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The broken translational symmetry at an interface between complex metal oxides
gives rise to a number of remarkable phenomena with rich physics often due to charge, spin,
orbital, or atomic reconstruction, such as superconductivity, metal-insulator transitions, and
giant magnetoresistance. These phenomena can be entirely different from those innate to the
constituent materials. A recent example of such interface phenomena is the two-dimensional
electron gas (2DEG) at the interface of LaAlO3 (LAO) and TiOg-terminated SrTiO3 (STO).
Despite that LAO and STO are both band insulators and non-magnetic, their interface
is found to be conductive, superconductive, ferromagnetic, and exhibits an electric-field
tunable metal-insulator transition, which all are the result of electronic reconstruction at
the interface. It is generally agreed that the electron gas is formed by transfer of electrons
from the polar layers of LAO to the top TiOs layer of STO. In addition to the electronic
reconstruction at the interface, doping the interface by interdiffusion of La/Sr atoms and
by the presence of oxygen vacancies that are created in the STO substrate during thin film

deposition contribute to the conductivity.
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We examined, in detail, the effects of oxygen content on the electrical and magnetic
properties of PrAlOs (PAO) on STO. Among the aluminates, PAO has the closest lattice
constant to LAO (due to the multivalency of Ce, it is hard to make stable thin films of
CeAlO3), and thus this helps to lessen the effect of strain as much as possible. Also, the
effective magnetic moment of the Pr3* f electron states is 3.6 Bohr magnetons, due to often
hybridized, while closed shell La?* is diamagnetic, thus this rare-earth substitution can lead
to magnetic properties in an aluminate structure. PAO is known to be paramagnetic in
bulk and has mostly been studied for its structural transitions below room temperature
which are absent in LAO. We report the effects of oxygen pressure during growth (Pp,) on
the electronic and magnetic properties of PrAlO;s films grown on TiOs-terminated SrTiO3
substrates. Resistivity measurements show an increase in the sheet resistance as FPp, is
increased. The saturation of the sheet resistance down to 0.3 K is consistent with Kondo
theory for Pp, > 107° torr. Resistivity data fits indicate Kondo temperatures of 16-18 K. For
the 10~ sample, we measured a moderate positive magnetoresistance (MR) due to a strong
spin-orbit (SO) interaction at low magnetic fields that evolves into a larger negative MR at
high fields due to the Kondo effect. Analysis of the MR data permitted the extraction of the
SO interaction critical field for the Py, = 107> torr interface (Hgo =1.25 T). We observed
high positive MR for the least oxygenated sample, where a fraction of the n-type carriers
are derived from oxygen vacancies and possible cation interdiffusion; for this 6 x 107 torr
sample, Hall effect data indicate a thick conducting layer. Its extremely high MR (~ 400%)

is attributed to classical behavior due to a distribution of mobilities.
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Chapter 1

Introduction

1.1 Interfaces of complex oxides

Phenomena at surfaces and interfaces of solid materials have been of great interest
to physicists, since the early theoretical work of Tamm [1] in 1932 and Shockley [2] in 1939.
They showed that the surface of a semiconductor with a full bulk gap can possess metallic
states. Since then, there have been many theoretical and experimental studies to utilize
this effect, which resulted in revolutionizing our lives. Perhaps some of the most amazing
examples of applying surface and interface physics are p-n junctions, Schottky contacts,
and metal-oxide-semiconductor field-effect transistors (MOSFET), inside almost every every
modern electronic device. The success of the semiconductor industry is not due to the
bulk character of semiconducting materials; in fact, the device functionality is based on
the transport of charge carriers along or across the interfaces between materials that have

different doping levels.

The simplest interface is the sample surface. At surfaces and interfaces, where the
dimensionality is reduced, the bulk electronic structure can change because the translational
and rotational symmetry (if there is any) break; thus the atoms rearrange. This structural
reconstruction compensates for the asymmetry in the forces experienced by the near-surface

atoms and the changes in their chemical bondings. Moreover, point defects and dislocations



can also occur at the interface. All of these result in modifying the band structure and also
result in a change in the electronic states at the surface or interface. Employing these effects

at interfaces allows the design of semiconductor heterostructure devices.

Most of the current electronic devices are based on silicon-based or gallium-arsenide-
based semiconductor technology. However, in the last two decades, another family of materi-
als with remarkable functional properties that are unattainable in conventional semiconduc-
tors turned the focus of the research: the family of oxides, and in particular complex oxides.
In fact, most materials naturally are in oxide form. Complex oxides are oxide compounds
that contain two or more cations. Employing a transition metal in the oxide compound (tran-
sition metal oxide) could add more interesting physics to the vast zoo of physical properties
already available in the oxide materials. Compared to conventional semiconductors, the
bonds between the atoms in an oxide crystal tend to have a more polar nature, which means
that the electrons have stronger interactions with each other; they are said to be correlated,
meaning that the electrons could behave collectively in addition to individually. Moreover,
different chemical elements can also be incorporated into the oxide crystals. This can tune

the carrier density through doping, and also increases the flexibility in crystal composition.

From the simple binary monoxides to the more complex compounds, the oxide behav-
iors span a wide spectrum from insulating to semiconducting or metallic and superconductive,
dielectric to ferroelectric, diamagnetic to ferromagnetic, and optically opaque to transparent.
Besides, these properties can coexist and couple and result in multiple functionalities. Oxide
interfaces, like their conventional semiconductor counterparts, offer the unique opportunity
to control and enhance the effects by controlling the interaction between layers. This adapt-

ability promises the application of bulk properties of oxides in smart electronic devices, and



in fact they already have earned their share in market of batteries, fuel cells, and information
storage. However, the focus of this thesis in on the physics of interfaces between thin oxide

films, where the surface and interface phenomena mentioned earlier come into play.

The interface is still a device! When Nobel laureate Herbert Kroemer [3] coined the
famous phrase that “the interface is the device”, he meant the amazing success of devices
based on thin films of semiconductors used in photonic and electronic devices, that had
started more than 40 years ago. Now we will have once again a similar revolution, this
time for complex oxide interfaces. It is equally important in oxides to control and engineer
the atomic, magnetic, and orbital symmetry at the interface. As will be discussed in the
subsequent chapter, transition metal oxides host different kinds of order in their charge, spin,
and orbital degrees of freedom. These order parameters meet together at the interface and
are strongly affected by electronic processes such as charge-transfer, hybridization, and spin-

orbital interactions, and they can lead to emergence of novel properties and functionalities.

The artificial fabrication of these interfaces is the first step to analyzing and ultimately
to utilizing oxides. In fact, the properties of thin films can be totally affected by the quality of
the interface. Physical Vapor Deposition (PVD) techniques such as Pulsed Laser Deposition
(PLD) and Molecular Beam Epitaxy (MBE) are used for the epitaxial growth of metastable
and artificial oxides. These compounds are stabilized by deposition on a lattice-matched

substrate, with the control of the stacking sequence at the atomic level.

When the size of a sample is comparable to the characteristic length of its physical
properties, novel phenomena can appear in the sample. The size effect can be more prominent
when a transition metal is involved, often due to the interaction of electrons in the d-shell,

and multivalancy. In the next section some of the experiments in which specific properties



of oxides were altered by bringing them together (heterostructures) are discussed.

1.2 Novel phenomena at oxide interfaces

The broken translational symmetry at an interface between complex metal oxides
gives rise to a number of remarkable phenomena with rich physics often due to charge, spin,
orbital, or atomic reconstruction, such as superconductivity [4], metal-insulator transitions
[5, 6], and giant magnetoresistance [7]. These phenomena can be entirely different from
those innate to the constituent materials [8, 9]. Some examples of these heterostructure that

display amazing physics are briefly mentioned in the following.

Near the interface the inversion symmetry is broken, leading to a modified electronic
structure distinct from the bulk. The essential feature of such symmetry breaking is the
emergence of a nonzero electric field, which is absent in an otherwise inversion symmetric
systems. When the electrons move in this electric field, they experience a magnetic field in
their frame of motion. The coupling of the latter field to the electron’s spin is dubbed as
Rashba spin-orbit coupling [10, 11] and leads to spin non-degenerate electron bands near the
interface. The exploration of Rashba spin-orbit coupling is now at the heart of the growing
research field of spintronics that focuses on the manipulation of spins by the electrical current

through the system [12].

The spin-orbit coupling can also lead to unconventional superconducting states at
the interfaces. The corresponding pairing symmetries cannot be classified as conventional
spin singlet and triplet states due to the lack of inversion symmetry near the surface. One
example is the superconductivity in the epitaxial bilayer bismuth/nickel (Bi/Ni). The bulk

rhombohedral crystalline bismuth is a semi-metal with small electron and hole pockets lo-



cated at high symmetry points in the Brillouin zone. In spite of low carrier density in Bi, the
mean free path is extremely long [13]. The crystalline Bi remains in the normal state down
to at least 10 mK [14]. However, a very recent experiment shows a bulk superconducting
phase transition at extremely low temperature of about 0.5 mK [15] for pure Bi single crys-
tals. A dramatic enhancement in superconducting critical temperature occurs in epitaxial
bilayer bismuth/nickel [16], where a transition of 4 K is observed. Above the transition,
in the normal state the majority of electron states near the Fermi energy are localized on
the surface of the bismuth thin film [17, 18] with a strong Rashba spin-orbit coupling [18],
leading to spin-split Fermi surfaces. Such Fermi surfaces, when coupled to the ferromag-
netic fluctuations of nickel, give rise to exotic pairing states that breaks the time reversal

symmetry spontaneously, and manifest itself in the optical Kerr measurements [19].

BaCuOy and SrCuO, both are not superconductors, but the artificially superlattice
made by sequentially depositing the two materials superconduct at temperature as high as
~ 50 K [20]. Bilayers consisting of LayCuO,4 (an insulator) and Laj 55510.45CuQOy (a metal)
is a superconductor with 7, either 15 K or 30 K, depending on the layering sequence. The
superconducting layer is confined within 2-3 nm of the interface. If the bilayer is exposed

to ozone, T, exceeds 50 K [4].

Perhaps, the most interesting example of these interface phenomena, which is the
focus of this thesis, is the discovery of the two-dimensional electron gas (2DEG) at the in-
terface of LaAlO3 (LAO) and TiOs-terminated SrTiOz (STO) [21] in 2004 by Ohtomo and
Hwang. Despite that LAO and STO are both band insulators and non-magnetic, their in-
terface is found to be conductive [21], superconductive [22], ferromagnetic [23] and exhibits

electric-field tunable metal-insulator transition [24], which all are the result of electronic



reconstruction at the interface. It is generally agreed that the electron gas is formed by
transfer of electrons from the polar layers of LAO to the top TiOy layer of STO [25]. In ad-
dition to the electronic reconstruction at the interface, doping the interface by interdiffusion
of La/Sr atoms [26] and by the presence of oxygen vacancies that are created in the STO
substrate during thin film deposition [27] contributes to the conductivity. In the electronic
reconstruction model, donors ultimately originate from the surface of LAO. They come from
the interface or within STO in the other two mechanisms. The reason for cation mixing is
thought to be the reduction in the dipole energy at the interface, and it has been shown that
La;_,Sr,TiO3 (0.05 < x < 0.95) is metallic [26, 28]. It was also experimentally [29, 30] and
theoretically [31, 32] demonstrated that varying oxygen pressure during growth results in
dramatic changes in interfacial conductivity. Moreover, conductivity found at the interface
of STO and amorphous LAO [33, 34] suggests that oxygen vacancies can be a dominant
source of mobile carriers. Oxygen post-annealing of the amorphous samples fills the oxygen
vacancies, and the interface becomes insulating. Thus, the interface electronic properties

can be manipulated by the oxygen pressure during growth (Pp,).

These findings encouraged us to examine the 2DEG at another aluminate interface.
We studied PrAlO;3;/SrTiOs (PAO/STO) interfaces that are fabricated at different Pp,.
Among the aluminates, PAO has the closest lattice constant to LAO (due to the multi-
valency of Ce, it is hard to make stable thin films of CeAlOj), and thus this helps to lessen
the effect of strain as much as possible. The effective magnetic moment of Pr is 3.6 Bohr
magnetons, due to Pr3* f electron states, often hybridized, while closed shell La3* is diamag-
netic [35], thus this rare-earth substitution can lead to magnetic properties in an aluminate

structure. So, the main effort in this thesis is to study the effects of Py, on the PAO/STO



interface, which, unlike the LAO/STO interface, has an effective magnetic moment already

present at the interface (due to Pr®" f electrons).

1.3 Outline of the thesis

The focus of this thesis is to investigate the electric and magnetic properties of the
2DEG at the PAO/STO interface, that are grown at different Pp,. The two compounds of
PAO and STO belong to a family of materials that are called perovskites. A brief introduction
to the perovskite family, their crystal structure, bulk electronic and magnetic properties are
given in Chapter 2. A brief review of experimental studies on the 2DEG at the LAO/STO
interface are also presented in Chapter Chapter 2. The last two sections in Chapter 2 are
concerned with the effect of spin-orbit coupling and the Kondo mechanism at the LAO/STO

interface.

The experimental work on fabricating PAO thin films using PLD are explained in
Chapter 3. The chapter has sections concerning surface analysis of the samples using Atomic
Force Microscopy (AFM) and studying the crystal structure of the samples using X-ray
Diffraction (XRD). The results of oxygen pressure during growth on transport properties
(electric and magnetic) are presented in the Chapter 4. We discuss the sheet resistance data
in detail for the interfaces grown at different Fp,, and provide some theoretical modeling.
Hall effect measurement to define the types of the charge carriers and their mobilities at the
interface is also done on the sample at a wide range of temperature. Magnetoresistance (MR)
measurements as a function of temperature for both the out-of-plane and in-plane magnetic
filed directions were done on the samples. Strong spin-orbit interactions at low magnetic

fields in the MR data were observed for some of the samples. Analysis of the interaction



enabled us to quantify the spin-orbit interaction at oxide interfaces, which is expected to
be substantial and is of current interest. Manifestation of the Kondo effect in some of the
samples is quite clear in the MR data. The Kondo effect and its manifestation in various

systems have always been the subject of sustained interest.

Finally, a summary of the important results and outcomes of the thesis, along with

the outlook towards future work in this field, are given in Chapter 6.



Chapter 2

The RA1O;/SrTiO; Interface

2.1 Bulk ABOj; perovskite compound

The materials studied in this thesis belong to the family of perovskites oxides. An
ideal Perovskite oxide is cubic with the general chemical formula of ABOs, where A stands
for a large cation, B for a small cation, and O is oxygen that bonds to both A and B.
A halogen could also reside at the oxygen site. The chemical diversity of the perovskites is
immense due to numerous element choices for the A and B sites, the non-stoichiometry of the
cations, and the variation of the oxygen stoichiometry. In an ideal structure (with a lattice
constant a), where the atoms touch each other, the A-O and B-O bond lengths are a/v/2
and a/2. So, the relationship between the ionic radii is: (r4 + ro) = V2(rg +ro). It was
found that the cubic structure is still held in ABO3 compounds, even if this relation is not
exactly followed. As a measure of the deviation from the ideal situation, a tolerance factor,
t = (ra+7r0)/V2(rg+ro), was introduced by Goldschmidt. For an ideal perovskite ¢ is unity.
The perovskite structure is also found for t-values of 0.75 < ¢t < 1.0. If the A ion is smaller
than the ideal value or if the B ion is too large, the tolerance factor becomes smaller than 1.
Thus, the BOg octahedra will tilt to fill the space and the symmetry of the crystal structure
will be lowered. An example is orthorhombic CaTiO3 with ¢ = 0.82. On the other hand, if
A is a large ion or B is a small one, then ¢ will be greater than 1 and a hexagonal packing of

the structure is more stable, such as in BaNiOj (¢ = 1.13) [36]. Very few perovskites have t-



values very close to unity; distortions happen in many cases. ABO3 compounds can condense
into a large diversity of crystal structures. Cubic, orthorhombic, tetragonal, rhombohedral,
and monoclinic structures have all been seen in perovskites. External parameters such as

temperature and pressure can also induce structural phase transitions.

Another requirement, beside the tolerance facto, is charge neutrality. The charge
distribution can be found in forms of A" B%*03", A2+ B 037, or A**B3**03". Partial
substitution of A and B sites, oxygen excess and vacancy, and cation nonstoichiometry can
also occur in the ABO3 compounds. Oxygen vacancies are more common than vacancies of

cations. Oxygen excess nonstoichiometry is not as common.

The perovskite family exhibits many interesting physical properties such as
ferroelectricity (BaTiOgz [37]), ferromagnetism (SrRuOj [38]), antiferromagnetism (LaCrOs
[39]), superconductivity (YBayCuzO7 [40]), and transport properties of interest for high tem-
perature thermoelectric power (LagCuQOy [41]). Thus, perovskites can show, amongst other
properties, insulating, semiconducting, metallic, superconducting, magnetic, piezoelectric,

ferroelectric, and multiferroic behavior.

The compounds studied in this dissertation, Sr'TiO3, LaAlOs, and PrAlOs, belong to
the class of perovskites. The cubic perovskite structure is shown in Fig. 2.1 (a). The unit
cell drawn contains B ions at the corners, an A ion in the center, and O ions in the middle
of the cube edges. As depicted in Fig. 2.1 (b) the structure can be described as a network

of corner-sharing BOg octahedra.

For this study, Fig. 2.1 (c¢) is the most helpful description of the perovskite,

particularly when the LaAlO3/SrTiOj interface is introduced. Along the (001) direction
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a perovskite can be viewed as alternating layers of AO and BO, that are stacked. In the
proceeding sections, a brief review of the bulk properties of the constituent materials of this

study, SrTiO3, LaAlO3, and PrAlO3 will be discussed.
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Figure 2.1: (a) Unit cell for crystal structure of a ABO3 perovskite. (b) Visualization of the
structure in terms of the BOg octahedra which share corners. (c) Layered structure (AO
and BOs) of the ABOj perovskite, along the (001) direction.

2.1.1 SrTiO; (STO)

Strontium titanate is one of the most studied perovskites. At room temperature, STO
crystallizes in the cubic perovskite structure (space group Pm3m) with a lattice parameter
of 3.905 A [42] and a density of p = 5.12 g/em?®. STO undergoes a cubic to tetragonal phase
transition around 100-110 K [43]. This transition happens through antiphase rotation of
neighboring TiOg octahedra [44].

One can easily tune the transport properties of STO by introducing small com-

positional changes. For instance, substitution of La for Sr, or Nb for Ti [45], or
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introduction of oxygen vacancies [46] can drive STO to be metallic. Stoichiometric STO
is a band insulator with a wide indirect bandgap of 3.2 eV and a direct bandgap 3.75 eV,
experimentally determined [47]. 2p orbitals of oxygens make the valence band, and Ti 3d
orbitals compose the conduction band [47, 48]. In the cubic phase, the 3d orbitals split into
tyy and e, [49], as shown in Fig. 2.2. Density Functional Theory (DFT) calculation of the
band structure shows that the d,,, d,. and d,, orbitals of the ?5;, band are degenerate at the
I' point. The ty, manifold splits further through spin-orbit coupling and antiferrodistortive
transitions [48]. Stress and strain can tune the band structure as well. The details of the

band structure are difficult to define experimentally due to the small energy scales involved.
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Figure 2.2: The orbital hybridization of STO. The conduction band consists of Ti 3d orbitals.
The valence band is mainly composed of the 2p orbitals of oxygen. [49]
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Superconductivity at < 300 mK can be induced at STO, if the number of carriers
is in the range of 1019-10% cm™2 [50], see Fig. 2.3 (a). At lower carrier densities the Hall

mobility (1) at low temperatures exceeds 10 cm?/V - s [51], as shown in Fig. 2.3 (b).
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Figure 2.3: (a) Superconducting transition temperature as a function of carrier concentration
for SrTiO3 [50]. (b) Hall mobility as a function of temperature for SrTiO3 doped by Nb or
oxygen vacancies [51].

STO single crystals are transparent, sometimes with a slight yellowish hue. Small
concentrations of oxygen vacancies give a greyish color STO. STO is widely used as a sub-

strate for growing oxide thin films due to its lattice match with many oxides and its high
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dielectric constant and diamagnetic nature. Some of the physical properties of STO are

listed int the table below [42].

Table 2.1: Summary of the physical properties of STO.

Physical Property Value

Lattice parameter at room temperature | 3.905 A

Bang Gap 3.2 eV

Mass density 5.12 g/cm?
Dielectric constant 300

Thermal conductivity 6-12 W/m - K
Melting point 2080°C

2.1.2 LaAlO; (LAO)

At high temperatures LaAlO3 has an ideal cubic crystal structure. At about 813 K,
LAO undergoes a transition to a rhombohedral (trigonal) perovskite structure (space group

is R3c) [52]. At room temperature, the in-plane lattice constant of LAO is a = 3.790 A [52].

LAO is also a band insulator with a large gap of 5.6 eV [54]. The wide bandgap and
the fixed valance of La (unlike Ti in STO) make it almost impossible to induce conductivity
in LAO. As can be seen from the theoretical calculation of the Mitra et al. [53] for LAO the
oxygen vacancy creates a deep state 2.19 eV below the conduction band edge. Whereas, for
STO the gap is 0.7 eV. Along the (001) direction LAO is composed of positively charged
LaO and negatively charged AlOs planes. The small lattice mismatch between LAO and
STO (about 3%) and their similar thermal expansion coefficients make it possible to grow

LAO epitaxially on STO. Optically, LAO single crystals are transparent with yellowish hue.
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Figure 2.4: Energy levels of Vi (neutral oxygen vacancy), V', and VT, charged oxygen
vacancies in (a) STO and (b) LAO with respect to maximum of the valance band (VBM)
and minimum of the conduction band (CBM) [53].

2.1.3 PrAlO; (PAO)

The main goal of this thesis is to study the transport properties of thin films of
PrAlOs. PrAlQOs is also a perovskite, and among the aluminate perovskites, PrAlOs is one
of the most studied compounds, mainly because of its structural transitions below room
temperature, which are absent in most of the similar compounds. In spite of all the studies,
the exact temperature at which the transition happens and the space group of the structure

are not completely resolved, yet.

120K 150 K 205K 1320 K
Phase A\ — v — III — I — I
Symmetry  Tetragonal Monoclinic Orthorhombic Trigonal Cubic

Figure 2.5: The sequence of structural transitions as a function of temperature for PrAlO;
[52].

At room temperature bulk PAO is rhombohedral with the space group of R3¢, and
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with an in-plane lattice parameter of 3.77 A [52]. It transforms to an orthorhombic structure
upon lowering the temperature to about 205-225 K, and to a monoclinic structure at about
151-175 K. Fig. 2.5 shows the structural transitions sequence for PAO. The temperature

dependencies of the lattice parameters of PAO are shown in Fig. 2.5.

PAO is known to be paramagnetic in bulk [55, 56]. Pr ions comes into two valences:
Pr3* and Pr**. As-grown crystals of PAO are dark brown due to the presence of Pr** ions.
One of the starting materials in making PAO crystals is PrgO11, which is the mixed valence
praseodymium oxide and has the same coloration. After annealing in a reducing atmosphere
the color change to light green, which is the typical color of Pr** doped crystals. The field
cooled magnetization curves at T' = 5 K for an annealed and an as-grown samples are shown

in Fig. 2.6.
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Figure 2.6: Field cooled M(H) curves of as-grown and annealed PrAlOs samples at
T =5 K after cooling the samples in the field of 50 kOe [56].
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2.1.4 Terraces and termination control of SrTiO;

The ideal (001) surface is a perfect plane (see Fig. 2.7 (a)). In practice, that perfect
plane hardly exists; the (001) surface has an inevitable deviation from a perfect cut, a miscut,
which results in a step-terrace structure (see Fig. 2.7 (b)). Terraces tend to be unit-cell-sized
(3.904 A). Depending on the miscut angle, the width of terraces varies. Typical miscut angles
are between 0.05° — 0.3°, which lead to terraces widths of about 70-500 nm. The substrate
used in this thesis is (001) oriented single-crystalline STO. The substrates were bought from
MTT in the USA or CrysTec in Germany. As was mentioned earlier, STO along the (001)
direction can be viewed as an alternating stack of SrO and TiO,. An as-received STO
substrate has a mixed termination of AO and BOs (not well defined terraces), which often
are not possible to see under an Atomic Force Microscope. The specific termination of Sr-site
or Ti-site on the substrate surface has a crucial effect on its electronic properties. Usually, a
specific termination is achieved by suitable chemical etching and thermal treatments. Details
of the treatment methods to achieve a pure TiOq termination for STO (which is the desired
termination for this thesis) are discussed in the subsequent chapter. To make STO terminated
by SrO, one needs to deposit one atomic layer of SrO on a TiOs terminated STO. This could

be done in the chamber just before growing the desired thin film.

Figure 2.7: Schematic of (a) an ideal (001) surface and (b) a step-terraced surface due to an
inevitable miscut angle. The dashed line in (a) shows a typical miscut.
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The effects of the miscut angle (and thus the width of terraces) on the electronic
properties of the LAO/STO interface is still under study. Fix et al. [57] have studied samples
grown on substrates with miscut angles ranging from 0.2° —8°, and reported an enhancement
of the mobility for larger miscut substrates; a higher mobility, but with roughly a third of
carrier concentration, was observed for the samples with a miscut angle of 8°, at 10 K. They
suggest that the terraces may act as traps for low-mobility carriers. Fix et al. have not seen
any influence of the current direction in the Van der Pauw measurement for resistivity. On
the other hand, Brinks et al. [58] have seen anisotropic resistance for different transport
directions. They suggested that the observed anisotropy is due to the difference in transport

along or perpendicular to the terrace direction.

2.2 The LaAlO;/SrTiOj interface: 2D electron gas at the interface

In 2004, Ohtomo and Hwang [21] showed that when thin films of LaAlOj are deposited
onto a TiOg-terminated SrTiO3 (001) substrate, a high mobility electron gas forms at the
interface. Their report of the emergence of conductivity at the interface of two insulators
has motivated a tremendous amount research on the oxide interfaces. When depositing LAO
on STO, two different interfaces can be prepared based on the termination of STO. If STO
is terminated by TiO,, the stacking at the interface is LaO/TiOq and it is called an n-type
interface. On the other hand, if STO is terminated by SrO, the stacking at the interface is
SrO/AlO; and it is called a p-type interface. It turns out that only the n-type interface is
conductive. A schematic of these two interfaces is illustrated in Fig. 2.8 (a). The details
of the difference between the electronic structures of the two interfaces are described in the

subsequent section. Figure 2.8 (b) shows a typical observation of the conductivity at the
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interface LaO/TiO; and insulating behavior at the AlO4/SrO interface [59].
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Figure 2.8: (a) Schematic representation of the two types of LAO/STO interfaces, AlO,-
LaO-TiO,-SrO interface and LaO-AlO,-SrO-TiOs interface respectively. (b) Resistance as
a function of temperature for 26 unit cells thick LAO on STO substrates with a TiO,-
terminated surface and a SrO-terminated surface both grown at 850°C and 3 x 10~° mbar
oxygen pressure [59].

It should be noted that a 2DEG can also be formed on the surface of SrTiO3 by
cleaving it in vacuum. Interested readers can follow the results from Santander-Syro et al.
[60].

Conductivity has also been observed at the (110)- and (111)-oriented LAO/STO in-
terfaces [61]. The (001)- and (111)-oriented interfaces have the polar discontinuity, but the
(110)-oriented interface does not have any polar discontinuity. So, the observation of conduc-
tivity at the LAO/STO interfaces with the (110)-orientation is very interesting. Amorphous
LAO/STO interfaces are also found to be conductive [33, 34].
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2.3 Mechanism for interfacial conduction

2.3.1 The polarization catastrophe picture

From the beginning of the discovery of conductivity at the LAO/STO interface, the
polar catastrophe picture was the primary mechanism for the conductivity. This picture
is more understandable if we take into account the layered structure of the film and the
substrate. Along the (001) direction, LAO is polar and composed of positively charged

layers of (LaO)™ and negatively charged layers of (AlO,)~!.

In a simple picture, LAO
is like a capacitor made up of +e and —e plates (e is the electric charge). There is an
electric field £ and thus a potential V' across each plate of this capacitor. STO, however, is
composed of neutral planes of (SrO)? and (TiO3)°. Thus, by deposition of LAO, one joins
neutral layers of the substrate to the charged layers of the film at the interface. Such charge
discontinuity has consequences which were first discussed for heterojunctions of Ge/GaAs
semiconductors by Baraff et al. [62] (Ge is a non-polar material, while GaAs is polar). Their
idea, which is known as the “Polar Catastrophe” picture, was later applied for explanation of
the conductivity at the LAO/STO interface by Nakagawa et al. [25]. In an n-type interface,
the depositions of LaAlOj3 layers on SrTiOs is similar to building up a series of capacitors

on top of the substrate; the potential across each capacitor is additive and diverges as the

film thickness increases, as schematically is shown in Fig. 2.9.
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Figure 2.9: Electrostatic model showing the polar catastrophe based on atomic layers taken
as charged planes for an n-type interface. The left panel depicts a pristine interface, together
with the charge density p, electric filed £, and electrostatic potential V, which tends to diverge
with increasing LAO film thickness. The right panel shows the stabilized system for which
0.5 e per u.c. has been transferred from the surface layer to the interface.

In a conventional semiconductor, the structure avoids this diverging potential by re-
arranging ions across the interface which causes roughening of the interface (the so called
atomic reconstruction). But, in an LAO/STO interface, another option is available at the
interface, and that is made possible by the mutltivalency of Ti. To balance the charge
discontinuity, half of the electron (or, practically, one electron in every other unit cell) from
the LAO surface valence bands (oxygen 2p bands) is transfered to the STO conduction
bands (Ti 3d to, bands). To accommodate that half electron, the average valency of the Ti
atom at the interface changes from Ti*"T to Ti*®*. It turns out that it is more energetically
favorable for the system to rearrange charges rather than ions. By this charge reconstruction

the potential no longer diverges. That half electron at the n-type interface is the source of

21



conductivity and the terminology of n-type is related to that. Experiments also confirm the

existence of that extra electron at the interface [25].

Charge discontinuity (with opposite sign) and the resulting diverging potential also
happens for the p-type interface. Similarly, the system removes half of an electron from the
SrO plane (effectively doping half a hole). However, there are no multivalence transition ion
is available. So, to accommodate that extra hole, some of the oxygen ions at the interface are
removed. Experiment results have shown that holes at the p-type interface are not mobile

and do not result in conductivity [25].

Studies by Thiel et al. [63] in a series of samples that are grown at 10™* mbar
(7.5 x 107 torr) followed by some post annealing, show that the conductivity happens for
the interfaces where the LAO thickness is equal to or above 4 unit cells (u.c.), suggesting

that the measured conductivity has some intrinsic origin.

The polar discontinuity scenario is successful in explaining some of the observed
experimental results. But there are some experimental results that question the full validity
or applicability of the polar catastrophe mechanism. For instance, the number of charge
carriers predicted by the polar discontinuity model is 3 x 10'* ecm~2, while the reported Hall
measurement data are generally an order of magnitude lower. It is suggested that there are
two types of electrons at the interface; one population is tightly bound to the interface and

is strongly localized due to defects, while the other population is mobile [64].

Another example is the discrepancy between the values reported for the critical thick-
ness for the emergence of the conductivity. Originally, it was reported that 4 u.c. of LAO

is necessary for the emergence of the conductivity, while other predict 5 u.c. [65]. This
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group explains the conductivity as a crossover of the LAO valence band maximum and STO
conduction band minimum. At 5 u.c., the valence band at the LAO surface crosses the STO

conduction band and the charges are transferred to the interface.

Two other experiments which really debate the validity of the polar catastrophe
scenario are the emergence of the conductivity for amorphous LAO [33, 34], and conductivity

at the (110)-oriented interface, which is the nonpolar direction [61].

These results can be explained more easily if we accept other contributions to the
interface conductivity. The other main contributions to the conductivity are oxygen vacancies

and intermixing of the cations.

2.3.2 Oxygen vacancies

Oxygen vacancies Vo could be a source of n-type carriers at the interface. Each
oxygen bonds to two electrons; thus Vp could dope electrons into the system. In the case
of LAO/STO interface, the concentration of Vj is a function of the oxygen pressure during
growth Pp,. In fact, from the early studies on LAO/STO interface [21], it was clear that

Po, has a crucial role on the modulation of the conductivity.

The resistivity behavior and the number of the charge carriers at the interfaces that
are grown at different Pp, differ significantly. If the thin films are grown at low Po, (Po, <
1075 torr), the number of sheet carriers ng can be as high as 10" ecm™2, which is much higher
than the interfacial amount predicted by polar catastrophe scenario (10'* ¢cm™2). The sheet
resistance of the interfaces that are prepared at low Pp,, can be as low as ~ 10 /] at room
temperature. Whereas, interfaces that are grown at higher Pp, [29, 30] have much higher

sheet resistance at room temperature (~ 10 — 100 k2/0). It is also theoretically [31, 32]
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Figure 2.10: (a) Temperature dependence of sheet resistance R,, for interfaces grown at
different Pp,. (b) The dependence of carrier density at 2 K on the Pp,. The sheet carrier
density corresponding to 0.5 electrons per unit cell is denoted by the dashed line. [21]

demonstrated that varying oxygen pressure during growth results in dramatic changes in

interfacial conductivity.

Moreover, conductivity found at the interface of STO and amorphous LAO [33, 34]
suggests that oxygen vacancies can be a dominant source of mobile carriers. Oxygen post-
annealing of the amorphous samples fills the oxygen vacancies, and the interface becomes

insulating.

All of these results can be justified more easily, if we accept that some of the carriers
are doped into the interface during the thin film growth. In fact, the main idea of this thesis

is to highlight the role of oxygen vacancies in the emergence of conductivity.

Oxygen vacancies should not be considered as the sole mechanism for the conductiv-

ity; Electron Energy Loss Spectroscopy (EELS) experimental results [66] suggest that the
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observed charge densities are much higher than the amount which could have originated
from oxygen vacancies. Another reason that we should not solely consider the conductivity

stemming from oxygen vacancies is their inability to explain the critical thickness of 4 u.c.

2.3.3 Cation intermixing

A third possible source of electrons for the 2DEG at the LAO/STO interface is inter-
diffusion. Some studies, such as Electron Energy Loss Spectroscopy (EELS) [25] and Surface
X-ray Diffraction (SXRD) [67], suggest that doping the interface by interdiffusion of La/Sr
atoms [26] that are created in the SrTiOj substrate during LaAlO3 deposition contributes
to the conductivity. When the La®" replaces Sr*", the valence of the titanium has to change
to Ti*t, which results in electron doping. The reason for cation mixing is thought to be the
reduction in the dipole energy at the interface, and it has been shown that La;_,Sr,TiO3
(0.05 < & < 0.95) is metallic [26, 28]. However, there are some experimental results that do
not support this mechanism; such as intentional delta doping with Cd and Mn [68], which

does not result in interfacial conductivity.

In the electronic reconstruction model, donors ultimately originate from the surface

of LAO. They come from the interface or within STO in the other two mechanisms.

2.4 Coexistence of superconductivity and magnetism

The existence of magnetism at the LAO/STO interface is perhaps one of the most
surprising phenomena of this system. SrTiOz and LaAlOj are both non-magnetic materi-
als, so the first report of magnetism [69] was quite fascinating. Hints of magnetism at the

LAO/STO interface was first discovered in 2007 through observation of hysteresis in the
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magnetoresistance and of a characteristic Kondo-like minimum in the resistivity vs. temper-
ature curve [69]. Magnetoresistance hysteresis is usually indicative of ferromagnetic domain
formation in which domains change polarity above a certain coercive field. Later, torque
magnetometry measurement [70] proved that the magnetism (~ 0.3up per interfacial unit
cell) is present all the way to 200 K. In 2011, scanning SQUID microscopy [71] directly im-
aged the ferromagnetism, and it was found that magnetism exists in heterogeneous dipole-like
ferromagnetic patches. The spatial distribution of the patches are highly non-uniform. The
magnitude and the size of the magnetization were found to change from patch to patch. The
evidence of magnetism has been seen in X-ray Magnetic Circular Dichroism (XMCD) [23],
as well. The reported magnetization is ~ 0.0lup at T'= 3 — 10 K, and was suggested to be
related to oxygen vacancies, because samples with higher concentration of oxygen vacancies
showed a stronger XMCD signal. Other references such as Ref. [72] relate the magnetism
to the d,, orbital of Ti**. Similar to the conductivity, the magnetism only occurs when the
LAO film is thicker than a few unit cells. In contrast to conductivity, magnetism is seen at

SrO-terminated surfaces, too. A summary of the reported magnetic measurements is shown

in Fig. 2.11.
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Figure 2.11: (a) Sheet resistance as a function of magnetic field at 0.3 K for an LAO/STO
interface grown at 10~® mbar. The arrows indicate the direction of the measurements [69].
Hysteresis appears in the sheet resistance. (b) Direct imaging of magnetic dipoles using
scanning SQUID microscope [71]. The ferromagnetic landscape appears as many static
spatially separated dipoles. Inset: Scale image of the SQUID pick-up loop used to sense
magnetic flux. (¢) The magnetic field dependence of the torque curves of various test samples
(cantilever only, bare STO substrate and the 0 u.c. sample) and an interface sample, taken
at T'= 300 mK. Inset: A schematic representation of the cantilever set-up [70].

Superconductivity at the LAO/STO interface was first seen by Reyren et al. [22] in
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2007. Their samples were prepared by depositing of LAO layers with thicknesses of 2, 8, and
15 u.c. on (001) TiOy terminated-STO. The films were grown by pulsed laser deposition at
770°C and in Pp, of 6 x 1075 mbar (4.5 x 1075 torr), then cooled to room temperature in 400
mbar of Og, with a 1-hour oxidation step at 600°C. The 2-u.c.-thick sample turned out to be
an insulator (resistance > 30 M(2) at all temperatures 7' (32 mK < 7" < 300 K). The 8-u.c.
and 15-u.c.-thick samples superconduct at = 200 mK and 100 mK, as shown in Fig. 2.12 (a).
The width of the transition is higher for the 8-u.c. sample. The 8-u.c. sample did not show
neither a minimum in the R(7") characteristics nor a hysteretic magnetoresistance. Whereas,

for the 15-u.c. sample, a shallow minimum in the R(7) curve was observed at 4 K.
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Figure 2.12: (a) Temperature dependence of the sheet resistance for the 8-u.c. and 15-u.c.
samples, explained in the text. Inset: Sheet resistance versus temperature measured in 4-300
K. Superconductivity happens at = 200 mK for the 8-u.c. sample [22]. (b) Sheet resistance
versus temperature curves for magnetic fields applied perpendicular () and parallel (H)))
to the interface plane [73].
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The superconducting critical magnetic field H,., perpendicular and parallel to the
interface was measured in Ref. [73]; strong anisotropies for fields applied in- and out-of-
plane were measured, as can been seen in Fig. 2.12 (b). In the perpendicular direction, a
magnetic field of ~150 mT suppresses the superconductivity; whereas, for parallel direction,
the width of the transition is relatively unaffected by fields up to 1.3 T. Such anisotropy
confirms the 2D nature of the superconductivity. The thickness of the superconducting layer
was measured to be ~ 10-50 nm [73]. The coherence length was estimated to be 50-100 nm,
through the analysis of the critical perpendicular field within the Ginzburg-Landau theory
[73].

The ~300 mK transition temperature for the 2DEG at the LAO/STO interface falls
in the T'. range of oxygen-deficient Sr'TiO3_,. A superconducting dome as a function of car-
rier density [24] has been observed with a maximum 7, ~ 300 mK, which is close in value
to that observed in the bulk STO. To add to the complexity of the problem, it also has been
reported that the application of the in-plane magnetic field increases the superconducting
temperature [74]. The electron pairing may originate from the bulk SrTiOg, such as the pro-
posed BCS-pairing due to the LO (longitudinal optical) phonons of Sr'TiO3 [75]. Other exotic
mechanisms of pairing, such as d-wave pairing in the electron-electron interactions between
itinerant and localized electrons across the interface [76], and topological superconductivity

in the d,,/d,, band from particle-hole fluctuations, have also been proposed [77].

Coexist of magnetism and superconductivity in nature is rare and very remarkable.
Whether the magnetism and superconductivity at the LAO/STO interface occur in separated

regions of the sample or within a same region is yet to be understood.
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Figure 2.13: Effect of SOC on the orbital motion of crystal electrons.

2.5 Spin-Orbit interaction

The Spin-Orbit (SO) interaction is an interaction between the spin of a particle with
its motion. This kind of coupling exists naturally in atomic systems, and comes with the
Hamiltonian of Hgp ~ L-S , where L is orbital angular momentum and S is the spin
angular momentum. SO coupling has a very profound effect on the energy band structure;
In semiconductors such as GaAs, SO coupling gives rise to a splitting of the topmost valence
band. Fig. 2.13 schematically shows that by taking SOC into account for electron states,
we obtain electronic states with angular momentum j = 3/2 and j = 1/2, that are split in
energy by a SO gap Ay [78]. Systems with high L and large spin are expected to have strong

spin-orbit coupling.

Before focusing on the effects of SO coupling on interfaces, it is important to un-
derstand its origin. To begin, consider an electron with mass m, charge e, and momentum
p that moves in an external magnetic field B. This electron experiences a Lorentz force

perpendicular to its motion F = —=pX B with Zeeman energy U = —ugo - é, where ¢ and
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up are the Pauli spin matrices and the Bohr magneton, respectively. By analogy, when this
electron moves in an electric field E, it experiences a magnetic field éef F #Eﬂ X p'in its

rest-frame, where c is the speed of light. This magnetic field induces a momentum-dependent

Zeeman energy, which is the same as atomic SO coupling Hso = 15 (E X p)-d. As it seems,

SO interactions are the relativistic correction to the Schrodinger equation for electrons.

Mainly, there are two types of SO interactions in solids: a symmetry independent type
that exists in crystals and stems from SO interaction in atomic orbitals, and a symmetry

dependent SO coupling that exists in crystals without inversion symmetry.

In crystals, the electric field is given by the gradient of the crystal potential E = —6‘/,

which produces a SO energy of %(—ﬁv x p)-&, with the SO field of @(p) = —£&(=VV x ).

me?
Because SO coupling preserves time-reversal symmetry [i(p) - & = —w(—p) - 7, the SO field
must be odd in electron momentum p: that means, (—p) = —@(p). Only structures, such

as zinc-blende III-V semiconductors, that lack inversion symmetry can accommodate this
odd-in-momentum SO field. The lack of inversion symmetry in the bulk leads to a spin
splitting, and it was first noticed by Dresselhaus [79] and thus is called the Dresselhaus SO

interaction.

Surfaces and interfaces such as in 2D materials can also induce asymmetry. The SO
coupling in these cases is a combined effect of atomic SO coupling and asymmetry of the
potential in the direction perpendicular to the 2D plane. This effect is named in honor
of Emmanuel Rashba [10] who discovered it. The Rashba effect is a manifestation of SO
interaction in solids, where spin degeneracy associated with the spatial inversion symmetry is
lifted due to a symmetry-breaking electric field normal to the heterointerface. In general, the

Hamiltonian of the spin-orbit interaction is given by (ﬁV x p) - & and for the perpendicular
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Figure 2.14: (a) Electron confined in x-y plane moving in a static an electric field E. (b)
In electron’s frame of reference, Lorentz transformations generate magnetic field B’ which
depends linearly on velocity.

electric field VV = (0,0, E,) results in a conventional k-linear Rashba effect, where p'is an

electron’s momentum, and & is the Pauli spin matrices.

To understand this, let us consider an electron constrained in z-y plane, moving in an
external electric field E = E2 in the laboratory frame of reference with velocity v = v,Z+v,7,
shown in Fig. 2.14 (a). In electron’s frame, Fig. 2.14 (b), Lorentz transformations lead to
appearance of a magnetic field B , which is perpendicular to the electron’s momentum and
the direction of the electric field; and is proportional to electron’s velocity: B’ ~ D2y + Dy,
where 2 and ¢ are unit vectors in x and y direction, respectively. The magnetic field interacts
with the electron through the Zeeman term, pugo - Bl ~ D0y + Dyo,, Which gives rise to the
Rashba SOC. The essential feature of any SO coupling is that, even in the absence of an
externally applied magnetic field, electrons moving in an electric field experience a magnetic

field in their frame of motion — the SO field — that couples to the electrons magnetic moment.

Bulk SrTiOj3 has crystal inversion symmetry and time-reversal symmetry, thus the
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Figure 2.15: Band structure of ¢3¢ orbitals in bulk SrTiOj calculated by (a) DFT and by (b)
a tight binding model. In the absence of spin-orbit coupling, yz, 2z, and xy are degenerate
at the I' point. SOC splits the sixfold-degenerate orbitals [80]. (c) Band structure for the
2DEG at the LAO/STO interface. Color-coded subbands are bands that are formed from
the corresponding d orbitals [84]. The figure is adapted according to Ref. [85].

energy bands are still spin-degenerate. The conduction band of STO originates from Ti
3d orbitals. Because of the crystal field, the five degenerate 3d orbitals split into two e,
(dy2_y2,dy2) and toy (dgy, dy., and d, states) subbands [48]. An atomic SO coupling [80]
causes the further splitting of t5, states by A, see Fig. 2.15 (a) and (b). The early Raman
characterization by Uwe et al. [81] measured ~ 17 meV for this gap, while the later ARPES

results by Chang et al. [82] and calculations of Marques et al. [83] provided higher values
(~ 70-100 meV)

At the interface of LAO/STO, the crystal inversion symmetry is broken, so the SO
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interaction lifts the spin degeneracy of the confined electrons. The band structure of the
electron gas at the interface is shown in Fig. 2.15 (¢). Strong SO coupling effects whose
magnitude can be modulated by the application of an external electric field have been
observed for the LAO/STO interface through magnetotransport studies [86]. Unlike in
semiconductor heterostructures, interfacial carriers at the LAO/STO interface reside in the
3d-ty, conduction band of STO, potentially affecting the strength of the SO coupling [80].
Density-functional-theory calculations [80] show a large SO coupling effect around the I’
point, either with standard k-linear Rashba spin splitting or with a cubic dependence on the
wave vector, depending on the sign of the d,./d,. sub-band splitting. But, for d,, sub-bands
the Rashba SO coupling is calculated to be mainly k-cubic, with energy scale of a few meV
to ~ 20 meV [80, 87]. The form of k-linear is Hr; = agyi(k_oy — kyo_), and the form of
the k-cubic is Hps = apsi(k®o — k30_), where, oy = (0, £ i0y)/2 and ky = (k, + ik,)/2

with £ being the wave vector.

One of the experimental manifestations of spin-orbit interaction are Weak Localiza-
tion (WL) and/or Weak Anti Localization (WAL) effects through magneto-transport mea-

surement. These effects are discussed in the subsequent section.

2.6 Weak Localization (WL)

The electronic transport in solids can be classified by three main characteristic lengths:
(i) The mean free path ¢, which is the average distance that an electron travels before its
momentum changes by scattering from scattering centers. (ii) The phase coherence length

14

o, which is the average distance over which an electron can maintain its phase coherence.

{, is usually determined by inelastic scattering of electrons by phonons or other electrons.
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These characteristic lengths are also associated with their corresponding life times, 7 and
7;, which are the lifetimes of conduction electrons in an eigenstate of momentum and an

eigenstate of energy, respectively. (iii) The sample size L.

If £ > L, electrons can propagate through the sample without being scattered. This
is known as the ballistic transport regime. If ¢/ < L, electrons will scatter and diffuse through
the sample, and this is known as the diffusive transport regime. In the diffusive regime, if

l, < {, it is referred to as semiclassical diffusion, and leads to the Drude conductivity:

(2.1)

In the diffusive regime, if £, > ¢, a conduction electron in state with momentum &
can be scattered by impurities (even many times) without loosing its phase coherence. Due
to the statistical distribution of the impurities, the multiple scattered waves form a chaotic
pattern. The usual Boltzmann theory (Drude conductivity) neglects interferences between
the scattered partial waves and assumes that the momentum of the electron wave disappears
exponentially after the time 7. However, neglecting the interference is not quite correct.
There can be a coherent superposition of the scattered electron waves, which results in back-
scattering of the electron wave and lasts as long as its coherence is not destroyed. In this
diffusive regime, the quantum interference between time-reversed scattering loops, in which
one or more impurities are present (Fig. 2.16), will result in a correction to the conductivity
(88, 89]. The weak localization or weak anti-localization is an effect due to this correction in
the conductivity in the quantum diffusive regime. Another useful way to see the quantum

correction to the conductance, is the cartoon on the right panel in Fig. 2.16 which shows a
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Figure 2.16: Schematic of different electronic transport regimes in solids. The open circles
represent impurities and arrows shows the trajectories that electron traveled.

diffusion path of a conduction electron in a disordered system. The electron propagates in
both directions: full lines with the wave function of 1; = [¢1]e?!, and dashed lines with the
wave function of 1, = |15]e?2. Classical diffusion physics assumes an identical probability for
the electron to propagate on the same path in the opposite direction. The two probabilities
add up and contribute to the total probability of finding the electron: |i;]* + [1s]?. But,
electrons have wave-like character, so the the total probability of the electron moving from
one point to another point is |11 |* 4 [1a|? + 2|11 ||1)e] cos(6y — 62). So, this interference term
effectively makes it more likely that a carrier will wander around in a circle, which leads to

an increase in the net resistivity.

This weak localization correction originates from quantum interference between self-
crossing paths in which an electron can diffuse in the clock-wise and counter-clockwise di-
rection around a loop. The quantum phases cancel each other exactly because the length
of the two paths along a loop are the same, and thus this quantum interference term can
survive disorder averaging. Weak localization exists in one, two and three dimensions, but

it is more probable to find a self-crossing path in lower dimensions. So, weak localization
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effect are more appreciable in thin films and wires. In systems with strong SO coupling, the
electron spin rotates as it propagate through a self-intersecting trajectory. The spin rotation
direction is opposite for the two paths around the loop. As a result, the two paths along the
loop interfere destructively which suppresses the net resistivity, as schematically is shown in

Fig. 2.17. Thus, this effect is called weak anti-localization.

For two dimensional systems at low but finite temperature, Anderson et al. [90] and
Gorkov et al. [91] showed that the quantum interference correction to conductivity has some
sort of logarithmic dependence on £ and £,

oQr X :I:;—; ln(%) (2.2)
where €?/h is the conductance quantum, the — and the + signs corresponds to WL and
WAL, respectively. Note that this correction is temperature dependent; ¢ is defined by the
elastic scattering so it is not a function of temperature, but £, is determined by inelastic
scatterings so it is usually depends on temperature. At low temperatures, £, becomes longer

and so the quantum correction to conductivity becomes important. A schematic temperature

dependence of the conductivity is shown in Fig. 2.17.

Weak anti-localization enhances the conductivity and weak localization suppresses
the conductivity with decreasing temperature at very low temperatures. These effects pro-
vide valuable information about the system, such as symmetries of the system, the phase
coherence length [93], and the quasiparticle mass [94]. Magnetoresistance experiments can

often help sort out the various contributions to the transport.

Major contributions to the magneto-conductance of a disordered electronic system
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Figure 2.17: Schematic of WL and WAL in two dimensions in (a) magnetoconductivity,
defined as do = o(B) — 0(0), and (b) temperature dependence of the conductivity o. B is
the magnetic field and 7' is temperature. Adapted from Ref. [92].

are interactions (mainly Coulomb), which contain exchange and Hartree terms, and weak
localization, which involves the SO interaction term. In a diffusive regime for a confined
2DEG, where the inversion symmetry is broken, the SO interaction mechanisms fall into
two main competing categories: Elliot-Yafet (EY) and D’yakonov-Perel (DP) mechanisms.
These two electron spin relaxation processes have received much attention in connection with

various spintronics applications.

The Elliot-Yafet mechanism [95, 96] is related to electron spinflip scattering owing
to a wave vector dependent admixture of valence-band states to the conduction-band wave
function. In this case, the electron spins relax as the spin-orbit interaction causes them to
not be in a pure spin state and thus the spin coherency is lost with each act of scattering. The
EY mechanism takes into account the change in the spin polarization of a Bloch state due
to scattering by impurities, lattice defects, or phonons This mechanism establishes a linear

relation between the spin-orbit relaxation time and the elastic scattering time, 750 o 7.
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In the D’yakonov-Perel mechanism [97], the coherency between spins is destroyed
not due to the scattering as in EY case, but as a result of spin precession in an inhomo-
geneous magnetic field between successive scattering events. The spin-orbit relaxation time
is inversely proportional to the elastic scattering lifetime in DP spin relaxation mechanism,
Tso X T, L

Two main groups of theorists applied these relaxation mechanisms to understand
magneto-conductance in 2D materials due to WL/WAL: the Hikami-Larkin-Nagaoka groups
and the Maekawa-Fukuyama (MF) that use EY mechanism, and the Iordanskii, Lyanda-
Geller, and Pikus (ILP) group that use the DP relaxation mechanism. The MF equation
[98] uses k-independent and the HNL theory [99] uses k-cubic corrections, to the magneto-
conductance. The ILP equation [100] considers spin-orbit interaction effect on the weak
localization as an effect of a spin-dependent vector potential (has both k-linear and k-cubic
corrections). The prediction by of Hikami et al. (logarithmic increase of the conductance
with decreasing temperature in the presence of strong SO coupling) was experimentally
confirmed by Bergman. He prepared bilayers of Au/Mg, with different thickness of Au. Mg
is a metal with the smallest possible spin-orbit coupling. On the other hand, Au has a strong
spin-orbit coupling. As can be seen in Fig. 2.18 the spin-orbit coupling modifies the weak

localization of the conduction electrons in thin films and reverses the magnetoconductance.
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Figure 2.18: The magnetoresistance of a thin Mg- film at 4.5 K for different coverages with
Au. The Au thickness is given in % of an atomic layer on the right side of the curves. The
coating with Au increases the spin-orbit scattering. The points are experimental data and
the full curves are obtained with the HLN theory. The ratio on the left side gives the strength
of the adjusted spin-orbit scattering. It is essentially proportional to the Au-thickness. Lgg
is the universal conductance.

Caviglia et al. [86] first observed Rashba SO coupling in LAO/STO by modulation
of the SO interaction through an application of an external electric field. He used MF
equations and deduced that the spin relaxation time is proportional to the inverse of the
elastic scattering time over a wide voltage range (7so o T, ) and thus suggested the DP
mechanism characteristic for the Rashba SO interaction of the 2DEG. Later, Nakamura et
al. [101] investigated a spin-orbit coupling in gated SrTiOs, in which inversion symmetry
is preserved in its bulk form. By analyzing an antilocalization effect on magnetoresistance,
they observed the distinct configuration of a spin-precession vector in a k plane based on

the k-cubic-Rashba effect compared to the linear Rashba effect.
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2.7 Kondo mechanism

The Kondo effect is a consequence of scattering of the electrons in a non-magnetic
metal from dilute magnetic impurities at low temperature, and it manifests as an increase
in the resistivity at low temperature. The conduction electron magnetizes in the vicinity
of the magnetic ion. This magnetization causes an indirect exchange interaction between
two magnetic ions, because a second ion becomes aware of the magnetization induced by
the first ion. An indication of this interaction is the occurrence of a minimum and an
upturn at low T in the resistivity curve. Often, when a resistance minimum is found, a local
magnetic moment is linked to that. The question started in 1933; Dutch physicist Wander
Johannes de Haas and co-authors reported an unexpected rise in the resistivity of some
gold samples at low temperatures (metals typically show a resistivity which continuously
decreases by lowering the temperature and eventually saturates at a value which depends on
the impurity concentration). In 1961, Phil Anderson introduced a microscopic model that
explained how local moments form in metals, with magnetic impurities, without getting
screened by electrons (magnetic impurities can be screened by itinerant electrons such that
they don’t act like a local moment). The theory explained that the impurity moments couple
antiferromagnetically to the spins of the conduction electrons. In 1964, Japanese physicist
Jun Kondo showed that the anomalous high resistance at low temperature is the consequence
of the dynamic nature of the scattering by the exchange coupling and of the sharpness of
the Fermi surface at low temperatures. Kondo added a logarithmic term of ln(%), where
W is the width of the electron band, to the temperature dependence of the resistivity to
explain the upturn. Kondo’s calculations could reproduce the resistivity upturn, but the zero-

temperature limit remained unsolved—the logarithmic divergence cannot physically persist
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to zero temperature. In 1974, Nobel Prize winner Kenneth Wilson was able to first solve the

Kondo model by the numerical renormalization group.

The Kondo effect was one of the main signatures of magnetism in LAO/STO
first reported by Brinkman et al. [69]. Subsequently, the Kondo effect was reported for
electrolytically-gated SrTiOs [102], LaAlO3/EuTiO3/SrTiO3 trilayer structures [103], and
for 6-doped/LaTiO3/SrTiO3 [104]. The observed negative magnetoresistance, for both the
in-plane and out-of-plane magnetic field directions, has been explained within the context
of Kondo interaction [102]. However, Diez et al. [105] proposed an alternative explanation,
based on the very large (70%) negative in-plane magnetoresistance, gate voltage data, tem-
perature profiles for the resistance, and theoretical calculations. Diez et al. proposed an
explanation fully within the single-particle context of Boltzmann transport to explain the
negative in-plane giant magnetoresistance. The Boltzmann transport equation with spin-
orbit coupling, in combination with anisotropy of the Fermi surface and scattering rates,
suffices to produce a large resistance drop upon application of a magnetic field. He proposed
that the combination of spin-orbit coupling and scattering from finite-range impurities can

explain the observed magnitude of the negative magnetoresistance.

Ultraviolet light illumination (365 nm) is reported to suppress the Kondo upturn [106].

The suppression has been related to the destruction of the Kondo coherence of magnetic ions.
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Chapter 3

Equipment and Characterization Techniques

3.1 Pulsed Laser Deposition (PLD)

Thin film samples for this study were synthesized using the Pulsed Laser Deposition
(PLD) method. The basic idea of the technique is to use the pulses of a high-power laser
to evaporate a small amount of a solid target. The target is the material from which we
want to make thin films. The principle of PLD relies on photons interacting with the target.
The focused laser pulses are absorbed at the target surface in a small volume. The absorbed
energy density of the laser is sufficient enough to break the chemical bonds of the molecules
within that volume; there occurs conversion of the energy to electronic excitation. Further
energy conversions to thermal, chemical, and mechanical result in evaporation and ablation
from the surface of the target. Most of the ablated target material is in the ionized form
and thus it is called plasma plume. The plasma plume then solidifies on a substrate, and
the thin films are formed. The conventional theory of film growth during the deposition also
applies here: depending on energies, possibilities include three-dimensional island growth,
two-dimensional monolayer formation, and the growth of separate islands on top of a full
monolayer. The total free energy of the system governs the balance between growth and
dissociation of a cluster. Practically and often, the free energy can be tuned by lowering the
temperature (or increasing the deposition rate). For instance, deposition at low temperatures

can promote amorphous phase instead of crystalline. If the surface energy of a nucleated
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cluster is low and that of the substrate is high, it is energetically more favorable for the film
to form as full monolayers. The deposition can occur either in vacuum or in the presence of
some dilute background gas, which influences the composition of the film. If the conditions
such as laser parameters, substrate temperature, and background gas pressure are right, the
film will have the same stoichiometry as the target. Ref. [107] is a nice book on principles

of PLD.

Convex lens

Zoom stage

Figure 3.1: Schematic of pulsed laser deposition; Ota master thesis [108], modified. The
image is not drawn to scale.

A wide variety of materials can be made into thin films using PLD. In particular,
PLD works for insulators, such as oxides. Metals that have very high conductivity do not

ablate well by laser, as the electromagnetic waves do not penetrate well into metals. The
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main components of a PLD system are the KrF excimer laser, vacuum chamber and pumps,
and substrate and target holders. A schematic illustration of a PLD system is shown in

Fig. 3.1.

In our PLD set-up, a Lambda Physik COMPex 201 KrF laser (A = 248 nm) is used
for ablation of the target material. The laser has a maximum energy output of 200 mJ,
pulse duration of 25 ns, and repetition rates up to 10 Hz. The laser beam is focused onto the
target using a high energy excimer mirror at 50°, and a 50 cm focal length lens placed 5.5
inches from the chamber window. The ablated area on the target has a rectangular shape,
2 by 3 mm?, the size of which can be modified by changing the position of the lens. Our
set-up accommodates multiple targets that can rotate. Dr. Mark Monti installed the system
and designed the substrate and target holders; a detailed explanation of our PLD is in his

Ph.D. dissertation.

3.1.1 Growth parameters

There are many growth parameters that highly affect sample properties. Laser flu-
ence and repetition rate, oxygen pressure during growth, substrate temperature, and target

morphology are some of the main parameters.

—Laser Fluence and Repetition
The fluence (energy per unit area, typically reported as J.cm™2) of a laser pulse has to be
larger than a certain threshold value so that abalation would be possible, and also so that all
the species in the target could be removed stoichiometrically. Too high of a fluency might
lead to the removal of large target fragments, which increases the number of particulates on

the film. For aluminates deposition, we typically use about 50-100 mJ, which gives
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1.7-3.3 J.cm~2 fluency. For Ni deposition, higher energy is required; I used 150 mJ. I did
not notice any change in the quality of the films by varying the repetition rate in the range

of 1-8 Hz.

— Oxygen Pressure During Growth (Pp,)
As was mentioned in the previous chapter, oxygen vacancies are one of the mechanisms of
conductivity at the LaAlO3/SrTiO3 interface, and thus the oxygen partial pressure during
growth is highly influential on the thin films electrical properties. In this study, high purity
oxygen gas (research grade, 99.9995% purity) was introduced into the chamber through a
series of valves and can be fine tuned using a flow meter. Py, was varied over the range of
6 x 1079 — 1073 torr for synthesizing RAIO3 (R = La and Pr) thin films. The background
pressure in the chamber was kept as low as ~ 7 x 1077 torr, which was achieved by the
combination of a rotary and a turbo pump. After the deposition, the RAIO3 samples were

post-annealed in situ in the same Pp,.

— Substrate Temperature
Substrate temperature can affect the thermodynamics and the kinetic processes of growth, as
well as provide lattice matching for materials of differing thermal expansion coefficients. The
substrate temperature is increased by a custom designed heater (Kanthal A1 with 0.018”

diameter). The highest temperature available in our system is ~ 750°C.

— Target Morphology
Targets for PLD can be either single crystal or polycrystalline (which can be made using
solid state reactions technique). The surface of the target affects the quality of the film.
Dense and smooth-surface targets are desired. It is often suggested to polish the surface of

the target after each couple of runs to have a smooth surface. Particulates may come off

46



from a cracked or textured target and get deposited on the substrate.

3.2 Target preparation

Targets should be in the form of a large flat disk with a diameter of 1.5 cm, at least.

For LaAlOj3 thin film deposition both the single and polycrystalline targets were used.
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Figure 3.2: X-ray diffraction pattern of the polycrystalline LaAlO3 (top panel) and PrAlOs
(bottom panel) targets. x shows the peak positions for the impurity phase of PrgO1, which
can be removed by grinding for longer times and annealing at higher temperatures.
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The single crystal target, which is a disk with 2.54 cm diameter and 0.5 mm thickness,
was purchased from the MTI company. The polycrystalline target was made by the solid
state reaction technique. I did not notice any difference in the quality of the films that were
made with the single crystal or polycrystalline targets. For the PrAlO3 thin film deposition,
the target was made by the solid state reaction method. To make a target suitable for PLD,
8-10 grams of the final compound is needed to make a large disk (1.25” diameter) target.
To create a stoichiometric ratio for the final compound, RAIO3 (R=La and Pr), the exact
weight of each oxide (for instance, AlyO3, LasOs, and/or PrsO;;) was calculated precisely,
using the atomic weight of each element. High purity oxide powders were weighed and
then individually dried in alumina crucibles in a 900°C furnace overnight to burn off any
carbonates. After this initial drying step, the exact ratio of oxides was precisely weighed and
ground for a long time to get a fine and homogeneous powder, using a mortar and pestle.
The grinding was repeated at least three times. The compound was kept at 1200°C between
each grinding over night. Then, the powder was pressed into a pellet using a hydraulic press
to create a dense disc. For our 1.25” diameter pellet, a pressing of 12000 1bs, corresponding
to a pressure of 66 MPa was used. The pellet is extremely fragile and was removed from the
press with care and placed onto a clean flat tray alumina crucible. The RAIOj3 pellet was
sintered at 1500°C for 12 hours, and cooled down slowly to achieve a polycrystalline dense
disk that was suitable for ablating stoichiometric thin crystalline films. Fig. 3.2 shows the

XRD pattern of the LAO and PAO targets used in this study.
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3.3 Surface analysis: Atomic Force Microscopy (AFM)

Atomic force microscopy is a powerful technique to study the surfaces of materials.
The probe of the AFM is a cantilever. The tip resonances and scans over the surface of the
sample. The surface structure is mapped by the change in the force (and thus the change
in the frequency of the tip) experienced by the tip of the cantilever. The oscillation of the
tip is detected by a laser reflected from the top side of the cantilever. The change in the
oscillation of the tip is translated into the change in the topography of the surface that is to

mapped. A schematic of an AFM is shown in Fig. 3.3.

For this thesis, I took the topographical images of the substrate and the film surfaces
with a Veeco Atomic Force Microscope (AFM), ex situ at room temperature using the
tapping mode. Silicon cantilevers (Bruker) with resonance frequencies of 300-350 kHz and
force constants of 20-80 N/m were used. Cantilevers that are coated with Al (RTESPA) for
high reflectivity, often provide a sharper image. Sometimes, Gwyddion software was used to

process the raw AFM images.

Figure 3.3: Schematic of Atomic Force Microscopy.
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3.4 Substrate preparation

As was mentioned in the previous chapter, the specific termination of the substrate has
a great impact on the electronic properties of the heterostructure. The TiO, termination is
the desired termination for the SrTiO3 substrate in this study. An as-received STO substrate
has a mixed termination of SrO and TiO,, shown in Fig 3.4(a), which often is not possible to
see using an AFM. To achieve a TiO, termination, Fig 3.4(b), a series of suitable chemical
etching and thermal treatments should be followed. References [109, 110, 111] have a nice

review of different titration methods to achieve single termination for STO.

Figure 3.4: (a) Schematic illustration of as as-received SrTiOj substrate; the termination
is a mixture of SrO and TiO,. (b) Schematic illustration of the desired TiOs termination
which could be achieved by suitable chemical etching and thermal treatments.

In our lab, a systematic study of etch processes to optimize the quality of the TiO,
termination and the reproducibility of the etch procedure was performed by Dr. Mark Monti.
He studied the effects of three different etchants: two different buffered oxide etchants of
HF:NH4F (BOE 6:1 from J.T. Baker and BOE 10:1 from KMG chemicals) and aqua regia,

a 3:1 mixture of HCI:HNOg, as a function of etch time. His results indicates that BOE
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10:1 provides a better result. I prepared the substrate based on the procedure explained in
his thesis. The procedure is as follows: Substrates should be first cleaned in an ultrasonic
agitator first using isopropanol, then acetone, and then isopropanol for 15 minutes each.
Then the substrates should be agitated in 60°C deionized (DI) water for 20 min. This
step promotes the formation of strontium hydroxide. The temperature should be carefully
measured. Temperatures higher than 60°C resulted in a jagged shaped terraces. Hold the
substrate by a plastic tweezer so that you can immediately transfer it to the next step. The

next step is to dip the substrate in BOE 10:1 for 1 minute.
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Figure 3.5: (a) An AFM image of a terminated STO substrate (b) A line scan taken perpen-
dicular to the terraces that verifies the unit cell step size between terraces, indicating single
termination. (c) 3D AFM image of the substrate.

Better results were achieved when the HF container was placed inside the ultrasonic agitator.
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By etching, strontium hydroxide is dissolved in HF, leaving a TiOs layer on the surface. I
then annealed the etched substrates in oxygen at 950°C for 1 hour to get smoother step

edges.

Longer annealing time causes the migration of the Sr atoms to the surface. The
annealing time depends on the miscut angle of the substructure. The time required for
thermal treatment increases with terrace length. The dependence of the annealing time
on the miscut angle and the number of dislocations in the crystal make this termination
procedure difficult to be reproducible each time. The etched substrates were characterized
by AFM to determine the quality of the substrate prior to thin film deposition. Fig. 3.5
shows AFM images of an STO substrate that was TiOs-terminated in the lab, along with
a line scan normal to the terrace edges. The unit cell step size between terraces indicates
single termination. The images also reveals flat terraces, ~ 140 nm or ~ 350 unit cells wide,

corresponding to a typical miscut angle (~ 0.2°) for this substrate.
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Figure 3.6: (a) and (b) Round deep features that sometimes appear at the edge of the
terraces with large width. (c¢) Step bunching that is shown by a circle in the AFM image.

The substrates were bought from MTTI in the USA or CrysTec in Germany. I found
that the procedure works well for the substructures that are from the CrysTec company.
However, on some of the substrate purchased from CrysTec that have low miscut angle,
some round deep features appear at the edges of the terraces; see Fig. 3.6 (a) and (b). I did
not find any influence from these features on electrical properties. Step bunching can also
happen, as can be seen in Fig. 3.6 (c). If the density of the step bunching is low, they do

not seem to have any affect on the crystallinity and the transport properties of the films.
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3.5 Structural characterization: X-Ray Diffraction (XRD)

X-Ray Diffraction (XRD) is a major characterization technique for thin films. High-
quality diffraction data can provide information such as the crystal structure and quality,
atomic arrangement, stress/strain, film thickness and defects in a crystal. In the XRD
process, the atoms of a crystal cause a beam of x-rays to diffract into many directions. The
diffracted rays form a constructive and destructive interference pattern. If a fixed value of the
wavelength is used for the incident x-rays, each diffracted angle is associated with interference
from a specific set of atomic planes of the crystal. To have constructive interference between
the diffracted beams, Bragg’s law

2dpi Sin @ = nA (3.1)

should be satisfied. In Eq. 3.2, d is the spacing between the crystal planes, hk and [ are
integers known as Miller indices, 6 is the x-ray diffraction angle, X is the wavelength of the
x-rays, and n is the order of diffraction. For an orthorhombic structure, d can be found by

1

 ——
h2 k2 12
Z2TEta

(3.2)

where, a, b, and ¢ are orthorhombic lattice parameters.

For this study, a Philips X’PERT diffractometer using CukK, x-rays with A = 1.5406
A, was operated at 40 kV and 30 mA. For this machine, the sample substrate was mounted on
putty in a stainless steel holder and pressed flat using a glass slide. Alignment was achieved
using the (002) reflection of STO. Later, UT purchased another x-ray machine, in which the
alignment is easier; the Rigaku Ultima IV. Rigaku uses CuK, x-rays radiation and operates
at 40 kV at 44 mA, providing more source power. It can work both in Bragg Brentano (BB

for powder diffraction) and Parallel Beam (PB for thin film diffraction) modes. Some of the
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XRD data are taken using the Rigaku machine. Fig. 3.7 (a) shows a schematic illustration of
the Rigaku Ultima IV diffractometer. The main parts are the x-ray source, a monochromator
which selects CukK,, radiation, different sets of slits that align the beam, the sample stage,
attenuator, and detector. The detector records the x-ray photon count scattered from the

sample. The source, sample stage, and detector can rotate.
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Figure 3.7: Schematic illustration of (a) the Rigaku Ultima IV, and (b) sample alignment,
showing various angles and axis. The figures are taken from Rigaku website.
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The incident beam angle is characterized by angle 6 (also called w). At 6 = 0,
along the direct beam axis, the source and detector directly face each other. The detector
can rotate with respect to the incident beam direction by angle 26. The angle between
incident beam and the diffracted beam is 20. For alignment, the sample stage can rotate in
three different directions: local x and y coordinate frame (Rx and Ry rotation), and around
the direct incident beam axis (¢ rotation, where ¢ is the angle measured in perpendicular

direction to #), see Fig. 3.7 (b).

3.5.1 Profile measurement: Out-of-plane diffraction measurements

This is a routine XRD scan to get information about the crystal structure including
lattice constants, lattice distortion, crystal orientation, crystallite size, etc. This scanning
mode is also often called 6 — 26 or w — 2w scan, where the x-ray source rotates by angle
0 and the detector rotates by angle 260, simultaneously. The XRD spectrum consists of
peaks in the intensity recorded by the detector at certain 26 angles, such as the spectrum
in Fig. 3.8. Epitaxial thin films that have a high degree of crystalline perfection can be
probed by XRD. The film peaks are often very weak relative to the substrate peaks, due to
the small number of planes involved in the diffraction. The spectrum is often plotted on a
square-root or on o logarithmic scale to make the film peaks visible. Fig. 3.8 shows a typical
6 — 260 XRD spectrum of PAO/STO. The peak at about 42° is due to copper Kz radiation.
And, the peak at about 44° is due to tungsten radiation, W-L,. The XRD machine uses
a fixed copper (Cu) anode target to produce x-rays. If a monochromator is not installed
the Cu-Kz (A = 1.3926 A) radiation is not filtered out, and appears in the XRD spectrum.

The tungsten radiation contamination is due to the fact that most of the x-ray cathodes are
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made with a tungsten filament. Over time, small amounts of tungsten evaporate from the
cathode and get deposited on the anode. The characteristic of this contamination is that
it will increase with the age of the anode as more and more tungsten gets deposited on the
copper anode. The characteristic contamination occurs at A = 1.4764 A. To get rid of these
two peaks, Cu-Kg and W-L,, a monochromator should be installed, or an attenuator should

be set around those peaks.
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Figure 3.8: XRD data for thin films of PAO grown on STO.
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3.5.2 X-Ray Reflectivity (XRR) measurement

X-ray reflectivity is a technique that can determine surface and interface roughness,
film thickness, and the density of the thin film samples. In this study, I used XRR to measure
the thickness of the thin films. The range of thickness that can be determined by XRR is
about 2-200 nm. The scan is very similar to 8 — 26 scan except that that the incident angles
are very small, 0° — 5° (grazing angles). The x-ray beam irradiates the sample at a grazing
angle 6 and the reflected intensity at an angle 260 is recorded. At each surface or interface,
part of the beam is reflected due to the different electron densities in the different layers. At
very small angles 6§ < 6., the x-ray source and detector are facing each other, and almost
all of the incident beam is reflected from the film surface. When the incident angle 6 is
equal to the total reflection critical angle § = .., x-rays propagate along the sample surface.
At 6 > 6. the incident beam penetrates into the film by refraction. At every interface, a
portion of x-rays is reflected. Interference of these partially reflected x-ray beams creates a
reflectometry pattern. The reflection from the different interfaces interfere and give rise to
interference fringes. The period of the interference fringes is related to the thickness of the
film, and the fall in the intensity is related to the roughness of the layer, see Fig. 3.9. The
critical angle which is often less than 0.3° provides information about the density of the film.

The formula to calculate thickness d is,

d:

A (m—n)
2 (sin6,, — sin6,) (3:3)

where )\ is the wavelength, and 6,, and 6, are m** and n** fringe positions in the XRD

spectra. Fig. 3.10 shows some XRR scan for the typical thickness of thin films used in this

study.
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Figure 3.10: XRR scans for PAO and LAO thin films with different thickness on STO.
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3.5.3 Rocking curve measurement

The preferred orientation direction and the degree of the orientation are two separate
important factors in thin film crystallography. The orientation direction can be determined
by a 8 — 26 scan. The degree (or distribution) of the orientation can be obtained by a rocking
curve measurement as shown in Fig. 3.11. This method of measurement is performed by
rocking the thin films sample around a small angle 6 (or w) while the detector is kept at a fixed
260 angle. The detector measures the diffraction intensities from the preferentially-oriented
lattice planes. In the Rigaku machine this measurement is called an w scan. The degree
(distribution) of preferred orientation is measured from the Full Width at Half Maximum
(FWHM) of the rocking curve plot. This scan is often performed on thin films so the angles

values are for the thin film peaks.
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Figure 3.11: A schematic illustration of rocking curve measurement. An epitaxial thin film
produces sharp peak, whereas a non-epitaxial film produces wide peak.
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A perfect crystal (or a perfect epitaxial thin film) will produce a very sharp peak.
Defects like mosaicity, dislocations and curvature create disruptions in the perfect parallelism
of the atomic planes. The rocking profile from a perfect crystal will have some width due to

instrument broadening and the intrinsic width of the crystal material.
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Figure 3.12: Rocking curve profile around the (001) peak for (a) PAO thin film and (b) STO
substrate. The FWHM for the film and the substrate are 0.02° and 0.01°, respectively.

Fig. 3.12 shows the rocking curve profile for the PAO thin film and the STO substrate

peak. The FWHM for the film is 0.02°, which indicates that the film is quite epitaxial.

3.6 Electrical transport measurements

To electronically access the LaAlO3/SrTiO3 interface, which is buried underneath the

insulating LaAlQOg, I used a wire-bonder. Contacts were made in a Van der Pauw geometry
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by ultrasonic welding using a West Bond Inc. model 7476D manual aluminum wedge-wedge

wire-bonder.

Transport properties were measured using a 9 T Quantum Design physical property
measurement system (PPMS) using standard Van der Pauw (VDP) geometry in a DC set
up down to 2 K. For measurement below 2 K, the helium-3 probe in our lab was used. For
measuring sheet resistance R; by PPMS, the machine provides two measured characteristic

resistance R4 and Rp; Fig 3.13 shows the geometry for determining these two resistances.

oV

I+ \ V_ I+ \ I_

Figure 3.13: The two permutations that are used in the PPMS for determining the sheet
resistance in the VDP configuration.

After obtaining these two resistances, R, can be obtained numerically by solving the
VDP equation [112]
e mRa/Bs | ommRB/Rs (3.4)

One way to solve Eq. 3.4 is as follows:

— Calculate the initial value of the Z; or Z

Zo=2 ln(2)/[7r(RA + RB)] (35)
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— Calculate the " iteration of
yz — e_ﬂ—RAZi + e—ﬂ'RBZZ'_l (36)

— Calculate the 3*" iteration of Z;, where

(1 —y;)

7. =7 4 —
¢ 1 RuemRaZi L Rpe—RpZia

(3.7)

— You can stop the iteration, when the error in (Z; — Z;_1)/Z; is small enough, e.g. within

or better than 1075. Then, R, is

If the thickness d of the electron gas is known, resistivity is p = Rsd. Often, R,, is
also used as a symbol for the longitudinal sheet resistance. Similarly, R, is used to indicate

the Hall resistance.

Magnetoresistance (MR) and the Hall effect data were obtained in a magnetic field H
up to 9 T. Hall resistance ?,, data provide the sheet carrier density n, and the Hall mobility
w. For measuring the Hall resistance in the VDP geometry, current passes diagonally in the

sample, as shown in Fig 3.14.
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V-7 b

Figure 3.14: The configuration used to measure the Hall effect. To eliminated the effect of
misalignments of contacts, the magnetic field was swiped from positive values to negative
values.

There is always a misalignment of the electrode contacts, and that causes the R,,
or R;, to have some portion of the other. We got rid off the Hall voltage contribution in
magnetoresistance data by doing resistivity measurements at +/- H fields and then took the
average of those two measurements. That removes the contribution from the Hall voltage,
as the Hall voltage changes sign when the field changes direction (R, is an even function of

magnetic filed, whereas R, is an odd function). Thus,

_ Rg(H) + REY(—H)

R..(H) 5 (3.9)
Similarly, one can remove that magnetoresistance portion in the Hall data by
Rrow(H) — Rrow(_ [
Ryy(H) = — ) — A" H) (3.10)

2
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Chapter 4

Effects of Oxygen Content on the PrAlO;/SrTiO;
Interface

4.1 Introduction

As was mentioned in Chapter 2, the growth parameters significantly affect the elec-
trical and magnetic properties of RA1O3/SrTiO3 (R = rare earth) interfaces. In this chapter,
I examine, in detail, the effects of oxygen content on the electrical and magnetic properties
of PrAlO3 (PAO) and STO for two main reasons. First, among the aluminates, PAO has
the closest lattice constant to LAO (due to the multivalency of Ce, it is hard to make stable
thin films of CeAlO3), and thus this helps to lessen the effect of strain as much as possible.
Second, the effective magnetic moment of the Pr3* f electron states is 3.6 Bohr magnetons,
while closed shell La®* is diamagnetic [35], thus this rare-earth substitution can lead to
magnetic properties in an aluminate structure. So, I prepared several PAO/STO interfaces
under different oxygen pressures during growth and then analyzed the crystal structure and
the surface morphology of the thin films. Finally, I examine the effects of oxygen pressure
during growth on the Kondo effect and on the spin-orbit (SO) interaction, by measuring

electric and magnetic properties.
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4.2 PrAlQO; thin films growth parameters

To study the effects of Pp, on the electric and magnetic properties of the electron gas
at the PrAlO;/SrTiO3 (PAO/STO) interface, several epitaxial films were made using PLD
under various Pp,. In this survey study, to keep the effect of the substrate defect constant, a
single terminated substrate was cut into equal pieces to be used for depositing the different
samples. Substrates from different companies might have different numbers of impurities
and different miscut angles, so the effect of variations in those parameters are eliminated as

much as possible.

PAO epitaxial thin films were prepared in the Py, range of 6 x 1076 — 1 x 1073 torr at
750°C. The laser pulse energy was 100 mJ, the fluence of the laser was ~ 3 J-cm~2 and the
repetition rate was 1 Hz. After deposition, the samples were post annealed for 20 minutes
and then cooled down to room temperature, both in the same oxygen pressure as during
deposition. The growth oxygen pressures reported were from an ion gauge in close proximity
to the substrate, but should be considered approximate, since pressure gradients are inherent
between oxygen source and vacuum pump. The growth parameters are summarized in Table

4.1.

Table 4.1: PLD parameters used in thin film growth of PrAlOs

Po, range 6 x 107° — 1 x 1073 torr
Laser fluence ~3Jcm™?
Repetition rate 1 Hz

Substrate temperature 750°C
Post annealing condition | 20 min in the same Py, as during deposition
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4.3 Surface analysis of the PrAlO; thin films

Figure 4.3 depicts the AFM topography of the PAO/STO sample grown at 1 x 1074
torr. The thin film deposition has maintained the step terrace structure of the substrate,
and thus this verifies that the growth is layer-by-layer growth. Similar step-flow growth were
obtained for the other samples. Oxygen pressure during growth did not affect the topography

of the samples.

2nm

0 1.0 2.0 3.0 pm 1.0 2.0 3.0 um

Figure 4.1: AFM topography of the TiOs-terminated STO substrate (a) before the film
deposition and (b) after the PAO film deposition (PAO/STO). The film was grown at 1x 1074

torr.

4.4 Crystal structure of the PrAlO; thin films

Figure 4.2 shows the XRD scan of the epitaxial PAO films on STO (001) that were
grown at different Pp,. The thin films were grown along the c-axis since only the (00£)

reflections of the PAO are present.
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Figure 4.2: (Color online) XRD data for PAO/STO samples grown at different oxygen
pressures. The XRR pattern of the 1073 torr sample is shown in the inset (blue symbols).
The pink line is a simulation.

The peaks for the substrate and the film are marked by rectangles and circles, re-
spectively. To make the film peaks visible, the y-axis is plotted on a logarithmic scale. The
interference fringes at the right side of the PAO (001) peaks are an indication of a very flat
film of uniform thickness. In fact, fringes are present on the both sides of such peaks, but

they are somewhat screened on the left side by the intense peak of the substrate. Using
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Bragg formula, the c-axis lattice parameter can be calculated: 1/d* = [2/c*. Where, [ is the
Miller index along the c-axis, and d is the spacing between the planes, which can be found

from Eq. 3.2. The parameters are listed in Table 4.2.

Table 4.2: Out-of-plane lattice constants for thin films of PrAlO3 grown at different Pp,.
| Po, (torr) | out-of-planc lattice constant |

1073 3.738 £ 0.005 A
1074 3.745 + 0.005 A
107° 3.751 +0.005 A
6x107% | 3.763+0.005 A

The out-of-plane constants are smaller than the bulk value (3.77 A) This is expected,
since the PAO films are subject to tensile strain in the in-plane directions from the STO
substrate (the cubic lattice parameter of STO is 3.90 A) Apparently, there is a trend toward

relieving this strain for low oxygen films.

The inset in Fig. 4.2 shows an X-Ray Reflectivity (XRR) scan of the 1 x 1072 torr
sample. From a simulation fit, the thickness of this film is estimated to be 6.8 nm, or 18 unit
cells (u.c.). Similar results were obtained for the other samples. There was no significant
change in the structure, crystallinity, and quality of these samples as a function of oxygen

pressure during growth.

4.5 Sheet resistance and Kondo effect

Transport properties were measured using a 9 T Quantum Design Physical Property
Measurement System (PPMS) down to 2 K in a DC mode for resistive samples and an AC

mode for the low resistance sample. The measurement was done in a Van der Pauw geometry;,
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and the Van der Pauw algorithm was used to find Rs. For temperature measurement below
2 K (T > 0.3 K), the helium-3 probe in our lab was used. In Fig. 4.3, the dependence on
Po, of the sheet resistance R, of the interfaces of PAO and STO is presented. We observe
that the samples become less conductive for higher Fp,. The room temperature resistivity
increases as the samples are prepared at higher oxygen pressure. While there is only less
than a factor of 2 in growth pressure difference between the 6 x 107% torr and 1 x 1075 torr
samples, their room temperature resistivities differ by three orders of magnitudes. In the case
of the LAO/STO interface, it is known that oxygen vacancies can provide intragap donor
levels close to the conduction band of STO [59]. Higher oxygen pressure during growth tends
to fill the oxygen vacancies, thus causing the room temperature R, to increase. The lowest
oxygen-pressure-grown sample shows a metallic behavior from room temperature down to 2
K. The resistivity for this sample levels off below 10 K. We also treated an STO substrate
under the deposition conditions, without an actual film on it, but it turned out to be very
resistive and we were not able to measure any measurable conductance for it. This could be
inherent to the PLD process; the energy of impinging ablated species favors oxygen loss at
high temperatures and reducing atmosphere. The very low sheet resistance indicates that
the conduction layer is much thicker for the 6 x 107% torr sample and the transport must

occur in a region many layers thick.

For 1075 and 10™* torr O, growth pressure, the resistivity of the PAO/STO interface
has a metallic trend from room temperature down to 50 K and 75 K, respectively, and a
nonmetallic trend below those temperatures. For the 1073 torr sample, a minimum of R,
occurs at a higher temperature of 150 K, and it is accompanied by an unusual maximum at

around 57 K, and a second minimum at 32 K. Currently, we do not have a clear explanation
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for the unusual maximum a around 57 K. We note that the temperature of the maximum
coincides with the melting point of oxygen and may be related to variation in interstitial or
interface-trapped oxygen mobility, as might be expected for this most over-oxygenated 103
torr sample.

Reference [113] has examined interfaces of PrAlOs and NdAlO3 (NAO) with SrTiO;
at Pp, = 1072 torr. Our observed maximum at 57 K in R, is absent in their data. This may

be due in part to different absolute growth pressures.
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Figure 4.3: (Color online) Sheet resistance of PAO/STO interface synthesized at different
oxygen pressure as a function of temperature. Solid curves are a fit using Eqs. 4.1 and 4.2.

At very low temperatures, all the samples, except the lowest Py, one, exhibit insu-
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lating behavior by an upturn in R;. The upturn is substantially stronger for the high Pp,
sample. The upturn in R, at low temperatures has been seen in some of the reported results
for the interface of LaAlO3/SrTiO3 that were grown at pressures higher than 1 x 10~ torr,
or in samples thicker than 15 u.c. [114]. These variations in R suggest that different types of
transport mechanisms are operating at the interface. Some of the scattering processes that
result in an upturn in resistivity are: scattering from localized magnetic moments (Kondo

effect), weak localization (WL), and variable range hopping due to strong localization.

To see the behavior of sheet resistance at temperatures below 2 K, the helium-3 probe
in our lab was used. We were able to take data down to 0.3 K for the 107® and 10~ torr O,

growth pressure interfaces.

The presence of a saturating resistance below T',, is the signature feature of the Kondo
effect and our data are best fit to a Kondo model. In the Kondo model an impurity in a
metal couples to reservoir of itinerant electrons by an antiferomagnetic exchange coupling
forming a virtual bound state. This coupling can result in a contribution to the resistivity

through a universal function of Rx(7T'/Tk), in units of Kondo temperature (7).

Metallic resistance including a Kondo effect term is given by:
RI(T) = Ry + oT? + BT° + Ry (T/Tx) (4.1)

Here, Ry is the residual resistance due to disorder and impurities, a7 is the e-e interaction
term and ST is the contribution from the electron-phonon interaction, at temperatures well
below the Debye temperature. Ry (7T/Tk) represents the contribution of magnetic Kondo
scattering to electrical resistivity. Ry (7/Tk) has a logarithmic trend at 7' > Tk and a

saturating behavior at T' < Tk.
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To fit our experimental data we used the empirical form of Ry (T /Tk) presented by
Costi [115] and Goldhaber [116], and later used by Lee et al. in Ref. [102] for undoped STO
gated by an ionic gel electrolyte. They have demonstrated a Kondo effect, as a function of an
applied electric field, which is the result of interaction between magnetic Ti** ions, unpaired
and localized, with delocalized electrons that partially fill the Ti 3d band. The form is

e (L) - 0 (25) »

Here, Tk is defined as the temperature at which the Kondo resistivity is half of the

value of the resistivity at zero temperature, Rx(Tx) = Rx (T = 0)/2 so that:
Ty =Tk/V2Ys -1 (4.3)

Where, s is the effective spin of the magnetic scattering centers. We chose s = 0.75 for both
the 107° and 10~* torr samples. We first fit the model to the higher temperature part of the
curve and extracted «, § and Ry, and then used these values for fitting at low temperatures
(below 10 K) and found Tk. Table 4.3 summarizes the obtained values extracted from the

fitting to Eqgs. 4.1 and 4.2 across the whole measured temperature range.

Table 4.3: Parameters obtained from fitting sheet resistance data of Fig. 4.3 to Eq. 4.1 and
4.2.

Po, (torr) 107° 10~

s 0.75 0.75

Ro (Q) 2090 635

a (Q/K?) 0.153 0.39

3 (Q/K) 4.5 % 1071 | 3.6 x 1079
Ri(T=0) (2) | 3500 27000

Ty (K) 16.1 18.3
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From Table 4.3, we see a slight increase in the Ty values as the Py, is increased from
107% torr to 1074 torr. Because the unusual mid-temperature peak in Fig. 4.3 for the 1073
torr sample might affect the fitting results at the extreme temperatures on either end, we

have not fit to the model for this sample.

4.6 Sheet carrier density and mobility

Fig. 4.4 shows the Hall resistance R,, at 2 K as a function of magnetic field for the

different interfaces. Hall resistance data was calculated by the method explained in Section

3.6.
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Figure 4.4: Hall resistance as a function of magnetic field at 2 K for the interfaces prepared
t (a) Po, =6 x 107% (b) Po, =107 and Py, = 107* , and (c) Po, = 1073 torr.

If we define the Hall coefficient Ry as

dR,,(H)

(4.4)

The sheet carrier density (ns) and the Hall mobility (u) will be derived using the sheet
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resistance Ry,

ng = ——— (4.5)

p— = 4.
H engR, R (4.6)

R, is not necessarily always linear with the magnetic field. If there are two types of
carriers such as electrons and holes, or two types of electrons (electrons in different energy
bands), Hall data can be non-linear with the magnetic field. Throughout this part of the

study, the Hall coefficient Ry was derived using a linear fitting to the Hall resistance.

The temperature dependences of the sheet carrier density (ns) and mobility (i) are
displayed in Figs. 4.5 (a) and (b), respectively. The positive values for n, indicate an electron-
doped interface, and negative values indicate a hole-doped interface. For the Pp, = 107°
torr sample, the carrier concentration is two orders of magnitude larger than the amount
predicted by the polar catastrophe (3.2 x 10! ¢cm™, when half an electron per unit cell is
transfered to the STO interface from LAO). The n, values for the lowest Py, sample are
so high that it resembles a bulk metallic sample. This implies that the oxygen vacancies
or interdiffusion are contributing to the numbers of donors and creating a thick conducting

region for the Py, = 107% torr sample.
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Figure 4.5: (Color online) Sheet carrier density, ns (a) and Hall mobility, 1 (b) as a function
of temperature.

The behavior of ng is rather complex and may involve two types of carriers freezing
out at low temperatures for the Pp, = 107 torr interface. At higher temperatures, the
1073 torr sample is predominantly doped with holes (possibly due to the interstitial or
interface oxygen ions mentioned in the discussion of R;), which eventually freeze out at low
temperatures. At 2 K, the carriers are electrons with a concentration of 1.9 x 10* em~2. For
the 6 x 107% torr sample, the mobility monotonically increases by three orders of magnitude
as the sample is cooled down from room temperature, Fig. 4.5 (b). For other samples
drops by further cooling below 40 K, perhaps due to localization. There are some variations
in n, and p at certain temperatures; those that happen at 150 K and 220 K are around the
structural transitions of PAO in bulk. At room temperature, PrAlO3 has a rhombohedral
structure which transforms to an orthorhombic structure upon lowering the temperature to

about 205-225 K, and to a monoclinic structure at about 151-175 K [55, 56]. The distinct
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drop of ns at 32 K has been previously seen for the NAO/STO interface [117] and for the
LAO/STO [114] interface at around 20 K.

Surprisingly, the mobility values at low temperature are higher for the 103 torr
sample than for the 10~ torr sample, despite the latter having a higher resistance and lower
ns at low temperatures. This could be in part due the difference in the number of defects
or impurities in the two samples, for example, minimal oxygen vacancy defects in the 1073

torr sample.

4.7 Magnetoresistance and spin orbit interaction

Figure 4.6(a) shows the magnetic field dependence of the magnetoresistance (MR) at
2 K. MR data are calculated as MR = [R (H) — R (0)]/R(0) x 100%. The measurement was
done both with the magnetic field H perpendicular to the interface plane (out-of-plane MR),
Fig. 4.6 (a), and with the magnetic field H parallel to the interface plane (in-plane MR),
Fig. 4.6 (b).
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Figure 4.6: (Color online) MR of PAO/STO interfaces at 2 K. The magnetic field is applied
(a) out of the plane and (b) in the plane of the substrate. Insets show MR data for 6 x 107°

torr sample. Solid curves are fits according to Eq. 4.8.

For the 6 x 107% torr sample, MR values are positive for all measured fields and are
immensely large [insets of Figs. 4.6 (a) and (b)]; the field dependence resembles some bulk

metals. Very high positive MR has also recently been reported in degenerate semiconductive
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STO single crystals capped with ultra thin STO/LAO bilayers [118].

For higher Pp, samples, the MR data has a positive slope at low fields and a negative
slope at high fields, resulting in a local maximum in the MR. These variations indicate
that at least two different field-dependent scattering processes operate at the interface. The
maximum of the MR shifts to a lower field as the oxygen pressure during growth increases.

For the 1072 torr sample the positive part of the MR is small.

A MR anisotropy investigation [119] for 26 u.c. LaAlO3 on SrTiOs showed that the
sign of the MR does not depend on the field direction for low Py, samples, considered to
be 3D samples (both the out of plane and in-plane MRs are positive for fields up to 9 T).
However, for high Pp, LAO/STO the 2D samples, the sign of the MR changed from positive
values in the out-of-plane geometry to negative values in the in-plane field orientation. For
both 2D and 3D LAO/STO interfaces, the magnitude of the MR values are smaller when
the field is in the plane of the interface. MR was observed to be negative for 12 u.c. of

NAO/STO grown at 7.5 x 1072 torr [117].

We attribute the positive part of the MR to strong spin-orbit (SO) scattering and the
negative part to the Kondo mechanism. The SO interaction has been shown to be very strong
in some of the semiconductor heterostructures such as p-type GaAs/Al,Ga;_,As [120], and
in topological insulators [121, 122]. The constructive interference between time-reversed
waves of carriers in a disordered material leads to the weak localization (WL) effect [123].
Applying a magnetic field perpendicular to the plane of motion of carriers inhibits the WL
and causes a negative MR at small magnetic fields. A strong SO interaction decreases the
probability of carriers backscattering and counteracts weak localization. This effect is called

weak anti-localization (WAL) and leads to a positive MR at small fields.
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The conduction electrons confined in the vicinity of the polar RAO/STO interface
experience a strong electric field perpendicular to the interface as the result of broken inver-
sion symmetry. In the carriers’ rest frame, this electric field appears as an internal magnetic
field at the interface plane, perpendicular to their wave vector. As a result, the spins of
electrons couple to the internal magnetic field which leads to a large Rashba SO interaction
whose magnitude is tunable by the application of an external electric field [86]. We use the
same analogy to fit the MR data for our samples. We fit the positive MR data for the 107°
torr sample with the Hikami-Larkin-Nagaoka (HLN) theory [99]. HLN theory considers the
effect of SO scattering, random magnetic impurity scattering, magnetic field, and inelas-

tic collisions on the quantum backscattering interference, and is expressed as a change in

wm-alel i) @,
gLy He +Hso (4.7)
2 2 H 2 q

where o is the longitudinal conductivity and is calculated from the inversion of the measured

conductivity:

resistivity matrix. Ac(H) = o(H) — 0(0), ¥(x) is the digamma function, e?/7h is the
universal value of conductance, and H, = h/4eD7,. D and 7, are the diffusion constant and
phase coherence time (inelastic scattering time), respectively. Hgo = h/4eD7so is the field
at which the SO interaction is no longer effective and the positive WAL magnetoresistance
becomes the negative WL magnetoresistance. 750 is the SO scattering time. HLN theory

was derived for materials in which the spin-splitting energy is proportional to k3, which is
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the case in SrTiO3[101]. We treated both Hgo and H, as fitting parameters and the good
quality of the fit in a wide magnetic field range is shown for the 107> torr sample in Fig. 4.7.
While HLN theory is significant only in the diffusive regime, the fit, however, is shown for a
wide magnetic field range. We obtained H, = 0.33 T and Hgp = 1.25 T for perpendicular,
and H, = 0.50 T and Hgo = 1.25 T for parallel magnetic field orientations, respectively, for

the 107" torr sample.

Magnetic Field (Tesla)

Figure 4.7: Dependence of magneto-conductance, expressed in units of €?/7h, on magnetic
field at 2 K for the 1075 torr oxygen growth pressure sample for both field orientations.
Black lines are fit to Eq. 4.7.

As the Pp, is increased the positive part of the MR becomes smaller. The 10~* torr
sample has positive MR at magnetic fields near H = 0. The maximum of its MR happens
at 1.5 T; for the 1072 torr sample, at 0.5 T. To fit the experimental data for samples grown
at Po, = 107" and 1073 torr to theory, we add the WAL positive MR, due to strong SO

interaction, to the negative Kondo MR:

81



won e () cefo (3 ) m(B)] s

where ¢ is a constant and H; is a magnetic field scale which is related to both
Tk and the g-factor of the impurity spin. Ry (H/H;) is the zero temperature Kondo-

magnetoresistance (taken at 2 K for our data), which is expressed in Ref. [124] as:

Ry (Hﬂl) = Ry (H = 0) cos? GM (%)) (4.9)

H
M (—) is the magnetization of a Kondo impurity at zero temperature and is given by:
1

1 1 .
1 X 1. 1 G-=) —G+=) [ H\*™
NN+ )2 2 (= H < 2H
" 5 L i+ ) 2 (H) < Vo,

M(=) = 1 (4.10)
1— ()32 [ % sin(7rt)e~tn(t/2) (5) D(t+1/2) H>+2H,

H,y
1
This interpretation was previously used by Lee et al. [102] in electrolyte-gated STO
to explain the negative MR regime, and by Das et al. [104] in LaTiO3/SrTiO3 d-doped with
LaCrOg to explain the small positive MR which is followed by a transition to a negative MR
regime. The result of fitting to Eq. 4.8 is shown with black solid lines in Fig. 4.6. The WAL

effect is meaningful for small fields, H < Hgp, thus we only fit the data for small field range.

The fitting parameters are listed in table 4.4.

Table 4.4: Parameters extracted from fitting the MR data in Fig. 4.6 to Eq. 4.8.

Out-of-plane In-plane
Po, (torr
0: ) | (1) | (1) | ¢ | HA(T) | H(T) |
10~4 11.4 0.46 800 11.6 0.52 | 800
1073 15 0.15 | 30000 || 8.72 — 0
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The difference between weak anti-localization in normal and in-plane magnetic fields
for thin films contains information about the effective dimensionality of the carrier system.
For in-plane fields, if the effective thickness of the carrier system is smaller than the magnetic
length (at low fields), then the weak anti-localization magnetoresistance is affected [125, 126].
When the field is brought from being perpendicular [Fig. 4.6 (a)] to being parallel to the
interface [Fig. 4.6 (b)], there is no sign change in the MR values. For the in-plane geometry,
for the 6 x 10~% torr sample, a change in curvature appears for H > 5 T, which implies the
presence of an additional scattering mechanism that becomes active at higher fields. There
is not much change for the 107 torr sample; the MR values and the overall shape of the
MR curves in both directions for this sample are very similar. Thus, for this sample, the
2DEG is thicker than the magnetic length. However, the 10~ torr and 10~ torr samples
are affected by the change in the orientation of the magnetic field: as shown in Fig. 4.6 (b),
the positive part of the MR at low fields becomes smaller for the 10~* torr sample and it is
negligible for the 1072 torr sample. For the 1072 torr sample, in which there are very few
oxygen vacancies present, the MR values for the in-plane field orientation are larger than the
corresponding out-of-plane MR data. We expect that the thickness of the 2DEG is smaller
than the magnetic length for these two interfaces. Thus, the MR of the 10~* and 103 torr

samples are in accord with the 2D nature of the interface for these materials.

4.8 Summary

In summary, we examined the behavior of the conductivity at the interface between
PrAlO3 and SrTiOs; we studied the electric and magnetic transport properties of interfaces

of PAO/STO grown at oxygen pressures in the Pp, range of 6 x 1075 — 1 x 1073 torr. Overall,
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differences between PrAlO; and LaAlO3 were subtle, much smaller than the effects of oxygen
content changes. These indicate that Pr ions near the interface are predominantly trivalent,
with relatively localized magnetism. The most-conducting 2-D-like Pr samples were not
as conducting as comparable La samples, indicting either that a steric effect, or a slightly
mixed-valent nature of Pr, may be detrimental to conductivity at the interface. The least-
conducting, most oxygenated Pr interface exhibits hole conductivity at low temperatures,
a departure from the usual electron-doped behavior of the better-conducting interfaces; the
smaller and more electropositive Pr ions may permit more interstitials or interfacial oxygen,

providing residual hole doping after n-type carriers are compensated or freeze out.

For the 6 x 107 torr sample, the very small value of R, at low temperature, large
carrier concentration, high mobilities, and very high positive MR values indicate it is like
a bulk metal, likely due to extensive oxygen defects and/or interdiffusion. As the inter-
faces are grown at higher oxygen pressures, resistivity behavior characteristic of nearly two-
dimensional transport occurs; for 107> and 10~* torr, high-temperature metallic behavior
with increasing R, is accompanied by an upturn at low temperature, consistent with Kondo
scattering theory. Analysis of the Ry data gives Kondo temperature ~ 16 K and ~ 18 K
for the 1075 and 10~* torr samples, respectively. The MR values for the Pp, > 107° torr
samples were modeled with their positive part due to WAL because of a strong SO interac-
tion and their negative part due to the Kondo effect. The variation of MR values suggests a
strong SO interaction for the 1075 torr sample with Hgo = 1.25 T in both field orientations.
The positive part of the MR shrinks for the 10~* torr sample. For this interface the MR is

dominated by negative Kondo MR at high fields.

The data presented in this chapter are published in Ref.[127]. The interesting Hall and
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magnetoresistance data encouraged us to do a more detailed study of these measurements

at different temperatures. The results are presented in the subsequent chapter.
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Chapter 5

Multiband Conduction at the PrAlO;/SrTiO; Interface

5.1 Introduction

As was mentioned in Chapter 2, in order to avoid the diverging potential that takes
form when LAO is depositing on STO, a half electron per unit cell should transfer to the
interface. This electronic reconstruction should lead to an electron carrier density
of 3 x 10 e¢m™2, as predicted by theory. However, the number of carriers measured by
experiments such as the Hall effect data [128] are roughly one order of magnitude smaller.
So, the question arises about the “missing” electrons. An answer to this question is given
based on the assumption that there are two types of carriers at the interface: one population
that is strongly localized by impurities and defects and has a high carrier density, while the
other population has a high mobility and a low carrier density. Such multiband conduction,
which manifest itself in nonlinear Hall data has been reported for the 2DEG at the LAO/STO
interface [129, 130]. In this chapter, I show that multiband conduction also likely happens
for the PAO/STO interface. If the interfaces are grown at low Pp,, Hall effect data suggest
that the transport is dominated by one type of carrier. For the interfaces that are grown at
high Pp,, at low and high temperatures, 7' < 5 K and 7" > 50 K, the Hall data could
be described by a single channel of electron carriers with a low mobility. However, at
intermediate temperatures, 10 K < 7" < 40 K, the Hall data becomes noticeably nonlinear,

with positive out-of-plane and in-plane magnetoresistance. The nonlinear Hall resistance
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can be described by a two-band model with different electron charge carrier types.

5.2 Thin film fabrication and characterization

To better understand the anisotropy in the magnetoresistance data and nonlinearity
in the Hall that was observed in Chapter 4, we prepared two different interfaces of PAO/STO:
one was synthesized at the Pp, = 107° torr and the other at 107 torr. These two samples
are 15 u.c., which are thinner than the thin films presented in Chapter 4. Fig. 5.1 shows

AFM images of these two samples.

0 1.0 2.0 3oum O 1.0 2.0 pm

Figure 5.1: AFM images of PAO/STO thin films that were fabricated at (a) Pp, = 107> torr
and (b) Pp, = 107* torr. This range of oxygen pressure during growth appears to have no
effect on the topography of the samples.

5.3 Dependence of the sheet resistance on the magnetic field ori-
entation

The sheet resistance was measured for different magnetic field orientations: at zero

field, 9 T field applied perpendicular and parallel to the interface, and —9 T field applied
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perpendicular and parallel to the interface. The results for the Pp, = 107 and 10™* torr

interfaces are presented in Figs. 5.2 (a) and (b), respectively.

I should note that the exact values of resistance for this set of samples should not be
compared to the set of thin films presented in Chapter 4; the resistivity trend should rather
be compared. This is because that these samples were synthesized on substrates that were
from a different company, and also the beam splitter of the laser of the PLD was changed.
These interfaces are very sensitive to the growth conditions, and small changes may result

in different values of resistance.
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Figure 5.2: Dependence of the sheet resistance on temperature, at different magnetic field
directions for 15 monolayers of PAO on STO that were fabricated at (a) Pp, = 107 torr
and (b) Pp, = 107 torr. The dotted lines distinguish the temperature regions where the
magnetic field has a pronounce effect.

At zero field, from Fig. 5.2 (a) we see a normal metallic behavior for the 107° torr
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sample. For the 107" torr sample, Fig. 5.2 (b), we see a metallic behavior down to 50
K, below which the resistivity shows an upturn that becomes less steep below 10 K. The
behavior is similar to what was observed in the previous chapter. For the 10~° torr sample,
at high temperatures, 7" > 100 K, the magnetic field does not have a profound effect on the
resistivity. However, a 9 T magnetic field applied perpendicular to the interface results in
an immense increase of about one order of magnitude in the resistance at low temperatures.
Interestingly, applying a magnetic field in the plane of the interface reduces the resistance.
We can deduce that there magnetic moments present in the sample and the electrons scatter

from them much more when those moments are aligned perpendicular to the interface.

Preparing the interface at a higher Pp,, which effectively results in less oxygen va-
cancies, suppresses these effects at low temperatures. As can be seen in Fig. 5.2 (b), the
magnetic field has the most effect at intermediate temperatures, 10 K < T < 50 K, as shown
by the dotted lines in the figure. Results from the Hall data shed more light on the electronic

properties of the interface in this intermediate temperature range.

5.4 Nonlinear Hall resistance

Fig. 5.3 shows Hall resistance over the temperature range of 2-100 K for the two
samples. To get the data, the magnetic field was swiped from 49 T to —9 T at each
temperature and the magnetoresistance portion is also been removed to symmetrize the
data (see Section 3.6). For the 107 torr sample at high temperatures, Fig. 5.3 (a), T > 50
K, the Hall resistance is perfectly linear and it changes by about a few 100 €2 over a field of
9 T. By lowering the temperature, the slope of the Hall resistance as a function of magnetic

field monotonically increases (indicating a decrease in the number of carriers). A very small
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deviation from a linear relation can be observed at 5 K. For this sample, the number of the
carriers and mobility, which are shown in Fig. 5.3, are calculated based on a linear fit to the

Hall resistance data.
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Figure 5.3: Hall resistance as a function of magnetic field for the PrAlO3/SrTiO; interface:
(a) Po, = 107° torr sample and (b) Py, = 107 torr sample, at different temperatures. The

Hall data becomes distinctly nonlinear at 7' = 20 K and 7' = 10 K for the 10~* torr sample.
Black lines are fits to Eq. 5.2.

Interesting Hall data was observed for the high Pp, sample. For the 10~* torr sample,
Fig. 5.3 (b), at low and high temperatures, 7" < 5 K and 7" > 50 K, the Hall resistance is
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linear and does not depend significantly on the temperature. However, over on intermediate
temperature range 5 K < T < 50 K, which is shown between the dash lines in Fig. 5.2 (b),
the Hall resistance is distinctly nonlinear; this is the region where the magnetic field has
a strong effect on the resistivity (large positive magnetoresistance). The observation of
an S-shape Hall trend along with a large magnetoresistance suggest multiband conduction.
Perhaps, two separate bands of charge carriers contribute to the transport. Thus, we assume
that two types of electron carriers with number densities of n; and n, and mobilities of p
and p9, participate in the interfacial conduction. The longitudinal R,, and transverse R,

resistances for a sample with two types of carriers are [14]

1

R,.(B=0)= 5.1

( ) e(nypy + napiz) (5.1)

_ B nupd +nop + (pupeB)?(n1 + na)

R,,(B) =
y( ) e (nipy + nopn)? + (1 peB)?(ny + ng)?

(5.2)

One way to solve for the four unknowns of ny, ns, p1, and ps from the two above equations
is to define some variables, as follows

1

_ 5.3
P e(nipin + napto) 5:3)
Ro(B —» 0) = b+ natts (5.4)
e(nip + nafio)?
1
R (B — = — 5.5
( 00) o p— (5.5)

Also, define u as

2 _ (”1"‘”2)2#%#% 2152 9 9
H = (nl/il +n2ﬂ2)2 =p Roo Mty (56)

These conversions help to find a more compact form for the Hall resistance
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RoB + Ro 2B
Rmy(B) = 1 + ILLZBQ

(5.7)

Equation 5.7 is now easier to work with. Ry can be read from the data, and p and R, could

be set as the fitting parameters. Our original four unknowns are

_ Rop™' 4 p+ /(Rop™' + 1)? — 4p 'R

H1 5 (5.8)
by — Rop™" + pu — \/(Rop2‘1 + 1) —4p~'uRy (5.9)
ny = P = e (5.10)

M1 — 2
py = —C P R (5.11)

M1 — 2
The black lines in Fig. 5.3 (b) are the results of fitting the Hall data to the above equations.

The fits are in good agreement with the experimental data.

5.4.1 Sheet carrier density and mobility using two-band model

The temperature dependence of the carrier densities n; and ns, and mobilities pq
and gy for the 107* torr sample are shown in Fig. 5.4 (a) and (b), respectively. For the
temperature range of 7' < 5 K and T" > 50 K, where the Hall data is linear, the carrier
density for one-type carrier is obtained from a linear fit to R,, = B/en, and the mobility is

obtained from R,, = 1/enu. The carrier concentration for the first type of carrier is around
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ny = 10" cm~2, and is higher than the concentration for the second type of carrier no. As
can be seen, ng is much more temperature-dependent than nq; its values change by about

five orders of magnitude as the temperature is lowered from 100 K to 5 K.
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Figure 5.4: (a) Charge carrier densities n; and n,, and (b) mobilities y; and py for the 1074
torr sample of PrAlO3/SrTiO3 (001). The values are obtained using a two-band model. The
dotted lines are guides to the eye.

Mobilities for the second type of carriers ps, are higher than the mobility values for the
first type of carriers py. At 5 K, pig ~ 3000 cm™2V's™!; whereas, y; ~ 5 cm 2V 's™!. The
two types of carriers have very different mobility behavior as a function of temperature. 1
decreases and py increases as the temperature is lowered. We assume that ny is a thermally
activated electron band, which has a thermally activated behavior of ny o< exp(—A/kgT).
Where, kg is the Boltzmann constant and A is the gap for thermally activating the electrons.
This activation energy can be found by a linear fit to the plot of In(ny) versus the inverse

of temperature. The result of the fitting is shown in Fig. 5.5 and the gap is found to be
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A =4.9 meV.
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Figure 5.5: Arrhenius plot for the low population type of carriers. The line is an exponential
fit to extract the band gap.

5.5 Anisotropy in magnetoresistance

Magnetoresistance (MR) for the two interfaces was measured in three different mag-
netic field orientations: the magnetic field was applied perpendicular to the plane of the
interface (the normal out-of-plane MR, MR ), the magnetic field was applied in the plane
of the interface and parallel to the current, and the magnetic field was applied in the plane
of the interface and perpendicular to the current. The diagrams next to the plots in Fig. 5.6

shows the geometry of the magnetic field with respect to the current.
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Figure 5.6: (a) Out-of-plane magnetoresistance for the 10~ torr sample. (b) In-plane mag-
netoresistance for the 107 torr sample. Magnetic field and current are parallel. (c) In-plane
magnetoresistance for the 107> torr sample. Magnetic field and current are perpendicular.
(d) Out-of-plane magnetoresistance for the 107 torr sample. (e) In-plane magnetoresistance
for the 107* torr sample. Magnetic field and current are parallel. (f) In-plane magnetoresis-

tance for the 10~* torr sample. Magnetic field and current are perpendicular.

In the out-of-plane geometry, where the magnetic field is always perpendicular to the

95




current, scattering arises predominately during cyclotron motion due to the Lorentz force.
In the parallel geometry of Figs. 5.6 (b) and (e), the Lorentz force is zero. But there could
be MR if spin-dependent scattering events are present in the system. At low temperatures,
the magnetic field can align the spins in the plane of the interface in a magnetic system, and
this could result in different scattering processes. This MR geometry is useful to separate
orbital scattering and spin-dependent scattering. In the MR mode of Figs. 5.6 (¢) and
(f), with the magnetic field in-plane but perpendicular to the current carriers can undergo
cyclotron motion across the interface, but the orbit is limited by the conducting interface
region thickness. So, this mode can provide information about the dimensionality of the

interface.

The first finding from Fig. 5.6 is that the magneto-transport is temperature-dependent,
anisotropic, and depends strongly on the Pp,. The Py, = 107° torr sample has always a
positive out-of-plane MR, which becomes immensely large at low temperature; at 2 K,
MR = 275%. By bringing the field into the plane of the interface, Figs. 5.6 (b) and (c), that
positive MR changes to negative values at low temperature. From Fig. 5.6 (¢), it appears
that at least two competing mechanisms operate for the in-plane geometry. One, that tries
to induce a positive MR, dominates the competition at intermediate temperatures and high
fields. From Figs. 5.6 (d), (e) and (f), it can be seen that if the interface is prepared at a
higher Pp,, at low temperatures, the MR is negative, regardless of the orientation of the
magnetic field with respect to the current. Changes in the sign of the MR strongly appear
at intermediate temperatures. Starting at 7' = 10 K, the MR | starts to curve upward, and
reaches MR = 60% at 20 K. Further increasing the temperature to 30, 50, 70 and 100 K

decreases the MR to smaller positive numbers. The temperature region of 10 K <7 < 30

96



K, where the MR becomes positive, is the temperature range where Hall data become
distinctly nonlinear, see Fig. 5.3 (b). One can view the changes in the MR as results of
competing mechanisms and/or also of participation of different electron bands. We specu-
late that the two electron bands, that are discussed in Section 5.4, split strongly over this
temperature range and that the electron population in each band scatter differently in the
magnetic field. And thus there is variation in the overall behavior of the MR depending on

which band dominates.

5.6 PAO/LAO/STO bilayers

One of the hallmarks of the LAO/STO interface is the extreme sensitivity of its
transport to electrostatic boundary conditions. This prompted us to study the surface-
interface coupling at this amazing interface. To study the effects of the magnetic moment
of Pr, and to study the effect of stress in the top layers on the 2DEG at the interface, we
prepared a bilayer of PAO and LAO. The bilayer has 9 u.c. of PAO on top of 6 u.c. of
LAO: PAO® /LAO® /STO. We compare the magneto-transport results of this sample with
a 15-u.c. LAO (LAO"/STO) and a 15-u.c. PAO (PAO®® /STO) thin film. Figure 5.7
shows the magneto-transport data for the 15 u.c. of LAO on STO that was prepared at
Pop, = 107" torr. The thickness of the film was estimated through an XRR measurement.
At this Pp,, PAO thin films tend to show an upturn in resistance at low temperatures,
Fig. 5.2 (b); that upturn is absent for the LAO sample. The nonlinearity in Hall data is
also obvious for the LAO/STO thin film, see Fig. 5.7 (b). At 2 K, the out-of-plane MR is
positive and relatively large, ~ 70%. The presence of negative in-plane MR in Fig. 5.7 (d)

for B || I, is a signature of spin-dependent magnetic scattering. It tunes out that there is a
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critical magnetic field above which the change in MR is more significant. This field occurs
at 1 T for the out-of-plane geometry and 2 T for the in-plane geometry. The change in the
sign of the MR from positive values for out-of-plane MR, Fig. 5.7 (c), to negative values for

in-plane MR, Fig. 5.7 (d), reveals the 2D nature of the interface.
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Figure 5.7: Magneto-transport measurements for 15 unit celss of LAO on STO. The thin
film was prepared at Pp, = 107 torr. (a) Sheet resistance as a function of temperature. (b)
Hall resistance at 2 K. (¢) Out-of-plane magnetoresistance (MR ) at 2 K. (d) In-plane mag-
netoresistance (MRy)) at 2 K, with magnetic field parallel (solid symbols) and perpendicular
(open symbols) to the current.
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Figure 5.8 shows the magneto-transport data for 9 u.c. of PAO on top of 6 u.c. of LAO
on a STO substrate, PAO® /LAO® /STO. The thin films were prepared at Pp, = 10~ torr.
The common upturn in resistivity of PAO, Fig. 5.2 (b), is also absent for this sample. It is as
if the PAO top layer has no effect on the low temperature behavior of the underlying interface.
The slope of the Hall resistance data has become larger than the slope of the Hall resistance
for the (LAO®% /STO) interface; this indicates a decrease in the net number of electron
carriers. The nonlinearity in the Hall data is also obvious for the PAO® /LAO® /STO
bilayer, see Fig. 5.8 (b). The out-of-plane MR, ~ 70% at 9 T, is notably larger compared
to LAO(®) /STO. The signature negative out-of-plane MR at 2 K for PAO thin films, as in

Fig. 5.6 (d), does not appear in this bilayer.
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Figure 5.8: magneto-transport measurements for 9 u.c. of PAO on top of 6 u.c. of LAO
on STO, PAO® /LAO® /STO. The thin films were prepared at Py, = 10~ torr. (a) Sheet
resistance as a function of temperature. (b) Hall resistance at 2 K. (¢) Out-of-plane mag-
netoresistance (MR ) at 2 K. (d) In-plane magnetoresistance (MR)) at 2 K, with magnetic
field parallel (solid symbols) and perpendicular (open symbols) to the current.

The magneto-transport results presented here could be compared with the results
for the PAO(? /STO interface that was grown at Pp, = 107* torr previously discussed in

Section 5.3. A summary of the comparison data is presented in Fig. 5.9.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

In this thesis, the importance of the Pr substitution for La on the transport properties
of the 2DEG at the LaAlO3/SrTiO; interface and, also, the effects of oxygen pressure during
growth on the PrAlO;/SrTiOj3 interface were studied. Several interfaces of PrAlO;/SrTiO3
in the Pp, range of 6 x 107% — 1 x 107 torr were grown, and the transport behaviors were
examined. Overall, differences between PrAlOs; and LaAlO3 were subtle, much smaller than
the effects of oxygen content changes. These indicate that Pr ions near the interface are
predominantly trivalent, with relatively localized magnetism. The most-conducting 2-D-like
Pr samples were not as conducting as comparable La samples, indicating either that a steric
effect, or a slightly mixed-valent nature of Pr, may be detrimental to conductivity at the

interface.

For the 6 x 1075 torr sample, the very small value of sheet resistance R, at low
temperature, large carrier concentration, high mobilities, and very high positive magne-
toresistance values indicate it is like a bulk metal, likely due to extensive oxygen defects
and/or interdiffusion. As the interfaces are grown at higher oxygen pressures, resistivity
behavior characteristic of nearly two-dimensional transport occurs; for 10~° and 10~ torr,

high-temperature metallic behavior with increasing R, is accompanied by an upturn at low
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temperature, consistent with Kondo scattering theory. Analysis of the R, data gives Kondo
temperature ~ 16 K and ~ 18 K for the 107 and 10~ torr samples, respectively. Positive
high MR values are associated with samples where a fraction of carriers are derived from
oxygen vacancies. The MR values for the Pp, > 107° torr samples were modeled with their
positive part due to WAL because of a strong SO interaction and their negative part due
to the Kondo effect. The variation of MR values suggests a strong SO interaction for the
107 torr sample with Hgo = 1.25 T in both field orientations. The positive part of the MR
shrinks for the 10~ torr sample. For this interface the MR is dominated by negative Kondo
MR at high fields.

Nonlinear Hall data at some temperatures were also observed for the interfaces. For
the interfaces that are grown at low Pp,, Hall effect data suggest that the transport is
dominated by one type of carrier. For the interfaces that are grown at high Pp,, at low
and high temperatures, 7' < 5 K and 7" > 50 K, Hall data could be described by a single
channel of electron carriers with a low mobility. At intermediate temperatures 10 K < T <
40 K, the Hall data become noticeably nonlinear, with positive out-of-plane and in-plane
magnetoresistance. The nonlinear Hall resistances were described in terms of a two-band
model, both with electron-charge carriers type, but different densities and mobilities. The
multi-band conduction could be the result of the splitting of Ti 3d sub-bands, due to the

large spin-orbit interaction at the interface.

6.2 Future work

Transition metal oxide interfaces such as LaAlO3/SrTiO3 interface definitely qualify

as one the hot topics of interest, as these materials are gifted with a broad range of significant
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electronic properties. These materials often have structural instabilities and complex phase
diagrams, which are advantageous for fundamental physics study. The LaAlO3/SrTiO3
interface has been investigated widely but other related interfaces such as the PrAlO3/SrTiO3
interface has not been studied as much. A couple of possible studies for this interface are

listed below.

6.2.1 Studying the role of magnetic moment of Pr

The Kondo effect originates from the coupling of conduction electrons to virtual
bound states of magnetic ions. This coupling manifest itself as an upturn on the resistivity
measurements at low temperatures. From the resistivity plot in Fig. 5.9 (a), it can be
seen that by substituting Pr for La, below a specific Pp,, the 2DEG experiences a Kondo
interaction. One can make a series of thin films of La;_,Pr,AlO5; with different x values, at
Pp, = 107 torr and study the upturn in resistance as the z value is increased. The origin
of the Kondo effect at this interface could be from Ti and/or Pr ions. This study would
help to define whether the increased upturn effect at the PAO/STO interface compared to
the LAO/STO interface is due to more efficient coupling to Ti, or instead to the additional

coupling to Pr ions.

6.2.2 Studying the effect of mechanical pressure on the PAO/STO interface

Mechanical pressure has always been an external parameter to tune the electrical
properties of materials. The study of the pressure dependence of transport would help to
understand the low-dimensional electron systems better. Experimentally, transport measure-

ments on a buried interface are very challenging. Transport measurements on LAO/STO
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heterostructures shows that at 10 K < 7' < 100 K, where scattering is dominated by impu-
rities, even small pressure strongly affects the transport properties [131]. Applying pressure
leads to a strong decrease in p, and appearance of a minimum in R4(7T') followed by non-
metallic behavior and localization at low T. These enhancements in impurity scattering are
attributed to the strong suppression of the dielectric permittivity of STO under pressure,
which decreases the screening of the scattering centers and leads to incipient localization
of charge carriers [131]. One can take advantage of this study and use the pressure cell
in our lab to study the 2DEG at PAO/STO interface under pressure. The results of this
study would help to understand the mechanism of transport and the origin of the upturn in

resistivity at low temperatures.

I have done some preliminary work on how to use our pressure cell to take measure-
ment on thin films, which are as follows. The PAO/STO sample was cut into 3 x 2 mm? to
be able to fit into a small chip carrier (MLCC00603), which then fits into the pressure cell.
Contacts to the interface were prepared by Al wires attached to the corners of the sample
surface using a wire-bonder. To reinforce the Al wires and to keep them in place while the
pressure is applied, the whole sample was covered with Stycast 2850 epoxy. Our pressure
cell is a clamp-type cell made of beryllium-copper, which enables us to reach pressures up
to 20 kbar (2 GPa). We used a 1:1 mixture of isoamyl alcohol and n-pentane as a pressure-
transmitting medium, which ensures hydrostatic pressure. The liquid filled a Teflon capsule
(about 5 mm diameter and 15 mm length) after having mounted the sample with its sur-
face parallel to the capsule. Fig 6.1 shows the picture of the chip carrier that was used for
resistivity measurement under pressure for a PAO/STO interface. The sheet resistance plot

as a function of temperature when 0.5 kbar pressure was applied on the sample is shown in
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Fig. 6.2.

Figure 6.1: Picture of the chip carrier used for resistivity measurement under

pressure for thin films.
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Figure 6.2: Sheet resistance vs. temperature for PAO/STO interface for 0.5 kbar applied

pressure.
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6.2.3 Investigation of the superconductivity at the PAO/STO interface

Despite that superconductivity was discovered for Sr'TiO3 years ago, the mechanism
for electron pairing is still under investigation. What is even more perplexing is the dis-
covery of superconductivity at the LAO/STO interface. The LAO/STO interface is one
the rare systems where magnetism and superconductivity coexist. For bulk PrAlOs, super-
conductivity has not been reported. One can investigate the proper growth conditions for
superconductivity in thin films of PAO on STO. Superconductivity probably happens at low

Pp, for PAO/STO, where the resistance does not show the upturn at low temperatures.

Recent studies [16, 19] show that the dynamical fluctuations of ferromagnetic layers,
such as Ni, deposited on the surface of a topological insulator, Bi, couple to the electrons
as a gauge field. The transverse components of that magnetic gauge field can mediate an
effective interaction between electrons [132]. The result is a great enhancement in 7, of Bi
from 0.5 mK to 4 K. Some of the electronic features of Bi are similar to the 2DEG at the
LAO/STO interface, such as low carrier density (~ 107 cm™3, at 4 K) and large mobility
(~ 10" ecm?V 157!, at 4 K). One can explore capping the LAO/STO interface with different
thicknesses of ferromagnets such as Ni, Co, Mn, etc., and study the changes in T,.. I have
done some preliminary work in our lab for deposition of Ni/LAO/STO. The deposition was
done with PLD. The laser energy must be set to some high number (E > 120 mJ) in order
to ablate the (metallic) Ni target. Figure 6.3 shows the XRD pattern for 6000 pulses of Ni
on STO. The substrate temperature was 400°C. The Ni (001) peak at 52° shows success in
the deposition of Ni. The XRD pattern for 1200 pulses of Ni on STO and on LAO/STO are
also shown in the figure. Fig. 6.5 shows an AFM image for the bilayers of Ni/LAO/STO.
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Figure 6.3: XRD spectrum for different numbers of pulses of Ni on STO and on LAO/STO.

The XRR pattern of the Ni/LAO/STO bilayer is shown in Fig. 6.4. For comparison
an XRR pattern of a LAO/STO with the same LAO thickness is also shown in the plot. The
density of Ni and LAO is 8.9 g/cm?® and 6.5 g/cm?, respectively. The oscillations indicate
an LAO thickness of 6.5 nm and a combined Ni/LAO thickness of 7.8 nm.
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Figure 6.4: XRR patterns for 180 pulses of LAO on STO and 1200 pulses of Ni on the same
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Figure 6.5: AFM image of Ni/LAO/STO
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