table 3.3. Single-layer, bilayer and trilayer samples that were fabricated to study the
growth of spin-ﬁlter tunnel junction structures.

SRO
single-layer

CFO

70 nm

single-layer

40 nm

single-layer

30

LSMO

60 nm

bilayer

20 nm

30 nm

trilayer (normal)

20 nm

3 nm

30 nm

trilayer (normal)

20 nm

10 nm

30 nm

trilayer (inverse)

30 nm

3 nm

20 nm
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Table 3.4. Lattice parameters of the materials used in the tunnel junctions with ferroelectric barriers (LSMO, PZT and BTO) and the STO substrate, and lattice
mismatches between them.

a

LSMO

PZT

BTO

STO

3.87 Å

3.935 Å

3.992 Å

3.905 Å

−1.7 %

−3.1 %

−0.9 %

LSMO
PZT

1.7 %

0.8 %

BTO

3.2 %

2.2 %

Table 3.5. Deposition conditions of the LSMO, PZT and BTO layers in the tunnel junctions with ferroelectric barriers.

T /◦ C

p(O2 )/mbar

LSMO

700

0.5

PZT

600

0.2

BTO

700

0.15

Film

3.1.2

Thin ﬁlm structures for tunnel junctions with
ferroelectric barriers

For the studies on tunnel junctions with ferroelectric barriers, two types
of structures were fabricated: LSMO/PZT/LSMO and LSMO/BTO/LSMO
on STO. The lattice parameters of these materials together with the lattice mismatches are given in Table 3.4. The mismatches are much lower
than those between the materials used for spin-ﬁlter tunnel junctions.
Table 3.5 shows the deposition condition of these trilayers. The postannealing step of LSMO was omitted in these junctions as it was found
not to degrade LSMO resistivity or magnetic properties. Again, the laser
ﬂuence at the target was 2.5 J/cm2 . The repetition rate was kept at 4 Hz
for LSMO, but it was decreased to 1 Hz for the deposition of BTO and
PTZ tunnel barriers to reduce the growth rate. In the tunnel junction
structures, the thickness of both the top and bottom LSMO electrode was
20 nm, and the PZT and BTO tunnel barrier thickness was varied between
2 nm and 6 nm. Additionally, PZT/LSMO bilayers were grown for Hall bar
structures with a 5 nm thick PZT layer and a 10 nm thick LSMO layer.

3.2

X-ray diffraction and reﬂectivity

This overview on X-ray diffraction (XRD) and X-ray reﬂectivity (XRR) is
based on Ref. [143]. XRD was used in this work to study the crystalline
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structure of the oxide ﬁlms and trilayers using Cu K(α, β) radiation (Panalytical). The positions and intensities of Bragg reﬂections from the sample
were measured in a Θ−2Θ diffractometer. In a Θ−2Θ scan, the diffraction
pattern is measured by varying the angle Θ of the incoming X-ray beam
and the angle 2Θ (with respect to an extended path of the incoming beam).
The scattered intensity is a function of the angle 2Θ. In the diffractometer
used here, the X-ray source is ﬁxed, while the sample and the detector are
rotated by Θ and 2Θ, respectively.
XRR was used to calibrate the ﬁlm thickness of pulsed laser deposited
ﬁlms. The Θ − 2Θ diffractometer conﬁguration is the same as in the XRD
measurements, but much smaller 2Θ angles are used. The measured XRR
pattern consists of intensity oscillations, which are also called Kiessig
fringes, and a plateau of approximately constant reﬂectivity for conditions
of total reﬂection below a critical angle 2ΘC . The maximum intensity in
the oscillation pattern is observed when the phase difference between the
reﬂected beams from the surface and interface is a multiple of the wavelength λ. The distance between two adjacent fringes, or intensity maxima,
at angles 2Θm+1 and 2Θm signiﬁcantly above ΘC is given by
2Θm+1 − 2Θm =

λ
,
t

(3.1)

where t is the ﬁlm thickness. The distance is inversely proportional to
the ﬁlm thickness, and therefore, the fringes become more dense with increasing ﬁlm thickness. Determination of ﬁlm thickness was performed
with the WinGixa ﬁtting program, where the reﬂectivity curve is simulated with t as one of the input parameters. The intensity of the fringes
depends on the surface and interface roughness, for which estimates can
be obtained from XRR data ﬁtting.

3.3

SQUID magnetometry

SQUID (superconducting quantum interference device) magnetometry is
one of the most sensitive methods to measure magnetization. A SQUID
sensor consists of a superconducting ring with a small insulating layer
known as a Josephson junction. The ring acts as a ﬂuxmeter. The magnetic moment of the sample is proportional to the change of ﬂux registered by the SQUID sensor when the sample is oscillated through a pickup ring [42, 144, 145]. The magnetization of the sample is obtained by
dividing the measured magnetic moment by the sample volume. Mag-
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netic hysteresis curves and the temperature dependence of the saturation
magnetization were measured in a Quantum Design MPMS-XL SQUID
magnetometer in ﬁelds up to 7 T.
The sample was mounted in the SQUID inside a straw, for which a
SQUID specimen was cut from the original sample. The sample volume is
given by the ﬁlm thickness and the area of the specimen. The ﬁlm thickness was measured by XRR as described in Section 3.2. The area of the
SQUID specimen was obtained by comparing the specimen mass to the
total mass of the original sample. A balance with a precision of 0.1 mg
was used for the determination of the mass.

3.4

Lithography

The trilayer structures grown by PLD were patterned into tunnel junctions using photolithography and etching processes. There are three photolithography steps. The ﬁrst step deﬁnes the junction pillars and the
large-area contacts to the continuous LSMO bottom electrode. Ti/Au is
used as a hard mask for LSMO wet etching by citric acid. The ferroelectric
layer is used as an etch stop, so that only the top electrode is patterned.
In the second lithography step, Si3 Ni4 is deposited by plasma-enhanced
chemical vapour deposition (PECVD) and patterned to provide good insulation between the top and bottom electrodes. In the third lithography
step, 500 nm thick Al contact pads to top electrodes are deﬁned by liftoff. Figure 3.2 (a) shows an optical microscope image of three rectangular
junctions, and Fig. 3.2 (b) illustrates the tunnel junction and the measurement geometry. The junction sizes are 20 × 40 μm2 , 30 × 60 μm2 , and
40 × 80 μm2 . Besides tunnel junctions, 10 nm PZT/5 nm LSMO bilayers
were patterned into Hall bar structures using Ar ion milling. The Hall
bar structure is illustrated schematically in Fig. 3.2 (c).

3.5

Electrical transport measurements

Electrical transport measurements on the tunnel junctions were carried
out in a Janis SHI-4-1 cryostat system using a four-point geometry. The
cryostat was positioned between the poles of a LakeShore EM4-HVA electromagnet. A Keithley 2400 sourcemeter was used.
Two types of measurements were conducted on tunnel junctions with
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(a)

(b)

(c)

Figure 3.2. (a) Optical microscope image of three rectangular tunnel junctions. (b)
Schematic illustration of the tunnel junction and the measurement geometry.
The red arrow shows the direction of current when a positive bias voltage is
applied to the top electrode. (c) Schematic illustration of the Hall bar structure and the measurement geometry. The red arrow indicates the current
ﬂow in the LSMO channel when a bias voltage is applied.

ferroelectric barriers: continuous I − Vbias curves and resistance switching curves. In both cases, the junction resistance was calculated from
current measurements at constant bias voltage (R = Vbias /I). In the resistance switching curves, 0.1 s voltage pulses (Vpulse ) were applied before
measuring the current at low bias (Vbias = 0.1 V). For temperature dependence measurements of the junction resistance, the tunnel junction was
switched by the application of Vpulse between the high and low resistance
states 21 times at each temperature, and an average value was calculated
for both high and low resistance. The temperature dependence of TER
was obtained from the averaged values of high and low resistance.
For in-plane electrical measurements of Hall bar structures, the samples were wire-bonded to a holder. Transport measurements were performed in a Veeco Dimension 5000 scanning probe microscope in fourpoint geometry using a small constant current of 1 μA to prevent Joule
heating. The resistance of the LSMO channel was monitored after sequential AFM writing of the PZT layer in the active area of the Hall bar.
Measurements of continuous I − Vbias curves, R − H curves, and R − T
curves were carried out for the tunnel junctions with spin-ﬁlter barriers.
The junction resistance in the R − H curves was probed with a low bias
voltage of Vbias = 10 mV. The junction resistance in the R − T curves was
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obtained from a resistance maximum in the measured R − H curves at
each temperature.
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4. Tunnel junctions with spin-ﬁlter
barriers

This Chapter summarises results on structural and magnetic properties
of the all-oxide tunnel junction structures with a CFO spin-ﬁlter barrier
from Publications I and II. The different structures based on SRO/CFO/
LSMO trilayers are given in Table 3.3. The structural and magnetic properties of these structures are analysed by X-ray diffraction, transmission
electron microscopy and SQUID magnetometry for use in spin-ﬁlter tunnel junctions. For this reason, these structures were also patterned into
tunnel junctions. At the end of the Chapter, tunnelling magnetoresistance
measurements on the patterned tunnel junctions will be described.

4.1

Structural and magnetic properties of oxide trilayers

The growth of SRO/CFO/LSMO trilayers is studied with two different
growth sequences that were named “normal” (LSMO as the bottom electrode) and “inverse” (SRO as the bottom electrode), as described in Section 3.1.1. First, the results on the normal structures on STO are presented. Second, the inverse trilayers on STO are discussed, and third, the
normal and inverse structures on MgO are described. Finally, conclusion
on the structural and magnetic properties are drawn.

4.1.1

SRO/CFO/LSMO on STO

Figure 4.1 shows XRD results of a Θ-2Θ scan on single-layer ﬁlms of SRO,
CFO and LSMO, a SRO/LSMO bilayer and normal trilayers with a 3 nm
and 10 nm thick CFO layer. The dashed vertical lines indicate bulk (002)
or (004) reﬂections. The single-layer LSMO and SRO ﬁlms both show a
clear (002) peak away from their bulk reﬂection, indicating tensile lattice
strain in the LSMO ﬁlm and compressive lattice strain in the SRO ﬁlm on
the STO substrate. The single-layer CFO ﬁlm, on the other hand, exhibits
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Figure 4.1. Θ−2Θ XRD scans of single-layer ﬁlms of SRO, CFO and LSMO, a SRO/LSMO
bilayer and SRO/CFO/LSMO trilayers with a 3 nm and 10 nm CFO on STO.
Reprinted with permission from Publication I of this thesis.

a low-intensity (004) reﬂection near the bulk position evidencing strong
lattice relaxation.
When a 20 nm SRO ﬁlm is deposited on top of the LSMO layer in a
SRO/LSMO bilayer, the SRO (002) reﬂection is shifted to smaller 2Θ angle
away from its bulk position. This indicates that the SRO lattice is under
in-plane compressive strain in the bilayer. Insertion of a 3 nm thick CFO
layer between the LSMO and SRO ﬁlms induces severe disorder in the
top SRO layer, as indicated by the disappearance of the SRO (002) reﬂection. Increasing the thickness of the sandwiched CFO layer to 10 nm does
not produce any substantial changes in the reﬂection pattern. Only some
intensity from the CFO (004) reﬂection can be observed.
Figure 4.2 (a) shows a high-resolution TEM image of the interface between the bottom LSMO layer and the STO substrate. The interface is
sharp and ﬂat, and the LSMO ﬁlm is epitaxial. However, more detailed
analysis, discussed in Publication I, reveals a misﬁt dislocation network
along the [010] and [100] directions at this interface. The density of this
network is not enough to relax the LSMO layer, which is consistent with
the observation of lattice strain in the XRD patterns. In fact, it has been
found that strain relaxation in an epitaxial LSMO/STO structure only occurs above a LSMO ﬁlm thickness of 100 nm [146]. Additionally, twin
domain structures are formed in the LSMO layer. They originate from
the rhombohedral symmetry of the LSMO lattice, which can lead to four
possible alignments of the unique 111 axes [147–149].
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Figure 4.2. High-resolution TEM images on a SRO/CFO/LSMO trilayer on STO along
[110] zone axis of the STO lattice showing (a) LSMO/STO and (b) SRO/
CFO/LSMO interfaces. The nominal thickness of the CFO layer is 10 nm.
Reprinted with permission from Publication I of this thesis.

Figure 4.2 (b) shows the CFO/LSMO and SRO/CFO interfaces. The
CFO/LSMO interface is not perfectly ﬂat but consists of atomic steps. A
subgranular structure is present in the CFO ﬁlm, and the subgrains are
slightly misoriented with respect to the underlying LSMO layer. This may
result from the large lattice mismatch between LSMO and CFO together
with interfacial roughness. The SRO/CFO interface is rougher than the
CFO/LSMO interface. The meeting grain boundaries inside the CFO layer
create grooves at the upper interface, causing large variations in the lattice orientation of the top SRO layer. This is in line with the XRD results.
Furthermore, two misﬁt dislocation networks form at the highly mismatch CFO/LSMO and SRO/CFO interfaces resulting in complex moiré
fringe patterns. Despite these defects, nanodiffraction and selected area
diffraction patterns demonstrate epitaxial relationships between the trilayer and the STO substrate.
Magnetic hysteresis curves of single-layer ﬁlms of LSMO, CFO and SRO
and a normal trilayer with a 10 nm thick CFO layer are summarised in
Fig. 4.3. The hysteresis curves of SRO/3 nm CFO/LSMO, discussed in
Publication II, show very similar effects, and therefore they are not reviewed here. The focus is on two measurement temperatures, 150 K and
5 K. At 150 K, the SRO ﬁlm is paramagnetic and does not contribute to
the magnetic hysteresis curves. Magnetic switching in the single-layer
LSMO ﬁlm is abrupt, whereas the magnetization of the single-layer CFO
ﬁlm reverses more gradually. The main panel of Fig. 4.3 (a) shows the
hysteresis curve of SRO/10 nm CFO/LSMO at 150 K. The inset illustrates
the hysteresis curve after subtraction of the low-ﬁeld LSMO contribution.
The result clearly resembles the hysteresis loop of a single-layer CFO ﬁlm
shown in the lower left panel. This indicates that the magnetization of the

39

Tunnel junctions with spin-ﬁlter barriers

15

0

10

-250

5

-500
300

IP

0

OOP

CFO

0 H (T)

150
3
M (mA)

0
-150
-300
-8 -4 0 4 -8

-5

-8 -4 0 4 8

-10

0

-15

-3

-6

-4

-2

0 H (T)

0

M (mA)

M (kA/m)

20

2

4

6

8

-20

(b) 600

30
LSMO
SRO/CFO 10nm/LSMO/STO 5K
300
0
20
-300
-600
10
400
CFO
200
0
0
-200
 0 H (T)
-400
IP OOP
-8 -4 0 4 8 -10
200
10
SRO
100
5
-20
0
0
-5
-100
-10
-200
-30
-8 -4 0 4 -8 -6 -4 -2 0 2 4 6 8
0H (T)

M (mA)

SRO/CFO 10nm/LSMO/STO 150K

M (mA)

LSMO

250

M (kA/m)

(a) 500

Figure 4.3. Magnetic hysteresis loops of normal trilayers with a 10 nm thick CFO layer
and single-layer ﬁlms on STO at (a) 150 K and (b) 5 K. Adapted with permission from Publication I of this thesis.

LSMO and CFO layers switch independently, which is a prerequisite for
spin-ﬁlter tunnel junctions.
The hysteresis curves of the same samples at 5 K are shown in Fig. 4.3 (b).
At this temperature, SRO is ferromagnetic. The single-layer SRO ﬁlm on
STO exhibits perpendicular anisotropy as seen from the closed hysteresis loop measured with in-plane (IP) magnetic ﬁeld and the near-square
hysteresis loop measured with out-of-plane (OOP) magnetic ﬁeld. This
is in agreement with previous reports on magnetic anisotropy in SRO
ﬁlms [54, 150]. The magnetization of the SRO ﬁlm does not saturate in
an IP ﬁeld of μ0 H = 7 T [51]. The hysteresis loop of the trilayer now
contains three components. When the low-ﬁeld contribution of the LSMO
layer is again subtracted from the hysteresis curve of the entire trilayer,
a combination of the SRO and CFO ﬁlm magnetization remains (the inset of the main panel). The shape of the hysteresis curve suggests that
the perpendicular anisotropy of SRO is preserved in the trilayer. Furthermore, the magnetization of the trilayer does not saturate in an IP
magnetic ﬁeld of 7 T, which is characteristic for SRO. Based on these results, it is concluded that the magnetic interlayer exchange coupling in
the heterostructure is negligible at 5 K and that magnetization reversal
in the three layers mostly proceeds independently from each other.

4.1.2

LSMO/CFO/SRO on STO

Trilayers with the same oxide materials but an inverse deposition sequence are also studied. It is expected that these trilayers do not differ much from the normal trilayers described earlier as the lattice mismatches between LSMO/STO and SRO/STO are very similar in magni-
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(a)

(b)

Figure 4.4. High-resolution TEM images on a LSMO/CFO/SRO trilayer on STO along
[110] zone axis of the STO lattice showing (a) SRO/STO and (b) LSMO/CFO/
SRO interfaces. The nominal thickness of the CFO layer is 10 nm. Adapted
with permission from Publication II of this thesis.

tude, but different in sign (see Table 3.1). However, the epitaxial quality
of the structures deteriorate, when SRO is grown as the bottom layer, as
will be shown below.
XRD Θ − 2Θ scans of the inverse trilayer structure, LSMO/3 nm CFO/
SRO, only show a (002) reﬂection of the SRO bottom layer (described in
Publication II). Similarly to the normal trilayer, this result indicates substantial disorder in the top LSMO layer.
High-resolution TEM images of the inverse trilayer on STO are shown
in Fig. 4.4. The interface between the SRO layer and the STO substrate is
well deﬁned and sharp as seen from Fig. 4.4 (a). However, there is an increase in waviness of the bottom SRO layer (Fig. 4.4 (b)) compared to the
bottom LSMO layer in the normal structure. Additionally, the interfacial
dislocation network between different layers is less homogeneous than in
the normal structure, and moiré fringes vary in appearance (described in
Publication II). As a consequence, a variety of crystal orientations and rotations form in the CFO layer and subsequently in the top LSMO layer, as
seen in Fig. 4.4 (b), which is consistent with the XRD results. Clearly, the
variations in the lattice orientations are more pronounced in the inverse
structure, when compared to the normal structure.
Magnetic hysteresis curves of the inverse trilayer are shown in Fig. 4.5.
At 150 K, the curve essentially represents magnetization switching in the
LSMO layer as SRO is paramagnetic and the 3 nm thick CFO layer only
has a minor contribution. The switching of the magnetization in the
LSMO layer proceeds more gradually than in the normal trilayer (see
Fig. 4.3 (a)). At 5 K (Fig. 4.5 (b)), SRO also contributes to the hysteresis loop. Two magnetic switching events can be clearly distinguished, one
at low ﬁeld arising from the LSMO layer and the other at high ﬁeld from
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Figure 4.5. Magnetic hysteresis curves of a LSMO/3 nm CFO/SRO trilayer on STO at (a)
150 K and (b) 5 K. Adapted with permission from Publication II of this thesis.

the SRO layer, which indicates independent switching of magnetization in
these two layers. However, the saturation magnetization in this structure
is substantially reduced compared to the normal structure as discussed
in more detail in Publication II. The large variations in the crystal orientations and rotations in the LSMO layer contribute to the more gradual
magnetic switching dynamics of this layer and reduced saturation magnetization. Consequently, the magnetic properties of LSMO are compromised when it is grown on top of a CFO/SRO bilayer.

4.1.3

SRO/CFO/LSMO and LSMO/SRO/CFO on MgO

In addition to the samples grown on STO, structures were also deposited
on MgO substrates using both the normal and inverse growth sequence.
As can be seen from Table 3.1, the lattice mismatches between LSMO/
MgO and SRO/MgO are large, but on the other hand, the lattice constants
of CFO and MgO match very well. The properties of these samples are discussed in detail in Publication II, and they are brieﬂy summarised here.
XRD Θ − 2Θ scans of single-layer ﬁlms of SRO and LSMO show that the
lattice of both ﬁlms is mostly relaxed on MgO. In the normal and inverse
trilayers with a 3 nm thick CFO layer, the intensities of reﬂections from
the bottom and top electrode are low, indicating larger structural disorder.
High-resolution TEM images on the normal trilayer with a 10 nm thick
CFO layer reveal dense interfacial dislocations at all interfaces, i.e. LSMO/
MgO, CFO/LSMO, and SRO/CFO. The two upper interfaces are wavy.
There is a clear subgranular structure in the CFO layer, which leads to a
very rough upper surface. There might even be pinholes in the CFO layer,
where the SRO layer is directly in contact with the LSMO layer. As a
result, the top SRO layer is discontinuous with a distinct grain structure.
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The inverse trilayer on MgO was also investigated using TEM. Grains
with different crystal orientations are formed in the bottom SRO layer due
to an island-like growth mode. Consequently, the subsequent CFO and
LSMO layers are discontinuous and contain different crystal orientations
and rotations.
Magnetic hysteresis curves of the normal and inverse trilayers with a
3 nm thick CFO layer at 150 K show that magnetic switching in the LSMO
layer of the normal structure is more abrupt than in the LSMO layer of
the inverse structure, similarly to the trilayers on STO. However, the low
ﬁeld data shows that the magnetization reversal in the normal structure
on MgO is less abrupt than in the same structure on STO. In addition, the
saturation magnetization of the normal trilayer is reduced when grown on
MgO.

4.1.4

Conclusions on structural and magnetic properties of
oxide trilayers

Normal and inverse growth sequences of SRO/CFO/LSMO trilayers were
studied on STO and MgO substrates. Epitaxial growth of the heterostructures is complicated by the large lattice mismatches between the oxides.
The epitaxial quality of the normal trilayer on STO was found to be superior to that of the other structures. The magnetic properties of LSMO were
compromised when it was grown as a top layer in the inverse structures
on STO or as a bottom layer on MgO. Independent magnetic switching,
which is a prerequisite for spin-ﬁlter tunnel junctions, was obtained both
in the normal and inverse structure on STO. Therefore, it is concluded
that the normal and inverse structures on STO could potentially be used
as spin-ﬁlter tunnel junctions.

4.2

Measurements of tunnelling transport

The oxide trilayers described in Section 4.1 were analysed for their possible use in spin-ﬁlter tunnel junction structures. For this purpose, some of
the structures were patterned into tunnel junctions, and TMR measurements were performed to study their spin ﬁltering properties. Tunnelling
transport and magnetoresistance measurements will be discussed in tunnel junctions based on the normal structure on MgO, the normal structure
on STO, and ﬁnally, the inverse structure on STO.
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Figure 4.6. Transport measurements on a 20 nm SRO/3 nm CFO/35 nm LSMO tunnel
junction on STO (normal growth sequence). The main panel shows a magnetoresistance measurement, and the inset presents an I–Vbias curve. The
measurements were conducted at 4 K.

The tunnel junctions on MgO were patterned from normal growth sequence structures (SRO/3 nm CFO/LSMO). The measured I–Vbias curves
were linear, and it was concluded that the junctions were shorted. This
conclusion is supported by high-resolution TEM analysis of the structure,
which indicates a possible presence of pinholes in the 10 nm thick CFO
layer. These pinholes bring the SRO and LSMO electrodes in direct contact and prevent tunnelling transport in the structures.
Transport measurements on a tunnel junction based on the normal
growth sequence (20 nm SRO/3 nm CFO/35 nm LSMO) on STO are shown
in Fig. 4.6. The magnetoresistance curve in the main panel only shows a
high-ﬁeld effect that can be attributed to the LSMO electrode. The inset
shows the I–Vbias curve of the same junction, which is almost linear.
The high resistance of the tunnel junction arises mostly from the bottom
LSMO electrode. When this sample was patterned into a tunnel junction, the lithography process was different from the one described in Section 3.4. The bottom electrodes were patterned by Ar ion milling, so they
were not continuous as in the present lithography process. Also, in the
ﬁrst tunnel junction design, the bottom electrodes were long and narrow.
It was discovered that the LSMO layer is very sensitive to Ar ion milling
and that its electrical resistivity increases substantially during the process. Consequently, the LSMO bottom electrodes became very resistive
after patterning. To circumvent this problem, shorter and wider bottom
electrodes were designed. Non-linear I–Vbias curves were obtained for
these structures, but no signiﬁcant magnetoresistance was measured. For
the patterning of tunnel junctions with ferroelectric barriers, the lithog-
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raphy process was revised again, and at present, it does not include any
Ar ion milling steps. SRO ﬁlms, by contrast, are not sensitive to Ar ion
milling. Therefore, problems related to high bottom electrode resistivity
were not experienced in the inverse structures.
Transport measurements of a tunnel junction based on the inverse structure (20 nm LSMO/4 nm CFO/30 nm SRO) on STO are shown in Fig. 4.7.
The main panel shows the temperature dependence of the junction resistance, which decreases almost two orders of magnitude from 4 K to
300 K. The strong temperature dependence of the junction resistance is
most likely due to thermally activated tunnelling via defect states in the
CFO barrier [15, 151]. Indeed, high-resolution TEM studies revealed different crystal orientations and rotations in the CFO layer. Additionally,
the presence of oxygen vacancies cannot be excluded.
The insets of Fig. 4.7 present an I–Vbias curve at 4 K and magnetoresistance measurements at 4 K and 300 K. The I–Vbias curve measured
at 4 K is non-linear indicating tunnelling transport. The I–Vbias curve
is ﬁtted with the WKB approximation formula for direct tunnelling (Eq.
(2.2)). The parameters in the model are the tunnel barrier thickness d,
the effective mass meff of tunnelling electrons, and the barrier heights at
the bottom electrode/barrier interface ϕ1 and at the barrier/top electrode
interface ϕ2 . The current density given by the WKB approximation is
multiplied with the tunnel junction area (5 × 10 μm2 ). The tunnel barrier thickness is ﬁxed to the nominal barrier thickness of the junction, i.e.
d = 4 nm. In addition, it is assumed that the effective mass equals the
free electron mass, meff = me . The best possible ﬁt is obtained for barrier
height values of ϕ1 = ϕ2 = 0.15 eV (red curve in Fig. 4.7). First principles calculations on the electronic band structure of CFO predict a band
gap of 0.8 eV and an exchange splitting of 1.28 eV [59]. Clearly, the tunnel barrier heights obtained from the model ﬁt are substantially smaller
than theoretical predictions. The discrepancy is most likely caused by
the extreme sensitivity of the magnetic and electronic properties of CFO
to structural and chemical defects [11, 14]. For example, defect states in
the band gap of CFO lower the effective barrier height of tunnelling electrons [18]. Chapline et al. found a barrier height of ϕ↓ ≈ 0.29–0.34 eV for
spin-down electrons and ϕ↑ ≈ 0.40–0.43 eV for spin-up electrons, and an
exchange splitting of 0.07–0.12 eV for CFO in CFO/MgAl2 O4 /Fe3 O4 spinﬁlter tunnel junctions [152]. These values are based on a direct tunnelling
model of their double tunnel barrier junctions. The strong reduction of the
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Figure 4.7. Transport measurements on a 20 nm LSMO/4 nm CFO/30 nm SRO tunnel
junction on STO (inverse growth sequence). The main panel presents the
temperature dependence of the tunnel junction resistance. The insets show
a non-linear I–Vbias curve (black) measured at 4 K together with a direct
tunnelling model ﬁt (red), and magnetoresistance measurements at 4 K and
300 K.

barrier height was ascribed to the partially inversed spinel structure of
CFO. For example, the presence of A-site Co2+ can decrease the band gap
to 0.5 eV and the exchange splitting to 0.13 eV [152]. Other defects that
can contribute to a lowering of the tunnel barrier height and exchange
splitting are the presence of Co3+ ions in the CFO lattice and antiphase
boundaries [14].
Despite the tunnel transport characteristics, the tunnel junction does
not exhibit a clear TMR effect. At 300 K, the junction resistance is lower
due to defects and dominated mainly by the LSMO top electrode. Accordingly, the magnetoresistance observed at this temperature most likely
arises from the LSMO electrode.
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5. Tunnel junctions with ferroelectric
barriers

This Chapter summarises the experimental results on tunnel junctions
with ferroelectric barriers, which are described in detail in Essay III. The
Essay focuses on 20 nm LSMO/2 nm PZT/20 nm LSMO and 20 nm LSMO/
2 nm BTO/20 nm LSMO tunnel junctions. Below, these junctions will be
referred to as PZT-2 and BTO-2, respectively. These structures are fully
epitaxial as conﬁrmed by transmission electron microscopy. The PZT-2
and BTO-2 tunnel junctions show a large resistive switching effect of up
to 107 % at low temperatures. In Essay III, the dependence of resistive
switching on temperature and bias voltage is described in detail. Information on the origin of the resistive switching effect is provided by ﬁtting
of I − Vbias curves to tunnelling transport models, transmission electron
microscopy, in-plane electric transport measurements on a PZT/LSMO bilayer, and a discussion on the dependence of the resistive switching effect
on PZT or BTO tunnel barrier thickness. The main ﬁndings are reviewed
below.

5.1

LSMO electrode characterisation

Figure 5.1 (a) shows the temperature dependence of the bottom LSMO
electrode resistivity in a patterned 20 nm LSMO/5 nm BTO/20 nm LSMO
tunnel junction. Although the thickness of LSMO bottom electrodes in
FTJs is typically 30–50 nm [19, 23, 97], the resistivity curve of Fig. 5.1 (a)
validates good electrical conduction of the 20 nm thick LSMO bottom electrode in our junctions. Very similar values of resistivity have been obtained for LSMO crystals and thin ﬁlms with x = 0.3 [40, 153, 154].
The temperature dependence of the saturation magnetization of a 45 nm
thick LSMO ﬁlm on STO is shown in Fig. 5.1 (b). The ﬁlm was deposited
under similar conditions as the electrodes in the tunnel junctions. The

47

Tunnel junctions with ferroelectric barriers

(a)

(b)

500



  

300
200

M (kA/m)

400

10

100


10

0

100

200

300

0

T (K)

100

200
T (K)

300

0
400

Figure 5.1. (a) Resistivity of bottom LSMO electrode in a 20 nm LSMO/5 nm BTO/20 nm
LSMO tunnel junction. (b) Temperature dependence of the saturation magnetization in a 45 nm thick LSMO ﬁlm on STO.

Curie temperature is about 360 K, which is very close to the bulk value
of 370 K [40]. The saturation magnetization is 460 kA/m at 10 K, which
is slightly smaller than the bulk value of about 600 kA/m [40, 43], but it
is in good agreement with other measurements of LSMO ﬁlms on STO
[154–157].

5.2

Resistance switching curves

Figure 5.2 shows resistance switching curves for (a) PZT-2 and (b) BTO-2
tunnel junctions at a temperature of 5 K. The resistance of the junctions
was measured with a bias voltage of 0.1 V after applying a 0.1 s voltage
pulse (Vpulse ) across the tunnel barrier. The application of Vpulse induces
resistive switching between a high resistance state Rhigh and a low resistance state Rlow . The change in the electrical resistance corresponds
to a TER of about 107 % (Eq. (2.12)). The resistance switches sharply
to Rlow at negative Vpulse , while reversal to Rhigh is more gradual at positive Vpulse . The switching voltage is about 3 V for the PZT-2 junctions
and 2.5 V for the BTO-2 junctions. In ferroelectric tunnel junctions, the
coercive voltage of a 2–3 nm thick BTO or PZT barrier is typically 1.0–
2.5 V [19, 21, 26, 27, 94, 98, 100, 106, 108].

5.3

Temperature dependence of tunnelling transport

The temperature dependence of the junction resistance and TER effect for
a PZT-2 junction and a BTO-2 junction are shown in Figs 5.3 (a) and (b).
The TER effect is largest at 5 K and it reduces rapidly with increasing
temperature, which is caused by opposing trends in Rhigh and Rlow up to
about 200 K. Rhigh decreases monotonically with temperature, whereas
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Figure 5.2. Resistance switching curves for (a) LSMO/2 nm PZT/LSMO and (b) LSMO/
2 nm BTO/LSMO tunnel junctions measured at 5 K.

Rlow ﬁrst increases until it peaks at about 200 K and then decreases approximately at the same rate as Rhigh . At room temperature, the TER
effect is considerably reduced from its low temperature value.
The resistance peak of the Rlow state is typically found for tunnel junctions with at least one manganite electrode [151, 158–162]. It has also
been observed in Fe/BTO/LSMO [91] and Co/PZT/LSMO [94] FTJs, and in
the low resistance state of LSMO/LCMO/BTO/LSMO FTJs [26]. The behaviour mimics a metal-to-insulator transition in the manganite [91] and
has been ascribed to an oxygen deﬁcient interface layer near the LSMO
electrode/barrier interface. Oxygen deﬁciency reduces the effective magnetic ordering temperature at the interface [151,158,163] and it increases
the electrical resistivity [47].
The strong decrease of Rhigh with increasing temperature in both junctions indicates thermally activated inelastic tunnelling through defect
states in the barrier, most likely caused by oxygen vacancies [15, 151].
The large area (30 × 60 μm2 ) of the tunnel junctions favours transport
through defect states in the barrier, and the effect would be considerably
diminished in nanoscale junctions. Two transport models are used in Essay III to analyse the temperature dependence of Rhigh , namely variable
range hopping [164] and the Glazman-Matveev model [165]. Both models describe phonon-assisted tunnelling of electrons through localised barrier states. In the variable range hopping model, the localised states are
randomly distributed in energy and position, whereas in the GlazmanMatveev model, inelastic tunnelling occurs through chains of N localised
states. In a temperature range of 100–300 K, the variable range hopping
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Figure 5.3. Temperature dependence of junction resistance and TER in (a) LSMO/2 nm
PZT/LSMO and (b) LSMO/2 nm BTO/LSMO tunnel junctions.

and Glazman-Matveev model ﬁt the experimental transport data of the
PZT-2 and BTO-2 junctions very well. Previously, inelastic thermally
activated transport in LSMO/STO/LSMO tunnel junctions has been attributed to variable range hopping in a similar temperature range [166].
The Glazman-Matveev model has been used in studies of magnetic tunnel
junctions [167,168] and large-area ferroelectric tunnel junctions [26,102].
In Essay III, a critical temperature is extracted from the model ﬁts,
yielding about 60 K for the PZT-2 junction and 110 K for the BTO-2 junction. Below these critical temperatures, the junction resistances are constant. Consequently, well-established models for direct tunnelling through
potential energy barriers can be employed to analyse I − Vbias transport
measurements at low temperatures.

5.4

Bias voltage dependence of the resistive switching effect

The bias voltage dependence of the PZT-2 junction resistance, Rhigh and
Rlow , and the TER effect at 5 K are shown in Fig. 5.4. For positive
bias voltages, electrons tunnel from the bottom electrode to the top electrode. At low bias, electron transport can be described by direct tunnelling
through a trapezoidal barrier [33]. Since the Rlow − Vbias curve is almost
symmetric, even for high Vbias , the tunnel barrier heights ϕ1,2 on both
sides of the barrier must be similar. The Rhigh − Vbias curve, in contrast,
is highly asymmetric, which is also reﬂected in the bias voltage dependence of the TER effect. The rapid decrease of the junction resistance
Rhigh below Vbias < −0.7 V is a typical feature of tunnelling transport
through 2 nm thick barriers (a similar effect is measured on BTO-2). It
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Figure 5.4. Bias voltage dependence of tunnel junction resistance and TER for a LSMO/
2 nm PZT/LSMO tunnel junction measured at 5 K.

can be explained by a crossover from direct tunnelling at low bias to ﬁeld
emission at high bias. Field emission or so called Fowler-Nordheim tunnelling depends strongly on the barrier height at the electron injecting
electrode. The highly asymmetrical Rhigh − Vbias curve therefore indicates
that the barrier heights ϕ1,2 are substantially different. At high bias voltages |Vbias | > 1.5 V, the resistance levels off, which can be attributed to
the ﬁnite resistance of the LSMO electrodes.
The conclusions on tunnel barrier heights and barrier potential energy
proﬁle for the high and low resistance states are corroborated by model
ﬁts to the experimental transport data (for details see Essay III). Figure 5.5 provides a schematic illustration of the barrier potential energy
proﬁle and summarises the results of direct tunnelling (WKB approximation) and Fowler-Nordheim model calculations. The green circle with
an arrow depicts the electron tunnelling direction. Fitting of the R–Vbias
curve for the low resistance state results in almost equal barrier heights,
as shown in Figs 5.5 (a) and (b), and a tunnel barrier thickness of d =
2.0 nm. For the high resistance state, good data ﬁts are only obtained
when both the barrier height at the bottom electrode and the thickness
of the barrier are increased (Figs 5.5 (c)–(f)). The increase of the tunnel
barrier thickness is substantial (d = 2.8 nm). Moreover, from the asymmetry of the Rhigh –Vbias curve at high bias it is inferred that the wider barrier is caused by the formation of an insulating layer in the bottom electrode (Figs 5.5 (e)–(f)). Based on the experimental R–Vbias curves and the
model calculations, a double barrier structure is proposed for the high resistance state (Fig 5.5 (g)). Calculations of electron transmission through
such a double barrier require more elaborate numerical approaches than
the WKB approximation for direct tunnelling and the Fowler-Nordheim
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model.
The formation of an insulating layer in the bottom LSMO electrode is
supported by in-plane electrical transport measurements on a PZT/LSMO
bilayer, as described in Essay III. A patterned Hall bar structure of a
10 nm PZT/5 nm LSMO bilayer was studied at room temperature inside
an AFM. Writing a negative voltage on the tip of the AFM in the sensitive area of the Hall bar decreases the in-plane resistance of the LSMO
channel, whereas an opposite effect occurs for positive voltage. The resistance change during sequential writing cycles is about 5 %. The increase
of resistance with positive writing voltage conﬁrms the formation of an
insulating LSMO layer at the LSMO/PZT interface. The thickness of the
insulating layer is estimated to be 0.7 nm, which is in line with the thickness of the additional insulating layer (0.8 nm) that is required to ﬁt the
R–Vbias curves for the high resistance state.
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(a)

(b)

(d)

(c)

Figure 5.6. (a) HAADF-STEM image of a 20 nm LSMO/5 nm PZT/20 nm LSMO structure
along [110]p zone axis of the pseudocubic (p) perovskite structure. (b) Mean
value of the in-plane lattice spacing a. (c) Mean value of the out-of-plane
lattice spacing c. The blue shading shows the width of the two LSMO/PZT
interfaces. (d) HAADF-STEM line proﬁle along A-B in (a).

5.5

Structure of ferroelectric tunnel junctions

The transport data indicate that the resistance switching effect originates
from an insulating layer in the bottom LSMO electrode interface. This
suggests that the bottom and the top electrode interfaces are dissimilar,
despite the nominally symmetric trilayer structure.
Figure 5.6 (a) shows a high-angle annular dark ﬁeld (HAADF) scanning
transmission electron microscopy (STEM) image of a 20 nm LSMO/5 nm
PZT/20 nm LSMO structure. Mean values of the in-plane and out-of-plane
lattice spacings, as determined from 2D gaussian ﬁts to a high-resolution
TEM image, are shown in Figs 5.6 (b) and (c). These measurements indicate fully epitaxial growth of the oxide trilayers on the STO substrate:
the in-plane lattice spacing is a = 3.90 ± 0.03 Å for all layers, which equals
the lattice parameter of STO (coherent growth). Consequently, the PZT
lattice is compressed in-plane. The out-of-plane lattice constant of the
PZT tunnel barrier is c = 4.16 ± 0.03 Å. Thus the tetragonality of the
PZT layer becomes c/a = 1.069 ± 0.010, which is considerably larger than
that of the bulk crystal (c/a)bulk = 1.051 [84]. Similar results are obtained for 20 nm LSMO/5 nm BTO/20 nm LSMO structures (see Essay
III for details). Compressive strain imposed by coherent epitaxy can enhance the ferroelectric properties of thin ﬁlms [169, 170]. Especially, an
enhancement in the tetragonality is known to stabilise ferroelectric polarization [90].
The out-of-plane lattice spacing increases abruptly at the bottom PZT/
LSMO interface, indicating an atomically sharp boundary and negligible
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atomic mixing. This is further conﬁrmed by the HAADF-STEM line proﬁle of Fig. 5.6 (d) showing an abrupt increase in Z-contrast at the boundary. The top PZT/LSMO interface, by contrast, extends over three unit
cells as shown by the out-of-plane lattice spacing based on high-resolution
TEM in Fig. 5.6 (c) and the HAADF-STEM line proﬁle in Fig. 5.6 (d). The
line proﬁle shows a gradual decrease of A-site (La/Sr/Pb) contrast at the
top interface, which indicates diffusion of A-site ions into the interface
layers of the top LSMO electrode. As a result, the termination of the top
PZT/LSMO interface is ill-deﬁned whereas the bottom interface is mostly
(La,Sr)-O/(Zr,Ti)-O2 -terminated (at least 80 % of interface area). In addition, structural roughness due to non-ideal layer-by-layer growth of PZT
on LSMO contributes to the broadening of the top interface. Very similar
results are obtained for 20 nm LSMO/5 nm BTO/20 nm LSMO structures.
Thus, the same conclusions on the extended top interface and interlayer
diffusion of A-site ions at the top interface hold for LSMO/BTO/LSMO
trilayers.

5.6

Dependence of the resistive switching effect on tunnel barrier
thickness

The resistive switching effect was studied in several tunnel junctions in
which the thickness of the PZT or BTO tunnel barrier was systematically
varied between 2 nm and 6 nm. Figure 5.7 shows the dependence of Rhigh ,
Rlow and TER on tunnel barrier thickness for (a) LSMO/PZT/LSMO and
(b) LSMO/BTO/LSMO tunnel junctions. Rhigh and Rlow indicate average
resistance values from 2–4 junctions of each barrier thickness, and the
TER effect was calculated from the averaged values of Rhigh and Rlow .
Surprisingly, Rhigh and the resistive switching effect decrease with increasing tunnel barrier thickness. In the tunnel junctions with a PZT
barrier, the resistive switching effect is largest for a barrier thickness of
2–3 nm (107 %) above which the effect decreases abruptly to 102 –103 %.
Similarly, in the tunnel junctions with a BTO barrier, the resistive switching effect is largest for the thinnest tunnel barrier, but the effect decreases
more gradually with increasing barrier thickness. The effect remains
large, about 104 %, in junctions with a 6 nm thick BTO barrier. Rlow of the
PZT tunnel junctions remains almost constant, while it increases slightly
with increasing barrier thickness for the BTO tunnel junctions.
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Figure 5.7. The resistive switching effect as a function of the tunnel barrier thickness for
(a) LSMO/PZT/LSMO and (b) LSMO/BTO/LSMO tunnel junctions.

5.7

Origin of the resistive switching effect

To summarise the main results thus far, the resistive switching effect has
been attributed to the formation of a thin insulating layer in the bottom
LSMO electrode, which was corroborated by the analysis of R−Vbias curves
and in-plane electric transport measurements. Transmission electron microscopy revealed differences in structural roughness and atomic mixing
at the bottom electrode/barrier and barrier/top electrode interfaces, which
breaks the nominal symmetry of the LSMO/PZT/LSMO and LSMO/BTO/
LSMO tunnel junctions. The strong temperature dependence of the resistive switching effect suggested the presence of oxygen vacancies in the
tunnel barrier. Finally, the resistance of the tunnel junction (Rhigh ) and
the TER effect decrease with barrier thickness.
Two possible origins of the large resistive switching effect will be discussed. First, resistive switching is considered in the context of a polarization-induced metal-to-insulator transition in the bottom LSMO electrode. Until this point, the possible ferroelectricity of the 2 nm thick PZT
and BTO tunnel barriers has been omitted, but now the role of ferroelectric polarization in the barrier will be contemplated. Second, the switching effect is discussed in terms of oxygen vacancy migration. The presence
of oxygen vacancies in the tunnel junctions was already mentioned when
discussing the temperature dependence of Rhigh and Rlow in Section 5.3.
The TER effect of a conventional FTJ is typically based on different
Thomas-Fermi screening lengths in the electrodes, which is generally realised by using one metal and one metal-oxide electrode [171]. Moreover,
it has been shown that polarization-induced charge accumulation or depletion in manganite electrodes can trigger a metal-to-insulator transi-
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tion [26, 103, 118–123]. Both electrostatic effects might be active in our
all-oxide tunnel junctions. However, since the top and bottom electrodes
are nominally identical, a large difference in Thomas-Fermi screening
lengths is unlikely. Next, the occurrence of a polarization-induced metalto-insulator transition will be considered.
In our tunnel junctions, the high resistance state is obtained when a
large enough positive voltage is applied to the top electrode. Under these
conditions, the ferroelectric polarization in the tunnel barrier points towards the bottom LSMO electrode. In this case, negative screening charges
accumulate in the interface layers of the bottom LSMO electrode, which
effectively reduces the intrinsic hole doping by Sr2+ ions. Therefore, if
the accumulation of screening charges is large enough, it is possible to
induce a phase transition from the ferromagnetic metallic phase to the
ferromagnetic insulating phase (below 250 K) or to the paramagnetic insulating phase (at room temperature). This corresponds to a horizontal
shift towards lower x (lower level of the intrinsic Sr2+ doping) in the
phase diagram of LSMO (shown in Fig. 2.4) [103, 122]. This polarizationinduced metal-to-insulator transition can explain the formation of a thin
insulating layer in the bottom LSMO electrode. When the polarization
points towards the top LSMO electrode, the metal-to-insulator transition
is not expected to occur. The structural roughness at the top interface
(see Section 5.5) causes pinning of charge carriers, which limits the mobility of screening charges. Additionally, diffusion of Pb2+ (PZT barrier)
or Ba2+ (BTO barrier) ions into the interface layers of LSMO (see Figs 5.6
(c)–(d)) increases the effective hole concentration at the barrier/top electrode interface, which counteracts the accumulation of negative screening
charges. Therefore, the effect of electrostatic doping is diminished.
The barrier thickness dependence of the TER effect, however, opposes
a strong dependence of the resistive switching effect on ferroelectric polarization. In experimental studies on FTJs, the electrostatic TER effect has been demonstrated to increase exponentially with increasing barrier thickness [19, 20, 24]. This is also supported by theoretical calculations [35, 112]. In our tunnel junctions, however, the largest effects are
measured when the tunnel barrier is only 2–3 nm thick. In this thickness range, ferroelectricity in PZT or BTO is either small or non-existing
[78–82, 172–174]. Although there are a number of reports on FTJs that
claim ferroelectricity in barriers as thin as 1–2 nm [19,21,24,91,93,95–97,
100,107], it cannot explain the dependence of the resistive switching effect
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on tunnel barrier thickness. As outlined before, resistive switching arises
from an insulating layer in the bottom LSMO electrode. Thicker barriers
with larger ferroelectric polarization would enhance electrostatic charge
modulation in LSMO and thereby increase the resistance and thickness of
the insulating layer. Consequently, the magnitude of the resistive switching effect would increase with increasing barrier thickness. As the opposite is observed in our tunnel junctions, it is unlikely that resistive switching originates from ferroelectric polarization switching in the tunnel barrier.
An alternative mechanism for resistive switching is ion migration. In
transition metal oxides, oxygen vacancies are much more mobile than
cations [125], and resistive switching in manganites and other perovskites
driven by oxygen vacancy migration has been extensively studied [28–31].
Oxygen vacancy migration is a thermally activated process. The mobility
of oxygen vacancies is normally very small even at room temperature [30],
which suggests that it cannot explain large resistive switching effects at
low temperatures. However, oxygen vacancy migration can be drastically
enhanced by high electric ﬁelds. The electric-ﬁeld enhanced mobility of
oxygen vacancies can increase by several orders of magnitude compared
to the low ﬁeld mobility at room temperature [30]. For example, oxygen
vacancies in single-crystal Cr-doped STO have been mobilised in an electric ﬁeld of 105 V/cm at room temperature [175]. In our tunnel junctions,
the electric ﬁeld required for a resistive switching event exceeds 1 MV/cm.
A displacement of oxygen vacancies by a few unit cells under such intense
ﬁelds cannot be ruled out.
Accumulation and depletion of oxygen vacancies can affect the valence
state of transition metal cations, which can result in a considerable change
in the electrical conductivity [30]. In mixed-valence manganites such as
LSMO, the oxygen content inﬂuences the magnetic and electric properties
by changing the Mn4+ /Mn3+ ratio [47]. The chemical formula of LSMO
3+
2+
4+ 2−
can be written as La3+
1−x Srx Mn1−z Mnz O3−δ . Deviations in the oxygen

content (δ) lead to changes in the concentration of Mn4+ ions (z) to satisfy
the charge neutrality condition z = x − 2δ [176]. Hence, oxygen deﬁciency
decreases the hole concentration, which causes weaker double-exchange
interactions and lower electrical conductivity [47].
Based on the scenarios described above, it is suggested that the formation of a thin insulating layer in the bottom LSMO electrode interface
results from electric-ﬁeld induced accumulation of oxygen vacancies. The
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high resistance state of the tunnel junctions is obtained for positive bias
voltage. In this case, positively charged oxygen vacancies migrate from
the tunnel barrier into the bottom LSMO electrode under high electric
ﬁeld. In LSMO, accumulation of oxygen vacancies changes the valence
state of Mn cations, which induces a metal-to-insulator transition. Under negative bias, the oxygen vacancies migrate back into the tunnel barrier, and this re-establishes the low-resistance state. A similar effect does
not occur at the barrier/top LSMO electrode interface, because structural
roughness and atomic mixing hamper the migration of oxygen vacancies.
The formation of an insulating interface layer suggests an interface-type
resistive switching mechanism rather than the creation and rupture of ﬁlamentary conduction paths. Filamentary conduction paths typically lead
to ohmic conduction in the low resistance state [29,30]. In contrast, transport in both the high and low resistance states of our tunnel junctions is
characterised by tunnelling, as conﬁrmed by R–Vbias curves. Interfacetype resistive switching is usually observed in perovskite oxides. The
resistive switching mechanism normally takes place at the interface between a metal electrode and an insulating oxide [29, 177–183], which resembles the behaviour of our tunnel junctions.
Interestingly, the switching voltages in the LSMO/PZT/LSMO and
LSMO/BTO/LSMO tunnel junctions are approximately independent of the
tunnel barrier thickness. Therefore, the electric ﬁeld inside the barrier
decreases with increasing barrier thickness in our tunnel junctions. Also,
the ferroelectric polarization in the barrier is largest for thick barriers,
which produces a strong depolarization ﬁeld. The depolarization ﬁeld opposes the externally applied electric ﬁeld leading to a much smaller net
ﬁeld inside the barrier. This effect could explain a reduction of TER with
increasing barrier thickness. Future experiments should provide more
insight into the origin of the resistive switching effect.
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6. Summary

All-oxide tunnel junctions with spin-ﬁlter and ferroelectric tunnel barriers were studied in this thesis. In the ﬁrst part of the thesis, the growth
of tunnel junctions with a ferrimagnetic CFO barrier and ferromagnetic
LSMO and SRO electrodes was investigated. The study was motivated by
the sensitivity of the spin-ﬁlter efﬁciency in CFO to structural and chemical defects. Two possible growth sequences were examined on singlecrystalline STO(001) and MgO(001) substrates. X-ray diffraction and highresolution TEM measurements showed that large lattice mismatches between the barrier and the two electrodes compromised high-quality epitaxial growth of the trilayers. Misﬁt dislocation networks were found at
the highly mismatch interfaces, and grain structures formed in the barrier and top layers. Nevertheless, epitaxial relationships between the lattices of the SRO/CFO/LSMO trilayers were demonstrated. Independent
magnetization reversal, which is a prerequisite for spin-ﬁlter tunnel junctions, was obtained both in SRO/CFO/LSMO and LSMO/CFO/SRO structures on STO. However, magnetoresistance measurements of SRO/CFO/
LSMO tunnel junctions on STO only showed a high-ﬁeld effect that could
be attributed to the LSMO bottom electrode, whose resistivity increased
substantially during the lithography process. Transport characteristics of
the LSMO/CFO/SRO tunnel junctions at low temperatures could be ascribed to direct tunnelling. However, the tunnel barrier heights obtained
by model ﬁts were substantially lower than theoretical predictions, which
is most likely due to structural defects and oxygen vacancies in the CFO
tunnel barrier.
In conclusion, good crystalline quality is required to achieve efﬁcient
spin ﬁltering in a spinel ferrite CFO tunnel barrier. The large lattice mismatches between the CFO tunnel barrier and the perovskite electrodes
cause the formation of different defect structures, which lower the tun-
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nel barrier height and reduce the spin-ﬁlter efﬁciency. Insulating ferromagnetic perovskite oxides such as Pr0.8 Ca0.2 Mn1−y Coy O3 [184, 185] and
Sm0.75 Sr0.25 MnO3 [186] exhibit a better lattice match with conducting
oxide electrodes, but their disadvantage is a low Curie temperature of
100 K [186] or even less [185]. Another way to improve the performance
is a reduction of the tunnel junction size. The largest room temperature
TMR effect that has been reported for a CFO spin-ﬁlter barrier amounts
to −6 % [16] and it was obtained in nanometre-scale junctions. The inﬂuence of defects on electron transport reduces with decreasing junction
size and small junctions allow for the probing of a single magnetic domain
with better deﬁned parallel and antiparallel magnetization states.
In the second part of this thesis, resistive switching was studied in
LSMO/2–6 nm PZT/LSMO and LSMO/2–6 nm BTO/LSMO tunnel junctions. Despite the nominally symmetric structure, very large resistive
switching effects of up to 107 % were obtained at low temperatures in tunnel junctions with 2–3 nm thick tunnel barriers. The resistive switching
effect was ascribed to the formation of a thin insulating layer in the bottom LSMO electrode, which was corroborated by model ﬁts to I − Vbias
transport curves and in-plane electrical transport measurements. Transmission electron microscopy analysis revealed clear differences between
the structural roughness and atomic composition of the bottom electrode/
barrier and barrier/top electrode interfaces. The strong temperature dependence of the tunnel junctions resistance both in the high and low resistance states suggested the presence of oxygen vacancies in the PZT
and BTO tunnel barriers. Finally, the resistance of high resistance state
and the resistive switching effect decreased with barrier thickness. The
origin of resistive switching was discussed in the context of a polarizationinduced metal-to-insulator transition in the bottom LSMO electrode and
electric-ﬁeld driven migration of oxygen vacancies.
The decrease in the magnitude of the resistive switching effect with increasing barrier thickness opposes a ferroelectric origin. Larger ferroelectric polarization inside the thicker barriers would enhance electrostatic charge modulation in LSMO, which would lead to a thicker and
more resistive layer in the bottom LSMO electrode, and thereby, to a
larger resistive switching effect. As the opposite was observed, it was concluded that resistive switching is more likely due to electric-ﬁeld driven
migration of oxygen vacancies. A displacement of oxygen vacancies under
high electrics ﬁelds across the bottom electrode/tunnel barrier interface
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in junctions with thin barriers with no or negligible ferroelectric polarization and a reduction of the effective electric ﬁeld in thick barriers with
large ferroelectric polarization could explain the barrier thickness dependence of the resistive switching effect. The results obtained in this thesis
highlight the complexity of physical phenomena in ferroelectric tunnel
junctions.
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