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Abstract

Spintronics is a new class of spin-dependent electronics with great potential for nonvolatile memory
and logic technology. Additionally, spintronics may be combined with optoelectronic applications
to achieve higher efficiency and novel capabilities. All of these developments require growth and
characterization of new materials to polarize and transport electron spin currents. In this con-
text, spin-polarized and non spin-polarized spatially resolved conductance measurements performed
by scanning tunneling microscopy (STM) are effective means to investigate the spin and charge
quantum transport in magnetic and organic systems, particularly for systems that are prone to
phase separations and complex magnetic properties, such as the colossal magnetoresistive (CMR)
manganites Laj_,Ca,MnO3z (LCMO) that are known to exhibit intrinsic electronic heterogeneity
due to strong electronic correlation and competing orders in the ground state. Additionally, STM
measurements can provide direct information about the band structure and mobility of the organic
semiconductor 8-hydroxyquinoline aluminum (Alqs) in the Algs/LCMO heterostructures to further
understand their performance in spintronic devices.

The manganite compound La;_,Ca,MnO3 (LCMO) with a bulk doping level x = 0.3 is a fer-
romagnetic metal with a relatively high Curie temperature T, = 270K. This system is promising
for spintronic device applications, and may be used as a spin current injector because of the gapped
band structure for minority spins, a property known as half-metallicity. On the other hand, even
in this bulk ferromagnetic metallic phase, inherent electronic inhomogeneity at microscopic scales
is expected. To further study this effect, we have investigated x = 0.3 LCMO thin films using
scanning tunneling microscopy in spectroscopic mode under varied temperature, magnetic field and

spin polarization of the tunneling current. Spatially resolved maps of tunneling conductance taken
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with non polarized Pt/Ir tip show variations on the scale of a few hundred nanometers in size in
the bulk ferromagnetic state, which are believed to be the result of intrinsic inhomogeneity of the
manganites due to their tendency toward phase separation. Maps of tunneling conductance taken
with spin-polarized Cr coated tips are consistent with the convolution of the LCMO and Cr den-
sity of states, and below the T, of LCMO the spin-polarized tunnel junction can be described as a
spin valve configuration. The electronic homogeneity in the material increases above the magnetic
ordering temperature, or with application of magnetic field in the bulk ferromagnetic state. We
identified gaps in the conductance at two separate characteristic energies. The first gap of energy
approximately 0.6 eV is believed to arise from a ferromagnetic insulator (FI) surface phase due to
its disappearance above the Curie temperature (T.) and the dependence of gap energy on relative
tip and sample magnetic orientation. The surface phase may be stabilized by Ca deficiency at the
LCMO surface, corroborated by x-ray photoemission spectroscopy (XPS). Second, we observe a
nearly temperature independent and spatially varying gap of approximately 0.4 eV for all zero-field
tunneling spectra, which is believed to be associated with the psuedogap (PG) phenomena in the
manganites. Application of a magnetic field converts the regions of PG phenomena to FI, in con-
junction with an increase in the homogeneity of the film conductance. These findings suggest that
the PG phenomena arise from electronic inhomogeneity in the manganite film, in agreement with
theoretical investigations, and that the vertical and lateral electronic inhomogeneity, along with its
dependence on temperature and applied magnetic field, has important implications for use of these
materials in high-density nanoscale spintronic devices.

We have also successfully deposited and investigated Alqs/LCMO heterostructures of varying
thicknesses to investigate charge transport in Algs. Bulk Alqgs structural properties are preserved
down to 10 nm in thickness with a —0.3 eV offset in band energies. The lack of band bending
between LCMO and Alqs is suggestive of a shift in the preferred isomer from meridinial to facial at
the interface. The absence of polaron states from our STM studies implies the relative unimportance
of polarons in Alqs for this heterostructure. In addition, the measured mobilities on the order

of 107cm?(Vs)~! for electrons and holes in Algs films deposited on heated LCMO substrates
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more closely resemble values of the intrinsic mobility estimated from the muon spin relaxation
measurements than those from studies of the bulk LED structures, suggesting that superior film

conductivity close to the fundamental limit is possible with a heated substrate during sublimation.
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Chapter 1

Introduction

Semiconductor technology has shown remarkedly consistent progress in miniaturizing the device size
in electronic circuits since the industry’s inception. Intel founder Gordon Moore first quantified this
trend in 1965 [I], eventually predicting a doubling of device density every 20 months, which has held
remarkedly constant over more than 40 years. These advances have been driven by improvements in
lithographic techniques allowing patterning of smaller scale structures in silicon, with IBM in 2006
demonstrating 29.9 nm wide circuitry using deep ultraviolet optical lithography [2]. Unfortunately,
Moore’s law will not hold indefinitely with silicon as the base technology, due to the finite limitation
in lithographic device patterning and the additional consideration of exponentially increasing power
consumption.

To continue the current rate of progress, new technologies are necessary either to integrate with
silicon and extend the horizon of technological performance, or replace the material completely.
Spintronics, or electronics that manipulates and reads electron spins to store information, is partic-
ularily advantageous for memory storage due to fast read and write times, high endurance switching,
and non-volatility, as well as the ease with which it can integrate with existing silicon devices [3].
The fundamental change from information stored in the electron charge to electron spin necessitates
a new class of materials that can adequately inject, transport, and detect electron-spin orientation.
A ferromagnetic semiconductor would be the ideal material as it would greatly simplify generation
of a spin-polarized current, as well as integration with other semiconducting materials. Unfortu-

nately, no suitable canidates have surfaced with a temperature of onset of ferromagnestism (Curie
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Figure 1.1: Density of states (DOS) vs energy of two Stoner ferromagnetic layers separated by a
semiconducting barrier in a spin valve device in the parallel orientation (a) and antiparallel (b). The
net current between the two upon application of a constant bias voltage is lower in the antiparallel
case due to mismatch of the spin density of states, and results in a higher resistance of the structure.

temperature T,.) comparable to ambient temperature, with diluted magnetic semiconductors such
as Gaj_,Mn,As among the most promising with T, of 110K and higher [4].

An alternative strategy is to use ferromagnetic metals to inject or detect a spin-polarized cur-
rent into a semiconducting transport layer, and considerable effort has focused on developing these
structures. The principle component in this approach to spintronics consists of two ferromagnetic
layers separated by an insulating or semiconducting spacer layer, labeled a magnetic tunnel junction
(MTJ) in the first case and a spin valve in the second. The operation of each device is similar, in
that due to the unequal population of electrons in the spin up and spin down orientation in each
of the ferromagnets, the electrical resistance between the two is dependent on the relative magnetic
orientation of both materials (Figure [I.1). The layers are engineered with differing magnetic fields
necessary to align the magnetic domains in order to use an applied magnetic field to independently
control the magnetic orientation of each layer. This allows switching the relative orientation of the
two magnetic domains between parallel and antiparallel to represent the 1 and 0 of a computer
memory bit. Integral to the efficiency of the spin valve and MTJ devices is a high degree of spin
polarization in the magnetic electrodes, as the change in device resistance is dependent on the dif-

ference between the spin-up and spin-down density of states. The ideal material in this respect is
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Figure 1.2: Band structure of LCMO with x=0.25 doping, showing the density of states as a function
of energy. Figure (a) highlights the available states electrons with spin majority in blue, while (b)
shows the spin minority states in red. Note the gap in spin minority states for negatives energies,
rendering the manganite nearly 100% spin polarized. Figure reprinted and adapted with permission
from Pickett and Singh [5].

a so called half-metal which is nearly 100% spin-polarized, or metallic at the fermi surface for one
spin orientation but gapped for the opposing spin.

Pervoskite manganites are one class of materials that exhibit half-metallicity (Figure , in
addition to the important criteria for any application of magnetically ordering near room temper-
ature. First discovered in 1950 [6], manganites received renewed interest in the 1990’s for their
large decrease in resistance with applied magnetic field, or colossal magnetoresistance. Values of
negative magnetoresistance up to 127,000% [7] have been reported in manganite films, where the
magnitude of magnetoresistance is defined as the ratio of the resistance difference between those
in zero- and finite fields relative to the smaller resistance in finite fields. For a more conventional
definition of magnetoresistance that refers to the ratio of resistance difference relative to the larger
resistance in zero field, the magnitude of the aforementioned negative magnetoresistance is compa-
rable to 99.92%. These large values of negative magnetoresistance associated with the manganites
are additional favorable characteristics for potential applications.. Half-metallicity in the mangan-
ites has been predicted by band structure calculations [§], and was experimentally supported by
spin resolved photoemission [J], point contact Andreev reflection [I0], and scanning tunneling mi-
croscopy [11] measurements. The Curie temperature for certain manganite compounds such as
Laj_,Sr,MnOj3 can be as high as 330K [12], allowing their implementation in devices at ambient

temperature. Manganites films can be incorporated into nanoscale devices because of a variety of
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successful thin film growth techniques for the material [I3], as well as their compatibility with litho-
graphic patterning [14]. Physical integration of manganites films and silicon are possible with a
suitable buffer layer between the two systems, such as BiyTisO12/CeQOq/yttrium-stabilized zirconia
[14].

In short, manganites show promise for spintronic devices, but unresolved issues regarding phase
separation in manganites, principally involving competing phases of ferromagnetic metallic and
antiferromagnetic [I5], charge or orbitally ordered [16], or ferromagnetic insulator phases [I7], com-
plicates their eventual use in devices. As the sizes of devices shrink to the nanometer scale, electronic
film inhomogeneity due to the presence of multiple phases will begin to hinder device reproducibility.
Important issues related to the existence of competing orders in various members of the perovskite
manganites have been discussed in a comprehensive review article by Dagotto et al. [12] Effort in the
research community has focused on La;_,Ca,MnOs (LCMO) and La;_,Sr,MnO3 (LSMO) due to
their metallic behavior at appropriate doping and temperature, relatively high Curie temperatures
of 260K-330K, and colossal magnetoresistance of up to 127,000% [7]. In this work, we have chosen
to focus on Lag;Cap3MnOs, as this system has a diverse phase diagram (Figure , and is an
intermediate bandwidth compound prone to phase separation. At the x = 0.3 doping, nominally
well within the bulk ferromagnetic metal phase, previous neutron diffraction [18], NMR [19], and
scanning tunneling microscopy (STM) [20] measurements have suggested the presence of inhomoge-
neous phases on the nanometer scale. By investigating phase separation in this model manganite
system, we hope to gain insight into physics universal to the manganite family as a whole.

Generation of highly spin-polarized current from ferromagnetic electrodes is only one component
to the spintronic devices discussed earlier, as the polarized current must be transported between
electrodes with minimal disturbance of the polarization. In this context, organic semiconductors
are particularily suited to use as semiconducting spacer layer in spin valves due to the their large
spin diffusion lengths [21], leading to reported spin diffusion lengths comparable to the typical layer
thickness (45 nm [22]). Organic semiconductors (OSEs) were discovered in 1976, with the doping

of polyacetylene with dopant such as arsenic pentafluoride (AsF5) and halogens allowing tunability
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Figure 1.3: Phase diagram of La;_,Ca,MnOj3, plotted with respect to Ca content (x) and tempera-
ture. PM signifies paramangetic state, FM ferromagnetic, FI ferromagnetic insulator, AF antiferro-
magnetic, CAF canted antiferromagnetic, and CO charge ordering. Figure adapted with permission
from Dagotto et al. [12]

of the polymer conductivity over 7 orders of magnitude [23]. This work lead to the Nobel prize in
Chemistry for Alan Heeger [23] and colleagues in 2000. Additional advantages for using OSEs in
applications are the low cost and ease of processing; deposition generally requires suspension of the
semiconductor into a solvent, and subsequent evaporation of the solvent on the desired substrate
(spin casting), possible at room temperature and pressure, or sublimation of the semiconductor at
temperatures in the range of 200°C-300°C as compared to 600°C for conventional semiconducting
polycrystalline silicon. In tandem with their semiconducting band gap, electroluminescient proper-
ities are present in many organic materials, and were first discovered in anthracene single crystals
in the 1960s [24]. Electroluminescence, where electrons and holes combine in the semiconductor
to radiate photons, opens up application of organic semiconductors in organic light emitting diode
(OLED) applications. OLED with spin-polarized electrodes can show particularly high device effi-
ciency due to the restriction of radiation to spin singlet combinations of electrons and holes as a result

of conservation of angular momentum. Sony has recently implemented the organic semiconducting



material in their OLED television [25].

Algs was one of the first organic semiconductors used in a thin film geometry for the purpose
of a light emitting diode [26], and it is still employed in LED structures as the electroluminscient
layer [27] due to various superior characteristics. For instance, instrinic mobility estimations of
Alqs, crucial to efficient devices, report values comparable to the highest mobility among organic
semiconductors [28], confirming the viability of the material for application. The multitude of
possible crystalline structure for the material, and the resultant changes in optical properties such
as the wavelength of emitted light and the band gap and electronic conductivity, give flexibility in
its possible applications.

In order to optimize Alqs for use as either a spin transport or electroluminescient layer in nan-
odevices, understanding of the details of the microscopic conduction in Algs thin films is necessary.
A prerequisite to understanding spin transport is understanding charge transport, as the two are
intertwined in the spin-polarzied carriers. In spite of significant development of research in the
application of organic semiconductors, many details of the microscopic conduction mechanisms in
thin film structures are still unknown because most studies are based on bulk measurement tech-
niques that are strongly dependent on properties associated with the grain boundaries. Moreover,
bulk measurements of multilayer devices involving Alg3 generally contain convoluted information
of different materials, rendering direct extraction of the characteristics of Alg3 difficult. Addition-
ally, Alqs film properties appear to be highly dependent on the growth conditions and electrode
materials, as some researchers have suggested that the conduction in Alqs thin films is sufficiently
uniform to be accountable by space charge methods [29], while others propose the parameters con-
trolling conduction are the energy distribution and the number of traps associated with defects or
impurities [30], or the injection rate of charges from the electrodes [31].

Scanning tunneling microscopy (STM), and in particular spin-polarized (SP) STM, provides a
unique tool to study both the phase separation in manganites and the intrinsic electronic conduction
in organic semiconductors. STM uses an atomically sharp tip brought within nanometers of a sample,

with an applied bias voltage between the two inducing either electrons or holes to tunnel across the



Tip

Sample

Figure 1.4: STM fundamentally consists of a tip at a bias U with respect to a sample surface,
separated by a gap on the order of angstroms. The bias voltage induces a current I between the tip
and sample that can serve as a sensitive probe of surface height or electronic properties.

vacuum barrier, as depicted in Figure It is capable of spectroscopic measurements with 0.1
angstrom lateral resolution, making it ideally suited to studying nanoscale variations in conduction
like those observed in the manganites. Spin-polarized STM also provides added sensitivity of the
tunneling current to magnetic orders in the sample, particularily useful for the studies of LCMO
with a complex magnetic phase diagram. The operation of SP-STM involves the selection of an
appropriate tip material and proper preparation to give a net spin polarization to the tunneling
current, which enables the identification of different magnetic domains or orders observed in the
system.

STM is also a superior tool for investigating microscopic conduction in organic semiconductors
such as Alqsz due to the simplification of the resulting device structures. Instead of the multimaterial,
multilayers devices used in bulk measurements, STM investigations of Alqs involve the organic film
deposited on a substrate (an LCMO eptaxial film in this work), with varied film thickness allowing
separate characterization of the organic semiconducting film and its interface. The absence of a top
metallic electrode also circumvents the issue of band bending at the interface of metallic electrode

and organic semiconductor and eliminates the complication of electrode material penetrating the
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organic semiconductor and dominating the device structure [22], thereby allowing investigations
of organic films with sufficiently small thicknesses, closer to the expected ballistic electron length.
Eventual SP-STM studies can characterize spin transport in the organic film once charge transport
is understood.

Although conventional STM allows extensive study of electronic transport in materials, optically
active samples such as organic semiconductors would also benefit from simultaneous optical invest-
gation operating in conjuction with the STM capabilities. For this reason, a portion of this thesis
was devoted to designing and building a cryogenic, ultrahigh vacuum, magnetic field compatible
STM with additional near- and far-field optical probes for both spatially averaged and spatially

resolved photonic detection operating in conjuction with the tunneling current from the STM tip.

1.1 Overview

The thesis is structured as follows. We first describe basics of the STM technique and instrumen-
tation (chapter and the methods of deposting and characterizing LCMO and Alqs thin films
(chapter . In chapter |4, we review the physics of manganites, with special focus on the nominal
ferromagnetic metal phase of LCMO, and the experimental and theoretical evidences for phase sep-
aration into ferromagnetic metal and other orders on the nanoscale. We then proceed to unpolarized
and spin-polarized STM studies of LCMO (chapter [5)) under varying temperature, magnetic field,
and tip material. The high energy spectral features are consistent with bulk ferromagnetism in
LCMO for data taken with both SP and unpolarized STM. We investigate further two types of low
energy gaps believed to be associated with a non-stoichiometric ferromagnetic insulator phase and
a psuedogap.

The second portion of the thesis begins with a discussion of the mechanism for electron conduction
in and the semiconducting characteristics of Alqs. Some specifics to STM investigation of organic
semiconductors are also introduced in chapter @ We then report on STM studies of the Alqs /LCMO
heterostructures of varying Alqs film thicknesses (chapter . In addition to identifying changes in

the energy levels of the Alqs with film thickness, we observe a large increase in the mobility of the
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Alqgs film grown with heating of the substrate during deposition. The mobility values approach
experimental estimates of intrinsic mobility limit in the material, implying potentially large effects
on the efficiency of devices using Alqs.

We conclude in chapter [8| with the overall implications of the results and discuss future possible
topics to pursue. In appendix [Al we include a design for an integrated STM/NSOM (NSOM: near-
field scanning optical microscopy) capable of simulataneous optical and electrical characterization

of samples at ~10K under ultrahigh vacuum with the option of applied magnetic field.
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Chapter 2

Scanning Tunneling Microscopy

Scanning tunneling microscopy (STM) is a flexible technique for non-contact localized spectroscopic
measurements with excellent spatial resolution of 0.1 angstroms. It is particularily useful for study-
ing spintronic materials such as manganites and organic semiconductors, as, with an appropriate
choice of the STM tip, spin-polarized tunneling current may be injected into the sample, allowing
investigations of local magnetic ordering in the sample. Additional advantages include high energy
resolution (~0.1 meV at liquid helium temperatures), and the ability to operate in ultrahigh vacuum
to maintain sample quality and at cryogenics temperatures to access a range of phase space of the

sample.

2.1 Theory and Principles

STM was first demonstrated by Binnig et al. in 1981 [32]. Electron tunneling is a quantum mechan-
ical process, and in the case of STM, is highly dependent on the bias voltage, tip-sample separation,
and density of states (DOS) for the tip and sample. The technique consists of an atomically sharp
tip brought within nanometers of a sample, with an applied bias voltage between the two to induce
electron tunneling across the vacuum gap. The typical tunnel currents are the range of microamps to
femptoamps, and the STM tip is controlled by piezoelectric material to enable atomic-scale resolu-
tion for both lateral and vertical directions. The physical priniciple of tunneling is similar to planar
tunnel junction experiments [33] consisting of two layered materials separated by a thin oxide bar-

rier with an applied bias, but with the replacement of one layered material with a piezoelectrically
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controlled atomically sharp STM tip.

Sample

Figure 2.1: Schematics of the basic priniciple of STM operation, showing an atomically sharp tip in
the quantum tunneling range above a sample. The tip may be bias at a voltage U with respect to
a sample surface for spectroscopic studies.

Wiesendanger uses first-order perturbation theory to calculate the dependence of the tunneling

current on voltage and the density of states (DOS) of the tip and sample [34], which yields

I x /T(e,eU)Nt(e)NS(e—i—eU)de, (2.1)

with I the current, N, , the density of states of the tip (t) or sample (s), U the bias voltage
between tip and sample, and T the tunneling matrix. In the absence of spin dependence, the tunnel
matrix may be approxiamated by the following expression:

T(e,el) = el 2+nGE (#5224 —9)/%) (2.2)

with ¢s and ¢; being the work function of the tip or sample, respectively, s the tip/sample
separation distance, and r the radius of the tip. The tunneling current is then a function of the joint
density of states of the sample and tip weighted by the tunneling matrix. A graphical depiction

of the tunneling conductance (dI/dU), expressed by equation ( to be elaborated on later in
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this chapter, is shown in Figure One characterization of the tunnel junction is the bias voltage
divided by the tunneling current, and refered to as the junction resistance. Typical values fot the

junction resistance in this work are 100M-1G.

(@) sample U=0  Tip (b) sSample U=0  Tip

N,(E) N_(E)

Figure 2.2: Filled states (grey) and unfilled states (white) in tip (Nr) and sample (Ng), with
tunneling electrons identified by the red arrow. (a) and (b) indicate zero bias and positive bias to
the sample respectively, with electrons at the tip energy of -E tunneling into sample states with
energy (eU-E) for 0<E<eU. A negative bias voltage will induce electrons to tunnel from sample to
tip, effectively injecting holes into the sample.

2.1.1 Operational Modes

In this work, STM is employed in three possible modes of operation: constant current topographic
maps, tip sample separation vs bias voltage scans, and spectroscopic conductance maps. The tunnel
matrix T discussed in the previous section (equation ( ) leads to an exponential dependence
of the tunneling current on the tip/sample separation s. Then, with a bias voltage U applied to
the sample, if a feedback loop is set up to control the difference between the measured current
and a chosen current set point that determines the height of the STM tip above the surface, the
exponential change in the tunnel current with tip displacement allows a very sensitive and accurate
method to maintain a constant tip-sample separation. This approach proves useful if the STM tip
is rastered across the sample surface, as, assuming the sample density of states for the energy range
from 0 to U is reasonably constant for the area studied, the map of the STM tip height with x
and y displacement will correspond to the sample surface topography. This mode of operation is

referred to as a constant current topograph. The exponential separation dependence of the tunnel
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current makes excellent spatial resolution in the z-direction of 0.1 angstroms easily obtainable, with
the corollary that STM will only detect elements of the surface which conduct in the energy range
from 0 to U. Figurd2.3] depicts a topography scan of one Lag7Cag 3MnOj epitaxial film fabricated

and studied in this work as an example.

Figure 2.3: Topographic image of as grown LCMO film. Highlighted in the figure are terraces of
one c-axis lattice constant (~3.86 angstroms). The scale is 5000 angstroms by 5000 angstroms by
5.2 angstroms.

A related technique of tip separation vs bias voltage scans utilizes the same feedback loop as the
topography scans, except instead of rastering the physical location of the tip, the bias voltage is
ramped with the tip height changed to maintain a constant current. If employed on a metallic (i.e.,
gapless) film, the tip displacement should vary on the order of angstroms, as predicted by Eq.
For a traditional semiconductoring film such as Si, the behavior of the tip should be similar until
the bias voltage reaches below that of the energy gap, when the tip will crash into the sample due
to the lack of available conducting states. This mode of operation proves useful to study organic
semiconducting films deposited on a metallic substrate because (1) the underlying metallic films
prevents a tip crash at bias voltages within the semiconductor gap, only leading to penetration

into the semiconducting film until a tunnel junction can form with the metal, and (2) organic
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semiconducting films are sufficiently soft that they do not damage the STM greately when plunged.
This technique can provide useful information about the mobility of the organic semiconducting
sample, as discussed in chapter [7
While topographic scans show the surface topology of conducting features of the sample studied
over a spatial range on the scale of microns down to angstroms, they give no information concerning
the electronic density of states of the sample. To this end, STMs may be employed in the mode
of scanning tunneling spectroscopy (STS), where the feedback loop between the tunneling current
and the tip position is disabled, and the bias voltage is changed while observing the evolution of the
tunneling current. If we differentiate I (equation with repect to the bias voltage, and assume
that the density of states of the tip is reasonably constant in the voltage range we study (dN;/dU~0),
a frequent assumption for unpolarized Pt/Ir tips used in this work, we obtain
dl

—(U) o< T(eU, eU, s)N¢(0)N4(eU) + /eU AT (e, el 5)

¥iii ; ¥ Ni(e)Ns(e + eU)de, (2.3)

Although T is exponentially dependent on U, in general it is smooth and monotonic so that we
can discount the second term and attribute any structure observed in dI/dU to a term proportional

to Ns(eU) (the density of states of the sample at the bias voltage) [34].

(@) Sample U>0 Tip (b) sample U+dU>0 Tip

N, (E)

Figure 2.4: DOS between tip and sample and induced tunneling current at bias voltages of U (a) and
U+dU (b). The nominal current I at bias U are labeled in red, while the differential conductance
dI due to the additional bias dU are both labeled in blue.



15

dI
w(U) x T(eU,elU, s)N¢(0)Ng(el), (2.4)

The differential conductance is depicted graphically in Figure[2.4} As the differential conductance
at bias U can then be related to sample density of states, and the remaining terms do not change with
bias U, the differential conductance measured for a range of energies is effectively a measurement
of the sample density of states. This makes the differential conductance a sensitive probe of the
sample’s electronic structure. It is important to note that in the case spin-polarized STM tips, we
can not make the assumption that the tip density of states is constant with energy, and must turn
to modeling the measured conductance through simulation of the tunneling process(section .
Feenstra and Stroscio [35] showed the normalized conductance of (dI/dU)/(I/U) is proportional to
the electronic density of states while minimizing the dependence on the tip sample separation of the
tunneling matrix T. For these reasons, the majority of spectroscopic data in this work focuses on
the normalized conductance, which will be referred to as G. In practice, a differential conductance
measurements is performed by fixing the tip position, disabling the current-tip height feedback
loop, and scanning the bias voltage between tip and sample while monitoring the tunnel current.
Postmeasurement analysis of the data is performed by custom Matlab programs.

A conductance map is a method to combine the spatial resolution of topographic scans with the
detailed spectroscopic information in normalized conductance measurements, and is valuable in its
ability to investigate inhomogeneity in the spectral characteristics of the electronic density of states.
In this mode, over a chosen scan area, a series of conductance measurements are performed in a
grid pattern, with each intersection of grid lines a location for the conductance measurement. The
tip is initially located in a corner of the grid, the current-tip height feedback loop is disabled, and
a spectroscopic scan is performed. After the spectroscopic scan, the STM current feedback loop is
reengaged, the tip is translated to the next location on the grid, the feedback is disengaged, and
a conductance measurement is performed again. For example, a condutance map over a 500 nm
by 500 nm area with 128 pixel by 128 pixel resolution will consist of conductance measurements

separated spatially by 3.91 nm in both the x- and the y-direction. This method is ideal to observe
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variations in film conductance over the scan area, and is particularily valuable to determine the

statistial distribution of features in the tunneling conductance.

2.1.2 Spin Polarized STM

Spin polarized STM is a measurement technique that uses an STM tip with an imbalance of spin
majority and spin minority electrons (or holes) to create a spin-polarized tunneling current. The
injection of a spin-polarized current of electrons or holes makes SP-STM a particularily sensitive
technique to detect magnetically polarized phases in the sample, as the differential conductance is
sensitive to the unequal spin majority and spin minority electron density of states in these phases.
Recent example of this technique include recording magnetization curves and low energy magnetic
interactions of individual Co adatoms on Pt(111) surfaces [36] and investigating spin frustration and
asymmetric ordering in spiral staircases in Cr(001) films [37].

GaAs STM tips pumped with circularily polarized light [38] was one of the first techniques to
achieve this asymmetry in the spin population, but complications such as focusing the laser light
for adequate coupling with the GaAs and excitations induced in the sample by laser made imple-
mentation difficult. A more common approach now is the uses of ferromagnetic or antiferromagnetic
materials, either in bulk for the STM tip or used as a film coating over a non-magnetic tip. Professor
Roland Wiesendanger of the University of Hamburg has been particularily active in spin-polarized
tip development, experimenting with bulk Fe [39], and coatings of Cr0Oy [40], Fe [41], Gd [41], and
Cr [1].

Integral to spin-polarized STM measurements is the choice of tip and resulting density of states for
spin majority and minority electrons. The magnitude of this imbalance between the two populations

can be quantified by the polarization P;, which is defined as

_ Nu(E) = Niy(E)
Ny (E) + Ny (B)’

P(E) (2.5)

where N;p | (E) indicates the density of states in the tip at energy E for spin majority (T) or spin

minority (]) electrons. The polarization will be 0 for completely unpolarized current, and 1 for
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complete polarization. Spin polarization of the tip can always be estimated from band structure
calculations of the material for thin films or in bulk depending on the material used, but often the
tip geometry or strain effects for thin film or bulk magnetic materials complicates the resultant
density of states. It is also difficult to accurately measurement the isolated spin polarization of the
tip independent of the sample, as both polarizations factor into the measured conductance and no
reference sample with a constant imbalance of spin majority and spin minority states with respect
to energy exists. Morever, the changing population of spin majority and minority states with energy
necessitates modeling of the tunnel conductance for meaningful interpretation of data.

If the sample aslo has an asymmetric spin density of states, and if the bias voltage U is low enough
so that elastic tunneling processes dominate and negligible spin flipping occurs [34], for parallel
magnetic orientation of tip and sample the resulting differential conductance can be described as

dI

w(U) ox T(eU, elU, s) Ny (0)Ngp(eU) + T'(eU, eU, s) Ny (0) Ny, (2.6)

Essentially, the two spin populations operate as separate conductance channels, depending on
the relative magnetic orientation of the tip and sample(Figure . In the parallel configuration,
electrons in the spin majority orientation can access the spin majority states in the sample, and
likewise for the spin minority electrons. In the antiparallel configuration, the tip majority electrons
can only tunnel into sample spin minority states, and vice versa. This relationship can be generalized
for an arbitrary angle between the tip and sample magnetic orientation 6, if a=cos() and S=sin(6),

as

%(U) x T(eU,eU, s)Ny1(0)(Ngr(eU)a + Ny  (eU)B) + T(eU, eU, s) Ny  (0)(Nsy (eU)a + Ngi(eU)5),

(2.7)
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(a) Parallel (b) Antiparallel

A
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Figure 2.5: Tunnel conductance between tip and sample under a bias voltage U applied to the

sample and for the condition of parallel and antiparallel magnetization configurations in (a) and (b)
respectively.

(a) (b)

DOS DOS
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Figure 2.6: Assumed unpolarized Pt/Ir density of states (a) and calculated Cr density of states (b)
for the first atomic layer for spin majority (solid line) and spin minority (dashed line) [42].

2.1.3 Conductance Modeling

In non polarized spectroscopic measurements, for typical tip materials such as a bulk Pt/Ir alloy,
the density of states of the tip is taken as relatively constant in energy(Figure (a)), allowing

easy extraction of the sample density of states from the differential conductance. However, for spin-
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polarized STM, the energy dependence of spin majority and spin minority density of states for both
tip and sample must be explicitly considered to interpret the resulting data. For the Cr coated Pt/Ir
STM tips, we have used the density of states for the first atomic layer of a Cr thin film [42] (Figure
(b)). In order to model the tunneling, we must return to the full expression for the tunneling current
(section , calculate the resulting currents separately for both spin populations while assuming
a specific relative spin orientation between the tip and sample, and combine the two currents to
determine the total current. Assuming parallel spin orientation of tip and sample magnetization, we

have

Ir(U) = L1 1(U) + 1, (U), (2.8)

The differential conductance is then calculated by

dl :IT’T(U-FdU)-‘rIi’l(U—‘rdU)—(ITfT(U)-i-ILl(U))

) e , (29)

In practice, these calculations are performed by a custom designed Matlab”™ program, with 25

meV resolution. A representative calculation is displayed in Figure

Cond.
(Arb.)

-3 0 -3(V)

Bias

Figure 2.7: Modeled tunnel conductance for Cr tip and LCMO ferromagnetic state, assuming anti-
parallel orientation of tip and sample magnetization.



2.2 Instrumentation

2.2.1 STM Probe

Scanning tunneling microscopy in practice requires, in addition to the sample and tip, multiple
systems to control the tip and sample position, amplify and shield the tunneling current from
electronic and vibrational noises, and to control the environment the STM operates under in terms
of temperature, vacuum, and magnetic field. As these details are system depedent, we will discuss the
specific STM system used to perform spin-polarized STM experiement on Lag 7Cag 3sMnOg discussed

in chapter 5| previously designed by Ching-tzu Chen and Nils Asplund [43].
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Figure 2.8: (a)A side view of the STM head and the control electronics. (b) Major components of
the STM head. (¢) Component details of the STM head. (d) Image of the STM z-stage. Figure
adapted with permission from Beyer [44].

The core of the STM consists of the sample, tip, coarse approach z-stage, xy-sample translation



21

stage, and fine translation piezotube scanner (Figure (b)), and is refered to as the STM head.
The sample is mounted on an oxygen free high conductivity copper (OFHC) stage with bias voltage
connection, while the tip is fixed in a copper tip holder by a brass screw. Rastering and positioning
of the tip with + 15 micrometer xy-range and 4.5 micrometer z-range at 300K is accomplished
by mounting the tip holder in a piezoelectric tube, with applied bias voltages from the control
electronics producing a strain in the tube to translate the tip. Tip translation is possible to less
than 0.1 angstroms in the xy direction and 0.01 angstroms in the z-direction. The piezotube,
tip holder, tip isolation ground, and macor and sapphire structural components make up the fine
positioning stage. While loading, the tip and sample are typically separated by a distance on the
order of centimeters to prevent tip and sample contact (tip crash), outside the z-range of the tube
scanner. The coarse approach z-stage translates the fine positioning stage to close the gap between
tip and sample until the sample surface is within range of the piezoelectric tube scanner. The
coarse approach mechanism uses piezoelectric stacks pulsed with 400 V waveforms in a stick-slip
fashion [43] to translate the fine positioning stage in 0.8 pum increments at 300K toward or away
from the sample. The sample stage is also mounted on an xy-translation stage that employs the
same stick-slip mechanism to move the sample 1-2 cm in the xy directions to locate specific features
or to avoid damaged or non-stochiometric sections.

The control electronics consist of the RHK SPM-100 SPM controller, PMC-100 piezo motor,
RHK preamplifer and controlling computer(Figure (a)). The preamplifier is mounted directly
on the probe that contains the STM, and serves as an initial amplification stage for the tunneling
current to increase signal-to-noise ratio. The SPM-100 provides the bias voltage to the sample,
collects and further amplifies the tunneling current from the preamplifier, contains the feedback
circuit between bias current and tip z-position, provides the voltages to the piezotube scanner to
control the fine position of the STM tip, and records data to the computer. The PMC-100 piezo
motor supplies the high voltage waveforms to the z-stage and xy-stage to adjust sample and fine
positioning stage position respectively.

The STM head is physically located on the end of a low temperature probe, and the probe
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is placed into a stainless steel jacket once the sample and tip are loaded in the head. Vacuum
is established in the jacket by a detachable turbopump, with pressures on the order of 10~ mbar
acheived at 300K before loading the jacket into the dewar. Additional pumping at low temperatures,
including cryopumping of the jacket walls when placed in cryogens, and a charcoal pump located
at the bottom of the jacket, allows acheivement of less than 10™° mbar at 6K. The STM probe
and jacket is mounted in an Oxford cryogenic dewar with a 7T superconducting magnet for low
temperature and magnetic field measurements. The dewar holds ~35 liter of helium, with a boil-off
rate of ~7 liters per day, allowing for 3 days of measurements with applied field with a full dewar of
helium. Depending on the required temperature, the dewar is filled with ambient nitrogen gas for
300K, with liquid nitrogen for 77K, or with liquid helium for 6K and magnetic field measurements.
The dewar is attached to an aluminum plate floated on four pneumatic air dampener legs to isolate
the system from building vibrations, with added lead bricks and shot to balance the load on the
pneumatic legs and decrease the resonance frequency of the system. In addition the dewar is housed
inside a sound dampening box located in a room lined with acoustic dampening foam.

An additional STM system was designed, partially built, and used for the organic semiconductor

experiments in chapter [7] for this work, with details of the design located in appendix4]

2.2.2 STM Methods
2.2.2.1 Tip Preparation
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Figure 2.9: SEM Image of as cut Pt/Ir STM tips (a), and Cr coated Pt/Ir tip (b).



23

STM tips were cut from 80% Pt/20% Ir alloy wire in ambient atmosphere, as a Pt/Ir alloy is
the most common material for STM tips for experiments which require tip preparation outside of
vacuum due to the lack of oxide formation. Tips are mechanically sheared to achieve the requisite
sharpness for STM measurements, with the cut tips electrochemically etched for approximately 10
seconds in a solution of CaCly~2H20 (35 g), deionized water (200 mL), and acetone (10 ml) at
10-15V 4. The tips are then immediately loaded into the STM for unpolarized measurements,
or stored for further metallic coating. The method for spin-polarized tip preparation is modeled
after Professor Roland Wiesendanger’s group’s techniques [45], and involves evaporate deposition of
magnetic Cr onto the Pt/Ir. We chose to focus on evaporatively deposited thin film Cr onto Pt/Ir
bulk tips due to a minimum stray field generated by the thin film magnetic layer. This is due to the
confinement of ferromagnetic ordering to the initial four Cr layers, with antiferromagnetic ordering
of the remainder of the film [42]. The Cr deposition is performed in the metal evaporation chamber
of Professor Harry Atwater, with three Pt/Ir tips coated at once, under a vacuum of less than 5 x
1075 mbar. The tips are mounted in a custom built STM tip holder, with the end for STM facing
the Cr evaporation source. The deposition rate of Cr is established using a quartz crystal monitor,
with a typical rate of 0.4 angstroms per second. The thickness of film deposited is 8.73 nm, or 30
atomic layers of chromium. The radii of curvature from SEM tips for as cut tips vs Cr coated is 46
vs 80 nm. Whether atomic resolution is still possible with Cr coated tips has not been thoroughly

investigated.
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Chapter 3

Film Growth and Characterization

The choice of thin-film growth techniques depends sensitively on the nature of the material to be
deposited and the intended applications of the resulting thin films. For the investigation of intrinsic
physical properties of specific materials in the form of thin films, it is essential to ensure structurally
ordered and stoichiometrically well-defined samples to prevent incorrect conclusions drawn from
extrinsic factors such as structural disorder, growth defects, and stoichiometric inhomogeneity. The
perovskite manganites, like other complex oxides, are suited for the pulsed laser deposition (PLD)
techniques in their thin film fabrication. With stoichiometric targets and proper choices of substrates,
substrate temperatures, oxygen partial pressures, laser fluences and sample cooling rates, the PLD
growth process can produce high-quality single crystalline thin films with controlled thicknesses. On
the other hand, for organic semiconductors (such as Alqs) of relatively low sublimation temperatures,
thermal evaporation is the preferred means of thin film growth. In general the growth temperature,
the substrate material and the vacuum condition are also important variables that control the quality
of the resulting organic thin films.

Regardless of the specific growth method, structural characterizations of both LCMO and Alqs
thin films are critical to ensure high-quality material before further investigations of their physical
properties. The specific structural characterization techniques vary for each system. In the case of
LCMO thin films, the sample lattice constants were measured by x-ray diffraction to ensure epitaxial
and minimally strained crystal growth. In addition, superconducting quantum interference device

(SQUID) magnetometry was employed to measure the temperature and magnetic field dependence
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of the sample magnetization. The magnetization vs temperature measurements under a small but
constant magnetic field (typically ~100 Oe) provided direct information about the onset of the
ferromagnetic phase transition, the Curie temperature. On the other hand, the magnetization vs
magnetic field measurements at a constant temperature in the ferromagnetic state yielded magnetic
hysteresis curves that saturated at a characteristic field. On the other hand, the surface morphology
and film thickness of both LCMO and Alqs thin films were monitored by atomic force microscopy

(AFM).

3.1 Deposition Techniques

3.1.1 Pulsed Laser Deposition

(a) Plasma plume
//'" ™~ substrate on holder Target
/ Laser and
Substrate

¥y Chamber

ﬂ\
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laser in wlndow

Figure 3.1: (a) PLD block diagram. (b) Picture of the PLD chamber.

The LCMO films grown in this work were deposited by PLD, where a high energy pulsed laser
was used to superheat a target material into a plasma for deposition on a substrate. Among the
advantages of pulsed laser deposition over competing techniques such as molecular beam epitaxy and
chemical vapor deposition are the match in stoichiometry between the resulting thin film and target,
the tunability of deposition rate due to the pulsed nature of the laser, and the relatively high kinetic
energy imparted to the deposited material to make it sufficiently mobile across the substrate surface

to prevent restructuring into clusters [46]. The basic experimental configuration is as depicted in
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Figurd3.1} which consists of the laser, a target of the same stoichimetry as the desired thin film, and
a heated substrate in a background of reactive gas environment. The laser uses ultraviolet light with
pulse duration of tens of nanoseconds, with fluence in the range of 10-500 MW /cm?. As the pulse
irradiates the target, electrons in the material absorb the energy as plasmonic excitations, which
are thermalized by the lattice and superheat the target within the absorption length (typically ~10

m) [46]. The highly energetic target material forms a plasma with estimated temperature of several
thousand Kelvin [46], whose diffusion to the substrate is mediated by collisions with the background
gas molecules. Depending on the chemistry of the target material, the gas may be inert or chemically
reactive (including Og, Na, or Hy). The substrate is often chosen to lattice match the film material
to ensure epitaxial growth, and is at elevated temperatures during deposition to provide the arriving
ions sufficient thermal energy to locate at thermodynamically sites and grow into a well-ordered thin
film.

The PLD system used was a Neocera Pioneer 180 Pulsed Laser Deposition system with a 300
mJ KrF laser. The substrate used was (LaAlO3)g.3(Sr2AlTaOg)o.7, chosen because the small c-axis
lattice mismatch of 40.3% helped minimize the strain in the resulting films, thereby preventing
significant strain-induced changes in the electronic properties of the thin film samples [47] [48]. The
films were deposited with 60,000 shots in a 100 mtorr oxygen background pressure with a substrate
heated to 650°C and subsequently annealed at the same temperature for 2 hours in 100 torr Oz. The
resulting films were 100nm in thickness, and were stored after deposition in a dessicator to prevent
degredation from gaseous HoO. Immediately before STM measurements, the LCMO film was etched
in a 0.5% dilute bromine in ethanol solution for 2 minutes to remove non-stochiometric CaCOs on

the sample surface due to reaction of the Ca component in LCMO with the ambient COs.

3.1.2 Organic Film Sublimation

Evaporative deposition and spin coating are the two most frequent methods for deposition of organic
semiconductor layers. Between the two methods, evaporative deposition is found to be superior for

depositing thin films (<10 nm) of Algs because of its capability of yielding better thickness uniformity
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(b)
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Figure 3.2: (a) Organic Deposition System: A, Turbomolecular pump. B, N3 inlet. C, Liquid Ns
cold trap. D, Deposition chamber. E, Ion gauge. (b) Schematic of the side view of the organic
deposition chamber.

and its ability to control the substrate temperature and change film morphology. Evaporative
deposition, which in this case is sublimation, uses a crucible filled with organic material opposite
a substrate, with the crucible heated past the sublimation temperature of the organic molecule to
induce deposition on the substrate.

Depositions of Algs thin films were performed in a custom designed and assembled organic
deposition chamber, with Figurd3.2] showing a schematic of the system and chamber. The substrate
for deposition was mounted on the sample holder stage opposite the crucible with CuBe springs.
Independent heaters and thermocouples allow variable crucible and substrate temperature from
room temperature up to 300°C and 200°C, respectively, throughout the deposition. Vacuum was
established with a turbo pump backed by a mechanical pump and a cold trap, and depositions were
typically performed below 2 x 10~% mbar pressure. Ny gas filtered through a liquid Ny cold trap is
used to vent the chamber. Substrates used for the Alg3 thin film deposition were either LCMO films
or bare SrTiO3 (STO) substrates (used for characterization of growth parameters), and predeposition
cleaning procedures included sonication of the substrates in dicholoromethane, hexane, acetone, and
isopropanol before loading into the chamber. The substrate was shielded from line of sight with the

crucible by a shutter, and a 10 min stabilization time was necessary once the crucible reached the
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desired temperature before starting a deposition. Typical deposition parameters were the crucible
and substrate temperatures of 245°C and 145°C respectively, which resulted in deposition rates in
the range of 0.22-1.0 nm/min. Films were grown up to 20 nm thickness by varying deposition time.
After deposition, the heterostructures of Alg3 and LCMO or the pure films of Alg3 on STO were
either immediately loaded into an STM for conductance measurements, or stored in a dessicator for

later AFM measurements of the film thickness or surface roughness.

3.2 Characterization Measurements

3.2.1 X-ray Diffraction

X-ray diffraction is used to confirm epitaxial crystal growth with minimized strain of LCMO on the
substrate. The technique uses an incident beam of x-ray photons with varied angles of incidence
relative to the substrate. Normally, each atom scatters x-rays indepedently, but a constructive
scattering amplitude becomes possible if the incident angle 6 of the photons and the interatomic

spacing d obey Bragg’s law of

2dsing = n, (3.1)

where X is the wavelength of the photon and n is a integer [49]. This situation is depicted in
Figurd3.3]

LY
L
s s

o Adsino

Figure 3.3: Graphical depiction of the necessary condition for constructive X-ray scattering from
Bragg’s law.

By varying the incident angle of the photons, it is possible to determine from peaks in the
scattering amplitude the interatomic spacing of the crystal. This method allows identification of a

single uniform layer spacing or multiple layers with differing lattice constants in the film. Comparison
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of the lattice constants of the film with those of the bulk crystal also allows characterization of the
strain in the film as compressive or expansive. The x-ray diffractometer used was a Philips X’pert
PW3040 model, with a 1.54 angstroms Cu Ko x-ray source. Figure [3.4]shows a representative data
set, with the 47.78° peak due to the LCMO film 3.87 angstroms c-axis lattice constant and the

47.05° peak due to the LSAT substrate 3.88 angstroms c-axis lattice constant both highlighted.

LCMQO X-ray Diffraction Data
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Figure 3.4: X-ray diffraction data from an LCMO on LSAT thin film, with corresponding peaks
identified.

3.2.2 SQUID Magnetometry

A superconducting quantum interference device (SQUID) magnetometer was used to investigate the
magnetic response of ferromagnetic thin films as a function of temperature and applied field and
to determine the Curie temperature of various LCMO films. A SQUID utilizes a pair of Josephson
junctions in a superconducting loop to make a device whose voltage output is a very sensitive measure
of the magnetic flux enclosed by the superconducting loop [50]. The magnetometer operates by

translating a magnetic sample into and out of two superconducting coils inductivelly coupled to the
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SQUIDs input coil; the induced current in the superconducting coils as the result of time-dependent
flux variations can be detected by the SQUID with high sensitivity [50]. The magnetometer used
in this work was a Quantum Design MPMS, located in the Molecular Materials Research Center in

the Beckman Institute.
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Figure 3.5: (a): Magnetization vs temperature with high temperature background removed for an
LCMO film (b): Magnetization vs magnetic field for an LCMO film at 7K. Magnetic field values are
in Oersteads (Oe).

Generally speaking, a Curie temperature of the film comparable to the bulk Curie temperature
of 260K is suggestive of stochiometric consistency between the film and target. On the other hand,
a significantly lower Curie temperature of the thin film would be an indicator of non-stoichiometric
growth due to oxygen or calcium deficiency in the film. The Curie temperature was measured by
applying a magnetic field of 100 Oersteads (Oe) at room temperature, cooling the sample to 5K,
and then measuring the magnetization of the sample as a function of temperature while warming
to 330K. The Curie temperature was identified as the temperature when the magnetic response of
the sample ceased to differ significantly from the high temperature background. A typical M vs T
curve illustrating the 260K Curie temperature is shown in Figur (a).

The minimum necessary applied magnetic field to change the LCMO domains from an initial
state of random alignment to one of all parallel to the field and saturate the magnetization is the
coercive field. This value is a function of the sample temperature, and is relevent for later spin-
polarized scanning tunneling microscopy measurements where the magnetic orientation of the sample

domains with respect to that of the tip must be reversed by the applied magnetic field (Figurd3.6)).
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Figure 3.6: Magnetic orientation of tip and ferromagnetic sample in (a) initial 0 field, (b) positive
field H>H,., where H.. is the coercive field for the sample, and (c) negative field H<-H.. This assumes
the coercive field of the tip is greater than that of sample so that the tip magnetic orientation is
unaffected by the reversed magnetic field.

The coercive field of the film at a specific temperature was measured by intially cooling the film
in zero magnetic field. Once the temperature stabilized, the magnetic field was ramped from 0 Oe
to +3000 Oe to -3000 to +3000 by 100 Oe steps, with the sample magnetization measured at each
field. The coercive field is identified when the M vs H curve for increasing field matches the M vs H
curve for decreasing field, as illustrated in Figur (b). Typical coercive field for LCMO films at

7K are 1000 Oe for in-plane magnetization, and 2500 Oe for out-of-plane magnetization.

3.2.3 Atomic Force Microscopy

Atomic force microscopy is a scanning probe technique employed to determine surface topography by
monitoring the force on a vibrating cantilever tip in proximity with the sample surface, as depicted in
Figure (a). These forces are dominated by short range van der Waals interactions (with length
scale of ~nanometers) between the tip and sample in conventional atomic force microscopy [51].
In order to measure the force the cantilever experiences, one method involves a laser beam and
a photodiode, with the cantilever serving as an intermediate reflective surface between the two.
Dynamic atomic force microscopy oscillates the cantilever near its resonant frequency, with the
change in the amplitude and the phase shift of the oscillation dependent on the force it experiences.

The movement of the cantilever induces a change in the incident light onto the photodiode, providing
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Figure 3.7: AFM schematic diagram. The laser illuminates the cantilever and tip, with the reflected
light incident on a photodiode connected to a detector and feedback electronics. The sample surface
beneath the AFM tip is translated by the piezoelectric (PZT) scanner, and the change in the resonant
frequency of the AFM tip allows detection of the surface morphology.

a means to monitor the force on the cantilever. If the cantilever is brought within range of the van
der Waals interaction with the sample surface, and a feedback loop is established to maintain the
force the cantilever experiences by varying the cantilever displacement, the cantilever height will
mirror that of the sample surface. The tip can then be rastered across the sample surface, and
recording the tip height will give the sample topography. The cantilever tip is typically silicon in
the [100] orientation, with a radius of curvature as low as 5 nm [5I]. The AFM system used for the
studies of LCMO and Alqs was a Digital Instruments Multi-Mode AFM-2 with a Nanoscope I1la
controller.

Figure (a) shows a typical topographic image of an annealed LCMO film. The staircase growth
mode, where the change in film height between consecutive terraces corresponds to one c-axis lattice
constant length of 3.86 angstroms, is a result of miscut of the LSAT substrate. Figure b) and
(c) shows comparative AFM scans of 10 nm thick Alqs films deposited on STO, with the substrate
kept at temperature of (b) 20°C and (c) 145°C during deposition. The surface roughness and grain

size of the Alqgs films were reduced by fourfold with heating of the substrate.
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Alg3 AFM Topography
600 nm (x) by 600 nm (y) by 8.4 nm (z)

Unannealed (20 °C) Annealed (145 °C)
10 +/- 4.2 nm Thick 10 +/- 1.1 nm Thick
150-200 nm Grain Size 40-50 nm Grain Size

Figure 3.8: (a) AFM scan of LCMO film surface topography with 1.0 um by 1.0 pm lateral dimen-
sions: (b): 600 nm by 600 nm AFM scans of Alg3 films on STO with unheated substrate during
deposition (left), and one heated to 145°C on the right.
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Chapter 4

Manganites

4.1 Crystalline Structure and Composition

Manganites are a complex oxide material, first investagted by Jonker and van Santen in 1950 [6].
Infinite layer samples exhibit a chemical formula of (Re;,AE(;_;))MnO3_,, where RE and AE refer
to a rare earth (including La, Nd, and Pr) and alkaline earths (Ca, Sr, Be) respectively, and y refers
to the oxygen content in the system. Optimal oxygen doping occurs for y=0. The crystal structure
is a cubic perovskite structure, typified by the parent compound LaMnOj3 in Figure [{.1] Each Mn
ion is located at the corner of the unit cell, and is surrounded by an Og octehedra, with the rare
earth metal in the center of the unit cell. In the parent compound LaMnQOj3, the valence of Mn-ions
is Mn®*, with 4 electrons in the 3d shell. Due to crystal field splitting and the large Hund’s energy,
the 3d-shell is split into lower-energy to, orbital and higher-energy e, orbital, and the spins of all
four valence electrons are parallel, with three occupying the to, orbital and one occupying the e,

orbital, as shown in Figure a). The Mn3* is known as a Jahn-Teller ion because the occupation

Figure 4.1: Structure of the parent compound LaMnQOgs. Figure reproduced with permission from
Dagotto et al. [12].
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of one orbital in the two fold degenerate e, orbital results in spontaneous symmetry breaking that
can further lift the energy degeneracy of the e, orbital. Upon doping the manganites with divalent
alkaline metals, some of the Mn-ions are converted from Mn3t to Mn*, resulting in a completely
empty e, orbital in the latter. The relevent bands for electron conduction near the Fermi surface
are associated with the e, and ty, orbitals on the Mn ion, and it is sufficient to understand the
electronic properties of the manganite compounds by focusing on the behavior of valence electrons
located at the Mn ions [12].

Dagotto [12] broadly classifies manganite compounds into 3 types: large bandwidth, represented
by (Laj—_Sr,;)MnOs, small bandwidth such as (Pr;_,Ca,)MnOs3, and intermediate bandwidth com-
pounds of (La;_,;Ca,)MnOgs. The large bandwidth compounds exhibit ferromagnetic ordering and
metallic conduction at an elevated Curie temperature T, above or close to room temperature for ap-
propriate rare earth doping. At the similar hole density, small bandwidth compounds show charge
ordering and insulating behavior, with no ferromagnetic phase possible unless stabilized by low
temperatures and an applied magnetic field. One explanation for the distinction in the phase and
ordering between the two families is the greater hopping amplitude for electrons in the e, band of
the large bandwidth manganites relative to the small bandwidth compounds, due to the larger size
of the rare earth ions in the former [I2]. The work presented in this thesis will focus on the interme-
diate bandwidth system of (Laj_,Ca,)MnO3 (LCMO), which exhibits features from both large and
small bandwidth families, including the ferromagnetic metal phase of large bandwidth manganites,
and charge/orbital ordered phases of the small bandwidth. The interplay of a variety of available
phases makes LCMO a system of the greatest complexity and depth of physics for investigation.

The parent compounds of LCMO are LaMnOg and CaMnOQOgs, and both show antiferromagnetic
ordering, although of a different nature. Ordering is type A (ferrimagnetic) for x=0 and consists of
Mn?* moments with parallel alignment within the plane and antiparallel between planes (as depicted
in Figur7 while x=1 yield a type G antiferromagnet with antiparallel spin configuration in all
directions. The valency of the Mn ions are Mn3* for LaMnQOs and Mn** for CaMnQs, and due to

strong on-site Coulomb repulsion, the electrons arrange themselves in configuration ‘5293691 and t2g3
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Figure 4.2: (a) Energy levels of Mn*? valency prevalent in LaMnQO3. The figure shows from left
to center the crystal field splitting of the d orbitals and the energy difference between the e, and
tog orbitals of 10 Dq. Illustrated center to right is the additional level splitting due to Jahn-Teller
distortions. Note that for Mn**, the 3z2-r? level is unoccupied, and the absence of energy gain due
to Jahn-Teller distortions makes them unfavorable and are not observed. Figure reproduced with
permission Dagotto et al. [I2]. (b) Changes in Mn-O bond length and angles in a LaMnOj crystal
due to Jahn-Teller distortions. Figure reproduced with permission from Pickett and Singh [5].

respectively (Figur (a)). The occupation of a tgy in the LaMnOg ion results in a spontaneous
distortion of the Mn-O bond angles and length to lower the orbital energy, a phenomena refered to as
the Jahn-Teller distortion (Figurd4.2|(b)). The Jahn-Teller distortion is absent in CaMnOj because
the e, orbitals are unfilled. On the other hand, these distortions play a role in electron transport

for intermediately doped LCMO compounds.

4.2 Double Exchange Interaction and Other Models

The interplay between pairs of Mnt3-Mn** ions in the compound plays an important role in electron
transport due to the role of oxygen as an intermediary between the Mn ions. Conduction can be
considered as two simultaneous events; first, an electron hopping from the O~2 ion to Mn™4, and
an additional electron hopping simultaneously from the Mn*3 to the O~2 ion. This effect, known
as the “double exchange,” was first proposed by Zener in 1951 [52]. Strong ferromagnetic Hund’s

coupling makes electron hopping most probable when the spins of neighboring Mn ions are parallel,
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Figure 4.3: The double exchange mechanisms is the simple model for conduction in the manganites.
Simulataneous hopping of electrons onto and off the oxygen ion transfers an electron from the intial
Mn™*3 ion to the initial Mn** ion while maintaining the electron spin orientation. Figure adapted
with permission from Dagotto et al. [12]

which leads to increased conductivity with the alignment magnetic domains in the manganites.
This tendency manifests itself experimentally as colossal magnetoresistance (CMR), or a sizeable
reduction in the resistance of the manganites upon application of a magnetic field. Jin et al. in
1994 [7] reported colossal magnetoresistance values in x=0.33 doping LCMO thin films of -127,000%
at 77K, and approximately -1300% at room temperature. Here the magnetoresistance is defined as
the ratio of [R(0) - R(H)] to R(H), where R(0) and R(H) represent the sample resistance in zero and
finite-field H, respectively. The magnitude of magnetoresistance of LCMO greately exceeds those of
other superlattice films such as Fe-Cr (approximately -150%), or 80%Ni - 20%Fe permalloy (+3%),
and hint at the potential for application of manganite thin films in spintronic devices.

Initial modeling of conduction in manganites as solely due to the double exchange phenomena
was found to be inadequate in the 1990s. Estimations of resistivity by Millis et al [53] and computer
modeling of resistivity by Calderon et al. [54] both showed inconsitencies in manganite resistivity
either below or above T.. A more complete description of the conduction requires investigating
the complete electronic environment of the electrons. Specifically, the full Hamiltonian may be

approximated by contributions from five dominant components (following Dagotto et al. [12]): Hgn,
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the kinetic energy of the electrons occupying the e, orbitals, Hpyng, the Hund coupling between
the e4 electon spin and the localized to4-spins, Haras, the antiferromagnetic Heisenberg coupling
between nearest neighbor tog spins, He;—pp, the coupling between the ey electrons and the Jahn-Teller
distortions of the Mn-O bonds, and H;_.;, the Coulombic interactions between the e, electrons. In

total:

H = Hyin + Hyuna + Hary + Hep—ph + Hep—ei, (4.1)

The full Hamiltonian itself is intractable, and necessitates simplification by way of neglecting
certain interactions. For example, if the electron-phonon and Coulombic contributions are neglected,
in addition to considering only spin degrees of freedom, the so-called double exchange one-orbital

model results [B5]. If we define s; as

si=—tY (al,0apais), (4.2)
af

with a;r,y and a;, creation and annihilation operator for an electron at with spin o at site i, and o as

the Pauli matrices, the Hamiltonian in this “one-orbital model” is

Hpg = —t Z (ajﬂ{aﬂ—l—h.c.)—JHZSi-Sj—i—JAF Z Si'Sj, (43)

<ij>,0 <ij>
with S; the localized “core-spin” of the three electrons occupying the to, orbitals, Jg the Hund
coupling between to, and e, orbitals, the J4r the antiferromagnetic Heisenburg coupling between
nearest neighbor tg, spins. Even this oversimplification of the physics still proves useful for study,
as it is relatively simple and captures competition between ferromagnetic and antiferromagnetic
phases. In particular, Monte Carlo simulations by Yunoki et al., using the one orbital model,
showed that, with appropriate Hund coupling and dopin,g regions of phase separation between hole
rich ferromagnetic and hole poor anitferromagnetic regions are possible [56]. This suggests phase

separation in manganites may be intrinsic to the system, instead of solely disorder or defect driven.
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Figure 4.4: Experimental phase diagram of LCMO, plotted with respect to Ca content and tempera-
ture. PM signifies paramangetic state, FM ferromagnetic, FI ferromagnetic insulator, AF antiferro-
magnetic, CAF canted antiferromagnetic, and CO charge ordering. Figure adapted with permission
from Dagotto et al. [12].

4.3 Magnetic Phase Diagram

Mixed valence compounds of (Laj_,Ca,;)MnOs show a surprising complex phase diagram (Fig-
urd4.4)), including charge ordered, antiferromagnetic, spin canted and ferromagnetic metallic and
insulating phases. The ferromagnetic metallic phase most studied and of particular interest for ap-
plications exists for the doping range of 0.2<x<0.5. Measurements in the this work focused on x=0.3
thin films, well within the nominally bulk ferromagnetic phase. The LCMO work function for this
doping is 4.8 eV [57]. One aspect of particular interest for applications is the half-metallic nature of
certain manganite films (LCMO included), where near the Fermi level the density of states in the
ferromagnetic phase is almost 100% spin-polarized. This phenomena was first noted theoretically in
LCMO by Pickett and Singh [5], where, as we can observe in Figur the spin majority density of
states is metallic, while the spin minority exhibites a band gap for negative energies. Half-metallicity
was demonstrated in the manganites with spin-polarized photoemission measurements [9], in addi-

tion to STM measurements by the Yeh group [II] [58]. By comparing the spectral characteristics
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Figure 4.5: Energy-dependent density of states of LCMO with x=0.25 doping. Figure (a) highlights
the available states electrons with spin majority in blue, while (b) shows the spin minority states
in red. Note the gap in available states for negative energies for the spin minority and the peak in
the majority density of states for approximately -1.5 eV, and in the minority density of states for
approximately 1.5 eV. Figure adapted with permission from Pickett and Singh [5].

derived from the with band structure calculations for x=0 and x=0.33 [5], the doping level x asso-
ciated with a LCMO spectrum that exhibits a peak in the density of states at a positive energy U

can be extrapolated according to the following relation:

x(Uy) = 0.252(Uy — 770mV) /(468mV), (4.4)

Therefore, by assuming a linear dependence of U, on x, the value of U, obtained from spectro-
scopic measurements can be used to estimate the local doping.

Proximate to the ferromagnetic phase and corresponding to a slightly lower range of 0.08< x
<0.175 is the ferromagnetic insulator phase. Algarabel et al. characterized this state for x=0.1
by magnetic and magnetotransport measurements, and noted ferromagnetic behavior of the sample
combined insulating conductivity even after magnetic saturation at 12T applied field [I7]. This
phase is particularily relevent for Lag 7Cag3MnO3 thin films due to the tendency for Ca to react
with COs to form CaCOgs and Ca-deficient non-stoichiometric manganite compounds at the surface,
leading to an effectively lower doping surface state than the bulk.

The doping for the LCMO surface is also effected by termination of the crystal. Surface ter-
mination has been investigated by Fang and Terakura [59] in La;_,Sr,MnO3 (LSMO), where the
surface termination of the top layer (either MnOs or (La,Sr)O planes) changed the effective doping

surface layer. In the bulk crystal, one layer of Mn ions is bounded above and below by hole donating
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La and/or Sr layer. MnOs termination leaves the top-most Mn ions underdoped compared to the
bulk due to their proximity to only a single hole donating layer, while (La,Sr)O termination leads
to overdoped Mn due to the top layer having only a single Mn layer to donate to. Although the
aforementioned calculations were based on a different manganite system LSMO, the La and Ca in
LCMO serves the same purpose as the La and Sr in LSMO, and the magnitude of the doping based
on layer terminates holds. Furthermore, XPS studies on LCMO [60] suggest that the MnOs termi-
nation is favored in LCMO, also tending toward an underdoped surface state in proximity with the
ferromagnetic insulator phase.

Doping levels that straddle multiple phases (such as x = 0.5) are particularily interesting in the
mixture of resulting phases. As depicted in the electron diffraction image in Figurd4.6] for x=0.5,
the coexistence of metallic (dark) and insulating (light) regions correspond to ferromagnetic and
charge/orbitally ordered phases respectively, corroborated by electron diffraction measurements [16].
These orders, while incompatible, exist in domains side by side on the nanoscale; this behavior sug-
gests that at a proximate doping such as x = 0.3 similar behavior can be observed. Indeed, further
evidence of inhomogeneity in LCMO in the ferromagnetic doping range is provided by neutron
diffraction, NMR, and STM studies. For the x = 0.33 compound, neutron diffraction stuides showed
magnetic nanoclusters of ~ 12 angstroms in size to persist until 1.8 T. [18]. Although initially
interpreted as due to magnetic polarons, the authors reviewed their results and argued it implies
electronic phase separation. NMR investigations for ®*Mn ion also show the coexistence of ferromag-
netic insulator phase with the ferromagnetic metal directly below T. and below 20K, bounding a
temperature range that exhibits uniform ferromagnetic behavior for the x = 0.25 doping [19]. Fath
et al. [20] conducted STM measurements on Lag 7Cag 3MnOj thin films just below T. of 260K, and
in applied magnetic fields up to 9T. Maps of the conductance of the film at 3V bias show at zero field
a mixture of metallic and insulating regions, whereas the application of a magnetic field increases
the conducting fraction of the film. Furthermore, the authors mention upon cooling the sample
has exhibits an increase in the conductivity of the film similar to that of an applied magnetic field,

but some regions stay insulating deep into the nominally ferromagnetic metal phase. The phase



Figure 4.6: Electron diffraction image of LCMO thin film with x = 0.5. Dark regions correspond to
highly conductive and ferromagnetic domains, while bright regions are insulators and charge ordered.
Figure adapted with permission from Chen and Cheong [16].
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Figure 4.7: Maps of differential conductance of LCMO films at 43V, with darker regions showing
higher conductance associated with metallicity under varied applied magnetic field. (a) and (b)
shows scans of the same area with 0 and 9T magnetic field respectively. Figures adapted with
permission from Fath et al. [20].

inhomogeneity of the film even at low temperatures suggests multiple different orders in the LCMO
ground state.

A consequence of mixed phase regions is the suppression of the available and filled states near the
chemical potential which is termed as the “psuedo-gap” phenomenon. Moreo et al. conducted Monte-
Carlo simulations with both one orbital approach [61] and more advanced models [62], and identified

the presence of psuedo-gap under varied doping and temperature ranges, suggesting that the psue-
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dogap phenomenon should be a common feature to the manganites. The feature arises from the
competition between ferromagnetically ordered clusters and a anti-ferromagnetic or charge/orbital
ordering background matrix, not unlike the ferromagnetic insulator discussed previously, and is
most easily understood in one-dimensional for low electron doping, as depicted in Figure a).
The physics for the occurrence of pseudogap may be understood as follows. Due to the large on-site
Coulomb repulsion, the potential energy in the ferromagnetic regions is effectively attractive to elec-
trons (Figure ¢)), which leads to a distribution of occupied states below the chemical potential
1, with the detailed distribution dependent on the specific size of the cluster and the strength of
the attractive potential (“cluster band”). Likewise, the antiferromagnetic phase contribute to states
at an energy above the chemical potential, leading to a suppression of the density of states at the

chemical potential.
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Figure 4.8: (a) The mix of antiferromagnetic and ferromagnetic regions in a quasi-one dimensional
manganite. (b) Electron density and (c) effective potential as a function of position. d) Density of
states illustrating the cluster band. Image adapted with permission from Moreo et al. [61].
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4.3.1 STM Measurments on LCMO

Previous STM measurements on LCMO films predominantly dealt with spectral features at temper-
atures close to the metal to insulator transition at the Curie temperature(~260K). For instance, the
work by Fath et al. [20] only reported differential conductance data at 3 volts bias slightly below T,
without covering in detail the spectral characteristics deep into the nomially FM state. Seiro et al.
investigated LCMO films down to liquid helium temperatures and observed a largely uniform low
energy gap attributed to polarons, but with a film intentionally prepared by the choice of a substrate
(SrTiO3) to be uniformly strained throughout [47]. Indeed, the c-axis lattice constant shows a 1.6%
change from the bulk value, with a resulting decrease in Curie temperature to 144K, making it
difficult to distinguish whether the properties observed in their film is instrinic to the manganite or
stabilized by the strain-induced deformation. Mitra et al. [48] studied a minimally strained x = 0.3
LCMO film and observed uniform film conductance with only a suppression of the density of states
near the metal to insulator transition that disappeared upon further cooling, although a gap was
observed beneath 40K. Common to all the previously mentioned investigations aside from the work
by Fath et al. is their focus on low energy features of the film, with no explanation of the underlying
cause of the insulating gap in the nominally ferromagnetic metal phase or the suppression in the
observed density of states.

More detailed STM measurments by the Yeh group [58] [11] investigated x = 0.3 LCMO thin
films over a much larger energy range of -4 to +4 eV. Point spectra at 77K identified high energy
peaks in the conductance corresponding to the spin majority and spin minority peaks in band
structure calculations for the ferromagnetic state(Figure [5], which disappeared above T.. In
addition, the presence of low energy insulating gap similar that observed by the aforementioned
studies was found below T.. The insulating gap was also shown to disappear above T, although
the nature of the gap was not understood in these earlier studies. To fully understand the physical
origin for the occurrence of the low-energy gap and the issue of intrinsic electronic heterogeneity
in the manganites, detailed spatially resolved spectroscopic studies as functions of temperature and

magnetic field are necessary. In the following chapter, elaborate STM investigations of the LCMO
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Figure 4.9: STM point spectra for an x = 0.3 LCMO thin film at 77K. Tunneling spectra exhibit
both high energy peaks consistent with FM ordering in the sample, and a low energy gap. Image
adapted with permission from Wei et al. [I1].

system are presented, which provide new insights into better understanding of the aforementioned

issues.
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Chapter 5

Conductance Inhomogeneity and
Competing Orders in LCMO Thin
Films

The manganite compound La;_,Ca,MnO3z (LCMO) with a bulk doping level x=0.3 is a ferromag-
netic metal with a relatively high Curie temperature T, = 270K. This system is promising for
spintronic device applications, and may be used as a spin current injector because of the gapped
band structure for minority spins, a property known as half-metallicity [5]. On the other hand, as
stated in the previous chapter, even in this bulk ferromagnetic metallic phase, inherent electronic
inhomogeneity at microscopic scales is expected. To further study this effect, we have investigated x
= 0.3 LCMO thin films using scanning tunneling spectroscopy under varied temperature, magnetic
field and spin polarization of the tunneling current. Spatially resolved maps of tunneling conduc-
tance taken with non polarized Pt/Ir tip show variations on the scale of a few hundred nanometers
in size in the bulk ferromagnetic state, which are believed to be the result of intrinsic inhomogeneity
of the manganites due to their tendency toward phase separation. Maps of tunneling conductance
taken with spin polarized Cr coated tips are consistent with the convolution of the LCMO and Cr
density of states, and below the T, of LCMO the spin polarized tunnel junction can be described as
a spin valve configuration. The electronic homogeneity in the material increases above the magnetic
ordering temperature, or with application of magnetic field in the bulk ferromagnetic state. We
identified gaps in the conductance at two separate characteristic energies. The first gap of energy

~0.6 €V is believed to arise from a ferromagnetic insulator (FI) surface phase due to its disappear-
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ance above the Curie temperature (T.) and the dependence of gap energy on relative tip and sample
magnetic orientation. The surface phase may be stabilized by Ca deficiency at the LCMO surface,
corroborated by x-ray photoemission spectroscopy (XPS) [63]. Second, we observe a nearly temper-
ature independent and spatially varying gap of ~0.4 eV for all zero-field tunneling spectra, which
is believed to be associated with psuedogap (PG) phenomena discussed in Chapter [4| Application
of a magnetic field converts the regions of PG phenomena to FI, in conjunction with an increase in
the homogeneity of the film conductance. These findings suggest that the PG phenomena arise from
electronic inhomogeneity in the manganite film, in agreement with theoretical investigations [61],
and that the vertical and lateral electronic inhomogeneity, along with its dependence on tempera-
ture and applied magnetic field, has important implications for use of these materials in high density

nanoscale spintronic devices.

5.1 Introduction

“Spintronics” is a new class of electronics incorporating spin dependence in charge transport in
magnetic heterostructures [64] [65]. It has emerged as an active research area in recent years because
of the potential advantages of non-volatility, faster processing speed, small power dissipation for
high device integration densities as opposed to conventional semiconducting devices [64], and better
coherence for quantum information technology [65].

In spintronics, it is particularily important to understand spin-polarized quantum tunneling
and transport at interfaces and throughout bulk materials for developing high performance and
highly reproducible spintronic devices. Ideal candidate materials for use in spintronic devices are
ferromagnets with a high degree of spin polarization and higher than ambient Curie temperatures.
In this context, the manganese oxides Ln;_,A,MnOs (Ln: trivalent rare earth ions, A: divalent
alkaline earth ions), also widely known as manganites that exhibit colossal magnetoresistance (CMR)
effects, [66, [67, [7, 68, [69, [70] appear to be promising spintronic materials because of their half-
metallicity in the ferromagnetic state so that the degree of spin polarization near the Fermi level is

nearly 100%. Nonetheless, experimental data and theoretical calculations have suggested that the
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ground states of the manganites tend to be intrinsically inhomogeneous as the result of their strong
tendencies toward phase separation, and the phase separation may involve domains of ferromagnetic
metals, ferromagnetic insulators, and antiferromagnetic charge and orbital ordered insulators [12,
20, [71], 15]. The intrinsic electronic inhomogeneity is relevant to high areal densities fabrication of
reproducible miniaturized spintronic devices.

In addition to the tendency toward phase separation in the bulk of the manganites, a number
of experimental findings have highlighted differing physics on the surfaces of manganites compared
to the bulk characteristics [15], which could be a concern in the fabrication of spintronic devices
based on layered heterostructures. For instance, scanning tunneling spectroscopic (STS) studies of
the manganite epitaxial thin films [IT], 58] 7] and single crystals [71] have revealed a small energy
gap near the Fermi surface of the manganites with nominally metallic bulk compositions. Although
the occurrence of an energy gap does not appear in either band structure calculations [5] or the bulk
electrical transport measurements that revealed metallic behavior in Lag 67Cag.33MnO3 [72, [73], the
tunneling spectra over a large energy range except near the Fermi level were in agreement with
theoretical calculations of the bulk electronic density of states [II], 58]. Hence, it is reasonable
to conjecture that the surface of manganites may consist of a thin insulating layer with regions
of differing chemical compositions from those of the bulk. Thus, low-energy ballistic electrons
from the STM tip could detect a small surface insulating gap while high-energy ballistic electrons
that penetrate further into the bulk could reveal spectroscopic characteristics consistent with the
bulk density of states. This conjecture is consistent with x-ray photoemssion spectroscopic (XPS)
studies of Lag ¢g7Cag.33MnO3 that suggested surface termination is favored by an insulating layer of
MnOs, [60]. Additionally, XPS studies also revealed that the surface of manganites generally exhibits
Ca deficiency compared to its bulk Ca doping level z [63].

Another intriguing feature occuring in manganites is the appearance of the pseudogap (PG)
phenomena [I2]. Theoretical studies based on Monte Carlo simulations [61 [62] suggest that the
density of states (DOS) in the manganites should exhibit PG characteristics that are manifested by

a significant spectral depletion at the chemical potential and the presence of DOS peaks with large
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linewidths above and below the chemical potential. These theoretical findings have indeed been
observed in photoemission experiments for bilayer manganites above magnetic ordering tempera-
tures [74]. Theoretically, the occurrence of PG may be regarded as a precursor of phase separations
in forms of magnetic clusters, [61], [62] which is analogous to the widely studied PG phenomena in
cuprate superconductors where the appearance of PG has been attributed to the onset of preformed
pairs and competing orders [75]. However, the commonality of PG phenomena among different types
of manganites and whether the physical origin of PG in the manganites is associated with the onset
of mixed phases have not been extensively probed by experiments.

To address the aforementioned issues of phase separations, non-stoichiometry in surface layers
and the PG phenomena in the manganites, we report spatially resolved tunneling spectroscopic stud-
ies of Lag 7Cag sMnO3 (LCMO) epitaxial films by means of both regular and spin-polarized scanning
tunneling microscopy (STM and SP-STM [45]). The chosen calcium doping level of x=0.3 lies deep
within the nominally ferromagnetic phase, with nearly the highest Curie temperature (T ~ 270 K)
and the most spatial homogeneity among the Ca-doped manganites. The evolution of the spatially
resolved tunneling spectra was studied systematically with temperature, magnetic field and with
the presence and absence of spin polarization, which investigated the spatial scales of both the stoi-
chiometric inhomogeneity and the average size of ferromagnetic domains. Additionally, comparison
with band structure calculations suggested that the spectral characteristics taken with regular STM
were consistent with those of the density of states of the manganite in the ferromagnetic phase,
whereas data taken with SP-STM must be understood in terms of the product of a spin-dependent
tunneling matrix and the joint density of states between the SP-STM tip material and the man-
ganite. Moreover, the modification of the surface energy gap with temperature, magnetic field and
the amount of spin-polarization was consistent with the spin-filtering effect of a surface ferromag-
netic insulating (FI) phase with a Curie temperature closely matching that of the bulk ferromagnetic
manganite. The surface phase may originated from a Ca-underdoped surface that yielded a spatially
varying ferromagnetic insulating phase for x < 0.125 [12[I7]. Finally, PG phenomena were found to

continue at temperatures above all magnetic ordering temperatures of the manganites without the
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presence of external magnetic fields, and the PG features were suppressed by moderate magnetic
fields at low temperatures when the tunneling conductance of LCMO becomes considerably homo-
geneous. The results presented here therefore provide quantitative experimental accounts at the
microscopic scales for the presence of phase separations, surface states and PG phenomena in the
manganites. Comparing with other STM studies on manganites, while earlier investigations have
demonstrated spatial inhomogeneity in the tunneling spectra spectra in manganites with different
doping levels, [20, [71] this work provides the first report of high magnetic field SP-STM studies on the
manganites. This work also demonstrates a potentially useful combination of SP-STM techniques

and high-field capabilities to the study additional of spatially heterogeneous magnetic materials.
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Figure 5.1: Typical STM topography of the LCMO epitaxial film on (LaAlOg3)g.5(SraAlTaOg)o.7
substrate over a (500 x 500) nm? sample area, showing atomically flat surfaces and steps of one
lattice constant height.

5.2 Experimental

Detailed accounts of film growth and characterization are discussed in further detail in Chapter
The Lag.7Cag sMnO3 (LCMO) films used in this study were epitaxially grown on (LaAlO3)g.3(SraAlTaOg)o.7

substrates by means of pulsed laser deposition (PLD) techniques. The substrates were chosen be-
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cause of their relatively small lattice mismatch (about 0.3%) with the bulk LCMO, which ensures
minimized strain in the resulting films. The films were deposited in a 100 mTorr oxygen background
pressure to a thickness of (110 & 10) nm with the substrate temperature kept at 650°C, and were
subsequently annealed at the same temperature for 2 hours in 100 Torr O3 and then cooled slowly to
room temperature. The epitaxy of these films was confirmed by x-ray diffraction, and the film quality
was further verified by atomic force microscopy and scanning tunneling microscopy (STM) measure-
ments, showing terraced growth with step heights corresponding to one c-axis lattice constant of
the bulk LCMO, as exemplified in Figure Further characterizations were conducted using the
Superconducting-Quantum-Interference-Device (SQUID) magnetometry measurments, indicating a
Curie temperature of 270 + 10 K. Additionally, the fields required to saturate the magnetization of
the LCMO films with magnetic fields perpendicular to the plane of films were determined by the
SQUID magnetometer, and were found to range from H5M© = 0.05 T to 0.2 T. We note that similar
growth conditions for LCMO films had been shown to yield high-quality epitaxy via high-resolution
x-ray diffraction studies, magnetization and transport measurements [(2] [73]. Immediately prior
to being loaded into the cryogenic STM system, the sample was etched in a 0.5% bromine in pure
ethanol solution and then rinsed in pure ethanol to remove surface carbonates. During the STM
loading process, the etched sample was kept under excess pressure of helium gas to minimize surface
carbonate formation.

The tunneling studies were conducted with our homemade cryogenic UHV scanning tunneling
microscope with a base temperature T' = 6 K and a superconducting magnet capable of magnetic
fields up to H = 7 T (discussed further in Chapter . At T = 6 K the STM system was under
ultra-high vacuum with a base pressure approximately 107! mbar. Regular tunneling spectroscopic
studies were conducted with atomically sharp Pt/Ir tips, while spin-polarized studies were made by
means of Pt/Ir tips evaporatively coated with 30 monolayers of Cr metal prepared in a separate
evaporation system, following the procedures reported previously in Chapter [2.90 The magnetic
ordering temperature (T(,C ™) of the Cr-coated tip was much higher than room temperature, such that

we are justified to assume that electrical currents from the Cr-coated tip was always spin-polarized.
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This assumption was indepedently verified by the field dependence of the tunneling conductance,
along with estimation of the degree of spin polarization, as elaborated in Section [5.3] The coercive
field (H™) of the Cr-coated tips was experimentally measured to be larger than that of the LCMO
samples so that HLOMO <« HE™ < 3.0 T for all Cr-coated tips.

In the reported studies, the STM system was operated at a temperature of T =6 K for H = 0,
—0.3 T, and 3.0 T, and also at T = 77 K and 300 K for H = 0. Both Pt/Ir and Cr-coated tips
were employed in the studies, and the field-dependent studies were conducted at below the T, of
both materials and under three magnetic conditions: H = 0, HIC’CMO < |H| < ng with H < 0,
and |H| > HS" with H > 0. These values ensured that the effects of spin-polarized currents were
investigated for three different relative tip and sample magnetic orientations: namely, in LCMO,
randomly oriented magnetic domains, magnetic domain alignment anti-parallel to the tip magnetic
orientation, and magnetic domain alignment parallel to the tip magnetic orientation.

The spectroscopic measurements consisted of a conductance measurement of current I taken
from V = -3 V to 3 V at each pixel on a (128 x 128) pixel grid located over a (500 x 500) nm?
area for the zero-field studies made at 77 K and 300 K. The sample scan area for field-dependent
measurements at 6 K was reduced to (90 x 250) nm? due to the reduced scanning range of the
piezoelectric material at liquid helium temperatures and the experimenters preference to conduct a
complete series of three spectroscopic scans without interruptions by liquid helium transfer. Typical
junction resistance for all measurements was maintained at ~ 100M€). Both tunneling spectroscopy
and topography were shown to be independent of alterations of the tip sample separation under this
range of junction resistance. For comparison of spectroscopic data taken under different conditions
on multiple samples, the conductance to be discussed below were all processed into normalized
differential conductance, (dI/dV)/(I/V) = G, as the effect of variations in the tunnel junction is
minimized for this quantity, allowing clearer investigations of material properties.

It was only possible experimentally to keep to an identical sample area for field dependent
measurements that were made with a specific STM tip and at a constant temperature, while 300K

and 77K measurments were conducted on differing sample areas. Given the intrinsic inhomogeneity
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of LCMO, meaningful comparison among the data sets taken under differing experimental conditions
could only be made if statistical consistency in the spectral characteristics could be established among
data taken from different areas of the same sample or from different samples prepared under the
same fabrication conditions. This premise was indeed verified in our investigation, as elaborated

further in Section [.3]

5.3 Results and Analysis

Following the methods outlined in Section systematic studies of the tunneling spectral evolution
with temperature, magnetic field and spin polarization were carried out to investigate issues of phase
separation, surface state and the PG phenomena in the nominally ferromagnetic manganite epitaxial

thin films of La0_7Ca0_3Mn03 (LCMO) on (LaAlO3)0,3(Sr2A1TaO6)0,7.

5.3.1 Spectral Characteristics

Detailed inspection of the LCMO tunneling spectra over relatively large sample areas and multiple
samples with both Pt/Ir and Cr-coated tips at T = 77 K (<« TLMO <« TC7) and H = 0 revealed
three types of representative tunneling spectra, which we label as «, §, and y-types. Examples of
the a-and S-types of spectra taken with a Pt/Ir tip are shown respectively in Figures a) and
b), and representative spectra of the a-and y-types taken with a Cr-coated tip are illustrated in
Figures e) and [5.2|f). We note that all three type of spectra occur for both Pt/Ir and Cr-coated
tips.

The dominant a-type of spectra is characterized by four primary features, including two high
conductance peaks at opposite energies of w = Uy and —U_, and the presence of a low energy insu-
lating gap at the Fermi level bounded by shoulders in the DOS. The a-type of spectra is consistent
with previous observations in single-point spectroscopy [11].

In constrast, the S-type spectra as indicated in Figure b) shows one pair of peak features at
w = U, and —U_ merging with the low energy gap, leading to a higher observed gap value for this

type. The y-type spectra are similar to the S-type spectra except that the corresponding energies
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Figure 5.2: Characteristic features in the non-polarized Pt/Ir and spin-polarized Cr tunneling spectra
of LCMO taken at T = 77 K and H = 0: (a) A normalized “a-type” tunneling conductance (G)
spectrum taken with a Pt/Ir tip, showing maximal conductance at w = —U_ and w = U, that
corresponds to a peak in the density of states associated with the majority and minority bands of
LCMO, respectively [5]. Observation of additional features reflecting an insulating energy gap at
w=—A_and w = A, is also possible. In all spectra, the values of A+ are determined by identifying
the energies where the second derivatives of the tunneling current I relative to the bias voltage V
reach maxima, as indicated in the insets. (b) A normalized “S-type” tunneling conductance spectrum
taken with a Pt/Ir tip, showing one set of conductance peaks at w = —U_ and w = Uy merging
with the A_ and A, features. (c) The histograms of the Uy and Ay energies derived from the each
individual tunneling spectra taken with a Pt/Ir tip over a (500 x 500) nm? sample area. Here (U, )
refers to the energy associated with the peak in the LCMO DOS showing the largest count, while
A refers to the positive pseudogap energy observed in the y-type spectra. (d) Energy histograms
of Uy and Ay derived similarily to (¢) with a Pt/Ir tip over a same sized area, but from a different
sample section, showing statistically similar results. (e) A normalized a-type tunneling conductance
spectrum taken with a Cr-coated tip, showing largely similar features to the spectra taken with a
Pt/Ir tip with slightly different Uy and Ay values. (f) A normalized “y-type” tunneling conductance
spectrum taken with a Cr-coated tip, showing pseudogap-like behavior with one pair of relatively
low conductance peaks at w = —U* and w = U} and greately suppressed density of states near
w = 0. Here we use the notation * to represent features associated with the pseudogap-like spectra.
(g) Energy histograms of Uy and AL derived from the tunneling spectra taken with a Cr-coated tip
over a (500 x 500) nm? sample area. (h) Energy histograms of U and A derived similarily to (c)
with a Cr over a same sized area, but from a different sample section, showing statistically similar
results.
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Ul associated with the peak features and the tunneling gap are much smaller than those found
in the g-type, as shown in Figure f). We find that the tunneling gap in the y-type spectra is
essentially a pseudogap, showing a suppressed DOS at low energies which only vanishes at the Fermi

level.
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Figure 5.3: (a) Doping () dependence of the DOS peak energies Uy based on a series of band
structure calculations [5], showing increasing U_ and decreasing U, with increasing Ca doping. (b)
The correlation between Uy and A, values is revealed by simulataneous comparison of the spatial
distribution of the DOS peak energy U, and of the positive gap Ay over the same (500 x 500) nm?
77K Cr tip sample area.

For consistent comparison of tunneling gap values among the three types of spectra, we associate
AL with the energies where the derivative of the tunneling conductance reach a maximum, as shown
in the insets of Figures a), p.2(b), b-2|(e) and [5.2(f). The histograms for all four characteristic
energies are displayed in Figures c¢) and d) for spectra taken with Pt/Ir-tips over two different
(500 x 500) nm? areas, and in Figures g) and h) for spectra taken with Cr-coated tips over
two different (500 x 500) nm? areas. The observed spatial variations in the characteristic energies are
reflections of the intrinsic inhomogeneity of the manganites, even at the most metallic and uniform
LCMO doping considered in this work. Additionally, for each spectral type shown in Figure[5.2] the
energies of maximal peak counts, denoted by (Uy), appears to correlate well with the gap values

of maximal counts, (Ay). Such correlation suggests that the spatial variations in Uy and Ay have
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a similar physical origin. In contrast, while the features of each spectral type taken with Pt/Ir
and Cr-coated tips were qualitatively similar, as exemplified in Figures a) and e) and also
manifested by the histograms shown in Figures [5.2|c) and [5.2(g), and Figures [5.2(d) and [5.2(h),
careful inspections of the distribution of spectral features reveals quantitative differences. These
differences may be traced to the band structure of Cr, which will be discussed further in Section
£33

According to band structure calculations [5], the values of Uy in the bulk DOS of LCMO ex-
trapolate linearly with the Ca doping level, making them well defined for a given z, as illustrated in
Figure a). Therefore, the broad range of Uy values displayed in the histograms in Figures c),
b-2(d), [5.2(g) and [5.2(h) suggest spatial variation in Ca doping levels, with two dominate values
of local Ca doping corresponding to x ~ 0.25 and x ~ 0.2. Here we have estimated the Ca doping
level by considering the linear extrapolations of Uy values from band structure calculations. Addi-
tionally, the apparent correlation between the maps of U, and A, over the same (500 x 500) nm?
77K Cr sample area, as shown in Figure b), suggests a common physical origin for the spatial
variations in the two energies. Essentially, intrinsic electronic inhomogeneity in the manganites leads
to observations of spectral variations in the ferromagnetic bulk state in zero field.

It should be noted that the sample areas are not identical when investigated with different STM
tips and at different temperatures. This is not an issue for measurements taken with a specific
STM tip at the same temperature and under different magnetic fields, as the sampling area may
be kept constant. Thus, for consistent comparison of the spectral evolution with temperature and
spin polarization, it is necessary to establish the statistical consistency of the spectral characteristics
obtained from one (500 x 500) nm? as compared to another area of the same sample. Additionally,
it is also necessary to establish the similarity of the statistical distributions across multiple samples
prepared under similar fabrication conditions. In this context, we show in Figures c), d),
g) and [5.2(h) the histograms of Uy and A4 obtained from the tunneling spectra on different
sample areas at 77 K with Pt/Ir and Cr-coated tips. The similarities of Figure c) to Figure[5.2{(d)

and Figure (g) to Figure h) establish that the spectral characteristics over a (500 x 500) nm?
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area appear to be statistically consistent for data taken with the same type of STM tips and at the

same temperature, even though the sample areas may differ.

5.3.2 Temperature Dependence

At 300K, the LCMO epitaxial thin films studied are above T, and exist in the paramagnetic phase,
leading to significantly different spectral characteristics from those observed in the bulk ferromagnetic
state at T' = 77 K. This is reflected in Figures )and [5 -(d ) for exemplified spectra taken
at 300 K and with Pt/Ir and Cr-coated tips, respectively. Comparison of Figures [5.4(a)-(b) and
d)-(e) with Figures -(b) and [5.4] - ) indicate several important developments with the
change in temperature. First, the large UL peaks in the DOS for ferromagnetic LCMO became much
suppressed in the paramagnetic state. Second, the surface insulating gap found around the Fermi
level at 77 K either evolved into a pseudogap (Figures a) and [5.4[(d)) or completely disappeared
(Figures|5.4 E and [5 -(e These observation are corroborated by the histograms of the insulating
gap A4 in Figures E ) and -(f where the large number of counts at both zero and the
pseudogap energies (A% ) are shown. The disappearing insulating gaps at 300 K for selected spectra
cannot be accounted for by thermal smearing, and are therefore suggestive of a magnetic phase
transition occurring at a mean transition temperature between 77 K and 300 K. In contrast, the
nearly temperature independent pseudogap energies are suggestive of a completely separate physical
origin for the pseudogap. Third, slight variations in the spectra were found between those taken with
the Pt/Ir tip and those taken with the Cr-coated tip at 300 K, as manifested in Figures a)-(b) and
d)-(e). The spectral differences between different tip types can be accounted for because spectra
taken with the Pt/Ir were representative of the DOS of LCMO in the paramagnetic phase, whereas
those taken with Cr coated consisted of convoluted DOS of paramagnetic LCMO and magnetic
Cr-coated tip.

Spatial variations in the characteristics of the spectra with temperature were also accompanied
by the temperature-dependent evolution of the spatial variation in the tunneling conductance. The

tunneling conductance in the paramagnetic state was generally more homogeneous than that in
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Figure 5.4: Comparison of the normalized tunnel conductance (G) spectral characteristics taken
with Pt/Ir and Cr-coated tips at T = 300 K and H = 0. (a) A psuedogap-like spectrum taken
with a Pt/Ir tip, showing greately suppressed U} values relative to the peak energies Uy found in
the spectrum of Figure a). The psuedogap values A% are determined from the maximum of the
(d%1/dV?)-vs.-V spectrum, as displayed in the inset. (b) Another spectral type taken with a Pt/Ir
tip, showing a non zero conductance at the Fermi level and vanishing insulating gap, as shown in the
inset. (c) Histograms of the insulating gap values Ay and the peak energies U} obtained by using
a Pt/Ir tip over a (500 x 500) nm? area at 300 K, showing greately decreased U} values relative
to the Uy values found at 77 K, as well as large population of vanishing insulating gaps (shown by
the arrows at w = 0) and pseudogaps at w = (A%). (d) A typical pseudogap-like spectrum taken
with a Cr-coated tip, showing greately decreased U} values relative to the peak energies Uy found
in the spectrum of Figure e). The pseudogap values A% are determined from the maximum
of the (d*1/dV?)-vs.-V spectrum. (e) An additional typical type of spectra taken with a Cr tip,
showing vanishing insulating gaps as detailed in the inset. (f) Histograms of the insulating gap
values Ay and the characteristic energies U} obtained by using a Cr-coated tip over a (500 x 500)
nm? area at 300 K, showing decreased U values relative to the Uy values found at 77 K, as well as
a large population of vanishing insulating gaps (shown by the arrows at w = 0) and pseudogaps at
w=(A%L).
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Figure 5.5: Comparison of the high-bias normalized tunnel conductance (G) spectral characteristics
taken with Pt/Ir and Cr-coated tips at H = 0 for T=77K and 300K: (a) A (500 x 500) nm? tunneling
conductance map taken with a Pt/Ir tip at w = (U4) and 300 K. (b) Histograms of the tunneling
conductance obtained by using a Pt/Ir tip and a Cr-coated tip at 300 K and evaluated for w = (U).
(c) A (500 x 500) nm? tunneling conductance map taken with a Cr-coated tip at w = (Uy) and 300
K. (d) A (500 x 500) nm? tunneling conductance map taken over a different sample area as (a) with
a Pt/Ir tip at w = (U4 ) and 77 K. (e) Histograms of the tunneling conductance obtained by using a
Pt/Ir tip and a Cr-coated tip at 77 K and for w = (U, ).(f) A (500 x 500) nm? tunneling conductance
map taken over a different sample area as in (b) with a Cr-coated tip at the characteristic energy
w=(U;) and 77 K.
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Figure 5.6: Comparison of the low-bias normalized tunnel conductance (G) spectral characteristics
taken with Pt/Ir and Cr-coated tips at H = 0: (a) A (500 x 500) nm? tunneling conductance map
taken with a Pt/Ir tip at w = (A% ) and 300 K. (b) Histograms of the tunneling conductance obtained
by using a Pt/Ir tip and a Cr-coated tip at 300 K for w = (A%). (¢) A (500 x 500) nm? tunneling
conductance map taken with a Pt/Ir tip at w = (A7) and for T = 77 K. (d) Histograms of the
tunneling conductance obtained by using a Pt/Ir tip and a Cr-coated tip at 77 K and for w = (A ).
(e) A (500 x 500) nm? tunneling conductance map taken with a Cr-coated tip at the characteristic
energy w = (A, ) and for T = 77 K.
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the ferromagnetic state due to the tendency toward phase separation in the ferromagnetic state of
LCMO, as reflected by the constant-bias tunneling conductance maps in Figures |5.5| n and -(c
for room temperature spectra taken at w = (U, ) with the Pt/Ir and Cr-coated tips, respectively. In
contrast, the tunneling conductance upon cooling the sample into the ferromagnetic state developed
significantly more heterogenity, as shown in Figures (d) and f) for tunneling conductance
taken at 77 K and for w = (U, ). Here (U.) are defined as the most prevalent Uy value observed in
the histograms in Figures[5.2|(c)-(d) and [5.2(g)-(h). The statistical distributions of the conductance
at w = (Uy) for 77 K and 300 K are summarized by the histograms in Figures [5.5] E and -(e
respectively for spectra taken with both the Pt/Ir and Cr-coated tips. While the histograms at 300
K showed statistical similarity between spectra taken with Pt/Ir and Cr-coated tips as demonstrated
in Figure b), at 77 K the tunneling conductance distributions shift to higher values for spectra
taken with the Cr-coated tip as compared with those measured with the Pt/Ir tip. The apparent
differences between the histograms obtained with Pt/Ir and Cr-coated tips from LCMO at 77 K can
be accounted for by the spin-polarized nature of the tunnel current from the Cr tip into spatially
inhomogeneous LCMO in its ferromagnetic phase vs the non-polarized Pt/Ir tip tunnel current.
Similarly, the tunneling conductance maps for w = (A, ) taken at 300 K with Pt/Ir and Cr-coated
tips are shown in Figures a) and c), respectively, whereas those for w = (A ) taken at 77
K with Pt/Ir and Cr-coated tips are shown in Figures [5.6(d) and [5.6{(f). These maps again reveal
more spatial inhomogeneity in the tunneling conductance in the ferromagnetic state as compared to
the paramagnetic state. For completeness, the statistical distributions of the tunneling conductance
at w = (A%) for T = 300 K and w = (A) for T = 77 K are summarized by the histograms in
Figures Hb and -(e Here (A, ) denotes the most commonly occurring insulating gap value
at positive bias from Figures ¢)-(d) and g)—(h) for T'= 77 K, and (A% ) represents the most

commonly found pseudogap values from Figures c¢) and f) for T = 300 K.
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Figure 5.7: Comparison of magnetic field-dependent spectral characteristics taken over the same
sample area with a Cr-coated tip at T = 6 K: (a) Normalized conductance (dI/dV)/(I/V) (G)
vs. energy for H = 0. (b) Normalized conductance vs. energy for H = —0.3 T. (c) Normalized
conductance vs. energy for H = 3.0 T. (d) Histograms of the characteristic energy U, over the
same (90 x 250) nm? sample area for H = 0, —0.3 T and 3.0 T. (e) Histograms of A, over the
same (90 x 250) nm? sample area at H = 0, —0.3 T and 3.0 T. (f) Temperature evolution of the
histograms of A, over a (90 x 250) nm? sample area at H = 0, showing shift of insulating gap
values downward with increasing temperature. In particular, two types of gap values at 6 K may be
attributed to an insulating surface gap and a pseudogap, while only the psuedogap persists at 300
K.

5.3.3 Magnetic Field Dependence

Although differences between the tunneling spectra taken with Pt/Ir tips and those taken with
Cr-coated tips are readily visible at H = 0 and for T < TFCMO < TC" additional magnetic
field dependent investigations are necessary to further investigate the spin-polarized tunneling into
LCMO. As described previously, the degree of spin polarization may be controlled by keeping T <
TgCM © and by applying magnetic fields of opposite direction with magnitudes satisfying either the
condition HFCMO < |H| < HE™ or |H| > HE". The applied fields H = —0.3 T and H = 3.0 T
chosen satisfy these conditions.

In Figures a)-(c) representative normalized spectra taken with Cr-coated tip and at T = 6
K are shown for H = 0, —0.3 T and 3.0 T. The magnetic field-induced evolution in the tunneling
spectra is easily identified, and is reflected in the statistical field-dependent spectral evolution for

a (90 x 250) nm? sample area summarized by the histograms of the characteristic energies Uy and

Ay in Figures [5.7(d)-(e). Furthermore, the normalized tunneling conductance map also exhibited
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significant alteration with applied field, as exemplified in Figures[5.8(a)-(c) and in Figures[5.9((a)-(c)
for spatially resolved tunneling conductance maps at the characteristic energies Uy and A, respec-
tively, and for H = 0, —0.3 T and 3.0 T over the same (90 x 250) nm? sample area. Specifically, the
application of magnetic field converts the spatially inhomogeneous conductance map at H = 0 and
for w = (U4 ) to a greater homogeneity map in finite fields, reaching the overall highest conductance
for H = —0.3 T, as reflected statistically by the histograms of conductance in Figures a)-(c) for
H =0, —-0.3 T and 3.0 T. Additionally, all conductance maps taken at w = (U, ) appear to correlate
with those at w = (A ) when we compare Figures [5.8(a)-(c) with Figures a)-(c).

To further understand the effect of a spin-polarized tunneling current for spectra taken with a
Cr-coated tip, similar magnetic field-dependent spectroscopic studies were conducted under the same
experimental conditions using a Pt/Ir tip. The representative tunneling spectra taken with a Pt/Ir
tipat 7= 6 K and for H = 0, —0.3 T and 3.0 T are shown in Figures[5.10|(a)-(c). In comparison with
the Cr tip case, the Pt/Ir tunneling spectra exhibited an fundamentally different field-dependent
evolution, as demonstrated statistical by the histograms of the characteristic energies U, and A, in
Figures [5.10[d)-(e). In particular, we note that the histograms of U, showed a monotonic shift to
higher energies with increasing applied magnetic field. The insulating gap values A showed a similar
shift monotonically to higher energies accompanied by sharpened distributions with the magnitude of
increasing magnetic field. The spectral characteristics obtained with Pt/Ir tips are then independent
of the direction of the applied magnetic field, and solely dependent on the magnitude of applied fields.
This findings contrasted sharply with the Cr-coated tip case, which, due to the spin polarization
of the tunneling current, showed strong dependence on the direction of the applied magnetic field.
Additionally, the tunneling conductance taken with Pt/Ir tips at w = (Uy) generally increases
with increasing magnetic field, as exemplified by the conductance maps in Figures a)-(c) for
H =0, —0.3 T and 3.0 T and also summarized by the conductance histograms in Figure d).
The combination of overall increasing conductance and spatial homogeneity at w = (U;) with
increasing magnetic field is consistent with the colossal magnetoresistive effect in the manganites, as

increased mobility and alignment of magnetic domains with application of magnetic fields enhances



63

G
(V = 1336 sz
(b)) H=-03T (©) H=+30T

20

Figure 5.8: Comparison of magnetic field-dependent high-bias normalized conductance (G) maps
taken over a (90 x 250) nm? sample area with a Cr-coated tip at T' = 6 K: (a) Normalized conductance
map taken at w = (U;) and for H = 0. (b) Normalized conductance map taken at w = (U;) and
for H = —0.3 T. (c) Normalized conductance map taken at w = (Uy) and for H = 3.0 T. (d)
Histograms of the normalized conductance at w = (U4 ) and for H =0, —0.3 T and 3.0 T, showing
the overal highest mean conductance at H = —0.3 T when the spin-polarization of the Cr tip and
the tunneling current is antiparallel to the magnetization of LCMO.
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Figure 5.9: Comparison of magnetic field-dependent low-bias normalized conductance (G) maps
taken over a (90x 250) nm? sample area with a Cr-coated tip at 7' = 6 K: (a) Normalized conductance
map taken at w = (A) and for H = 0. (b) Normalized conductance map taken at w = (A,) and
for H = —0.3 T. (¢) Normalized conductance map taken at w = (A,) and for H = 3.0 T. (d)
Histograms of the normalized conductance at (A;) at H = 0, —0.3 T and 3.0 T, showing lowest
mean conductance at H = —0.3 T when the spin-polarization of the Cr tip and tunneling currents
is antiparallel to the magnetization of LCMO.
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Figure 5.10: Comparison of magnetic field-dependent spectral characteristics taken with a Pt/Ir
tip at T = 6 K: (a) Normalized conductance G' = (dI/dV)/(I/V) vs. energy (w) spectrum for
(a) H=0, (b) H=—0.3T and (c) H = 3.0 T. (d) Histograms of the characteristic energies Uy
obtained from the same (90 x 250) nm? sample area under H = 0, —0.3 T and 3.0 T. (e) Histograms
of surface gap energies A obtained from the same (90 x 250) nm? sample area under H = 0, —0.3
T and 3.0 T.

electrical conductance across different magnetic domains of the manganites. The increasing spatial
homogeneity in the conductance observed with increasing magnetic field also agrees with previous
STS reports on LCMO, [20] although previous reports focused on tunneling conductance studies at
alternate bias voltages much closer to the sample Curie temperature.

In addition to the evolution of the ferromagnetic bulk tunneling conductance, examination of
the change in surface gap energies in spectra taken with a Pt/Ir tip with application of magnetic
field also provides insight into the origin of the gap. As depicted in Figures a)-(c), the tunnel-
ing conductance maps for H = 0, —0.3 T and 3.0 T over the same (28 x 250) nm? sample area at
w = A4 exhibit field-dependent spatial evolution similar to that found in Figures[5.14|(a)-(c). Again,
the histograms of A show the same monotomic field dependence as observed in the tunnel conduc-
tance, and in contrast to the findings with a Cr-coated tip. In summation, the differences between
aforementioned field-dependent spectra taken at 6 K with Cr-coated tips and those taken with Pt/Ir
tips, as shown in Figures 5.7} [5.12] are all consistent with and serve to establish spin-polarization
tunneling in the former case. To further investigate spin-polarized tunneling in the manganite, we

consider in the following subsection numerical simulations of the tunneling spectra under different
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Figure 5.11: Comparison of magnetic field-dependent high-bias tunneling conductance maps taken
at w = (Uy) ~ 1336 meV over a (28 x 250) sample area with a Pt/Ir tip at T = 6 K and for (a)
H=0,(b) H=-0.3T,and (c) H = 3.0 T. (d) Histograms of the normalized tunneling conductance
Gatw=(Uy)at H=0,-0.3 T and 3.0 T.
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conditions.

5.3.4 Simulations of the Tunneling Spectra

To aid in understanding the evolution of tunneling spectra with magnetic fields and spin polarization,
we must consider the theoretically calculated DOS of both LCMO and Cr. Specifically, the tunneling

current (I) from Cr to LCMO as a function of the bias voltage (V') may be expressed by the following:

I(V) =G Zo’,o’:a,ﬁ f dENgr(E - 6V>NE(IJMO (E)

XT(E’H’G)[JCU(E_SV)_fo’(E)]v (51)

where E denotes the energy relative to the Fermi level, G is the conductance, o and ¢’ refer to the
spin-dependent energy bands (majority band: «, minority band: ) of Cr and LCMO, respectively,
fo(E) = 1/[exp(E/kpT) + 1] is the Fermi-Dirac distribution function for o-band, NZ.(E) and
NEICMO(E) are the spin-dependent density of states of Cr and LCMO, respectively, and T(E, H, 6)
represents the tunneling matrix of the STM junction that depends on the relative magnetization
angle (0) between the Cr and LCMO. Thus, the normalized conductance (dI/dV)(V/I) can be
determined from Equation for given NZ (F) and NEICMO(E), provided that the relative spin
configurations of Cr and LCMO are known and that the tunneling matrix is nearly independent of
energy.

For thin film Cr coated tips, it is reasonable that the geometry of the tip will determine mag-
netization axis of the magnetic layer for all temperatures of the experiments and is thus fixed and
can be approximated as perpendicular to the plane of the LCMO sample. Therefore, at H = 0 the
angle 6 will follow the spatial variation of the magnetization direction of the LCMO sample from
one magnetic domain to another. On the other hand, application of a magnetic field opposing the
spin polarization of the Cr tip with the magnitude in the range of H-“MC < |H| < HE" will force
the alignment of the LCMO magnetic domain antiparallel to the Cr tip. As the selection rules for

spins result in a tunnel matrix T(E, H,0 = 0) = 0, the spin-polarized tunneling current involves
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Figure 5.12: Comparison of magnetic field-dependent low-bias tunneling conductance maps taken
at w = (AL) ~ 420 meV over the same sample area as in Figure with a Pt/Ir tip at T = 6
K and for (a) H =0, (b) for H = —0.3 T and (¢) H = 3.0 T. (d) Histograms of the normalized
conductance G at w = (A, ) and for H =0, —0.3 T, and 3.0 T.
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only tunneling of electrons from occupied Cr-majority band to empty LCMO-minority band and
tunneling of holes from empty Cr-minority band to occupied LCMO-majority band. Hence, for
anti-parallel Cr and LCMO magnetizations, the normalized tunneling conductance gy (V') may be

approximated by the following joint density of states:

911 (V) ~ N&(0) N oyo (V) + NE(0) NEgyo (V). (5.2)

A similar logic applied to the parallel magnetic orientation between Cr tip and LCMO sample
magnet domains results in the normalized tunneling conductance involving tunneling of electrons
from occupied Cr-majority band to the empty LCMO-majority band and holes from empty Cr-
minority band to occupied LCMO-minority band. Therefore, T(E, H,0 = +x(3) = 0, and the

normalized tunneling conductance g1 (V') becomes

g11(V) ~ N&(0)NEapo (V) + N& (0)Nfeyo (V). (5.3)

Given Egs. and and the band structure calculations for Ngf (E) andN%’g wo(E) illustrated
in Figure[5.13] calculation of the energy-dependent spin-polarized tunneling conductance is possible.
For various configurations under both non-polarized and spin-polarized tunneling, as schematically
demonstrated in Figures a)-(d), the resulting tunneling spectra are calculated and shown in
the bottom row of Figure [5.14] The tunneling conductance at w = U, is maximum for the anti-
parallel spin configuration between the Cr-coated tip and LCMO due to a large overlap between
Cr filled spin majority electrons tunneling into LCMO empty spin minority states, and consistent
with the empirical histograms of the tunneling conductance shown in Figure [5.8(b). Hence, the
field-dependent tunneling spectra of LCMO obtained with a Cr-coated tip in the high-bias limit
may be fully accounted for by spin-polarized tunneling in a spin-valve configuration.

In particular, the spin-valve configuration between the Cr-coated tip and the LCMO sample
allows calculation of the the spin-polarization of the Cr-coated tip at w = (Uy). In a typical

spin-valve, the difference in the device resistance between the parallel and antiparallel magnetic
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Figure 5.13: Calculated density of states (DOS) for LCMO and Cr at T' < T, from band structure
calculations: (a) Theoretical DOS for the majority and minority bands of LCMO with z = 0.25 [5].
(b) Theoretical DOS for the majority and minority bands of the first layer of Cr in a thin film [42].
(¢) Theoretical tunneling configurations for parallel magnetization between Cr-coated tip and LCMO
sample under a finite bias voltage V' = (U, /e), showing tunneling of electrons from the majority
band of Cr to the empty majority band of LCMO as well as tunneling of holes from the empty
minority band of Cr to to the filled minority band of LCMO.
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Figure 5.14: Modeling of magnetic field and spin-polarized tunneling effects on the resulting tun-
neling spectra at T < T5MO: Schematic illustrations of STS measurements with (a) a Pt/Ir tip at
H = 0, showing non-polarized tunneling currents into ferromagnetic LCMO with randomly oriented
magnetic domains; (b) a Cr-coated tip at H = 0, showing spin-polarized tunneling currents into
ferromagnetic LCMO with randomly oriented magnetic domains; (¢) a Cr-coated tip at H = —0.3
T, showing spin-polarized tunneling currents into ferromagnetic LCMO with magnetic domains an-
tiparallel to the spin polarization of the tunneling currents; (d) a Cr-coated tip at H = 3.0 T, showing
spin-polarized tunneling currents into ferromagnetic LCMO with magnetic domains parallel to the
spin polarization of the tunneling currents. The energy dependent DOS of the Cr-coated tip and
that of the LCMO sample relevant to each spin configuration are shown in the second and third
rows, respectively. Finally, the calculated tunneling conductance for each configuration is shown in
the bottom row, which clearly illustrates maximum tunneling conductance G at w = U, for the
anti-parallel spin configuration at H = —0.3 T.
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configuration for the two ferromagnetic layers can be expressed as the conductance ratio Rg, where

_ () -G v)

R
¢ G (V)

(5.4)

where G11(V) and G| (V) are the conductance of the device in parallel and antiparallel magnetic
configuration at bias voltage V, respectively. The conductance ratio of the device can also be related

to the spin-polarization of each individual ferromagnetic layer by [45]

PP,

R =2X ———
MR Xl—P1P27

(5.5)

with P, and P» the spin-polarization of each respective ferromagnetic layer. We can generalize
from the case of the planar spin valve to the case of spatially resolved SP-STM conductance maps
at w = V by integrating the quantities in the numerator and denominator in section [5.4] over the
entire scan area. As demonstrated in Figure we can assign the normalized conductance values
of the H = -0.3 T map to the case of antiparallel magnetic orientation between tip and sample,
while associating the conductance values of the H = 3.0 T map to a parallel magnetic orientation.

Substitution into Section [5.5] results in

I [ (9ea=3.0m((Us)) = 9(ti=—0.37)((U+)) ) ddy _ 9y PrPs
I | 9t=—0.31)((Uy.))dzdy 1— PpPs’

(5.6)

where Pr is the spin polarization of the Cr tip, an Pg is the polarization of the LCMO sample.
Polarization of the LCMO film can be estimated from band structure calculations for LCMO with
x=0.25 [5] to be 61% and 93% at w = (U;) and w = (U_) respectively. This leads to calculated

polarization values for the Cr tip of 23% and 8% for w = (Uy) and w = (U_) respectively.

5.4 Discussion

The simulations described in Section [5.3.4] are based on the assumption of non-polarized and spin-

polarized tunneling in bulk LCMO samples, depending on the choice of STM tip. The simulated
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results are consistent with the experimental high-bias spectral behavior, showing tunneling currents
from the Cr-coated tip may be considered as spin-polarized along a fixed direction for all tempera-
tures and magnetic fields of our consideration. Next, we can consider the behavior of the low-bias
gap observerd under both regular and spin-polarized tunneling at 6 K, which provides useful in-
formation concerning the nature of surface phase of LCMO. In the case of regular tunneling using
Pt/Ir-tips, the histograms of the field-dependent insulating gap A shown in Figure [5.10{e) reveal
that increasing magnetic field strength leads to increasingly sharper distributions of gap values, in
addition to the independence of most probable value of A, on the magnetic field direction. In con-
trast, histogram of gap values shown in Figure for the Cr-coated tips shows that spin-polarized
tunneling exhibits decidedly different field-dependence of the insulating gap A4 as compared to
Figure ). Essentially, the zero-field Ay values measured with the Cr-coated tip appear to
exhibit a bimodal distribution, showing a sharper distribution peaking at the pseudogap energy A%
and a broader distribution centering around a gap value comparable to Aﬁ. On application of the
H = —0.3 T field, the distribution of A evolves to become narrowly centering around a higher en-
ergy gap Aﬁp > AT | and with the psuedogap features strongly suppressed. In contrast, for H = 3.0
T, the distribution of A is largely concentrated around Ai with a linewidth broader than that for
H = —-0.3 T, with the same suppression of the pseudogap features.

The low-temperature field-dependent A, distributions shown in Figures e) and [5.10[e)
may be understood in context of a ferromagnetic insulating surface phase. Consultation of the
Laj_,Ca,MnOs3 phase diagram [I2] shows at low temperatures the manganites are in a ferromagnetic
insulating phase if the Ca doping level x is less than 0.2. Additionally, Ca deficiency at the surface
with respect to the nominal bulk level x for the manganites has been confirmed by x-ray photoemssion
spectroscopy (XPS) [63]. This leads to the possibility that the x = 0.3 thin films experience an
underdoped surface, possibly sufficient to generate a ferromagnetic insulating surface layer. Second,
the magnetization direction of the ferromagnetic insulating phase should follow that of the underlying
ferromagnetic bulk domain, with a randomly oriented direction in the absence of applied magnetic

field. Therefore, for spin-polarized tunneling currents from the Cr-coated tip, the effective insulating
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gap values would range from the minimum gap AE to the maximum gap Aip, as schematically
illustrated in Figure (b) Aditionally, a pseudogap at a lower energy AY is also present for
H = 0 due to the electronic inhomogeneity of the manganites. Similar observation of a range of
insulating gap value and the psuedogap value is also expected for non-polarized tunneling at H = 0
although the lack of spin selectivity broadens the gap distribution. Both expected zero-field gap
distributions are consistent with the empirical gap histograms shown in Figure (e). Considering
the application of magnetic field, if the surface ferromagnetic insulating phase has a similar coercive
field to that of the bulk ferromagnetic metal phase, the ferromagnetic insulating domains would be
aligned in the same configuration as the bulk, as depicted in Figure ¢) for H = —0.3 T. Hence,
a tunneling current polarized antiparallel to the LCMO surface magnetization would result in a
maximum insulating gap Aﬁp with a relatively sharp gap distribution, as indicated in Figure c)
and experimentally confirmed by the gap histogram in Figure (e). Finally, for spin-polarization
of the tunneling currents being parallel to the magnetization of LCMO, as in the case of H = 3.0 T
shown in Figure d), the insulating gap decreases to Ai (see Figure d))7 which is the same
as that found for non-polarized tunneling currents and is smaller than the gap Aﬁp. The larger
observed energy gap for anti-parallel spin-polarized tunneling than that for parallel spin-polarized
tunneling provides an effective spin-filtering effect, which has been confirmed by the empirical gap
histogram shown in Figure e).

Additionally we observe a strong suppression of the psuedogap with applied magnetic field. The
presence of the pseudogap phenomenon with spin-polarized tunneling at H = 0 appears to be
strongly suppressed rapidly with increasing field, as indicated in Figure (e). While the pseu-
dogap energy A% found at H = 0 is largely temperature independence as shown in Figures f)
and [5.10(f), the rapid suppression of pseudogap phenomena under finite magnetic fields is con-
sistent with theoretical predictions that the pseudogap phenomenon in the manganites originates
from the inherent electronic heterogeneity of the manganites [61} [62]. Consequently, increasing car-
rier mobility and magnetic domain alignments upon the application of magnetic fields reduces the

spatially inhomogeneous electronic properties in the manganites, rapidly suppressing the pseudogap
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Figure 5.15: Effect of magnetic field and spin-polarized tunneling on the surface ferromagnetic
insulating phase at low temperatures: Schematic energy (E) vs. density of states (DOS) plots of
the surface ferromagnetic insulating phase in LCMO thin films, showing an energy gap Ai relative
to the Fermi level for the majority band and a larger energy gap Aip for the minority band. (a)
For Pt/Ir tip at H = 0, the tunneling gap is detemined by the minimum gap Aﬁ in addition to
the presence of a pseudogap at A% due to the electronic heterogeneity in the manganites; (b) For
Cr-coated tip at H = 0, the tunneling gap A satisfies Af_ <AL < Aﬁp in addition to a pseudogap
at A% ; (c) For Cr-coated tip at H = —0.3 T, the tunneling gap A is largely determined by the
maximum gap Aﬁp, with the pseudogap mostly suppressed due to the suppresion of electronic
heterogeneity in the presence of finite fields; (d) For Cr-coated tip at H = 3.0 T, the tunneling gap
Ay is largely determined by the minimum gap AE, and the pseudogap is also largely absent as in
(c). The scenario described from (a) to (d) is consistent with the corresponding spin polarization-
and field-dependent histograms of the gap shown in (e).
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phenomenon with increasing magnetic fields.

In addition to aforementioned progress in understanding the physical origin of the surface insu-
lating phase, apparent phase separations in the nominally metallic LCMO with @ = 0.3 have been
observed in the spatially resolved tunneling spectroscopic studies conducted here. Specifically, the
separations appear to be on the scale of ~ 10?2 nm, and the phases seem to be associated with
variations above and below the nominal Ca doping level x due to the distribution of different values
of U, that are correlated with different Ca doping levels. This quasi-macroscopic phase separation
revealed in this work differs from the droplet- or stripe-like inhomogeneous states that are primarily
stabilized by long-range Coulomb interactions, suggesting that significant Coulomb screening is still

present in the bulk of this nominally metallic LCMO.

5.5 Conclusion

In conclusion, non-polarized and spin-polarized spatially resolved tunneling spectra on the CMR
manganite Lag 7Cag sMnO3z (LCMO) has been studied systematically as a function of the temper-
ature and applied magnetic fields. Spatial variations in the tunneling conductance show apparent
phase separations, and the spectral characteristics obtained under the spin-valve configurations can
be quantitatively accounted for by the spin-dependent joint density of states of the LCMO and
the Cr-coated STM tip, consistent with the injection of a spin-polarized tunneling current. The
low-energy insulating gap at low temperatures detected only by STM studies can be explained by a
surface ferromagnetic insulating phase due to Ca deficiency at the manganite surface, as this behav-
ior is consistent with the spin filtering behavior of the phase discovered with spin polarized tunneling
current. In addition, a spatially varying pseudogap (PG) phenomena with a nearly temperature inde-
pendent PG value have been observed above and below the Curie temperature in zero-field tunneling
spectra. Under an applied magnetic field, the PG phenomena is strongly suppressed, in conjunction
with a significant increase in homogeneity of the tunneling spectra of LCMO. These results suggest
the notion that the PG phenomena is related to the electronic inhomogentiy of the manganites.

Finally, the quasi-macroscopic phase separations observed in the Lag 7Cag sMnOj5 epitaxial films are
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indicative of significant screening of long-range Coulomb interactions, which is consistent with the
bulk metallic characteristics of the system and differs from other competing order systems near the

metal-insulator transition.
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Chapter 6

Organic Semiconductors

6.1 Introduction
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Figure 6.1: Molecular structure of Algs.

This work focuses on the molecular organic semiconductor 8-hydroxyquinoline aluminum, or
Alqs. The chemical formula is Co7H1gAIN3O3, with the fundamental structure of Alqs consisting
of a central aluminum atom surrounded by three non-coplanar quinoline ligands of the chemical
formula C9HgNO, as depicted in Figure Algs occurs in two inequivalent isomers: a facial
isomer where each ligand is equivalent, and a meridional isomer were each ligand is inequivalent and
must be considered separately [76]). The meridinal isomer is slightly lower in energy (~4 kcal/mol)
and predominates in thin films and crystals of the material [76] but it is possible the facial isomer
is stabilized at the film/substrate interface (Chapter [7)). The relevance of the facial isomer for
application is due to a reduction in the bandgap to 2.4 from 2.7 eV for the meridinal isomer, and
the resultant change in conduction and luminescent properties [77].

Due to the complex three-dimensional asymmetric structure of the molecule, a multitude of
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packing arrangement of Alqs are possible in crystal structures. In thin films, the temperature during
deposition, chemistry, and atomic structure of substrate and predeposition processing of the Alqs
powder for deposition will modify the packing of Alqs molecules in the resulting film, resulting in one
of several crystalline structures or in an amorphous collection of molecules. Muccini et al. identified
three separate phases of Alqs, each with a separate photoluminescient spectrum [78], while Jian et
al. noted changes in film morphology and temperature dependence of the conductivity with varied
substrate temperature during deposition [79]. Modification of the optical properties of Alqs thin
films makes them configurable for a variety of luminescient applications, while the dependence of film

conductivity on substrate temperature has important implications on efficient device fabrication.

6.2 Principles of Electron Conduction in OSEs

Figure 6.2: Chemical structure of trans-polyacetylene, the simplest of polymer organic semiconduc-
tors, illustrating the delocalized pi-bound electron critical to semiconducting behavior.

An appropriate question regarding organic semiconductors is why they are possible, since ev-
eryday experience with dessicated organic material has shown them to be insulators (i.e., wood,
plastics). Polymers were the first organic semiconductors studied, and although Algs is a molecular
rather than polymeric organic semiconductor, the principles of electron or hole conduction along the
hydrocarbon chains of the molecule and hopping between crystals in a film is similar across the entire
organic semiconductor family. Polymeric organic semiconductors consist of a matrix of hydrocarbon
chains of indeterminate length [80], with conduction electrons in delocalized 7 bonds. In saturated
polymers, all electrons pertaining to the carbon atoms are covalently ¢ bonded and localized. Metal-
lic or semiconducting states are only possible in conjugated polymers such as polyacetylene, where a
single  bound electron per carbon atom is delocalized along the chain. A single electron combined

with the two available states on each carbon atom would normally lead to a metallic state, but the
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alteration of the carbon bond lengths (dimerization) of the polymer due to the Peierls instability
leads to a bandgap [80]. In contrast with conventional inorganic semiconductors such as Silicon
and Germanium, conduction in polymers is quasi one-dimensional, leading to a strong presence of
excitons and polarons [§I]. The presence of the excitons is significant due to their role in electro-
luminescience in the material (Chapter , while polarons give rise to polaronic levels within the
bandgap, changing the effective threshold for hole or electron injection in the semiconductor.

To fully describe electrical transport in an Alqgs thin film, we must additionally model conduc-
tion not just within Algs molecules but between neighboring molecules as well. Both muon spin
relaxation [28] and variable temperature conductivity measurements [29] have shown that mobility
in Algs can be described in terms of hopping transport, where the quantum tunneling between
molecules is dependent on temperature, electrical field, and interatomic spacing. In particular, the
activated hopping description used by Hirsch [82] shows inverse exponential dependence of the mo-
bility u on the separation between hopping site R, suggesting a strong dependence of conductance
in the film on the molecular separation in the particular crystal structure.

Three factors in total then contribute to conduction across thin films of Alqs: intermolecular, or
transfer of electrons or holes between differing sections of an Alqs molecule; intergrain, or between
different Algs molecules in the same crystal structure; and intragrain, or between different crystalline
grains. Conduction in Algs is dominated by either the inter- or intragrain factors, as muon spin
relaxation measurements on Alqs thin films has identified a 5 orders of magnitude difference in the
intermolecular vs intramolecular mobility (2.3 x 107! em?(Vs)™t vs 1.2 x 1075 em?(Vs)~1) [28].
However, the lower bound for intergrain mobility from muon spin resonance still exceeds the value
of 1.4 x 1076 cm?V~'s~'measured using time of flight measurements, where the time required for a
photo generated current to travel the width of a Algs layer between two metal electrodes under bias
is used to estimate the mobility. The inferior mobility of Algs film measured using bulk techniques
highlights the importance of crystal grains in performance of devices, and the need to eliminate

them for superior device performance.
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Figure 6.3: Energy level diagram common to all organic semiconductors, with the fermi energy Ep
and HOMO and LUMO which are equivalent to the conventional semiconductor’s conduction and
valence band, respectively. Within the energy gap are electron or hole polaron states.

6.3 Semiconducting Characteristics

In organic semiconductors, the analogs the conduction and valence band bands are the highest occu-
pied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), respectively
(F igure. In organic semiconductors, the addition of electrons or holes often leads to an accompa-
nying deformation of the surrounding bond lengths, giving rise to excitations termed polarons [81].
This mechanism leads to electron and hole polaron levels within the energy gap (Figure7 possibly
modifying the voltage onset for conduction, with the precise energy of the polaronic levels depending
on the specific material. For the Alqs, the LUMO and HOMO are located 2.9 and 5.7 eV from the
vacuum energy level respectively [22], with polaronic states located approximately 0.2 eV into the
semiconducting gap [31I]. Density functional theory calculations have shown that the ring of the
ligand closest to the oxygen atom, or the phenoxide portion, is the location of the HOMO orbitals,
while the ring closest to the nitrogen contains the LUMO orbitals [77]. The Al center atom does not
participate in the conduction. Localization of LUMO and HOMO in Algs (Figure accentuates
dependence of film conductance on the crystal structure.

Organic semiconductors often exhibit electroluminescience in tandem with their semiconducting
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(a) (b)

Figure 6.4: Structure of Alqs molecule displaying the three ligands. In (a), for a representative
ligand, the location of the HOMO (filled) states are highlighted with cloud illustrations. (b) similarily
indicates the location of the LUMO (unfilled) states. This localization of filled and unfilled states
holds for all three ligands. Figure adapted with permission from Burrows et al. [30]

a)
Cathode

b)
OSE l

€ +)

© © Anode

Figure 6.5: (a) A metal/organic semiconductor/metal heterostructure under a bias U will cause
injections of electrons (red) and holes (blue) into the organic semiconductor from the cathode and
anode respectively. (b) An electron-hole pair can form a singlet exciton state and then can decay
radiatively into photons (purple).

gap. The generation of light in the organic semiconductor is accomplished by the injection of a hole
and electron, the formation of an exciton, which is a bound state of a hole and electron, and then
the decay of the exciton to emit photons( Figure [6.5). Assuming the electron-hole capture process

to be spin indepedent, spin triplet states are formed in a 3:1 ratio vs spin singlet. As only the spin
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singlet states are allowed by conservation of angular momentum to radiatively emit light, a simple
estimate of device efficiency should give a maximum value of 25%. One major contribution of spin
polarized LEDs is the ability to control the spin of injected electrons and holes to favor spin singlet
exciton formation. The 2.8 eV bandgap leads to predicted emission of light at 459 nm wavelength,

but the precise spectrum depends substantially on the Alqs crystalline phase [83].

6.3.1 STM on Organic Semiconductors

Alvarado et al. were the first to apply the STM technique to organic materials, studying PPV and
its derivatives in 2-12 nm thick films [84]. The pioneering work focused on using the vertical tip
displacement vs bias voltage measurements to determine the alignment of HOMO and LUMO of
the semiconductor to the energy level of the Au(111) substrate, and combining STM measurements
with optical absorption to determine the exciton binding energy in the semiconductor. By intially
establishing the tunnel junction at high magnitude bias and scanning over a small area, and then
reducing the bias voltage magnitude while monitoring the mean z-position of the STM tip, the
voltage for onset of conduction was identified for positive and negative voltages [84]. The sum of
the positive and negative voltage onsets, or single particle energy, was compared with the peak in
optical absorbtion to identify the exciton binding energy. Notable is the absence of clearly resolved
topographic scans, with atomic resolution or otherwise, and spectroscopic measurements; in practice,
these measurements are only possible on monolayer or bilayer thickness films, such as pentacene and
perfluoropentacene on Bi(0001) [85].

Alvarado’s work highlights the unconventional techniques required for investigation of multi-
atomic layer OSE films with STM. For Alqs thin films, the semiconducting bandgap necessitates
a high bias voltage to enable injection of electrons or holes into the LUMO and HOMO, while
the relatively low electron mobility range requires a low bias current. For these reasons, it was
found necessary to use bias voltages of 3V (on the order of the bandgap), and to limit tunneling
current to 20 pA to prevent charging effects and give reproducible topographic scans. Even under

these conditions, the ability to resolve clusters of atoms changes over time as Alqs appears to easily
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interact with the STM tip. Development of a technique similar to Alvarado’s experiment, consisting
of monitoring tip height vs bias voltage (Chapter [2.1.1]), was used to elucidate the band structure

of Alqgs films on LCMO (Chapter @
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Chapter 7

Electron Transport Properties and

the Effect of Annealing in
Alq3;/LCMO Heterostructures

We have successfully deposited and investigated Alqs/LCMO heterostructures of varying thicknesses
to investigate charge transport in Algs. Bulk Alqgs structural properties are preserved down to 10
nm in thickness with a -0.3 eV offset in band energies. The lack of band bending between LCMO
and Alqs is suggestive of a shift in the preferred isomer from meridinial to facial at the interface.
The absence of polaron states from our STM studies implies the relative unimportance of polarons in
Alqs for this heterostructure. In addition, the measured mobilities on the order of 107° cm?(Vs)~!
for electrons and holes more closely resemble values of the intrinsic mobility estimated from the
muon spin relaxation measurements than those from studies of the bulk LED structures, suggesting
that superior film conductivity close to the fundamental limit is possible with a heated substrate

during sublimation.

7.1 Motivation

Organic semiconductors (OSE) have potential in the development of spintronic devices as the semi-
conducting spacer layer in the spin valve structures or as the electroluminescient layer in spin-
polarized LEDs. 8-hydroxyquinoline aluminum, or Alqgs, in particular has been the focus of much

experimental effort due to its high intrinsic mobility [28], tunable luminsescient spectrum as a func-
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tion of crystal structure [78], and low cost and easy deposition techniques of low temperature subli-
mation and spin casting. Electronic transport in Algs thin films has been previously investigated in
bulk metal/Alqs/metal structures, and more complicated structures, with spin-neutral [86] and-spin
polarized [22] currents. Xiong et al. [22] reported a spin diffusion length in Algs of 45 nm, reinforcing
the promising potential for the use of Alqsz in spintronics devices. However, the presence of an ~100
nm thick Algs layer implied that the conductive properites of the spintronic device were dominated
by metallic inclusions and pinholes from the top electrode to the bottom metal. These fabrication
difficulties, combined with the inherent band bending from metal/semiconductor interfaces, compli-
cate clear investigation of the transport properties of the OSE spacer layer. In order to eliminate the
pinholes and charge migration associated with the top metallic electrode in direct contact with the
OSE spacer, we have chosen to replace the electrode with a scanning tunneling microscope (STM)
tip separated from the OSE by a vacuum gap. In this work, we use STM to investigate the charge
transport by measuring electron and hole mobility and energy level alignment of Alqs deposited
on Lag 7Cag 3sMnO3 (LCMO), a half-metallic ferromagnet below its Curie temperatur [5] chosen for
subsequent spin transport measurements.

Alg3 AFM Topography
600 nm (x) by 600 nm (y) by 8.4 nm (z)

Unannealed (20 °C) Annealed (145 °C)
10 +/- 4.2 nm Thick 10 +/- 1.1 nm Thick
150-200 nm Grain Size 40-50 nm Grain Size

Figure 7.1: 3D presentation of AFM images of Alqs films deposited on LCMO films. The images are
on a (600 nm x 600 nm x 8.4 nm) scale. Alqgs films of the same thickness deposited on unannealed
(left) and annealed (right) LCMO films illustrate the fourfold reduction in roughness with heating
of the substrate.
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7.2 Experimental Details

We have studied Alqs films of 20, 10, and 5 nm thicknesses deposited on 100 nm (LCMO) films.
Growth details and characterization measurments for the LCMO samples were discussed in Chap-
ter Algs films are deposited by thin film sublimation under a vacuum of approximately 10~
mbar pressure at a rate of 1.2 nm/min (confirmed with ex situ atomic force microscope (AFM)
measurements on SrTiO3 substrates), with the LCMO film heated to 145°C during the deposition.
Investigations of film morphology vs substrate temperature during deposition revealed Alqs films
grown on substrates heated to 145°C showed fourfold decrease in roughness (Figure , in addi-
tion to changes in mobility to be discussed in Section Following cooling and removal of the
heterostructure from the chamber, the samples were installed in a custom built high vacuum STM
system (Appendix loaded with a Pt/Ir STM tip, and all subsequent measurements are conducted
at high vacuum (107% mbar) in a chamber protected from ambient light to preserve the sample

quality.
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Figure 7.2: (a) Band structure of Pt/Ir Tip and LCMO/Algs heterostructure, with a bias voltage
U applied to the sample. Band bending exists between LCMO and Alqs and is absent between
the semiconductor and STM tip due to the vacuum gap. (b) Representative topography of Alqgs
film taken with +3V bias voltage and 20 pA bias current. The bulk thickness of this Alqs film was
estimated at 2 nm. The scale is 500 A by 500 A, with a height scale of 100 A.

The energy level diagram of Alqs and the resulting heterostructure, including the STM tip, at
negative sample bias is shown in Figure a). The work function of LCMO is 4.8 eV [57], while

those of the lowest unoccupied molecular orbital (LUMO) and highest occupied molecular orbital
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(HOMO) of Alqsareat2.9eVandats.7eV [22], respectively. TheST Mimageo fa2nmthickAlgs film is
shown in Figure (b), which demonstrates successful establishment of a tunnel junction between
the STM tip and the heterostructure. The 3V bias voltage and 20 pA bias current is critical for
reproducible imaging and tip height measurements due to the non-negligible resistance of the Alqs
film (Section [7.3).

If the xy scanning of the STM tip is disengaged, and the bias voltage between tip and heterostruc-
ture is reduced in magnitude while the tunneling current is preserved, the height of the STM tip
follows a path shown in Figure We can identify 3 distinct voltage ranges: the tunneling mode at
high magnitude bias characterized by a tunnel junction between the STM tip and the complete het-
erostructure (b), the point contact mode at intermediate bias magnitude where the STM tip makes
direct contact with the Algs film (c), and the low bias mode where the voltage is not sufficient to
access the electronic states of the Alqs, and the tip is positioned to establish direct contact with the
LCMO film (d). The 3 distinct voltage ranges are common across films of varying Alqs thicknesses,
including when an evaporatively deposited Au film is substituted for LCMO. The tip height at the
transition from the point contact mode (c¢) to contact with LCMO (d) corresponds to the film thick-
ness, as calculated from the deposition rate. The height of the tip, Z, in point contact with the Alqs
film also shows a dependence of Z « (V-Vo), where Vo is the energy difference between the LUMO
and the HOMO and the LCMO work function, depending on the polarity of the bias voltage. The
constant of proportionality is related to the resistance of the conduction cell through the Algs layer,
and is further discussed in Section The tip height vs voltage slope in the point contact mode is
consistent across films of differing thickness grown under the same conditions, and appears to be a

common property of the organic semiconductor film under similar growth conditions.

7.3 Band Alignment and Mobility Measurements

The resulting tip height (Z) vs bias voltage (V) measurements for a 10 nm thick Algs layer, a 5 nm
thick layer, and a bare LCMO film for positive and negative bias voltages are shown in Figure ((a)

and (b), respectively. The two polarities were measured in separate scans. All measurements
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a) STM Tip Height. vs. Bias Voltage
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Figure 7.3: (a) Bias voltage vs tip heights measurements for a 10 nm Alqs/LCMO heterostructure.
Decreasing the magnitude of the bias voltage reveals three ranges, labeled (b), (c¢) and (d), with the
resulting tip position in comparison with the heterostructure depicted in the corresponding section
of the figure. (b) At high bias, a tunnel junction is established between the organic semiconducting
film and tip. (c¢) At intermediate bias, the STM shifts to make point contact with the organic
semiconductor. (d) At low bias voltage, within the Alqs bandgap, the tip is electronically insensitive
to the organic semiconductor, and establishes direct contact with the underlying LCMO film.

presented were conducted on films grown with an annealed LCMO film, as similar scans on films
deposited on unannealed LCMO were not reproducible, and it is believed the heated substrate
increased the mobility of the resulting organic films to a level sufficient for the measurement. The
measured bandgap for the 10 nm sample is 2.7 eV, consistent with values previously reported [30].
We can also note that the bias voltage marking the crossover between direct contact of the STM
tip with the OSE and direct contact of the tip with the LCMO during the scan should be related to
the offset of the LCMO work function and Algs HOMO or LUMO, depending on the polarity of the
bias voltage. In this respect, the bias voltages associated with the onset of conduction for both holes
and electrons are consistent with a -0.3 eV offset for the Alqgs LUMO and HOMO from the earlier
energy level diagram. It is notable that measurements show the lack of either hole or electron type
polaron states in the Alqs film, implying their unimportance in the organic semiconductor in this
heterostructure, and also the lack of band bending between the LCMO and Alqs films. In contrast

to the 10 nm sample, the 5 nm Alqs heterostructure shows the bandgap reduction from 2.7 to 2.4 eV,
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the change primarily associated with the onset of hole injection. Curioni et al. analyzed Alqs using
density functional theory and reported that facial vs. meridinal isomers show a difference in HOMO-
LUMO gap magnitude of 2.4 to 2.7 eV [87]. Strain in the 5 nm film due to the closer proximity to
the underlying LCMO may lead the Alqs facial isomer to be more energetically favorable, leading
to the observed band structure. Similar V vs. Z measurements performed on a 20 nm thick Alqs
layer were not reproducible regardless of the initial bias voltage. These results suggest that a proper
tunneling junction cannot be established through a heterostructure with a Alqgs top layer of 20 nm
thickness, implying that the ballistic electron length through Alqs is between 10 and 20 nm. Further
experiments with intermediate thickness will be necessary to confirm this finding.

To quantify the film mobility, we inspect the slope of the tip height in the contact mode. The
slope is consistent across films of differing thicknesses, and the linear V vs Z dependence signifies a
constant resistivity of the Alqgs film, which allows an order of magnitude estimation of the carrier
mobility p for both holes and electrons. The mobility is calculated by p = (IL)/(VgnA), with I =
20 pA, V the total voltage drop across the film (0.5 volts for 10 nm film at negative energies, for
example), n the charge density of 1.5/nm? (on the order of the Alqs molecular density), L the film
thickness, and A the area of the conduction cell through the Algs film. We estimate a range of values
for A. The upper bound is calculated by the cross section of the STM tip embedded in the Algs when
the STM tip is in direct contact with the LCMO film, resulting in A ~7(10 nm)? for an average tip

radius ~10 nm. The lower bound given is estimated as a square cell, with side length the same as the

(a 20 (b) —10 nm Alg3/LCMO 20
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Figure 7.4: Tip height vs bias voltage measurements for a 10 nm thick Algs layer on LCMO, a 5 nm
layer, and a bare LCMO film for both positive (a) and negative bias (b) voltages, illustrating the
reduction in bandgap with decreasing film thickness. The two polarities were measured in separate
scans.
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Table 7.1:
Technique Electron Mobility Hole Mobility
(cm?/Vs) (cm?/Vs)
STM Measurement 8x 10 to7 x 1078 [ 8 x 107" to 7 x 107°
Time of Flight [S6] 1.4 x 107° 2 x 1078
Bulk LEDs [26][88] 10 12-1071° -
Muon Spin Relaxation [28§] 1.2 x 107 -

lateral wavelength of the observed height modulations in the STM topographic image, or A ~(5 nm)?,
where we have conjectured that the lateral dimension of the topographic modulations are consistent
with the grain size of the Alqs film. The resulting calculated mobilities for holes and electrons are
both comparable, and in the range of 8 x 1075 to 7 x 107% ecm?(Vs)~! in Alqs. The measured
mobility values for Alqsz by STM more closely resemble values from muon spin relaxation than time
of flight measurements or those calculated from transport in bulk LEDs taken from literature (Table
7.1). Possible reasons for the discrepancy are muon spin relaxation measurements make instrinsic
estimations of the electron mobility from interchain diffusion constants, while time of flight and
bulk structuces measure values from bulk structures dominated by the pinholes and interfaces issues
discussed earlier. The increase in film mobility observed to a value on the same order of magnitude
as the intrinsic limit with heated substrate during deposition suggests the presence of a beneficial
crystalline orientation increasing conductivity of the film, with implications for device efficiency.

In conclusion, we have successfully deposited and investigated Alqs/LCMO heterostructures of
varying thicknesses to investigate charge transport in Algs. Bulk Alqs structural properties are
preserved down to 10 nm in thickness with a -0.3 eV offset in band energies and a lack of band
bending between LCMO and Alqs suggesting a shift in preferred isomer from meridinial to facial at
the interface. The absence of polaron states from our STM measurements implies the unimportance
of polarons in Alqgs for this type of heterostructure. In addition, the measured mobilities on the
order of 107 e¢m?(Vs)~! for electrons and holes more closely resemble values of intrinsic mobility
estimated from muon spin relaxation than those from bulk LED structures, which suggest that
superior film conductivity close to the fundamental limit is possible with a heated substrate during

sublimation.
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Chapter 8

Conclusion

We have used spin polarized (SP) and non-polarized scanning tunneling microscopy (STM) to study
spin and charge transport in the manganite Lag 7Cag sMnOs (LCMO) and organic semiconductor
Algz. STM SP-STM studies of LCMO reveal electronic inhomogeneity on the order of a couple
hundred nanometer in size, which decreases above the Curie temperature T, and with applied
magnetic field. This finding gives a practical limit of one hundred nanometers in linear dimension
for any reproducible and consistent devices employing LCMO in the ferromagnetic state without
a stabilizing magnetic field. Using SP-STM, we observe results in agreement with a spin valve
configuration between the magnetic STM tip and ferromagnetic LCMO, as determined by modeling
of tunnel conductance between STM tip and LCMO film as a function of their relative magnetic
orientation. We also observed the presence of a low energy gap at two distinctive energies; one at ~
0.4 eV in energy which is almost temperature indepedent and remains above T, in the absence of
magnetic field but disappears at low temperatures upon the application of a moderate magnetic field,
while the second at ~ 0.6 eV disappears above T.. The former gap is consistent with a psuedogap
predicted for the manganites in regions with phase separation [61] or magnetic cluster formation, as
corroborated by its presence both above and below T. in the absence of magnetic field, and by its
disappearance under finite magnetic fields that lead to increasing mobility and spatial homogeneity
in the manganites. The second gap is favored over the first with application of a magnetic field,
and is attributed to a surface ferromagnetic insulating phase due to surface Ca deficiency based on

evidences of the spin-filtering effect. This ferromagnetic insulator phase has potential for application
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as a spin filter due to the differing gap value for spin majority and spin minority electrons.

We also conduct non-polarized STM studies of Alqs /LCMO heterostructures of varying Alqs film
thickness up to 20 nm. Bulk Alqs structural properties are preserved down to 10 nm in thickness
with a -0.3 eV offset in band energies, with a lack of band bending between LCMO and Alqs. The
finding suggests a shift in the preferred isomer from meridinial to facial below 10 nm Alqs thickness.
The absence of polaron states in the STM studies implies the relative unimportance of polarons in
Alqs for this type of heterostructure. In addition, the measured mobilities on the order of 107°
em?(Vs)~! for electrons and holes in Als films deposited on heated LCMO substrates more closely
resemble values of intrinsic mobility estimated from muon spin relaxation than those from bulk LED
structures, suggesting that superior film conductivity close to the fundamental limit is possible with
a heated substrate during sublimation.

Future studies of LCMO can employ conductance maps of the same area under increasing tem-
perature to directly investigate the conversion of the ferromagnetic insulator gap to psuedogap
and the disappearance of electronic inhomogeneity above T.. Similar measurements on LCMO at
bulk doping x < 0.3 can determine if promixity to the ferromagnetic insulating bulk phases fur-
ther stabilizes the ferromagnetic insulating gap, and similar measurements in the related manganite
Lag.7Srp.3MnOg3 can determine if a ferromagnetic insulating surface phase is universal to the family
of compounds.

Additional non-polarized measurements on Alqs/LCMO heterostructure with Algs thickness less
than 10 nm will allow further characterization of the interfacial Alqs layer. Spectroscopic measure-
ments may be possible in heterostructures at cryogenic temperatures to stabilize the organic semi-
conductor, allowing spin-polarized and non-polarized investigations similar to those measurements

performed with SP-STM to characterize of spin transport in Alqgs thin films.
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Appendix A

Low Temperature UHV
STM /NSOM Design

A.1 Motivation

To investigate the exotic behavior of oxide systems, such as the interplay between ferromagnetism
and the competing orders of charge order and/or antiferromagnestism in manganites and high-
temperature superconductivity in cuprates, with nanoscale spatial resolution requires an STM ca-
pable of operating at cryogenic temperatures to reach the correct region of the phase diagram, ultra
high vacuum to prevent sample degredation, and large applied magnetic fields to alter the sample
phase. However, such an STM has never incorporated optical probes to permit simultaneous spa-
tially resolved measurements of optical and electronic sample behavior under the above conditions.
For this reason, a portion of this thesis was dedicated to design and partial assembly of an STM
meeting the above specification but also incorporating a pair of far-field polished fiber optic probes
for spatially averaged photonic detection and alignment of tip to specific sections of samples, and a
near-field independently positioned tapered optical fiber operated in conjuction with an STM tip to

allow high sensitivity, spatially resolved photonic detection.



95
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Figure A.1: (a) STM section design, consisting of a top section with STM z-stage coarse approach
and bottom section with sample, xy-translation stage and optical probes mated by a cylindrical
molybdenum shell. (b) Close up view of STM/NSOM, with piezotube scanner, STM tip, sample,
and near field and far field optical probes labeled.

A.2 Construction and Design

A.2.1 STM Section

The STM section itself is divided seperated into two halves joined by a cylindrical shell (Figure
(a)). The overall design of the STM components mimics Ching-tzu Chen’s previous STM [43],
discussed in Chapter and uses piezoelectric stacks (piezostacks) in contact with a sapphire crystal
driven in a stick/slip fashion to coarsely translate the STM into and out of tunneling range, and
a piezoelectric tube (piezotube) to control tip rastering and height. The top section contains the
tip, the coarse approach z-stage for translating the sample into and out of tunneling range and the
piezoelectric tube scanner for fine control of the STM tip. The bottom section includes the sample
holder, xy-translation stage to shift the sample position with respect to the STM tip, and far-field
and near-field optical probes for imaging and photon detection (Figure (b)) Roughly 95% of
the machining of the STM head was performed by me, with greatly appreciated assistance from Nils
Asplund for construction of the sample transfer stage.

Figure (a) shows a 3D rendering of the STM head. The materials used in construction of the
head were molybdenum, Shapal(©), an aluminum nitride ceramic, sapphire, and lead zirconate titan-
ite, a piezoceramic material. All materials were chosen for their low outgassing and non-magnetic

behavior, and similar coefficient of thermal expansion in the range of ~5 x 1075 ppm to minimize



96

thermal drift. The main z-stage coarse approach body, sample holder, and shell surrounding the
STM head were machined from molybdenum, chosen for its durability and high thermal conduc-
tivity. Shapal(©) was used as an insulating spacer for high voltage connections to the piezo stacks,
and exhibits high thermal conductivity for a ceramic material (~ 100 W/m-K at room temperature)
while retaining high machineablility. The piezostacks controling the coarse z approach of the STM
stage, the xy-translation of the sample are composed of lead zirconate titanate (EBL #2, EBL Prod-
ucts Inc., 91 Prestige Park Circle, East Hartford, CT 06108), as is the piezotube controlling fine xyz
control of the STM tip. One alteration from the previous design is a switch to a 0.200” diameter
piezotube for superior durability. The total translation range in the z-direction is ~3 cm, while in
the xy-direction the sample can travel +/- 1 cm. Fine x,y, and z control of the tip is controlled by
a piezo tube attached to an STM tip holder, with +/- 53 pm range in the xy- direction and +/- 13

pm range in the z- at 300K.

A.2.2 NSOM Probes
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Figure A.2: (a) NSOM Block Diagram, highlighting components necessary for far field optical probe,
NSOM, and STM. (b) Image of polished 125 pm diameter optical fiber [89].

Proxiamate to the sample holder are the indepedent far field polished optical fiber lenses and

near field tapered optical fiber probe. The two far field probes consists of a 125 um diameter
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optical fiber with a polished lense to concentrate light into the fiber, purchased from Oz Optics
(219 Westbrook Road, Ottawa, Ontario, Canada). The probe are mounted in a plate which extends
from the STM head. Two such probes are paired to serve as an imaging system for the STM tip,
sample, and near field probe. In this application, one tapered lense is optically coupled to a HeNe
laser (HRRO15, Thor Labs) located outside the UHV system and serves to illuminate the STM
stage, with the second probe collects the reflected light and tranmits to a CCD camera (DCU224M,
Thor Labs) for imaging. In addition, the far-field probe allows for detections of the total quantity
of electroluminscient light generated by electron and hole recombination from the STM tunneling
current if the magnitude is sufficiently strong. This light can be coupled to a photodiode (PDA8SGS,
Thor Labs) for overall intensity measurement, or to a spectrometer (CCS100) to identify the spectral

weight verus wavelength of the light generated.

(@)

_~ Fiber taper mount

‘ Sample  Taperinput -

Taper N

transmission Fiber taper

(b)

:
&’Fibertaper _/

Figure A.3: (a) NSOM probe components. (b) NSOM coupling diagram. Figures adapted with
permission from Barclay et al. [90]

The near field optical fiber taper is a method for highly efficient power transfer between the optical
probe and sample optical structure with tunability of the coupling strength and phase matching
frequency recently developed by Professor Oskar Painter’s group at Caltech [90]. It consists of a
single mode fiber heated and streched until it reaches a minimum of 1 ym, and brought close enough
to an optically active structure to allow interaction by the evanescent tail of the fiber’s fundamental
mode with the structure(Figure[A.3|(b)). Operated in this mode, the maximum range for evanescent
coupling is on the order of approximately 1 pm [90], requiring precision placement of the tapered

fiber to couple to a structure but in turn giving spatially resolved optical data with a ~50 nm
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resolution. In practice, a tunable frequency laser (ECL5000DT, Thor Labs) is coupled into the
tapered fiber, along with photodiode at the input and output to measure reflected and transmitted
light intensity respectively and thereby determine the energy transmitted to the sample structure
(Figure (b)). The system can also be operated without the pump laser to detect photons
emitted from the tip/sample junction. The fiber is attached to a sapphire fiber mount, sitting
on Attocube ANPx51/LT/UHV and ANPz51/LT/UHV low temperature piezoelectric translation
stages to control the horizontial and vertical distance of the tapered fiber from the STM /sample
tunnel junction. If brought within range of the tip and sample, the tapered fiber and STM can be
operated together with one tool as the pump and the alternate as the probe. If the tapered fiber is
coupled to the input laser, the STM can be used in spectroscopic mode to investigate alterations in
the sample DOS due to the optical pumping from the fiber, while the STM tunneling current can

induce electroluminescience detectable by the tapered fiber.

Bellows

(b) Electric Feedthrough

Loadlock

lon Pump Low Temp.

lon Pump
Probe

Linear

Main Chamber Translator

STM
Stage

Figure A.4: STM UHV Chamber and cryogenic dewar, with STM in measurement position. (a)
Cutaway view (b) Angled view (bellows omitted for clarity).
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A.2.3 UHYV System and Cryogenic Dewar

The design for the STM stage encloses it in a UHV system on a liquid helium dewar with supercon-
ducting magnet, as depicted in Figure (a) and (b). The UHV system is designed to keep the
STM in ultra high vacuum pressure during loading of new tips, samples, or at cryogenic tempera-
ture operation. The STM stage is suspended from a stainless steel probe section, welded to a top
plate attached to the a customed design bellows (Metal Flex Welded Bellows Inc., 149 Lakemont
Road, Newport, VT 05855) with 60” of travel range. The bellows can extend or compress to allow
adjustment of the STM stage height depending on the stage of experiment; the STM stage can be
located at the height level of the center of the main chamber to allow transfer of sample or of tips,
and subsequently moved into the dewar for low temperature or magnetic field measurements. The
main UHV chamber is attached on the bottom port to a jacket which extends into the 9 tesla 4”
bore superconducting magnet in the helium dewar, while the top port is attached to the bellows.
The top flange of the probe is attached to a feedthrough chamber with connections for the probe’s
electrical wiring and optical fibers to exit the UHV system to the optics and control electronics.
When operated, the system will require a similar set of preamplifier, STM controller, STM piezo
motor, and computer discussed in Chapter [2l Separated from the main chamber by a gate valve is
the loadlock system, which incorporates an additional gate valve to ambient atmosphere for load-
ing, vacuum connection to a turbomolecular pump, and a linear translator with a spring loaded
attachment to transport the sample holder onto and off of the STM stage. Vacuum is maintained in
the system by a turbomolecular pump backed by a mechanical pump (not shown) connected to the
loadlock and main chamber, and a Perkin-Elmer 220 L ion pump attached to the main chamber.
The STM stage is suspended from a copper cone on the bottom of the probe section by three
0.0254” diameter BeCu wire extension springs to vibrationally isolate the stage from UHV chamber
and cryogenic dewar (Figure . The copper cone comes into contact with a low temperature
copper countercone welded to the jacket in the dewar to minimize pendulum motions from an
extended probe, and to increase the cooling provided by the cryogenic liquid surrounding the jacket.

The wiring and fiber optics are heat sunk at the copper cone to minimize heat delievered to the STM
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Figure A.5: STM heatsink stage, with copper cone and wiring feedthroughs.

by room temperature connections at the feedthrough chamber. Manganin wires are used from the
heat sink stage to the feedthrough chamber to minimize heat transported from room temperature
connections. Along the length of the probe are a series of baffles to shield the low temperature
section from room temperature radiation, and a number of CuBe leaf springs to increase contact
with the cold jacket walls.

(b)

Sample

Locking Sample
Spring Dock

Figure A.6: (a) STM sample holder. (b) STM sample dock with the STM head.

Sample swapping in vacuum is acheived by a removable sample stage (Figure (a)). The
sample is fixed onto the stage by a CuBe leaf spring (sample spring) in the loadlock chamber, with
the sample stage attached to the STM stage mate on the linear translator by the transfer port
(Figure @ The gate valve to outside atmosphere is closed, vacuum is established in the loadlock
chamber, and the gate value to the main chamber is opened. The sample stage is moved toward

the sample dock in the STM head (Figure (b)). The sample holder slides into the dock until it
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reaches the backstop, and is held in place by an additional CuBe spring (locking spring), allowing
the the sample stage mate on the linear translator to twist off and return to the loadlock chamber.
The gate valve between loadlock and main chamber is closed, and the STM can translate down into

the dewar for low temperature measurements.

Linear Translator

STM Sample Stage Mate

Figure A.7: STM sample holder mate attached to linear translator.

Further vibration isolation of the STM is accomplished by mounting the UHV system and dewar
on a 3” aluminum plate, supported by 4 pneumatic vibration isolation legs to isolate the system
from building vibrations. Additional lead shot will be added to the plate to increase the mass and
decrease the resonant frequency of the system. The entire system will be installed in a room lined

with sound absorbing foam.

A.2.4 Current Progress

The current progress in construction of the system at the time of writing is completion of the STM
head with z approach stage, implementing the in-chamber vibration isolation system, and mounting
in the UHV system. Future works will involve installing the xy-translation stage, mounting the
system on the cryogenic dewar, installing far-field and NSOM optic probes, and constructing the

low temperature probe for vertical translation of the STM head.
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