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ABSTRACT OF DISSERTATION

TUNING THE EFFECTIVE ELECTRON CORRELATION IN IRIDATE SYSTEMS
FEATURING STRONG SPIN-ORBIT INTERACTION

The 5d transition metal oxides have drawn substantial interest for predictions of
being suitable candidates for hosting exotic electronic and magnetic states, including
unconventional superconductors, magnetic skyrmions, topological insulators, and Weyl
semimetals. In addition to the electron-electron correlation notable in high-temperature 3d
transition metal superconductors, the 5d oxides contain a large spin-orbit interaction term
in their ground state, which is largely responsible for the intricate phase diagram of these
materials. Iridates, or compounds containing 5d iridium bonded with oxygen, are of
particular interest for their spin-orbit split Jert = 1/2 state, which is partially filled without
the presence of any additional electron correlation. However, the comparable energetics
between a small, finite electron correlation energy and the spin-orbit interaction make the
band structure of iridates amenable to small perturbations of the crystalline lattice and ideal
for exploring the interplay between these two interactions.

While altering the spin-orbit interaction strength of iridium is tenably not feasible,
the electron correlation energy can be tuned using a variety of experimental techniques. In
this dissertation, the electronic and magnetic properties of iridates at various electron
correlation energies are studied by altering the epitaxial lattice strain, dimensionality, and
the radius size of the A-site cation. These parameters tune the effective electronic
bandwidth of the system, which is inversely proportional to the effective electron
correlation energy. The lattice strain and the cationic radius size achieve this by altering
the Ir-O-Ir bond angle between nearest neighbor Ir ions. In the case of dimensionality
tuning, the effective bandwidth is controlled via the coordination number of each Ir ion.

In the first study, a metal-to-insulator transition is observed in thin films of the
semi-metallic SrlrOs as in-plane compressive lattice strain is increased. This observation
IS consistent with the expectation of compressive lattice strain increasing the effective
correlation energy; however, optical spectroscopy spectra reveal the increase is not
sufficient for opening an insulating Mott gap. In the second part, the effective correlation
energy is adjusted using a dimensional confinement of the layered iridate Sr2lrO4. Here,
the coordination number of each Ir ion is reduced using an a-axis oriented superlattice of
one-dimensional IrO2 quantum stripes, where several emergent features are revealed in its



insulating Jers = 1/2 state. In the final study, the effective correlation is tuned in a series of
mixed-phase pyrochlore iridate thin films, where the Ir atoms take a corner-shared
tetrahedral configuration. Here, a transition between conducting to insulating magnetic
domain walls is revealed as the correlation energy is increased via A-site chemical doping.
Each of these studies sheds light on the pronounced role the effective correlation energy
plays in determining the local subset of phases predicted for iridates and related systems
featuring strong spin-orbit interactions.

KEYWORDS: iridates, electron correlation, spin-orbit interaction, low dimensional
materials, thin film oxides
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Chapter 1 Introduction
1.1  Background

In 1908, Heike Kamerlingh Onnes successfully liquified helium and thus was able to
experimentally probe materials at temperatures as low as 1.5 K. This experimental
accomplishment allowed for the highly anticipated exploration of material properties at
low temperature, which had been merely speculative before that point. In just three years
after his initial discovery, Onnes discovered an entirely new phenomenon at low
temperature where the electrical resistance of mercury abruptly vanished around 4.2 K — a
phase transition today known as superconductivity (5). This sparked a revolution both
experimentally and theoretically in the physics community; however, the progress forward
remained daunting. While many phenomenological models had been developed, it would
be another 46 years from its initial discovery before a coherent microscopic theory of
superconductivity is developed by Bardeen, Cooper, and Schrieffer known as BCS theory
(6). Experimentally, the task of finding materials with a higher superconducting transition
temperature Tc seemed an exercise in futility, and before 1986 the highest recorded Tc was
that of NbsGe at 23 K (7). Although this was far from room temperature, the observations
were consistent with BCS theory, namely that the superconducting gap energy Eg is
relatively small for metals (Eq ~ 10 eV (8)) and weak thermal excitations are sufficient
for quenching the superconducting state.

After 75 years from the initial discovery, Georg Bednorz and Karl Muller made
another breakthrough in the field when they measured a superconducting transition at 35
K in the room temperature, semiconducting oxide system of (BasLas-s)CusOs(-x), an

increase of over 50% from the previous record (9). Just one year later, Maw-Kuen Wu and



Chu Ching-wu measured a Tc of 93 K in the oxide of Y1+5Ba1-sCuO4 (10), which was the
first material observed to superconduct above liquid nitrogen temperatures. Unlike the
previous class of superconducting metallic alloys, these high-Tc oxides take a K2NiF4-type
structure, i.e. effectively two-dimensional systems consisting of layered two-dimensional
planes of CuO2 planes each separated by electronically inert rock salt layers. The reduced
dimensionality in this system allows for additional crystalline interactions to become
relevant in the ground state Hamiltonian, such as the ‘on-site’ Coulomb repulsion or
electron-electron interaction, which will be discussed in further detail throughout this
thesis. While the exact microscopic mechanism for the superconductivity in these systems
is still contested, the new epoch in condensed matter physics following the observations in
these materials with a large electron correlation energy goes undisputed. In 1987, Georg
Bednorz and Karl Muller were awarded the Nobel prize in physics, which was less than
two years after their initial discovery (11).

The work in this thesis focuses on tuning the electron correlation in thin-films of a
related oxide system known as the iridates, which consist of compounds featuring the 5d
transition metal iridium coordinated by an octahedral oxygen environment. This system
features not only the Hubbard interaction relevant in the high-Tc cuprate materials, but also
an additional spin-orbit interaction due to the large atomic number Z of iridium (Hgy
Z*). The introduction chapters (Chapter 1 and Chapter 2) will describe the context of how
these interactions emerge in iridate systems, and the experimental synthesis technique of
pulsed laser deposition used in developing these crystals. In the first study described in
Chapter 3, the meta-stable phase of three-dimensional SrirOs is epitaxially stabilized on

substrates of various lattice mismatch, and the effects of this bandwidth engineering are



clear in a metal-insulator transition observed in this compound’s electronic transport
properties. In the next study (Chapter 4), the two-dimensional analogue of SrirQOs, i. e. the
layered Sr21rO4 compound, is synthesized as a dimensionally confined superlattice material
in the a-axis orientation. From our structural and electronic characterizations, this
superlattice approach effectively tunes this two-dimensional material into a superlattice of
one-dimensionally confined stripes. This study sets the ground work for a generalizable
methodology for creating one-dimensional materials from two-dimensional layered
materials. And finally, in Chapter 5, a tuning of the effective correlation energy is
performed on a series of mixed phase pyrochlore iridates, where the Ir-O network form
corner-sharing tetrahedra of frustrated spin-configurations. While these films have more
defects than bulk single crystals, the magneto-conductance in these mixed-phase films is
consistent with the expected spin-flip transitions for tuning Uest and offers supporting
evidence for the robust nature of several distinct topological states in these systems.
Taken together, the studies of this dissertation illustrate the wide-range of electronic
and magnetic properties accessible in iridates, where the multiple interactions are highly
tunable by the underlying dimension and lattice structure. While highly tunable systems
are often times difficult for achieving a certain level of experimental dependency, they
offer ample opportunity for studying a large variation of interesting phenomena and
phases— and under the right experimental conditions, just might open the door for

discovering the next pivotal breakthrough.

1.2 Origin of the spin-orbit interaction

For most atoms, the spin-orbit interaction is a small correction to the ground state

Hamiltonian and, in the solid state, is usually dominated by other competing energies in a



crystalline lattice, such as the Coulomb interaction and crystal field splitting. The spin-
orbit interaction is a relativistic effect that arises from the coupling between an electron’s
magnetic moment due to spin u, and the magnetic field B an electron experiences while
orbiting an atomic nucleus of charge Ze, where Z is the atomic number of the nucleus and
e isthe elementary charge. From the rest frame of the electron, the magnetic field generated

by the orbiting nucleus on the electron at distance r is given by the Biot-Savart law:

ZevXr

B = B (1.1)

where —w is the velocity of the moving atomic nucleus. Thus, the classical spin-orbit
energy between the electron’s dipole moment and B is:
Hgo = —n, B
_Zen, (pxr)

mc r3

_ Zep, 1

P (1.2)

Now substituting the magnetic moment of the electron (u, = —(e/mc)S) and the
quantized angular momentum L for I, the spin-orbit Hamiltonian becomes:

b = Ze* S-L
507 2(me)? 3’

(1.3)

where a factor of 1/2, known as the Thomas factor, must be included in order to account
for the noninitial rest frame of the electron as it orbits the nucleus (12). To find the energy
eigenvalues of this Hamiltonian, it must be rewritten in a basis that diagonalizes the

Hamiltonian, i. e. S - L must be rewritten to commute with Hg,. Considering the total

angular momentum J = L + S, the Hamiltonian can be written as:



Ze?

so = Wrg J? - 17 - $?]. (1.4)
Diagonalizing this Hamiltonian in this basis yields:
(Hso) = Eso
Ze? 3
4(mc)2( )h2 ](]+1)—l(l+1)—— (1.5)

where s = 1/2 for spin-1/2 electrons. Evaluating the expectation value of 1/r3 with n
degenerate ground states yields:

Z3 1
ain3l(l+1/2)(+ 1)

1
(=

»r3

)= (1.6)

where a, is the Bohr atomic radius (13). Now substituting this result into Equation (1.5),

the spin-orbit interaction energy becomes:

ztezpz [[GHD—-10+1) 3
4(mc)2ad n3l(+1/2)(1+1)

Ego = a7

From the leading factor, this calculation indicates that the spin-orbit energy becomes a
significant interaction for atoms with large atomic numbers, i. e. Eso o< Z*. Hence, this
effect is much more pronounced in compounds containing 5d transition metals, such as in
the iridates, than in the smaller atomic numbers found in the 3d transition metals, such as
in the cuprates. It is also important to note that while other crystalline energies can be more
accessibly tuned experimentally, the spin-orbit interaction is a fixed quantity dictated by
the atoms.  While this interaction plays an important role in shaping the physics of iridate
systems, it must also compete energetically with another important interaction known as

the effective electron correlation energy.



1.3 The effective electron correlation energy

For noninteracting band metals and insulators, the periodic potential of the crystalline
lattice dictates the energy bands, and a material is considered a metal (insulator) if the
highest occupied band is partially (fully) filled. This Bloch band picture had been very
successful in describing the electronic properties of many materials, but failed to describe
the insulating behaviors observed in certain partially filled 3d transition metal oxide
systems (14). For these class of materials, the electron-electron correlation energy is more
relevant in determining the electronic structure.

The electron-electron correlation energy is the result of the Coulomb repulsion
between electrons occupying the same atomic site on a crystalline lattice. By Coulomb’s

law, the electrostatic repulsion energy between two electrons occupying a single site is
2
~37, with r being on the order of an angstrom. This implies that strongly interacting

systems have an energy cost on the order of several eV for multiple electron occupancy on
a single site. If this energy cost is larger than the Fermi energy, then a strongly interacting
material with a partially filled valence band will fail to conduct. These types of materials
are known as Mott insulators and are largely responsible for the interesting phenomena
observed in 3d transition metal oxides, such as high-Tc superconductivity and colossal
magnetoresistance (1).

The Hubbard model is a single-band Hamiltonian model which approximates the
on-site Coulomb repulsion on crystalline lattices. This model includes an electron-electron

interaction term Hy, in the Hamiltonian and is written in a second quantization form as:



Hy = UZ Nty (1.8)
i
where n;y (n;,) is the number of electrons with spin up (down) on atomic site i, and U >0
is the repulsive interaction energy (15). The Hubbard U gives an energetic cost to the

ground state Hamiltonian for two electrons occupying the same site. The total Hamiltonian

of the interacting system includes two additional terms:
H = H; + Hy — uN, (1.9

where H, is the Kinetic hoping term borrowed from the tight binding approximation and

uN is the electron fill factor. In the second quantization form, H, can be written as:

Hy = —tZ(chjo + H.c. ),
(i)

(1.10)

where the operator c;, annihilates an electron at atomic site i and the operator c;[, creates
an electron at nearest neighboring site j. When acted on an atomic lattice, this term acts to
move electrons between neighboring atomic sites with hopping amplitude t, which is
proportional to the bandwidth of the system. It is important to note the difference in sign
between H, and Hy,. The kinetic term H, lowers the system’s energy by allowing electron
hopping across neighboring sites, while the Hubbard interaction acts to localize single
electrons on each atomic site and hence prevent hopping. The dominating term will
determine the electronic properties of the interacting system. Due to the competing nature

between these parameters, it is convenient to define an effective electron correlation energy
Uett = % This Uetr can be tuned via the bandwidth of the system (proportional to t) and at

a critical value, drive a half-filled metallic ground state into a gapped insulating state (see

Figure 1.1). The tuning of Uest in this manner is important, as the bandwidth of a crystalline



lattice can be controlled using a variety of experimental techniques. In the work pertaining
to this thesis, the bandwidth is controlled using applications of lattice strain, crystalline

dimensionality, and dopant size.

U= Ut
filling-controlled
Metal Metal

bandwidth-controlled
MIT

-
Filling

Figure 1.1: Possible metal-insulator transitions from the Hubbard model. Along the
vertical axis, the Uefr increases and at a critical point, opens a gap in the metallic ground
state. Traversing the horizontal axis from right to left, the filling factor is reduced, and a
metal-insulator transition occurs at a particular point within the shaded region. The region
closest to the vertical takes a Mott insulating ground state. This figure has been adopted
from Ref. (1).



Chapter 2 Experimental methods

Pulsed laser deposition (PLD) is a widely used method for growth of various thin-films,
superlattices, and heterostructures (16,17). It has been used extensively over the past two
decades in the development of thin-films which exhibit interesting physical properties such
as strongly-correlated electronic materials (18), high-temperature superconductors (19),
colossal magnetoresistance materials (17), ferroelectrics (20), compound semiconductors,
and nanocrystalline materials (21).

PLD has remained popular for several reasons: it features the stoichiometric transfer of
the target material to the film; it is compatible with both low and high vacuum pressure
environments (< 0.5 Torr); and multiple materials can be easily added to a system for
heterostructure synthesis. Additionally, atomic-scale oxide thin-films and heterostructures
grown by PLD are shown to be comparable to samples grown by molecular beam epitaxy
(MBE) (22,23). Reflection high-energy electron diffraction (RHEED) has been
successfully used to monitor the film growth in real-time by measuring the structural
reconstruction and number of unit-cell layers (24-27). However, the requirement of low-
pressure operation and its inability to assess a material’s electronic structure are a few
shortcomings of RHEED. While advanced multiple-stage RHEED has overcome the first
problem by increasing the maximum operational oxygen partial pressure to 0.5 Torr
(28,29), there remains a huge demand for in situ monitoring of the electronic structure of a
material during growth. Optical spectroscopic ellipsometry (SE), which is operational
regardless of partial pressure, has been used as an alternative method to monitor a sample’s
electronic structure in real-time (29-31). However, SE is not used as frequently as RHEED

since a complicated modeling process is required to analyze the SE data. Moreover, when



in situ SE is performed without any additional supporting measurements, the results of the
modeling process are difficult to validate due to multiple unknowns, e. g. fit parameters

such as thin-film thickness and complex optical constants.

2.1  Pulsed Laser Deposition System Overview

Our PLD system with dual in situ SE and RHEED components is schematically
drawn in Figure 2.1. The vacuum chamber is custom-made (Rocky Mountain Vacuum
Tech.) in order to optimize data acquisition and to enable simultaneous real-time in situ
measurement of RHEED and Spectroscopic Ellipsometry (SE). There are six ports
specifically designed and implemented into this system to perform dual in situ RHEED and
SE measurements. Two of these ports are used by the RHEED electron gun and detector
(Phosphor screen and CCD camera assembly). They are positioned such that the electron
beam is incident at a grazing angle to a substrate (sample) surface inside the chamber. The
other four ports are positioned such that in situ ellipsometry can be performed
simultaneously with RHEED at the angles of either 65° (not pictured in Figure 2.1) or 75°
to the substrate’s surface normal direction. There is also an additional antireflection-coated
quartz viewport for the pulsed excimer laser and is positioned such that focused laser beam
pulses are incident to the target at an angle of 45°. While conventional PLD systems have
been designed to perform either in situ RHEED or SE, our system is optimized for the
simultaneous monitoring of both RHEED and SE, which better equips us to interpret the
in situ data as discussed below.

The RHEED consists of an electron gun (Staib 30 kV model), a phosphor screen,
and a charge-coupled device (CCD) camera (shielded from external light by a screen)

attached to the PLD chamber. The electron beam is incident to the surface of the substrate
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at a grazing angle (< 3°) and the reflected electron beam is collected by the phosphor screen

and is measured by the CCD camera.

Rotatable Sample
Holder/Heater RHEED Gun

SE
Analyzer
Assembly

 RHEED
Screen .
and CCD Multiple Target

Camera Manipulator SE Light Source
Assembly

i
-
h

Figure 2.1: Schematic drawing (left) and photograph (right) of the PLD system with dual
in situ RHEED and spectroscopic ellipsometry components taking simultaneous
measurements. The RHEED gun, multiple target manipulator, and heater are contained
within the vacuum chamber while the CCD camera, SE source, and analyzer assemblies
are secured to external ports.

The SE (J. A. Woollam M-2000-210 in situ model) consists of light source and
analyzer assemblies mounted to the PLD chamber. White light from a broadband Xenon
arc lamp is polarized in the SE source assembly by a linear polarizer and compensator. The
light beam reflects off the sample and is directed to a rotating analyzer in the SE analyzer
assembly, which is sent to a spectrometer (monochrometer)/CCD detector through an
optical fiber. In our system, the SE source and analyzer assemblies can be mounted to the
PLD chamber with an incident angle of either 65° or 75° relative to the sample’s normal
axis, which are close to the Brewster angles and are good for characterizing many oxide
thin-films (32,33). The SE can take real-time dynamic scans every 25 ms in the spectral
range of 210 — 1000 nm in wavelength (1.2 — 5.9 eV in photon energy). The spectral range

of the SE is chosen for oxide materials, which allows for the monitoring of optical
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transitions between the correlated electron bands (Hubbard bands) and the charge-transfer
transitions between the O 2p band and transition-metal d bands.

In order to enable the simultaneous monitoring, the substrate holder (heater) is
made rotatable with an adjustable (both tilting and height) z-axis stage so that the initial
specular reflection of both RHEED and SE can be maximized. During the growth of a
thin-film, the RHEED and SE data are simultaneously and continuously taken (maximum
data acquisition rate of up to 40 Hz) without the need of suspending growth. The chamber
is designed to enable sample alignment with the electron and photon beams by adjusting
both the height and azimuthal angle of the sample holder. This is essential to perform both
RHEED and SE measurements simultaneously during the entire growth process (Figure
2.1).

2.2  Reflection high-energy electron diffraction (RHEED)

Figure 2.2a-c and d show the RHEED diffraction patterns and intensity oscillations,
respectively, taken during the growth of an LaMnOss+s (LMO) thin-film on a single
crystalline SrTiO3 (STO) substrate oriented such that (001) is out-of-plane. At the initiation
of the deposition process, the electron beam is incident at a grazing angle to an atomically
flat STO substrate prepared using the method described in Ref. (34). The oscillations of
the intensity curve in Figure 2.2d show that LMO unit-cell layers are being deposited on
the STO substrate, but the monotonic decay of the intensity curve indicates island growth
is also occurring (layer-by-layer + island growth mode) (26,35). In addition, this decay of
the intensity is typically seen when there is a lattice mismatch between the thin-film and
the substrate (36). However, the time scale of the decay is much larger than that of the

oscillations, so a reasonably smooth epitaxial growth of the LMO thin-film can be deduced
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Figure 2.2: In situ data taken simultaneously by RHEED and SE during the growth of a
LMO thin-film on an STO substrate. RHEED diffraction patterns taken at times (a) 0 s,
(b) 250 s, and (c) 1080 s. (d) The RHEED intensity oscillations of one of the diffraction
peaks during the growth. The two vertical lines indicate the start and finish of growth.
Using the RHEED oscillations and the assumption of 1 oscillation/unit cell, the LMO can
be reasonably estimated as being 6 nm thick during the first 400 s of growth. The SE
dynamical spectra taken of (e) ¥ and (f) 4 at 0.5 Hz indicate the presence of the additional
LMO band structure during its film growth at constant energy slices. Surface topology of
(g) STO substrate and (h) LMO thin-film taken ex situ by AFM indicate the growth was a
combination of the layer-by-layer and island growth mode. The growth conditions used
during the deposition are an oxygen partial pressure Poz of 30 mTorr with a substrate
temperature Tsof 700°C.

from the RHEED intensity pattern. Additional ex situ measurements, such as atomic force
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microscopy (AFM) are also important in final thin-film characterization and aids in
validating the measurements made by the in situ SE and RHEED. According to the ex situ
AFM topographic images of the sample before and after the growth, the thin-film still
retains the step terraces of the substrate (see Figure 2.2g and h). Hence, the thin-film’s
surface roughness is on the atomic scale and can be neglected in SE modeling even though
the growth is not a perfect layer-by-layer growth. The RHEED patterns and intensity
oscillations can be used to monitor the film’s surface reconstruction and the number of
unit-cell layers, respectively. These RHEED measurements of the thin-film deposition
give indispensable information to validate the model used in extracting the optical
constants from the SE spectra, as described in Section 2.3 below. In our test growth, we
observed clear RHEED intensity oscillations during the first 400 s of the deposition,
corresponding to the LMO thin-film having a thickness of roughly 6 nm (15 unit-cells of

LMO).
2.3 Optical spectroscopic ellipsometry

Polarized light from the in situ SE is incident upon the sample, and the two
polarization states parallel (p) and perpendicular (s) to the plane of incidence are each
changed separately according to the complex Fresnel reflection and transmission
coefficients R; and T;, where i = p, s for p-polarized and s-polarized light, respectively
(37). These coefficients directly determine each reflected polarization’s attenuation |R;|
and phase change 6;. The light beam is then sent through the SE’s rotating analyzer and
the resulting intensity modulation is measured by a CCD array detector. The modulated
signal can be fit to a Fourier series whose first two coefficients are determined by the
Hadamard method. These coefficients, along with the initial p- and s- polarization state
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intensities, are used to find the relative attenuation |R,|/|Rs| and phase change shift 5, —

&, of the reflected light beam. In ellipsometry, it is convenient to define

|Ry|
tan¥ = — (21)

|Rs|
A= 5, -6, (2.2)
p=R,/R;=tan¥e' (2.3)

The angles W and A are the ellipsometer angles measured by the SE and represent the

differential changes in amplitude and phase experienced upon reflection by the two p- and
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Figure 2.3: Full SE spectral scans taken from 1.2 eV to 5.9 eV are shown at times (a) 0 s,
(b) 500 s, and (c) 1090 s during the LMO film deposition. By applying the appropriate
model, the real-time optical constants, dielectric functions, and thickness evolution can be
extracted from these spectra.

s- polarization components. The tan W and cos A are measured for the full spectral range

of the light source (1.2 — 5.9 eV). During the growth of a thin-film on a substrate, the in
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situ SE can take dynamic full spectra at 40 Hz. Figure 2.2e and f show the real-time
evolution of W and A at four arbitrary photon energies as measured by our in situ SE for
the same LMO thin-film grown on an STO substrate as discussed above. Figure 2.3 shows
full SE spectral scans of this growth at times 0' s, 500 s, and 1090 s. Since our test growth
of an LMO thin-film on an STO substrate is slow, we are able to achieve reasonably good
data by choosing an acquisition rate of 0.5 Hz. Using these measured values of ¥ and A,
the real-time optical constants, dielectric functions, and the LMO film thickness can be
obtained through a modeling process described below.

The growth rate of the thin-film can be independently monitored by both the
RHEED and SE (see Figure 2.4c), acting as an experimental control for consistency
between the two measurement devices. To find real-time film thickness and optical
constants of the sample from the SE, the ellipsometry angles W and A are used as input
parameters to an appropriate sample model. The biggest advantage of simultaneous
monitoring lies in the ability to use RHEED’s diffraction and intensity patterns to choose
and validate appropriate models which can be used in analyzing the in situ SE spectra. The
comprehensive model analysis required to interpret SE data has been a formidable task to
accomplish in real-time measurements since it is rather difficult to obtain both thickness
and optical parameters of thin-films using only SE data. Since we can obtain the
information of a thin-film’s growth mode and thickness by RHEED, we can bring more
credibility to the SE spectral modeling process used for extracting the optical parameters
from the SE spectra.

From Section 2.2 Reflection high-energy electron diffraction (RHEED), the

RHEED intensity curve (Figure 2.2d) and RHEED diffraction patterns (Figure 2.2a-c)
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indicate a ‘layer-by-layer + island’ growth of LMO on the STO substrate with surface
roughness on the atomic scale. We confirmed these results with ex situ AFM as illustrated
in Figure 2.2h. These measurements reasonably justify modeling this sample as a thin,
isotropic smooth layer (layer 1) on an isotropic substrate (layer 2) in an isotropic ambient
(layer 0). When an appropriate model is applied, the optical constants and film thickness
can be found from SE spectra. The complex Fresnel reflection coefficients for this three-
phase system are found and are related to the SE spectra (¥ and A) by Eq. (2.3) (see
Appendix Fresnel reflection coefficients for isotropic single slab model for calculation
details). From this relation, the thin-film’s complex index of refraction N; (N = n + ik)
and thickness can be numerically calculated at any time during the growth using proper
initial values at each photon energy. Figure 2.4a and Figure 2.4b show the distinguishable
n and k spectra for the LMO thin-film and substrate both extracted at the end of the growth
period.

Figure 2.4c shows the real-time thickness of the LMO thin-film monitored by both
SE and RHEED. From the RHEED intensity oscillations, the number of deposited LMO
crystal layers is measured and the thickness is calculated by assuming each LMO unit cell
has a thickness of ~3.95 A (38). Note that we used this thickness information acquired
from RHEED to obtain the initial input parameters in our SE modeling process. The SE
and RHEED thickness curves each yield consistent linear deposition rates of ~ 0.238 A/s
and ~ 0.208 A/s, respectively. Therefore, SE and RHEED collectively enable the overall
film thickness to be determined in real-time during the entire growth process. Although
the RHEED oscillations disappear after c.a. 400 s of growth, the same SE model is applied

during the entire deposition. Both the SE and RHEED result in consistent thickness in the
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initial growth of the LMO thin-film, and SE can be used for thickness monitoring when the
RHEED oscillations disappear, offering another advantage of simultaneous in situ

monitoring. For example, if the LMO thin-film grown on STO described above was

0.8
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Figure 2.4: An isotropic single slab model is applied to the SE spectra to obtain the thin
film’s real-time optical constants and thickness information. The optical constants from
1.2-5.9 eV for the (a) LMO thin-film N1(n,k) and (b) STO substrate N2(n,k) obtained from
the in situ SE spectra at the end of the growth period. (c) Real-time thickness of LMO
thin-film during the growth as determined independently by RHEED and SE. The
measurements are self-consistent and support the validity of the model used to extract the
optical constants and thickness from the SE spectra.

deposited in a chamber with only SE, there would be no knowledge of the film’s real-time
thickness during growth. Note that various ex situ characterizations are still very important
but cannot provide real-time information during growth.

To obtain the electronic properties of the thin-film, the optical constants n and k can

be converted into the complex dielectric function (&, €,) using the following relations:
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& = n*—k? (2.4)

& = 2nk, (2.5)

where &; and ¢, are the dispersion (real) and absorption (imaginary) components of the
thin-film’s complex dielectric function, respectively. The real-time dielectric functions
can show the time evolution of bandgap energies and optical transitions during the entire
deposition process. Figure 2.5 displays the complex dielectric function of the film at 100
s, 300 s, and 1090 s during the growth. The dispersion &; and absorption €, depend strongly
on the thickness of the LMO thin-film. The d-d transitions at about 1.5 eV are initially
suppressed during the growth. An appreciable spectral weight transfer in this narrow
energy range of 1 eV — 6 eV is also apparent from Figure 2.5. At this moment, it is not
clear what physical mechanism governs the thickness dependent spectral weight transfer,

which is left for future study. The important point is that the simultaneous use of RHEED

" (a) LaMnO,, ;

Photon Energy (eV)
Figure 2.5: Real-time dielectric function of thin-film at various times during growth. The

(a) dispersion g;and (b) absorption ¢, coefficients as obtained by applying Equations (2.4)
and (2.5) to the SE optical constants extracted at 100 s, 300 s, and 1090 s.
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and SE enable us to model and extract the real-time dielectric functions of thin-films by
reducing the number of unknown variables using the thickness information obtained from
RHEED.

Note that the high temperature optical properties measured at the growth
temperature (~ 700 °C) are closely related to the thin-films’ low temperature electronic
properties and give us important information about their electronic structure (39). For
example, although band gap energies usually decrease with increasing temperature, they
are material specific and are altered much more significantly by factors such as dopants or
electronic structural change than by thermal effects. Note that, Kamaras et al. (40)
demonstrated that depleting the oxygen content in YBaCuOz-s thin-films will change the
films from a superconducting to a non-superconducting state; however, little temperature
dependence was found in the optical spectra of these thin-films. Since in situ optical
spectra are also sensitive to doping or thin-film thicknesses, we might be able to monitor
important parameters such as oxygen deficiencies in oxide thin-films (30). If there is a
change in the dielectric functions (and bandgap energies) during growth, we need a rather
sophisticated model to extract the optical parameters quantitatively. However, it is still
possible to monitor the change qualitatively using a simple model. For example, in our
growth of LMO, changes in the thickness dependence of the complex dielectric functions
are observed even by using a simple thin, isotropic smooth layer-model (see Figure 2.5).

Our simultaneous real-time RHEED and SE technique can be effectively used for
growing thin-films with targeted properties. For instance, tuning electronic properties such
as band-gap energies can be done during the growth by directly monitoring the sample’s

optical spectra SE and adjusting the growth parameters during deposition. If a solid
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understanding of the relationship between the dielectric functions and the surface
reconstruction of a thin-film layer is established, then the RHEED diffraction patterns will
provide insight to choose a proper model for the SE data. These more elaborate real-time

SE models are left for development and implementation in future work.

This dual in situ system is advantageous for several reasons. The SE spectral range
is appropriately chosen to effectively probe various optical transitions of transition metal
oxide thin-films, which give insight into the electronic band structure and its real-time
change. The in situ measurements are non-destructive and are free from sample
degradation due to atmospheric surface-interface layers. Fast, simultaneous measurements
performed by the RHEED and SE allow the entire thin-film growth process to be observed
and characterized. Finally, even though a model analysis is a formidable task to obtain the
optical parameters and dielectric functions of thin-films, the simultaneously obtained
RHEED data can validate a model for SE analysis, which gives this system a significant
advantage over physical vapor deposition systems featuring only a single in situ monitoring

technique.

Copyright© John Henry Gruenewald 2017
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Chapter 3 Strain-induced metal-insulator transition in 3D SrlrOs thin films

Orthorhombic SrirOs3 is a correlated metal whose electronic properties are highly
susceptible to external perturbations due to the comparable interactions of spin-orbit
interaction and electronic correlation. We have investigated the electronic properties of
epitaxial orthorhombic SrirOsz thin-films under compressive strain using transport
measurements, optical absorption spectra, and magneto-resistance. The metastable,
orthorhombic SrirOs thin-films are synthesized on various substrates using an epi-
stabilization technique. We have observed that as in-plane lattice compression is increased,
the dc-resistivity (p) of the thin films increases by a few orders of magnitude, and the dp/dT
changes from positive to negative values. However, optical absorption spectra show
Drude-like, metallic responses without an optical gap opening for all compressively-
strained thin films. Transport measurements under magnetic fields show negative
magneto-resistance at low temperature for compressively-strained thin-films. Our results
suggest that weak localization is responsible for the strain-induced metal-insulator

transition for the orthorhombic SrirOs thin-films.

3.1 Motivation

Perovskite SrirOz is the three-dimensional end member of the Ruddlesden-Popper
(R-P) series iridates, Srn+11rmOsn+1, Whose electronic structure is tunable from a three-
dimensional correlated metal, i. e. SrlrOs (n = «), to a two dimensional Jert = 1/2 Mott
insulator, i. e. Sr21rO4 (n = 1) (41). The insulating state emerges when an octahedral crystal

field splits the degenerate 5d levels into eq and tzg bands; the partially filled tog bands (Lest
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= 1) are further split into the Jert = 3/2 and Jert = 1/2 bands by the strong spin-orbit coupling
inherent in iridium ions. The Mott gap opens in the Jeit = 1/2 band if the on-site Coulomb
interaction becomes energetically comparable to or larger than the bandwidth. In SrirOs,
there are six nearest neighbor Ir atoms, while in Sr21rO4 there are only four. This reduction
of coordination number of Ir 5d orbitals reduces the bandwidth and opens a gap in the
partially filled Jert = 1/2 band in Sr2lrOs. Hence, the metal-insulator transition in the R-P

series iridates is driven by a dimensionally controlled decrease in bandwidth.

In this study, we have investigated whether a metal-insulator transition can also
occur in epitaxial SrirOs thin films via a strain-induced reduction in bandwidth. While the
Ir-O bond length is rigid and difficult to change, the Ir-O-Ir bond angle can be readily
affected by lattice strain (42,43). As schematically illustrated in Figure 3.1, when the Ir-
O-Ir bond angle is decreased by compressive strain, the electronic hopping integral
between Ir 5d orbitals is reduced, and hence the bandwidth decreases. This reduction in
bandwidth can induce a metal-insulator transition either by opening a Mott gap, similar to
Sr21rO4 (41), or by creating a localized band below the mobility edge due to disorder (44).
We have grown epitaxial SrlrOs (SIO) thin films on various substrates with close lattice
mismatch. We find that as in-plane compression increases, the metallic SIO thin films
become insulating. Optical absorption spectroscopy indicates that all SIO thin films have
a metallic Drude-like response and lack the presence of an optical gap, despite the
insulating transport behavior. Transport measurements under magnetic field display a
negative magneto-resistance (MR) behavior in the insulating SIO thin films. Hence, the

strain-induced metal-insulator transition is due to weak localization. Our results
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Figure 3.1: Schematic diagrams showing the relationship between compressive strain and
bandwidth reduction. (top panel) In-plane compressive strain will cause the Ir-O-Ir bond
angle 6 to decrease. (bottom panel) By reducing the bandwidth, the correlated metallic
band structure of SrlrOs (left) can turn insulating either by (upper) a Mott gap opening or
(lower) localized states (emphasized in dark gray) forming below the mobility edge.

demonstrate that the electronic properties of perovskite SIO thin films can be manipulated

by compressive lattice strain.

3.2  Sample synthesis

We have grown orthorhombic SIO epitaxial thin films on several substrates with
various compressive strains using pulsed laser deposition. The thermodynamically stable
phase of bulk SIO crystals is the hexagonal 6H-BaTiOs structure at ambient conditions,
and the orthorhombic phase can be stabilized using a high-pressure synthesis (45,46).

However, orthorhombic SIO phases can be stabilized as epitaxial thin films on pseudo-
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cubic perovskite substrates (47,48). Four single-crystal substrates are used: MgO (001),
GdScOs (110) (GSO), SrTiOs (001) (STO), and (LaAlO3)os(Sr2AlTaOs)o7 (001) (LSAT)
with in-plane pseudo-cubic lattice constants of 4.21, 3.96, 3.90, and 3.87 A, respectively.
During the deposition, the substrate temperature is 700 °C in an oxygen partial pressure of

100 mTorr. The samples are post-annealed and cooled in a 1 Torr oxygen atmosphere.

Figure 3.2a shows 6-20 X-ray diffraction data for all the SIO thin films used in this
study, and all thin films have the correct 00l orientation with respect to the substrate
normal. As the in-plane lattice parameters are decreased from MgO to LSAT, the 00I thin
film peaks are shifted to lower angles, indicating an out-of-plane (c-axis) expansion of the
SIO unit cell. This is consistent with an in-plane compressive strain causing an elongation
along the c-axis. The SIO thin film thicknesses are found to be around 20 nm using X-ray
reflection fringes. The rocking curves in Figure 3.2b are taken of the 002 film reflection.
The thin films grown on GSO, STO, and LSAT have full widths at half maximum less than
0.08°, indicating high crystallinity. X-ray reciprocal space maps of the (pseudo-cubic)
103-reflection in Figure 3.2c show the SIO thin films on GSO, STO, and LSAT are
coherently strained. As the compressive strain increases from GSO to LSAT, the 103 film
reflection shifts downward, which is consistent with the 8-26 scans in Figure 3.2a. The
SIO thin film on MgO is relaxed due to the large lattice mismatch (~5%), and this sample
is expected to emulate properties of unstrained (‘bulk’) SIO. The lattice parameters are
found using the reciprocal space reflection peaks (Qi = 2z/dnxi, where i = L or // and dnk is

the spacing between appropriate reflection planes (hkl)). Figure 3.2d shows the change of
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Figure 3.2: X-ray diffraction scans confirming the epitaxial growth of perovskite SI10 thin
films. The films are grown on MgO (black), GSO (blue), STO (green), and LSAT(red):
(a) 6-26 diffraction scans show correct 00l oriented film peaks, (b) rocking curve Aw scans
about the film’s 002-reflection, and (c) reciprocal space maps around the 103-reflection
(pseudo-cubic notation) of the substrates. (d) The out-of-plane ¢ and in-plane a lattice
constants of the strained SIO thin films and (e) the ratio c/a as a function of substrate in-
plane lattice.

in-plane (a) and out-of-plane (c) lattice parameters as a function of the substrate in-plane



lattice constant. The ratio c/a quantifies the tetragonal distortion due to strain present in
the SI10 thin films, with c/a > 100% corresponding to compressive strain. Figure 3.2e
shows the thin films grown on LSAT, STO, and GSO are compressively strained with a

tetragonal distortion, and the SI0O thin film on MgO is relaxed with a cubic structure.
3.3 Transport properties

Figure 3.3 shows temperature dependent resistivity curves p(T), which indicate a
large dependence on compressive lattice strain. The resistivity of each strained S10 thin
film systematically increases with in-plane compression. The resistivity of the SIO films
are of the same order of magnitude as the resistivity measured in a polycrystalline, high

pressure synthesis study of SIO (~ 2 m€ cm at room temperature) and other SIO thin film
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Figure 3.3: Resistivity versus temperature (upper panel) of SIO films grown on MgO,
GSO, STO, and LSAT substrates. The resistivity increases with in-plane compression.
The room-temperature normalized resistivity (bottom panel) clearly shows the strain-
dependence of the transport, and the insulating regions of SIO on STO and LSAT are fit
(dashed lines) with a weak localization model (see Equation (3.1)).

studies (46,49-51). In addition to an increase in resistivity, the SI1O films synthesized on
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STO and LSAT have an upturn in their resistivity curves at 175 K and 225 K, respectively.
The room temperature-normalized resistivity curves are shown in the bottom panel of
Figure 3.3. The resistivity of the relaxed SIO on MgO has a positive slope (dp/dT) for all
temperatures from 4 to 300 K, which is expected for metallic behavior. The positive slope
is reduced for the thin film grown on GSO and becomes increasingly negative for the thin
films grown on STO and LSAT. To gain a phenomenological understanding of the

insulating regions, resistivity data (< 225 K) of SIO grown on STO and LSAT are fit with:

p= po—aT?*+ ,BT% (3.1)
where p,, a, and S are the fit parameters for remnant resistance, three dimensional weak
localization and inelastic scattering due to electron-boson interactions, respectively
(52,53). Weak localization is a disorder driven effect due to quantum interference of the
conducting charge carriers at defect sites (54). The weak localization coefficient a for the
SIO thin film on LSAT is twice as large as the fit coefficient for the thin film grown on
STO, as shown in Table 3.1. Based on the lattice parameters obtained from the X-ray
diffraction data, the compressively strained SIO thin films are not oxygen deficient,
eliminating a potential source of defect scattering. Although further experimental
characterizations are needed to fully understand the defects, one possible mechanism is
misfit dislocations caused by compressively straining the SIO films, which would lead to
weak localization. The exact physical origin should be explored in future studies. This
weak-localization model fit is similar to a previous study of compressively strained SIO

perovskite films of similar thickness grown on LaAlOs substrates (53).
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Table 3.1: SIO thin film summary: tetragonal distortion (2) from reciprocal space maps;

weak localization pﬁ and electron-boson scattering pﬁ fit parameters from transport; and
0

0
plasma frequency w,, interband absorption w, z, and carrier density n from Drude-
Lorentz fit of absorption spectra.

Transport Absorption Spectra
Substrate | c/a a/po B/po wy Wo,8 n
(%) | (K™% (107°K3/2) | (eV) eVv) (1022 cm™3)
MgO 100 - - 10 0.91 7.7
STO 102 0.003 3.66 7.4 0.79 4.0
LSAT 103 0.006 5.33 2.6 0.79 0.49

3.4  Optical properties

Optical absorption spectroscopy provides insight into understanding the electronic
band structure and free carrier dynamics of thin films. It also offers a method of
determining the insulating gap energy by measuring the photon energy of zero absorption
coefficient.  Optical transmission spectraT(w) of our samples are taken at room
temperature using a Fourier-transform infrared spectrometer (for spectra regions between
50 meV - 0.6 eV) and a grating-type spectrophotometer (for spectra regions between 0.5
— 6 eV). This spectral range is sufficient for measuring transmittance spectra down to the
Reststrahlen band of each respective substrate, which is the lowest energy limit for

transmission spectra. The optical absorption spectra a(w) of SIO thin films are obtained
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Figure 3.4: Optical absorption spectra of SIO films grown on MgO, STO, and LSAT
substrates. The dashed black lines are Drude-Lorentz fits using the Drude model and two
Lorentz oscillators: for the interband g absorption (~0.8 eV) and for the charge transfer.

using @(w) = ==In[T(®) itmssubstrate/T(@)suvstrace], Where t is the thin  film
thickness. According to Fermi’s golden rule, a(w) is proportional to the product of the
transition probability amplitude and joint density of states. Therefore, the i interband-
transition peak position w,; in a(w) corresponds to the energy difference between bands,
and the corresponding peak width y; is proportional to the bandwidth. SIO thin films
grown on MgO and GSO substrates are known to show a Drude-like response at energies
in the infrared, an interband optical transition w, z ~ 0.8 €V from the Jert = 3/2 band to the

Jett = 1/2 band, and a higher energy charge transfer from O 2p bands to Ir 5d bands (41,50).

Despite the compressively strained thin films having a negative do/dT behavior, the

absorption spectra in Figure 3.4 show all the SIO films have a Drude-like response at low
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energies, which suggests a metallic behavior. The absorption coefficient a(w) is

proportional to the extinction coefficient k by a(w) = ZkTw which is nonlinearly related to

the dielectric function by: k = \/% (/&1 — &, — €1), where c is the speed of light and &;

and &, are the real and imaginary parts of the complex dielectric function, respectively.
The absorption spectra for all samples are fit to the Drude model for the low energy metallic
response, a Lorentz oscillator for the interband B transition, and a second Lorentz oscillator
for the higher energy charge transfer transition.

In the Drude model, the complex dielectric function is given by &p,y e (@) = & +

ie, =1- “» __ where the two fit parameters are the plasma frequency w, and the

w2+iwy’

scattering rate y. As summarized in Table 3.1, the free charge carrier density n for each

SIO film is found using w, = (n ez/(m*eo))%, where e is the elementary charge, m* is
the effective mass of an electron, and &, is the permittivity of free space. S. J. Moon et al.
reported a frequency-dependent mass enhancement of SIO’s conducting carriers only at
low energies, and the effective mass approaches the free electron mass me around 0.08 eV
(41). Therefore, in our spectral range (> 0.2 eV) it is assumed m* = m,, and the free charge
density n is found to be 7.7 x 10?2 cm™3,4.0 X 1022 cm™3, and 4.9 x 1021 cm™~3 for SIO
grown on MgO, STO, and LSAT, respectively. Although both compressively strained SIO
films feature insulating properties, all films have free carrier concentrations of the same
order of magnitude, albeit smaller than that of most metals. The carrier density of SIO on
MgO is also verified using a room temperature Hall measurement and is found to be
7.3 X 1022 cm™3, which is in agreement with the n found in the optical spectra and

supports the assumption m* =m,. The absorption peak w,z around 0.8 eV remains
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relatively constant for all SIO films; however, the peak width y; of the relaxed SIO on
MgO is larger than yz of each compressively strained film on STO and LSAT. This is
consistent with the expectation of in-plane compressive strain causing a decrease in the Ir-
O-Ir bond angle and therefore decreasing the bandwidth, albeit not large enough to open
an insulating band gap. If the Ir-O bond length had decreased in compressively strained
SrirQOs films, the peak widths would increase and conduction would be enhanced, which is
opposite to the behavior observed in our thin films. Therefore, the Ir-O-Ir bond angle
rather than the Ir-O bond length in SrirOs thin films is more energetically favorable to alter

by epitaxial, compressive strain.

3.5 Magneto-resistance measurements

The SIO thin films grown under compressive strain (on STO and LSAT) exhibit a

negative magneto-resistance (MR) behavior at low temperatures while the MR of the SIO

R(B)—R(0)

thin film grown on MgO shows a positive B? behavior [MR (%) = 100 X =)

, where

R(0) and R(B) are thin film resistance for zero and non-zero magnetic field B,
respectively]. For each sample, the MR response is qualitatively isotropic in the following
field and thin film orientations: B |l ¢, B L I (Figure 3.5)and B L ¢,B L I, where I is the
in-plane current and c is the out-of-plane film axis. The positive B> MR is typical for
simple metals and is observed for the unstrained SIO on MgO. The negative MR for the
compressively strained thin films grown on STO and LSAT is consistent with the data
reported in Ref. (53). The MR data supports the picture in Figure 3.1 that weak localization
causes the insulating behavior of compressively strained SIO thin films. For weak
localization, time reversal symmetry must be preserved. By applying magnetic fields, a

phase shift occurs in the electronic wave functions. Hence, this asymmetrical phase shift
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between forward and backscattered electrons suppresses the interference, i.e. weak

localization, and results in a decrease in the resistance under magnetic fields, which is a

negative MR behavior (54).

3.6  Summary

Epitaxial SrirOs thin films have been synthesized on various substrates inducing in-
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Figure 3.5: Magneto-resistance (MR) versus magnetic field taken at 5 K, 30 K, and 175 K
for S10 films grown on MgO, STO, and LSAT. The SIO on MgO displays typical
metallic B? behavior. The compressively strained films grown on STO and LSAT have
negative MR, supporting weak localization.

plane compressive strain and film relaxation. Relaxed SIO is metallic for all temperatures
while the strained thin films have an increase in their resistivity as a function of
compression. Weak localization corrections are fit to the resistivity curves of the SI10 thin
films with insulating properties. Although the compressively strained films exhibit
insulating properties, the optical absorption spectra of all S1O thin films have a Drude-like
metallic response at low energies. The Jett = 3/2 absorption peak is centered around 0.8
eV, and the bandwidth decreases with in-plane compressive strain. This implies that
compressive strain induces an in-plane rotation of the oxygen octahedra causing a decrease

in bandwidth, but fails to open an insulating bandgap. The positive, quadratic MR for the

relaxed SIO film is typical for metals, and the negative MR of the compressively strained
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films is indicative for insulating samples due to weak localization. As schematically
summarized by Figure 3.1, these results demonstrate the effect of lattice strain on the
electronic structure of S10, and the role of weak localization in obtaining insulating states
in strongly correlated, metallic systems. This offers an important progression in our
understanding of similar 5d transition metal oxide systems and heterostructures with strong

spin-orbit coupling and electron correlation.

Copyright© John Henry Gruenewald 2017
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Chapter 4 Creating 1D quantum stripes from 2D layered materials

One-dimensional (1D) quantum systems, which are predicted to exhibit novel states of
matter in theory, have been elusive in experiment. In this study, we develop a superlattice
method of creating artificial 1D quantum stripes, which offers dimensional tunability from
two- to one-dimensions. As a model system, we have fabricated 1D iridium (Ir) stripes
using a-axis oriented superlattices of a relativistic Mott insulator Sr21rOs and a wide
bandgap insulator LaSrGaOas, both of which are crystals with layered structure. In addition
to the successful formation of 1D Ir-stripe structure, we have observed 1D quantum-
confined electronic states from optical spectroscopy and resonant inelastic x-ray scattering.
Since this 1D superlattice approach can be applied to a wide range of layered materials, it

opens a new era of 1D science.

4.1 Motivation of study

An ideal one-dimensional quantum-stripe consists of an infinite linear chain of bonded
atoms, wherein the interactions between each atom’s electrons are restricted to the single
dimension of the chain (55). One-dimensional (1D) order spontaneously emerges at the
onset of quantum phase transitions in the form of charge/spin density waves in
multiferroics, superconductors, and as edge and surface states in topologically non-trivial
systems (56-62). An experimental approach for investigating such phenomena is to
dimensionally tune these systems to one dimension until a critical phase transition is
reached, as conducted similarly in Ruddlesden-Popper series compounds from three to two
dimensions (1). While many successful strategies have been demonstrated for chemically

synthesizing 1D nanostructures, direct atomic-layer control between two and one
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dimension(s) is generally considered unavailable (63). Additionally, the quantum
confinement of conventionally two dimensional materials to one dimension can reveal
hidden electronic and magnetic properties. For example, SrCuQz,i.e. 1D chain compound,
shows novel spin-charge separation, which is absent in its 2D counterpart, Sr2.CuO2Cl2
(Ref. (64)). Despite the promising outlook for 1D materials, experimental progress remains
in its infancy, hampered by its reliance on the few materials with intrinsic 1D structure

(65).

4.2 Methodology of 1D stripe synthesis

In this new approach of synthesizing 1D quantum systems, dimensionally-confined
stripe-superlattices are constructed from in-plane oriented 2D layered crystals. Layered
transition metal oxides of the form A2BQO4 consist of 2D layers (BO2) in the ab-plane that
are stacked along the c-axis. Such materials are considered 2D since each consecutive
plane is well separated by an electronically inert rock salt layer (AO) and offset by a half
unit cell. Compounds with this KzNiFs-type structure can be epitaxially grown such that
the 2D layers are oriented parallel to the surface normal direction, i.e. a-axis orientation
(66-68). The crux of our idea is that the dimensionality of the 2D layered materials in this
a-axis orientation can be tuned by restricting the number of monolayers m grown along the
in-plane direction (Figure 4.1a). For instance, if only a single monolayer is grown, i.e. m
=1, then the 2D planes become 1D stripes. To achieve a volume suitable for experimental
characterizations, superlattice structures can be grown consisting of alternating layers of m
monolayers of BO2 and n monolayers of an inert, wide bandgap material also containing
the K2NiF4 symmetry (42B'04). In this manner, the 2D planes can be incrementally tuned

to 1D quantum stripes.
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Figure 4.1: Conceptual diagram of turning a 2D layered material into a 1D quantum stripe
superlattice. a) The leftmost panel shows the in-plane structures of two transition-metal
oxides, A2BO4 (above) and A2B'O4 (below), with the KoNiFs symmetry. Each red (gray)
sguare contains transition-metal ions B (B') at its center and an oxygen atom at each of its
4 vertices. The number of BO2 monolayers m corresponds to the horizontal rows of red
squares, i.e. the stripes. Low-dimensional stripe phases approaching 1D (e.g. m =3, 2, 1)
can be created by alternating the layers between m monolayers of BO2 and a constant
number of B'O2 monolayers (such as 5 in the schematic). The 1D quantum-stripes are
achieved in the m = 1 case depicted in the rightmost panel. b) Schematic diagrams of a-
axis oriented (Sr2lrO4)m/(LaSrGa0O4)s superlattices for m = 3, m =2 and m = 1 for realizing
the low-dimensional quantum stripes of IrO2 (red squares) on LaSrGaOas (100) substrates.
The 1D IrOz2 stripes run parallel to the b-axis and are dimensionally confined by the wide
bandgap LaSrGaOa layers (grey octahedra).

We have implemented this idea in synthesizing 1D IrO2 stripes using in-plane

37



oriented superlattices of Sr2lrO4 and the wide bandgap insulator LaSrGaO4 (Eg = 3.8 eV)
(Figure 4.1b and Figure 4.2). We have used a-axis oriented LaSrGaOs (100) as both the
substrate and insulating sublayers. The samples in this study are 30 superlattice-unit-cells
thick, and each superlattice unit cell consists of m monolayers of Sr21rOs and 5 monolayers
of LaSrGaOs. To synthesize the 1D superlattice structures, we have used our customized
pulsed laser deposition (PLD) system in order to optimize monolayer-controlled deposition
of Sr2lrO4and LaSrGaOq (see Ref. (69) for detailed growth methods). For a monolayered
controlled growth, it is important to maintain a slow growth rate of Sr2IrO4 and LaSrGaO4
layers, ca. 200 laser pulses per monolayer. The growth parameters of the deposition require
an oxygen partial pressure (Poz) of 10 mTorr, a substrate temperature of 700 "C, and laser

(KrF excimer, A = 248 nm) fluence of 1.2 J/cm?. The superlattice growth is monitored
(Sr,Ir0,),,/ (LaSrGaO,),
Sr,IrO,

Ir \’ :/‘l
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LaSrGaO,
* (La, Sr)
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b /7 1010]

Figure 4.2: Schematic detailing the atomic and geometric configurations of Sr2lrO4 and
LaSrGaOas unit cells. The 2D planes in Sr2lrOs and LaSrGaOs consist of an array of
octahedra, which each corner-share oxygen atoms in the ab-plane and centrally contain the
transition metal Ir or Ga, respectively. The 2D planes are each separated by a rock salt
layer of SrO for Sr2lrO4 and (La,Sr)O for LaSrGaOs, and adjacent planes are each offset
by a half unit cell. For our 1D m = 1 structure, one monolayer (a half unit cell) of Sr2lrO4
is deposited along the a-axis followed by 5 monolayers (four and a half unit cells) of
LaSrGaOa.
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using RHEED (see Figure 4.3), and the deposited monolayers of both LaSrGaO4 and
Sr2lrO4 show distinct axis-dependent diffraction patterns during the entire deposition,
which indicate the proper structural confinement required for creating the 1D IrOz2 stripe-

structures.
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Figure 4.3: RHEED monitor during m = 4 growth. The in-plane anisotropy of the
(Sr2lrOa4)4/(LaSrGaOa4)s superlattice induces distinct axis dependent RHEED diffraction
patterns and intensity fluctuations for monitoring the c-axis (top panel) and b-axis (bottom
panel). The RHEED intensity and diffraction patterns remain relatively stable, indicating
the superlattice retains structural integrity during the deposition.
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While there have been many previous investigations on the unique spin-orbit
coupled Jeft = 1/2 Mott insulating state present in the 2D layered iridate Sr2lrO4 (70-73),
there are no previously studied or discovered 1D iridate systems to date. Recent studies on
2D Sr2lrO4 also have revealed interesting phenomena such as the presence of excitonic
quasiparticles and indications of new superconducting ground states for doped samples
(74-77). Using structural and electronic characterizations of x-ray diffraction, high-
resolution scanning transmission electron microscopy (STEM), optical spectroscopy, and
resonant inelastic x-ray scattering, we have confirmed that both 1D structural and
electronic confinement is achieved for this system. Our experimental observations are also
consistent with the calculations of density functional theory. These results imply that this
method can be extended to any 2D layered material and thereby allow for tunability to 1D

quantum structures previously disregarded in experimental one-dimensional science.

4.3 Structural evidence of 1D confinement

The 1D stripe-structures of our superlattice samples have been confirmed by x-ray
diffraction and high-resolution STEM. Figure 4.4a shows clear periodic superlattice peaks
in the 26-w x-ray diffraction scans. Since each superlattice unit cell consists of m
monolayers of Sr2lrO4 and 5 monolayers of LaSrGaOs, i.e. (Sr2lrO4)m /(LaSrGaOa4)s (m =
1 -5), the superlattice diffraction peak periodicity Ah shows excellent agreement to 1/(m
+5). For strain information, x-ray reciprocal space maps have been taken near the (310)-
and (303)- reflections of LaSrGaOa4 for the ab- (Figure 4.4b) and ac-planes (Figure 4.4c),
respectively. The vertical alignment of the superlattice peaks with the substrate reflections

indicates all superlattices are coherently strained along both directions, i.e. b- and c-axes.
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Figure 4.4: X-ray diffraction scans and Z-contrast STEM data of (Sr2lrO4)m/(LaSrGaOa)s
superlattices. a) 20-w Xx-ray diffraction scans of (Sr2lrO4)m/(LaSrGaOas)s superlattices
(labeled accordingly to the right). The LaSrGaOa (400)-diffraction peaks are indicated by
an asterisk (*). The central superlattice peak is the zeroth order Bragg diffraction peak
(indexed as 0), and the superlattice satellite peaks are indexed relative to this peak. Two
x-ray reciprocal space maps are taken for each superlattice sample about b) the (310)- and
c) the (303)-reflections of LaSrGaOs (*) to obtain complete in-plane strain information. d)
Z-contrast STEM images of m = 3 (left pair) and m = 1 (right pair) superlattices. Two
cross-sections are shown for each sample: the ac-plane (left scan of each pair) and the ab-
plane (right scan of each pair). The brightest dots are Ir ions and the inset schematics
employ the same color scheme as in Figure 4.1b. Note that the IrO2 stripes run along the
b-axis ([010]-direction), that is the out of page direction in the left image and the horizontal
direction in the right image of each sample. All images have the same scale bar (leftmost
image) of 5 nm.

STEM further confirms that the 1D superlattice structures are successfully formed (Figure
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4.4d). The expected half-unit cell offset (zig-zag shape) and Sr-O rock salt separation
between neighboring IrOz2 stripes along the c-axis is readily apparent in the ac-plane scans
of the m = 3 and m = 1 samples. Along the b-axis, the IrO2 stripes are coherent; however,
the stripe boundaries in this planar view are rather indeterminate due to the inter-stripe half
unit cell offset between each planar layer. These observations provide convincing evidence

for the successful creation of 1D IrOz stripe-structures from the 2D Sr2IrQOa.

4.4  Electronic confinement of 1D stripes

Linearly polarized optical spectroscopy shows clear anisotropic characteristics and
1D electronic confinement of the stripe-structures. The directional-dependent absorption
spectra are obtained by linearly polarizing the incident photons such that the electric field
E is perpendicular (parallel) to the 1D IrOz stripe direction along the b-axis, as shown by
the graphic in Figure 4.5a (Figure 4.5b). The optical conductivity spectra (o1 (w)) are
obtained by taking a Kramers-Kronig transformation of the absorption spectra a ()
(Figure 4.6) and are normalized by the number of Ir monolayers per superlattice unit cell,
i.e. m/(m + 5) for the (Sr2lrO4)m /(LaSrGaOs)s superlattices. When the polarization is
parallel to the 1D IrO2 stripe direction, i.e. E // b (Figure 4.5b), there are broad peaks in the
optical spectra. The finite peaks appear due to the Ir-Ir inter-site optical transitions in the
Jert = 1/2 band (75,78,79). Note that the peaks are significantly reduced (Figure 4.5a) when
the polarization is perpendicular to the IrOz2 stripe direction, i.e. E L b. If the IrO2 stripes
are truly 1D, this can be understood intuitively since no Ir-Ir inter-site optical transitions
are possible perpendicular to the b-axis. Hence, the observation of optical anisotropy
confirms that the 1D IrOz2 stripes are also confined electronically. As m decreases, i.e. the

samples approach one dimension, the spectral weight in the absorption is reduced (Figure
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Figure 4.5: Optical spectra of (Sr2lrOs)m/(LaSrGaOa)s superlattices. Above each plot, an
experimental depiction of the two sets of incident photons with linear polarization (E) a)
perpendicular and b) parallel to the 1rO2 stripe-direction (b-axis) for m = 1 (red), 2 (blue),
3 (green), and 4 (orange) superlattices. All optical conductivity spectra o, are normalized
by the number of Ir monolayers per superlattice unit cell for comparison, and m = 2, 3, and
4 spectra are vertically shifted for clarity. The strong optical anisotropy, i.e. the absence
of the low energy absorption peaks when E is perpendicular to the 1D IrOz stripes, confirms
the low-dimensional electronic confinement. In the m = 4 superlattice spectra, the two
peaks indicated by * and ¥ closely match the peak positions of 2D Sr2lrOs crystals. As
the dimensionality decreases, several notable features include: the change in electronic
band and optical gap nature from c) an indirect gap (band edge linear with @'/?) to d) a
direct gap (band edge linear with a?), the appearance of van Hove singularities, the distinct
emergence of a higher energy peak marked by V, and a blue-shift of the ¥ peak.

4.6) and the indirect gap observed in 2D Sr2lrO4 (Figure 4.5¢) becomes a direct gap for the

1D superlattices (Figure 4.5d). New sharp features also appear in the spectra (marked as
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V in Figure 4.5b). The sharp features present in the optical spectra are attributed to van
Hove singularities, the appearance of which is contingent upon the low dimensionality of
the crystal (80). The low dimensionality also contributes to an enhanced effective electron-
correlation Uetr; which is responsible for the blue-shift of the optical transitions (Figure

4.6).

a (10° cm™)

Energy (eV)

Figure 4.6: Linearly polarized optical absorption spectra of (Sr2lrO4)m/(LaSrGa0O4)s
superlattices (m = 1 — 4). The absorption spectra are taken at normal incidence and
polarized such that the AC electric field E is parallel to the IrO2 stripe direction (b-axis),
as schematically depicted in Figure 3b. In comparing with Sr21rO4 (grey), the superlattice
absorption monotonically decreases as 1D is approached from m =4 tom =1, and the
blue shift of the central absorption peak is also readily apparent. For visual clarity, the
absorption spectra for m =1, 2, 3, 4 have been multiplied by a factor of three.

In order to reveal the elementary excitation dynamics of spin/orbital degrees of
freedom exhibited by the 1D IrOz stripe-structures, we have taken resonant inelastic x-ray
scattering (RIXS) spectra (For measurement geometry, see Figure 4.6). In the case of 2D
Sr2lrOas, RIXS spectra reveal a magnon produced by antiferromagnetic Heisenberg spin
below 0.2 eV as well as dispersive excitonic quasiparticles of Jeft orbitals (spin-orbit
excitons) above 0.4 eV (Figure 4.7a and Ref. (74)). For the 1D superlattice, the m =1

RIXS spectra reveal many unique features not present in its 2D Sr21rO4 counterpart (Figure
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Figure 4.7: Measurement geometry of resonant inelastic scattering measurements (RIXS)
with respect to Sr2lrO4 and the 1D m = 1 superlattice. The incident-photon is polarized
along a) the ab-plane for bulk Sr2lrO4 and along b) the a-axis for the 1D m = 1 superlattice.
The scattered-photon polarization has components both parallel to the incident polarization
(m-polarization) and perpendicular to the scattering plane (o-polarization). In this
geometry, the in-plane spin components (ab-plane of bulk Sr21rO4 and b-axis of the 1D m
= 1 superlattice) and the out-of-plane spin components (ab-plane of bulk Sr21rO4 and c-
axis of 1D m = 1 superlattice) are probed. The scattered-photon polarization is used to
probe the orbital lobes of the c-axis and in-plane directions for both samples. The geometry
in a) is used to maximize the RIXS matrix elements for the transition between |Jeft = 1/2, Jz
= 1/2> (= |xy,+> + |yz,-> + i|zx,->) and [Jefi = 3/2, J. = £3/2> (=|yz,+> * i|zx,+>). The
resolution-limited orbital exciton peak at 600 meV of the 1D m = 1 superlattice can be
assigned as from the same orbital transition. The same energy resolution of 30 meV is
used for both measurements, and incident- and scattered-photon polarizations are also
similar in both cases.

4.7b and Figure 4.7c). The spin excitation energy of the 1D IrOz2 stripes (~0.2 eV) is higher
than that of 2D Sr2lrO4 (~0.06 eV), which implies that the 1D IrOz stripes have higher
exchange interactions due to the localized character of the 1D spin structure. In the region
of orbital excitations, a resolution-limited spin-orbit exciton at 0.6 eV is discovered. This
is interpreted as arising from the same Jesr Orbital transitions of the spin-orbit exciton in
bulk Sr2lrO4+— with a notable exception of broad dispersive excitations within the vicinity
of the 1D spin-orbit exciton. These broad excitations disperse towards higher energy as
the momentum transfer approaches © (Figure 4.7b). Note that broad excitations in bulk
Sr2lrO4 originate from the electron-hole continuum and damped orbital excitons. Thus, the

broad dispersive excitations in the 1D IrOz stripe RIXS spectra are consistent with the
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optical spectroscopy data (Figure 4.5b), which reveal the existence of a largely reduced

electron-hole continuum. Hence, the observed broad orbital excitations reflect the
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Figure 4.8: Intensity contour plots of RIXS spectra for a) 2D Sr2lrO4 crystal along the (0,
0) to (0, 2n) direction of its 2D Brillouin zone and b) 1D (Sr2lrO4)1/(LaSrGaOs)s
superlattice along the 0 to 2z direction (i.e. parallel to the b-axis) of its 1D Brillouin zone.
Note that the low-energy magnon branch and the dispersion of spin-orbit excitons are
shown below 0.2 eV and above 0.4 eV, respectively, and dashed lines act as visual guides.
¢) RIXS spectra of the 1D superlattice (red) and 2D Sr2lrO4 crystal (blue) at comparable
momentum transfers. Distinct excitations of the 1D superlattice include: broad spin-
excitations below 0.4 eV are distinct from the resolution-limited magnon peak of 2D
Sr21rO4 (indiated by * in c)); the 1D superlattice shows a quasiparticle spin-orbit exciton
at ca. 0.6 eV, of which energy is 100 meV higher than that of 2D Sr2IrO4; and broad orbital
excitations also show different dispersive behaviors from 2D counterpart. The strong
intensity around zero energy loss in b) is mostly from elastic scattering by LaSrGaOs
layers.

Intensity (cps)
o
I

46



deconfined character of orbitals in the 1D structure.

45  Density Functional Theory calculations of 1D dispersion

To supplement the understanding of the experimental data, we have performed
density functional theory (DFT) calculations for the 1D (Sra2lrOas)1/(LaSrGaQs4)s stripe-
structure. As compared to its 2D Sr2lrO4 counterpart (Figure 4.8a), the spin-orbit split Jeft

= 1/2 band appears quite flattened in the 1D energy dispersion (Figure 4.8b), indicating the

b
Srg!rO4 (ISrZIrO4)1I/ (LaISrGaO‘l)s‘

Energy (eV)

r X M T 7 DOS. Y T X M rZ DOS.

Figure 4.9: Band structures from DFT calculations and the density of states (DOS). a) The
calculated electronic band structure (left) and DOS (right) of 2D Sr2lrOs. The Jeti = 1/2
and Jert = 3/2 states are distinguished between blue and red circles, respectively. The
optically allowed inter-band Jerr = 1/2 transitions are indicated by dashed lines, and the
labels * and ¥ correspond to the observed peaks in the optical conductivity spectra in
Figure 4.5b. b) The electronic band structure and DOS of 1D (Sr21rO4)1/(LaSrGa0Oa)s
superlattice show the flat dispersion due to dimensional confinement. An indirect-to-direct
gap transition is consistent with experimental data (Figure 4.5c and Figure 4.5d). Sharp
features (van Hove singularities) in the DOS and an additional optically allowed Jest = 1/2
transition (V) are in agreement with the experimental spectra in Figure 4.5b.

presence of a very localized Jerr = 1/2 state.

As a consequence, the indirect gap between the Jetr = 1/2 state in 2D Sr2lrO4
becomes a direct gap in its 1D counterpart, which is in excellent agreement with the
indirect-to-direct gap phase transition observed in the optical spectra (Figure 4.5¢ and

Figure 4.5d, respectively). The localization of the Jetr = 1/2 state should also induce
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additional sharp optical transitions since optical spectroscopy measures the joint density of
states between occupied and unoccupied bands. This result is consistent with the
emergence of the van Hove singularity, i.e. sharp peak V, in the optical conductivity spectra
of the superlattices (Figure 4.5b). The excellent agreement of these 1D characters with the
experimentally obtained optical conductivity spectra verifies the successful electronic

confinement of our (Sr2lrO4)m/(LaSrGaOa4)s stripe-structures.

4.6  Outlook and Summary

This approach of creating 1D quantum-stripe systems provides an avenue for
exploring emergent phenomena of low dimensional physics. For instance,
superconducting 1D nano-stripes can be created by using an a-axis oriented superlattice of
the layered cuprates such as (La,Sr)2CuQa. Although metallic ground states in true 1D
materials are hard to stabilize due to structural instabilities such as the Peierls transition,
the striped structures can be used to discover new phase transitions by tuning the system’s
dimensionality from two to one dimension(s).(81) Another intriguing feature of low
dimensional systems is fractionalization of spin and charge degrees of freedom (e.g.
spinons and excitons). Such excitonic effects are expected to be enhanced due to their
spatial decoupling in 1D systems.

In summary, we have shown a generalizable superlattice approach of a continuous
dimensional control between two-dimensional (2D) layered oxides and 1D quantum
stripes. We demonstrated its successful application on the highly correlated, 2D Sr2IrQa.
In our superlattice structures, we have observed the optical transitions of electrons between
neighboring Ir atoms to be confined to the 1D IrOz2 stripe direction, which emulates ideal

1D behavior. Spin and orbital excitations observed in resonant inelastic x-ray scattering
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also suggest enhanced spin exchange interactions and confined orbital excitations in the
1D IrO2 stripes as compared to 2D Sr2lrO4. This 1D superlattice method can be readily

adopted for unveiling 1D phenomena in a variety of two-dimensional materials.

Copyright© John Henry Gruenewald 2017
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Chapter 5 Tuning Uesf in mixed-phase pyrochlore iridate thin films

Pyrochlore iridates (Rz11207, R: rare-earth lanthanides) have attracted substantial attention
for predictions of topological properties emerging from frustrated magnetic spin structures
(all in—all out AIAO ordering) in the presence of strong spin-orbit interaction and effective
electron correlation Ues (2,82). The lattice structure of the pyrochlore iridates consists of
two interwoven kagome sublattices—a tetrahedral network formed by Ir-O and a corner

shared tetrahedral network formed by the rare-earth atoms (see Figure 5.1). The Jeft = %

R2lr207 %

[111]

Figure 5.1: Pyrochlore iridate Rz21r207 lattice structure. The pyrochlore lattice features two
interwoven kagome sublattices of corner sharing tetrahedra. The Ir (orange) atoms form
tetrahedra via an Ir-O network (oxygen not depicted) and are pictured in the geometrically
frustrated all-in-all-out spin configuration. The R (blue) atoms are rare-earth atoms of the
lanthanide series and form tetrahedra around an oxygen atom (not pictured). The R-
sublattice is pictured in the 3-in-1-out spin configuration.

spins of the Ir sublattice point either inward or outward towards the center of each
tetrahedra. These all-in-all-out (AIAO) and all-out-all-in (AOAI) magnetic orderings are
degenerate ground states (hence frustrated) and form a unique octupole antiferromagnetic
order (83). Experimental evidence suggests this magnetic order is concomitant with a

metal-insulator transition in several pyrochlore iridate systems (84-86).

50



The spin-orbit-split Jerr = 1/2 state arranged on a kagome lattice has been
theoretically shown to take a paramagnetic semimetallic ground state when Uess = 0 (2).
However, as Uess is turned on to a small finite value, it stabilities the AIAO spin
configuration and induces a Weyl semimetal state with 8 Weyl points along the [111] and
symmetry related directions. As Uess is increased further, each Weyl point pair moves in
momentum space along its respective symmetry direction until the points pair-annihilate
at the Brillouin zone boundary. At this point, the system’s bulk bands become insulating
while the surface states remain conducting. These surface states remain conducting until
a further increase in Uest gaps the surface state, and thus the system forms a Mott insulating

state. Figure 5.2, recreated from Ref. (2), summaries the phase dynamics of this system.

Gapless surface Gapped surface
Gapless bulk L. Gapped bulk
Nonmagnetic Anti-ferromagnetic (AIAQ)
Semimetal Weyl Insulator with Mott
with QBC semimetal surface metal  insulator
P o & 'y }
Uc1 Ucz UC3 U

Insulator with

Wey! Semimetal o ——

E(k\/_\/ E(k) E(k)
Q e ke e ke
Surface bands ky Ky > ky
r V|
— L o> U
Uc? Ucz UCS

Figure 5.2: Pyrochlore iridate electronic and magnetic phase diagram as a function of U.
The top panel describes the evolution of the pyrochlore iridate system from a paramagnetic
metal at U=0 through the AIAO Weyl semi metallic phase, until reaching the Mott
insulating phase. The bottom panel depicts a Weyl point pair (blue and red dots) in the
bulk and surface bands. The pair annihilates at Uc2, and opens a bulk gap. This figure has
been recreated from Ref. (2).
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5.1 Motivation of study

A method for probing this multi-interaction phase space is by monotonically tuning
Uerf, Which is achieved experimentally by altering the pyrochlore iridate lattice size, i. e.
Uerf INcreases as the size of R decreases. This has been performed on a number of bulk
polycrystalline samples with mixed concentrations of the lanthanide series rare-earths R,
and the metal-insulator transition temperature Tmi has been observed to decrease as the
rare-earth ionic radius size increases from Y to Pr — consistent with tuning Uest (4,87).
Recently, evidence for a field-induced transition between a Weyl semimetal to a line node
semimetal has also been reported in bulk single crystals of Nd2Ir207 and (Pru2Nd2)21r207
(88). This encouraging find supports further investigation into the topological properties
of other pyrochlore iridate members with various values of Ues to determine the critical

phase boundaries between the distinct surface and bulk ground states.

5.2  Synthesis of mixed-phase (A,B)21r.07 thin-films

In order to tune Uesr in this study, we have synthesized a series of mixed phase
pyrochlore iridate thin-films ((A,B)2Ir207 for (A,B) = (Pruv2Ndi2); (PrusNdzsz); (Nd);
(SmuaNd23); (Sm12Nd12); (Sm2sNdys); (Sm)) on the wide-band insulator Y:ZrO2 (YSZ)
using a combination of pulsed laser deposition and a high-temperature anneal in ambient,
which has been reported elsewhere (89). As the average rare earth ionic size is increased
from Sm to Pri2Ndus, the thin-film lattice parameters systematically increase, as revealed
by x-ray diffraction 26 scans and reciprocal space maps (Figure 5.3abd). While the lattice
size increase is consistent with those of bulk polycrystals (4), the films have rather broad

RSM reflection peaks, indicating substantial film relaxation. Although relaxed, the Raman
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Figure 5.3: X-ray diffraction and Raman spectra of mixed phase pyrochlore iridates (A,B)2
Ir:07 / YSZ (111). (a) Symmetric x-ray diffraction scans for the mixed-rare earth series
(A,B) including (Pri2Ndi2); (PrusNdzs); (Nd); (Sm1usNd2s3); (Sm12Ndiz); (Sm2isNdus);
(Sm), where the average rare-earth ionic radius is sequentially decreased. All samples take
the pyrochlore structure with the (111)-lattice vector parallel to the out-of-plane direction.
The dashed lines are placed at the out-of-plane diffraction peaks for single-phase Ndz1r.07
(b) The out-of-plane lattice constants for the mixed-phase films calculated from each film’s
reciprocal space map diffraction peak. As the average rare-earth ionic radius size is
increased from (Sm) to (Pr12Nd12), the pyrochlore iridate lattice parameters sequentially
increase and are consistent with polycrystalline, single-phase samples reported by Ref. (4).
(c) Raman spectra taken at room temperature indicate the presence of the six phonon
modes expected of the pyrochlore structure (d) RSM’s of each film’s (662)-reflection peak.
The dashed gray curve represents the line of cubic lattice constants, which are expected for
the pyrochlore structure.

spectra indicate the films have the six Raman active phonon modes consistent with the
pyrochlore lattice symmetry (Figure 5.3c) (90). Additionally, temperature dependent

resistivity shows the films to all undergo a metal-insulator transition (Figure 5.4), which is
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Figure 5.4: Resistivity measurements of the mixed-phase pyrochlore iridates in zero
applied field. The black triangle represents the metal-insulator transition temperature of
each mixed-phase film and systematically increases as the rare-earth ionic radius size
decreases (ordered from top to bottom).

consistent with the expectation that tuning the ionic radius from Sm to Pri2Ndiz2 will

systematically decrease Uett.

5.3  Comparison with bulk single crystal pyrochlore iridates

Comparing the residual resistivity ratio (RRR) of the thin film samples with that of bulk
single crystal NdzIr207 (3), the thin film samples have RRR values several orders of
magnitude lower than that of the bulk samples (Figure 5.5). Additionally, the thin films
have a much broader MIT transition than the sharp transition of bulk NdzIr2O7. This

comparison indicates the pyrochlore iridate thin films have a higher degree of disorder than

54



150
I \S o polycrystals
L —_ [Sm ~_ s
< 100; < 100 ~ ., thin films
g [ I-% L § E\‘* . Nid
& 3 50 ik §
S F 1 N 1 i e
= ; SmeNdy, o 008 1.10 1.12
= § é e R lonic Radius (A)
B N i i e e
F i * Nd_Ir.O
i Pr‘HZNd‘IJ‘Z : rz !
i Ueda et al. PRL 2015
R R T e B B
1.04
Nd
1.02
L PrMZNd‘VZ
5 {
< 1.00
0.98
0.96 " " L L 1 " L L L 1 L " L " 1 L L " M
0 50 100 150 200

Temperature (K)

Figure 5.5: Residual resistivity ratio comparison between mixed-phase pyrochlore films
and bulk single crystal NdzIr207 (upper panel). While the mixed-phase pyrochlore films
each undergo a metal-insulator transition that is consistent with the tuning of Uesr, the
transition is rather broad compared to the sharp transition observed in bulk single crystal
Nd2Ir207 (recreated from Ref. (3)). The residual resistivity ratios of the thin-film samples
are also two orders of magnitude less than that of the bulk single crystal. The bottom panel
displays the surface state conduction property of each mixed phase pyrochlore film by
taking the resistivity ratio between films trained in a 14 T field and their untrained
resistivity. As Uest increases from PrizNdi2 to Sm, the surface conduction becomes
insulating. The inset in the top panel is a phase diagram reconciling the topological
properties of Figure 5.2 with the domain wall and bulk conducting properties. The light
gray dots are polycrystalline bulk samples reported in Ref. (4).

the bulk single crystals reported in previous studies. While the thin films may be of inferior
quality to that of bulk single crystals, this feature can be used as an important tool for
investigating the topologically protected ground states expected in these pyrochlore
systems. Because the conducting mechanisms of topologically non-trivial systems are
protected by symmetry, they should be robust against crystalline defeats and disorder,

which is difficult to access in high-quality, bulk single crystals (91). Therefore, these more
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disordered mixed-phase films can offer strong supporting evidence for the robust nature of
the topological properties in the pyrochlore iridate system.

In order to reconcile the mixed-phase pyrochlore thin films with the phase diagram
in Figure 5.2, it is necessary to access the surface state conduction properties, which are
manifest on the magnetic domain walls (84). To isolate the surface state conduction from
the bulk conduction properties, the films are cooled under an applied field of 14 T (trained)
and the resultant warming resistivity piraineq Under zero-field is then compared to the
untrained resistivity puntrainea (Figure 5.5). If surface conduction is present (absent), the
resistivity ratio between trained and untrained films will be greater than (equal to or less
than) one, since the cooling under an applied field stabilizes a single domain configuration.
For the thin-films, a systematic change in the domain wall conducting behavior from
insulating to metallic domain walls is observed as the A-site radius is increased from Sm
to Pr12Ndasz, which is consistent with the change in Uetr across the Mott insulating to Weyl
semimetal phases. Combining the surface state conduction property with each film’s
metal-insulator transition temperature, a phase diagram can be assigned for each mixed-

phase pyrochlore thin film (Figure 5.5).
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Figure 5.6: Magneto-transport of the mixed phase pyrochlore iridate thin films at 2 K. The
magneto-resistance is taken of the mixed phase pyrochlore films for R = Pr12Ndw2 and
Smu2Ndir, i. e. comparing the response of a Weyl semimetal with that of a Mott insulator,
respectively. The field sweeps are taken such that the applied field is oriented parallel to
each film’s (a) [111] and (b) [001] crystallographic directions (see inset diagrams). (c)
Schematic spin configurations showing, from left to right, the all out —all in, 3 out — 1 in,
and 2 out — 2 in magnetic order induced when H=0, H//[111], and H // [001], respectively.

To investigate this further, we accessed the magnetic ordering of the films using
field sweeps at 2 K, i. e. below the magnetic ordering temperature (Figure 5.6). It is
understood from previous studies on NdzIr207 that a strong applied field parallel to the
[111] ([001]) crystallographic axis flips the all-in-all-out spin ordering of the Ir-sublattice
into a 3 out— 1 in (2 out — 2 in) spin configuration (Figure 5.6ab) (88). The distinction is
clear in the presence (absence) of hysteretic behavior when the field is parallel to the [111]
([001]) direction. For the thin films, distinct hysteretic behaviors are apparent for Pri2Ndu2
when H // [111], marking a spin flip into a 3 out — 1 in configuration (Figure 5.6¢). This
is consistent with the 3/1 Weyl semimetal phase observed in the Nd2Ir.O7 bulk case (88).

When H // [001], the applied field can flip two spins to form 2 out — 2 in spin ordering
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(Figure 5.6¢). This is supported by the vanishing hysteretic behavior and implies a field-
induced electronic reconstruction has occurred. For the Sm12Ndu/2 thin films, the magneto-
resistance behavior appears independent of field direction. This is consistent with the
larger Uest present in these compounds, which acts to stabilize the zero-field spin
configuration.  Although the field sweeps offer important evidence for the distinct
electronic ground states between Pri2Ndi2 and SmizNduse, it is difficult to gain deeper

insight from the field sweeps displaying non-hysteretic behavior.

5.4  Rotational dependent magneto-transport

Rotational dependent magneto-transport can generate field-induced changes in the spin
structures, which are accompanied with drastic changes in conductivity due to a
reconfiguration of the underlying electronic structure. For instance, in bulk single crystal
Nd2Ir207, spin flips to the 2 out — 2 in spin structure generate a very large, smooth increase
in the magneto-conductance while spin flips between 3 out — 1 in and 1 out — 3 in
configurations generate conduction spikes during the transition (3). For the 2 out — 2 in
transition, the observed increase in bulk conductivity is consistent with a topological
reconstruction to a line node semi-metal (88). For transitions between the 3 out — 1 in state
and its time-reversal pair, the topological texture remains unchanged. However, the
conduction spikes observed during the transition are a result of the propagation of
conducting domain walls, which are consistent with the conducting surface states expected
of a Weyl semi-metal phase (3). Here we have measured rotational dependent field
conductivity for Pri2Ndy2 and Sm12Nd12 of the mixed phase thin films (Figure 5.7). The
Pr12Nd12 sample’s rotational field dependence is very similar to that of bulk single crystal

NdzIr207. Namely, the spikes in conductivity are the result of a field induced spin flip from
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Figure 5.7: Rotational dependent magneto-transport of Pri2Ndi2lr207 (top row) and
Smu2Nd121r207 (bottom row) thin films at 2K. The current is directed along the [110]
direction and is parallel to the axis of rotation, i. e. perpendicular to H (depicted in top left
diagram). The fixed field is then rotated through a complete 360° rotation. The two leftmost
panels display the conducting spikes (dips) observed in Pri2Ndi2lr207 (Sm12Ndu21r207)
when the spin state changes between 3 out — 1 in and 1 out — 3 in. When switching between
these states, a propagation of conducting (insulating) domain walls induces the spike (dip) in
conductivity during the transition, as depicted in the schematic under the first panel. The two
rightmost panels depict spin flips from 3 out— 1 in (1 out—3in) to 2 out — 2 in. For Pri2Ndu,
the smooth increase in magneto-conductance is consistent with a transition to a line node
semi-metal (S. M.). For Sm12Ndu/, the Mott insulating state is retained during the spin-flip
transition.

3out—1into 1 out- 3 in configurations (Figure 5.7) and are consistent with the Weyl
semimetal property of bulk Nd2Ir.07. However, the large gradual increase in conductivity
observed during the spin flip to the 2 out — 2 in configuration (Figure 5.7) is consistent with
an electronic rearrangement of a line node semimetal. These transitions are observed for
both time-reversal pair field directions.

The Sm12Ndi2, which has a greater Uesr, has a distinct electronic configuration from
that of the Pri2Ndiz sample. The Sm12Ndi2 remains in an insulating Mott state and spin

transitions are marked by dips in conductivity, rather than spikes (Figure 5.7). Since this
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compound has a larger Uesr, it retains its insulating nature during the field-induced spin
flips. This is consistent with the theoretical phase diagram in Figure 5.2, where a large Uer

opens a gap in both the surface and bulk states.

55 Conclusions

The mixed-phase pyrochlore iridate thin-films offer an effective means for tuning Ues
across distinct electronic phase boundaries. While the quality of the mixed phase thin-
films is inferior to that of bulk single crystals, the films still emanate field-induced
topological properties consistent with that reported in high-quality bulk single crystals.
Additionally, the large Uett in Sm12Ndi21r207 thin films is too large for the formation of
the Weyl points, and hence takes a Mott insulating state—indicating a clear distinction
from the Weyl semimetallic spin character observed in Pri2Ndi21r207. This study provides
evidence for the robust nature of a Weyl semimetal, while also demonstrating the strong

dependence of Uess in stabilizing this ground state.

Copyright© John Henry Gruenewald 2017
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Appendix

Fresnel reflection coefficients for isotropic single slab model

For an isotropic, smooth layer (1) on an isotropic substrate (2) in an isotropic

ambient (0), the complex Fresnel reflection coefficients are

B To1p + T12p €Xp[—i2f]
1+ 191p712p €Xp[—i2f] (A. 1)

B = To1s + T12s €xp[—i2f]
* 1+ rggsTips exp[—i2f] (A.2)

Where 741, , T12p, aNd 1915, 7125 are the reflection coefficients at the 0-1 ambient-film and

1-2 film-substrate interfaces for p- and s- polarization states. Using appropriate boundary
matching conditions from Maxwell’s equations and application of Snell’s law, these

reflection coefficients can be found

NZ cos @y — NyN; cos ¢

T =
0P ™ N2 cos ¢y + NyN; cos ¢, (A.3)
—NZ cos ¢, + N,N; cos ¢4
T- =
1227 N2 cos @y + N, N cos ¢, (A.4)
_ Ny cos@y — Ny cos ¢y
To1s = N, cos @, + N, cos ¢4 (A.5)
—N, cos ¢, + N; cos ¢4
T12s =

N, cos ¢, + N; cos @, (A.6)
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where Ny, Nq, and N, are the complex refractive indices of each respective layer (N; =
n; + ik;), @, is the angle of incidence, and ¢,, @, are the angles of refraction for the film

and substrate, respectively.

B is the phase change associated with light’s propagation through the thin-film of thickness

d and is given for an isotropic film by

d
p=2n (I) (Nf — N§ sin o)/, (A.7)

Substituting Equations (A. 3)-(A. 7) into Equations (A. 1) and (A. 2), the complex
Fresnel reflection coefficients can be related to the ellipsometric data (¥ and A) by

Equation (2.3).

Copyright© John Henry Gruenewald 2017
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