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Semiconductor technology is based on tuning the properties of devices by manipulat-

ing thin films and interfaces. Recently, this approach has been extended to complex ox-

ides, where quantum many-body interactions give rise to emergent ground states not

present in the parent materials. Rationally controlling and engineering correlated elec-

tronic phases has the potential to revolutionize modern electronics, but is hindered by

the inability of current theory to account for the effects of many-body interactions on

the underlying electronic structure. Manganites provide a particularly model system

for studying many-body effects due to their complex electronic and magnetic phase di-

agrams, which give rise to many potentially useful properties. Despite extensive work

on manganite films demonstrating numerous electronic phase transitions, little is directly

known about how the electronic structure responds to the ‘control parameters’ accessible

in thin films. This dissertation presents direct measurements of the electronic structure in

La1−xSrxMnO3 based thin films and interfaces through several phase transitions using a

unique integrated oxide molecular-beam epitaxy and angle-resolved photoemission spec-

troscopy system.

We observe the full Fermi surface and near-EF electronic structure of the ferromag-

netic and A-type antiferromagnetic metallic phases, reconciling first-principles calcula-

tions with experiment for the first time. Furthermore, our results provide key insights into

the polaronic nature of the metallic charge carriers. We then explore the mechanism un-

derlying the insulating ground state for La2/3Sr1/3MnO3 under strong tensile strain. Our

measurements rule out the scenarios of bandwidth or localization-driven metal-insulator



transitions, and reveal an instability of the strongly interacting metal towards an ordered

insulating phase that can be accessed through epitaxial strain. By next studying atomi-

cally precise interfaces in (LaMnO3)2n/(SrMnO3)n superlattices, we directly see how the

interplay between dimensionality and strong many-body interactions drives large period

superlattices into a pseudogapped insulating phase. Our results provide new insights

into the physics of perovskite manganites, and illustrate in detail the nature and impor-

tance of phase competition in controlling the electronic properties of correlated thin films.

These results should be applicable to correlated materials in general, and can help de-

velop predictive models capable of realizing the full potential of oxide electronics.
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Chapter 1

Introduction

Strongly correlated materials form a central theme within condensed matter physics.

These are materials in which conventional Fermi liquid and bandstructure considera-

tions fail to account for their macroscopic properties due to strong Coulomb interactions

between electrons or the many-body interactions of electrons with other degrees of free-

dom. This field can be traced back to work on electron-electron repulsion by Wigner in

1934 [2], leading to Mott’s subsequent proposal [3] that the insulating nature of NiO is due

to Coulomb interactions that prevent two electrons from sharing the same site - the Mott

insulator now bears his name. Since then, a wide array of correlated materials have been

discovered and share the common theme of extreme electrical and magnetic properties

compared with conventional Fermi liquids. Just a few examples are superconductivity at

temperatures above 130 K [4], up to 1011 fold changes in resistivity under the application

magnetic fields [5], and many transitions between metallic and insulating phases caused

by small perturbations [6]. The many-body problem of calculating the properties of a sys-

tem of strongly interacting degrees of freedom presents an immense challenge to modern

theoretical physics. For this reason, theoretical progress is based on creating accurate and
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predictive approximation schemes, whose development relies extensively on exploratory

experimental studies and discoveries of new materials with interesting behavior.

Despite these challenges, a great deal of progress has been made on treating and un-

derstanding correlated materials over the past six decades, and recent work has begun

to focus on the possibility of using correlations to rationally engineer new useful physical

properties [7]. The biggest motivation for this endeavor is to generate materials for the

next generation of electronic devices that take advantage of correlated materials’ extreme

electronic and magnetic behaviors at the atomic scale [8]. As was the case for semicon-

ductor microelectronics, much of the promise for this new field lies in thin film growth

techniques. Several milestones have already been reached, including the generation of

high mobility two-dimensional electron gases in complex oxide heterostructures [9] and

the realization of a theoretically predicted multiferroic in a strained thin film [10]. Un-

fortunately, examples of successful theoretical predictions are rare due to the inherent

complexity of many-body interactions, and the field still progresses largely through unex-

pected experimental discoveries. True rational engineering of many-body phases stands

just beyond reach.

There thus remains a strong need to develop a more complete understanding of the

microscopic physics underlying the macroscopic behavior of strongly correlated materi-

als, and particularly how they respond to the tuning parameters accessible through thin

film growth. In this dissertation, I present direct experimental measurements of the elec-

tronic structure of manganite thin films that provide new insight into the role played

by many-body interactions in tuning their electronic properties through several phase

transitions. The colossal magnetoresistive manganites are one of the most extensively

studied families of correlated materials, and provide an ideal system for modifying the

electronic and magnetic properties through thin film growth due to their many competing

interactions and the presence of many accessible ground states [11]. In addition, mangan-
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ite films play a central role in many potential spintronic and oxide electronics devices

[12, 13, 14, 15]. The three most important “knobs” for engineering conventional semicon-

ductor thin films are chemical doping, epitaxial strain, and interface engineering. This

dissertation will explore the effect of all three on the underlying electronic structure of

La1−xSrxMnO3 films using our unique combined oxide molecular-beam epitaxy (MBE)

and in-situ angle-resolved photoemission spectroscopy (ARPES) system.

Chemical doping (e.g., varying x) is extensively used to tune the properties of bulk

crystals, and as a result has been extensively studied by ARPES in many compounds

[16, 17]. Nevertheless, due to experimental difficulties in measuring La1−xSrxMnO3 sin-

gle crystals with ARPES, our results represent the first determination of how its entire

Fermi surface and near-EF electronic structure evolve with x. We reconcile the elec-

tronic structure of this canonical large-bandwidth manganite with theory and the heavily-

studied Ruddlesden-Popper (La,Sr)m+1MnmO3m+1 compounds, provide measurements of

the strength of many-body interactions within the metallic phase, and confirm our results

for a wide range in x spanning the ferromagnetic to antiferromagnetic phase transition at

x = 0.5.

Epitaxial strain, where films are grown on deliberately lattice mismatched substrates,

has been used to dramatically alter the electronic phases of many complex oxides [18].

Here I present the first direct measurements of the near-EF electronic structure through

a strain driven metal-insulator transition, which allow us to determine the hitherto un-

known underlying mechanism. Our results rule out band insulator or Anderson localized

phases, and instead reveal how epitaxial strain drives La2/3Sr1/3MnO3 between two dras-

tically different regimes: the bulk-like strongly interacting metal and an insulator with

static or fluctuating order.

Interface engineering has no bulk analogue. It corresponds to growing two or more

distinct materials on top of each other, with the goal of generating new phases or phys-
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ical properties at the atomic-scale interfaces between them. Exotic magnetism [19], high

temperature superconductivity [20], and two-dimensional correlated electron systems

[9, 21, 22] are only a few examples of novel states recently realized at complex oxide

interfaces. Until now, such interfaces have remained inaccessible to ARPES. In this

dissertation I present measurements of the electronic structure at the interfaces within

(LaMnO3)2n/(SrMnO3)n superlattices. Tuning the separation between neighboring inter-

faces via n drives the system between a bulk-La2/3Sr1/3MnO3-like three dimensional po-

laronic metal to a strongly correlated pseudogapped insulator. We explain this behavior

through the reduced dimensionality inherent to isolated interfaces, which enhances the

effects of many-body interactions and makes the metallic phase unstable to fluctuations

involving ordered insulating states.

Our results in all three cases demonstrate the central role played by quantum many-

body interactions in controlling the physical properties of manganite thin films, and how

the effects of those interactions can be rationally tuned through structure and interface

engineering. These results can contribute to the formation of a general framework for

treating many-body interactions in correlated thin films and heterostructures, providing

a pathway for exploiting such effects in novel electronics.
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Chapter 2

Photoemission spectroscopy and

electronic structure

The central technique involved in this dissertation, photoelectron spectroscopy, was dis-

covered in 1887 (ref. [23]) and predates the development of modern physics. The fact that

photoelectron spectroscopy finds more use today than ever before is a testament to the

profound insight that can be gained from such a fundamental process and the ingenuity

with which scientists continue to develop its methodology and applications.

With our modern understanding of the quantized nature of light and the structure of

the atom, the photoelectric effect is simple to comprehend. A material is illuminated with

ultraviolet light or x-rays. An electron absorbs one of these photons, and is provided with

enough energy to be ejected from the material (Fig. 2.1a). This picture was less clear in

1887, when the controversial atom of electricity had yet to be named the electron [24], and

the concept of photons had been thoroughly trounced by Maxwell’s wave theory of light.

In fact, the explanation of the photoelectric effect by Albert Einstein and subsequent
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Figure 2.1: (a) A schematic illustration of the photoemission process. A
single photon is absorbed, causing the emission of a single elec-
tron at an angle θ with respect to the surface. (b) The energetics
of the photoemission process (Reprinted with permission from
A. Damascelli, Z. Hussain & Z.-X. Shen (2003) [16]. Copyright
2003 by the American Physical Society). The photon of en-
ergy hν excites an electron from the sample into the vacuum
by overcoming the work function φ. The free electron’s energy
is detected, and via the known hν is related directly to electron
binding energies within the sample.

tests of his theory by Robert A. Millikan provided the essential proof of the photon’s

existence and spurred the development of quantum mechanics. Key to this discovery was

the observation that the energy of photoemitted electrons is independent of the intensity

of light used. In Maxwell’s wave theory of light, electrons continuously absorb energy

from the electromagnetic field. A more intense field generates higher energy electrons.

Based on Planck’s theory of black body radiation, Einstein realized instead that if light

came in quantized units of energy hν, with ν the frequency, the energy of electrons would

be proportional to and solely determined by ν [25]. This dependence was later verified in

detail by Millikan [26]. It was this work that resulted in Einstein’s Nobel prize (1921), and

Millikan was subsequently awarded with the same for his contributions (1923).
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In the 20th century, photoelectron spectroscopy became an important tool for study-

ing the chemical makeup of a wide variety of materials, and led to a third Nobel prize

for the photoelectric effect (Kai Siegbahn in 1981). In 1964, two essential steps were made

in the development of photoelectron spectroscopy in back-to-back papers: Gobeli, Allen

and Kane demonstrated the conservation of electron momentum in the photoemission

process from crystalline solids, and Kane realized the implications for directly measuring

bandstructure [27, 28]. This new technique, angle-resolved photoelectron spectroscopy

(ARPES), has subsequently contributed extensively to our understanding of the elec-

tronic structure underlying the behavior of crystalline materials, and plays the central

role within this dissertation.

2.1 X-ray photoelectron spectroscopy

First and foremost the photoemission process relies on energy conservation. A photon

has energy hν and the electric field at the surface of a material provides a work function

(φ) that reduces the energy of escaping electrons. Then for an electron of binding energy

EB (with respect to the chemical potential), the photoemission process must satisfy:

Ekin = hν − φ − EB

Where Ekin is the kinetic energy of the emitted electron. Figure 2.1b illustrates this process.

Work functions typically fall in the range of 3-5 eV, so we find that photoemission can

precisely measure the electron energy levels within a material up to nearly hν. When the

photons used are x-rays (hν � 100 eV), photoemission spectroscopy becomes a powerful

technique for measuring the deeply bound atomic-like core levels that contain detailed

information on sample stoichiometry and the chemical environment.

Because they are highly localized around an individual atom, the core levels measured

7



by X-ray photoelectron spectroscopy (XPS) occur at energies characteristic of the relevant

element and are only weakly perturbed (typically ∆E ≈ 1 eV) due to details of the chem-

ical environment. By identifying all of the core levels and measuring their intensities,

the elemental composition of a sample can be determined to a typical accuracy of a few

percent. Excluding instrumental factors that are the same for all peaks (photon intensity,

detector efficiency, etc. . . ), the photoemission intensity for core level i of element X with

energy E is [29]:

I(i, X) = σ(hν, α, E)T (i, X)λm f p(E)n(X)

Where σ is the cross section for photoemission, which generally depends on the angle

between the incident photon and detected electron, α . These are ideally calibrated for

the material of interested based on similar materials, but in many cases calculated cross

sections for isolated atoms are used [30]. The factor T (i, X) describes the probability of

transmission through the surface, λm f p(E) is the energy-dependent electron escape depth,

and n(X) is the desired elemental concentration. Typically, many core levels are measured

and a comparison of the integrated intensities provides the relative atomic concentrations

for each element.

In addition, XPS is routinely performed with sub-eV resolution, and can resolve small

shifts induced by the chemical environment of each atom. Final state effects like exchange

coupling to valence band states can also give rise to peak-splittings on the scale of ≈ 1 eV,

which provide another sensitive indication of chemical environment. The calculation of

this fine structure is more complex than that of atomic-like intensities, but by comparison

to reference samples fine details of the bonding environment, such as oxidation states,

can be determined.

The electron escape depth or mean-free-path, λm f p, is critical to the interpretation of

photoemission results. Electrons are easily scattered, and so λm f p is extremely short.

Escape depths have been measured for several materials and have been found to fall

8



l
m

fp
 (n

m
)

100

10

1

0.1
100101 1000

Kinetic energy (eV)

Figure 2.2: The universal curve of electron mean free path vs. kinetic en-
ergy. Adapted from ref. [31]. Dotted lines encompass the com-
piled data from many materials. Note that given the logarith-
mic scales, these bounds represent a large amount of variabil-
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roughly along a so-called universal curve (Fig. 2.2). Typical values are 1-5 nm for XPS, and

can become considerably shorter for lower photon energies. On the one hand this places

severe limitations on the ability of photoemission to determine the properties of bulk

materials, and great care must be taken to measure pristine surfaces and avoid surface-

related changes in composition and chemistry. On the other hand, this surface sensitivity

has established photoemission as one of the most powerful surface analysis techniques

available.

A particular technique that makes use of the intrinsically short λm f p is angle-resolved

x-ray photoelectron spectroscopy (ARXPS) [32]. The electron mean-free-path is a material

dependent quantity, but translating it into the depth of material probed by XPS (dprobe) re-

quires consideration of the experimental geometry as well. In the simplest consideration,

one notes that as the angle of electron propagation with respect to the sample surface in-

creases, the electron must pass through more material before exiting the crystal (Fig. 2.3a).

Thus, as the angle between electron detection and the surface normal (θ) is increased, the
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Figure 2.3: (a) The key principle behind ARXPS depth profiling. As the
angle θ between the emitted electron and the surface normal
increases, the electron must pass through more material before
exiting the sample. This leads to a cos θ dependence of the ef-
fective probing depth (≈ triple the escape depth) on the emis-
sion angle (b).

volume probed by XPS decreases as dprobe ∝ λm f p cos θ (Figure 2.3b). Measuring atomic

concentrations or chemical-induced spectral features as a function of emission angle thus

allows for the precise determinations of depth profiles near the surface with sub-nm res-

olution.

2.2 Angle-resolved photoelectron spectroscopy and the three step

model

In addition to energy conservation, the clean surface of a crystal preserves its periodicity

along the in-plane (x, y) directions. An immediate consequence of Noether’s theorem is

the conservation of the in-plane components of electron momentum (kx, ky). This simple

consideration highlights the most important principle of ARPES: by measuring the E(k)

relationship for the electrons photoemitted from a crystal, one can directly determine its

10



bandstructure.

That the electron momentum vector can be determined by ARPES is trivial: we mea-

sure both the energy of an electron and its propagation direction. The energy provides

us with the magnitude of momentum via E = p2/2me, and the direction is parallel to

the measured free electron propagation direction (i.e., its angle with respect to the crystal

surface). Due to the non-conservation of kz, this component of momentum must be given

special consideration. We discuss this further in section 5.2.1.

Due to the fact that we are no longer dealing with non-dispersive atomic-like core lev-

els, we must be more careful with our formalism. The most common method of analysis

for ARPES data relies on the three-step model [29]. In this approximation scheme we break

down the photoemission process into three steps. First, the photon is absorbed and ex-

cites the electron from the initial Bloch state to a higher energy final Bloch state within the

crystal. Second, the excited electron propagates to the crystal surface. Third, the electron

escapes through the surface of the crystal into a free-electron vacuum state. In reality, all

steps form a single coherent quantum process, but the separation into well defined and

easier to compute quantities makes analysis of ARPES data more tractable.

The most complicated first step contains the information we wish to learn about the

crystal’s electronic structure. First, let us start by ignoring many-body effects and treat-

ing the crystal’s states as a collection of independent electron energy levels. We can use

Fermi’s golden rule to calculate the photoemission intensity corresponding to transitions

from an initial single-electron Bloch state (ψi(ki)) of energy Ei(ki) to a final single-electron

Bloch state (ψ f (k f )) of energy E f (k f ) (ref. [29]):

I(E f ,k f , hν) ∝
∑

i

|〈ψ f (k f )|A · p|ψi(ki)〉|2δ(hν − (E f (k f ) − Ei(ki)))

The transition matrix element involves the vector potential (A), and we have made use

of the dipole approximation (∇A = 0). This form illustrates two critical factors contribut-
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ing to the photoemission intensity: first, the δ-function between terms of the form E(k)

demonstrates that the photoemission intensity directly tracks the bandstructure of the

system. Second, the photoemission intensity is modulated by a dipole matrix element

between the initial and final states. The consequences of this term are creatively called

matrix element effects by the photoemission community. Varying the photon energy and

polarization has a large effect on this term, and it can be used to isolate specific bands

of interest in many-band systems [33], or to determine the symmetries and even spin

arrangement of the observed states [34].

More generally, the electronic structure of crystals must be described as a many body

system. In this context the δ-function in the above expression is replaced by the spectral

function A(k, ω), where ω is the electron energy with respect to EF . In addition, since pho-

toemission only measures occupied electronic states, the intensity is further multiplied

by a Fermi function centered at EF . The association between the ARPES intensity and

A(k, ω) requires the use of the so-called sudden approximation, wherein we assume that

the initial electron was instantaneously removed from the crystal before the many-body

system could relax. This is generally assumed valid at large photon energies, but must

break down for small enough hν. Nevertheless, this approximation is in widespread use

and has so far produced satisfactory results even for very low energy ARPES (hν < 7 eV).

In technical terms, A is the imaginary part of the one-electron removal Green’s func-

tion that describes the propagation of one-hole excitations in the many-body ground state

[16] and is given by:

A(k, ω) =
∑

m

| < ψN−1
m |ck|ψ

N
i > |2δ(ω − (EN−1

m − EN
i ))

Here we see directly how it corresponds to the removal of a single electron (ck) from an N

particle state to form a new N−1 particle state with its energy reduced byω, of which there

are several possibilities each labeled by m. In a non-interacting system, this reduces to a

delta-function peak that tracks the single-electron bandstructure (Fig. 2.4a). In the true
12
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Non-interacting electrons Fermi liquid

Figure 2.4: (a) Illustration of the spectral function vs. energy and momen-
tum for a non-interacting system, which consists of a delta-
function peak at each value of k. (b) The spectral function for a
Fermi liquid still includes sharply defined quasiparticle peaks,
but also now includes a broad incoherent background at higher
binding energies. As the quasiparticle moves farther in energy
from EF its scattering rate increases and the peak broadens.
(Both figures reprinted with permission from A. Damascelli,
Z. Hussain & Z.-X. Shen (2003) [16]. Copyright 2003 by the
American Physical Society).

many-body system, A(k, ω) describes the probability of generating a hole with a given

momentum and energy, starting from the ground state.

2.3 Incoherent spectral weight and bandstructure renormalization

With Fermi liquid theory as our guide, it would be desirable to cast the spectral function

in a form where its connection to electron like quasiparticles is more transparent. With

this aim in mind, it is convenient to discuss the effects of many-body interactions in terms

of an electron self-energy Σ, whose real part (Σ′) is related to the renormalization of quasi-

particle energies and whose imaginary part (Σ′′) gives the finite quasiparticle lifetime. We
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write [16]:

A(k, ω) = −
1
π

Σ′′(k, ω)
(ω − εk − Σ′(k, ω))2 + (Σ′′(k, ω))2

Where εk is the non-interacting bandstructure. This form is quite suggestive, and one

can see how for weak Σ that varies slowly as a function of k and ω the spectral function

becomes a sharp peak at the renormalized energy εk − Σ′(k, ω) and with width inversely

proportional to Σ′′(k, ω). In the case where Σ is large and does appreciably depend on

energy or momentum, the concept of a Fermi liquid may break down entirely and the

spectral function can assume a form without well defined peaks. In general, it is typical to

discuss the spectral function as composed of two distinct terms: a coherent quasiparticle

like Lorentzian peak and a broad so-called incoherent background, which describes more

complex many-body processes. Figure 2.4b shows an example spectral function for a

Fermi liquid with a non-negligible incoherent background.

At first pass one might assume that the incoherent spectral weight contains little use-

ful information on the underlying bandstructure of correlated materials, since Fermi liq-

uid theory focuses entirely on quasiparticles. Nevertheless, Fermi liquid theory breaks

down in many correlated materials of interest, and the incoherent spectral weight pro-

vides important insights into the resultant many-body state. For example, in the Mott

insulating state of the cuprates, it was shown that the dispersive lower Hubbard band

features observed by ARPES consist of incoherent spectral weight arising from a strong

electron-lattice coupling[35]. More generally, theoretical studies of systems with very

strong electron-phonon coupling have demonstrated that the quasiparticle weight can

become vanishingly small while the incoherent features track the underlying bare band-

structure in k and ω (refs. [36, 37]).

The case of a weaker electron-phonon coupling’s effect on bandstructure is well es-

tablished (see e.g., ref. [38, 39]), and provides an example where both coherent and in-

coherent parts of the spectral function play a central role in ARPES analysis (Fig. 2.5).
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Figure 2.5: The ‘kink’ in the electronic structure near EF induced by
electron-phonon (or more generally any boson) coupling. The
band is split into a low-energy coherent part, and a high en-
ergy incoherent part. MDC fits to ARPES data over this range
will track both halves, resulting in a distinct kink at the phonon
energy (ωphonon).

Below the energy of the optical phonon mode, screening of the hole’s charge by a coher-

ent lattice distortion leads to a renormalization of the energies that increases the effective

mass: the hole drags the lattice distortion with it as it moves through the crystal. Thus,

the spectral function below the phonon energy consists of a sharp coherent quasiparti-

cle. Above this threshold, the emission of phonons becomes possible, leading to rapid

damping of any charged excitations and eliminating the possibility of coherent quasipar-

ticle motion. Since the lattice is unable to coherently screen this excitation, the hole sees

an effectively frozen lattice and tracks the unrenormalized bare dispersion that occurs in

the absence of electron-phonon coupling. The presence of a low energy high-mass feature

and a high-energy low-mass feature gives rise to the ‘kink’ seen in many ARPES measure-

ments of systems with strong electron-phonon coupling (Fig. 2.5), and the degree of mass

renormalization is routinely used to indicate the approximate electron-phonon coupling

strength (λe-ph =
mlow-energy

mhigh-energy
− 1 in a weak coupling treatment).
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2.4 kz effects in ARPES

Above we noted that, unlike kx and ky, kz is not conserved during the photoemission pro-

cess. ARPES is often used to study quasi-two-dimensional materials where kz is irrelevant,

but in the case of truly three-dimensional electronic structure, the determination of kz be-

comes an important task. Unfortunately, there are no precise and generally applicable

methods for the determination of kz, which depends not only on material-specific proper-

ties but very sensitively on photon energy. On the other hand, the dependence on photon

energy provides us with a handhold if we make the crude but somewhat reasonable as-

sumption that the high-energy final state in the photoemission process can be described

with a free electron parabolic dispersion whose only free parameter is an overall energy

offset: the inner potential (V0). Knowing the final-state dispersion is sufficient since the

first step of the three step model, excitation from the initial to the final state, conserves all

three components of k. Basic kinematic constraints provide us with (ref. [16]):

kz =

√
2m
~2 (Ekin + V0) − k2

q (2.1)

Where m is the electron mass, Ekin is the kinetic energy of a photoelectron, and k2
q = k2

x + k2
y .

For electrons at the Fermi level that are typically of most interest to ARPES, we write Eq.

2.1 in terms of the photon energy and the work function:

kz =

√
2m
~2 (hν + V0 − φ) − k2

q (2.2)

The determination of the inner potential requires ARPES data spanning a range in photon

energies sufficient to cover more than one Brillouin zone along kz. The periodicity of the

ARPES data as a function of hν is then used to determine an appropriate V0.

In addition, kz is susceptible to an additional complication related to the short elec-

tron mean-free-path [40]. We wish to precisely determine the electron’s momentum, yet

its wavefunction decays within ≈ 1 nm of the surface. Heisenberg’s uncertainty princi-

ple tells us that our task is impossible, and that there must be an intrinsic broadening of
16
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Figure 2.6: Simulations of normal-emission ARPES spectra from the cop-
per sp band for varying electron mean free paths from very
long (left panel) to very short (right panel). Long λm f p corre-
sponds to a small amount of kz broadening, allowing the in-
trinsic bandstructure to be observed. Short λm f p averages over
all kz, resulting in significantly broadened spectra and the loss
of a well defined band. (Figure reprinted from V.N. Strocov
(2003) [40], with permission from Elsevier).

kz. For the particular form of wavefunction relevant to photoemission, a step function at

the surface followed by an exponential decay, the Fourier transform is a Lorentzian with

a full-width at half-maximum (FWHM) given by ∆kz = 1/λm f p. The measured photoe-

mission intensity is proportional to a weighted average of the spectral function over this

range. This can span a significant fraction of the Brillouin zone and must be carefully

accounted for in the analysis of ARPES data from three-dimensional materials. Fig. 2.6

shows the simulated photoemission signal from a free-electron like band with different

values for ∆kz. As can be clearly seen, when ∆kz � π/c the photoemission intensity tracks

the intrinsic three dimensional bandstructure. At the other limit, ∆kz � π/c, the spectra

show a kz independent one-dimensional density of states. ARPES studies of real mate-

rials often exists somewhere between these two regimes, where kz final state effects can

significantly impact the measured spectral function.
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Figure 2.7: Schematic of our ARPES system highlighting key components
(TSP short for titanium sublimation pump).

2.5 Experimental considerations for ARPES

Fig. 2.7 illustrates the basic layout of our ARPES system. It is both physically and con-

ceptually separated into two parts, which we refer to as the preparation and measurement

chambers. Samples are loaded into the preparation chamber via a connected ultra-high

vacuum (UHV) transfer chamber (discussed further in section 3.3). This first chamber

is equipped with several apparatus to prepare for and support photoemission measure-

ments. A magnetically coupled wobble stick is used for in-vacuum manual manipulation
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wherever required, and in particular for cleaving single-crystal samples to expose a fresh

surface. A gold evaporator deposits thin films of gold onto our sample manipulator,

which provides a clean reference spectra at an equal temperature to the sample for high

precision photoemission measurements. An alkali-metal evaporator can be loaded with

cesium, potassium, sodium, rubidium or lithium for doping the surface of samples in-

situ. Finally, a low-energy electron diffraction system (LEED) is used to characterize the

crystal structure of our sample surfaces in-situ [41].

On top of the upper chamber sits our (x, y, z, θ) stage. This consists of out-of-vacuum

linear translators for the (x, y, z) axes that are coupled via a vacuum bellows to a liquid he-

lium flow cryostat. In addition, the cryostat rests on a differentially pumped rotary stage

to provide rotation about the z axis (θ). The cryostat is capable of reaching 4.2 K under

normal flow conditions, and can reach 1.8 K by reducing the helium gas exhaust pressure

via pumping. Our sample manipulator bolts to the cryostat cold finger, and by translat-

ing z can be transferred between the upper and lower chambers. This manipulator holds

samples during preparation and measurement, and provides additional angular degrees

of freedom to access larger windows of k-space with ARPES. Our first manipulator (“Mk-

I”) is capable of achieving a base temperature of T < 3 K at the sample, but provides no

motorized degrees of freedom and only a single manually actuated rotation (φ which ro-

tates about x). Our second manipulator (“Mk-II”) has a base temperature of T = 7 K at

the sample, and has a fully automated φ axis in addition to a manually operated ω axis

(rotation about y). Both manipulators were designed and constructed by John Harter.

The chief purpose of the lower chamber is to perform high-resolution ARPES mea-

surements. As such, the interior of the chamber is enclosed by two µ-metal magnetic

shields that are integrated into the photoelectron analyzer’s µ-metal shielding to mini-

mize stray magnetic fields that interfere with ballistic electron trajectories. This chamber

houses our electron analyzer and several light sources.
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2.5.1 Light sources

ARPES typically requires a high intensity of monochromatic light in the 5-100 eV range.

Low resolution ARPES requires <100 meV linewidths, and high resolution studies can

approach 1 meV or better. Historically synchrotrons have been by far the most useful

source of photons in this range, and have been used extensively for ARPES. Their advan-

tages include not only high flux and excellent energy resolution, but tunable photon ener-

gies and polarizations, which can be used to reveal the orbital character and symmetry of

electronic structure. More recently, lab based ARPES systems have become increasingly

common, and their light sources have seen dramatic improvements.

Our lab makes extensive use of a VG Scienta VUV 5000 helium plasma lamp. This

source provides high resolution (∆E < 2 meV) photons at several helium resonances, the

most intense being He Iα at 21.2 eV and He IIα at 40.8 eV. Our system includes a grating

monochromator and a retractable glass capillary. The entire path from helium plasma to

the sample is windowless due to the high absorption of all materials within this photon

energy range. For this reason, the path from plasma to sample contains several narrow

apertures and is differentially pumped by three turbopumps in series. The glass capillary

serves the obvious use of directing the beam at the sample to provide a reduced spot size

(FWHM = 2mm), but serves the additional purpose of providing a final high-impedance

aperture on the gas load within the lamp. Under our current differential pumping setup,

we are able to maintain a helium plasma at > 10−3 Torr in the lamp head while causing a

rise in the lower chamber pressure of only 5 × 10−11 Torr. We also note that the increase

in chamber pressure consists of high-purity helium, which is highly non-reactive and

therefore is not expected to significantly reduce the lifetime of samples within our ARPES

measurements. We measured the integrated flux exiting the capillary to be 8.8 × 1011

photons/sec at 21.2 eV and 3.0×1010 photons/sec at 40.8 eV using a calibrated photodiode

from IRD Incorporated (now Opto Diode Corporation).
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Figure 2.8: The mechanism for resolving electron energies with a hemi-
spherical analyzer. Electrons that are too slow moving fall into
the inner sphere. Electrons that are too fast hit the outer sphere.
Only electrons within a narrow energy window can make it
through the analyzer and reach the electron detector.

Several low photon energy (< 10 eV) sources have been recently developed [42, 43].

The chief advantage here is the increased momentum resolution obtained by using

smaller overall photoelectron momentum, although there is a corresponding reduction in

the accessible range of k-space. According to the universal curve (Fig. 2.2) these sources

are also expected to provide a longer electron mean free path than deep-UV sources, re-

sulting in less surface sensitivity. Our lower chamber includes a CaF2 viewport to allow

the use of out-of-vacuum photon sources with energies up to 10 eV. We operate a 5.5

eV quasi-CW laser from Photon Systems (∆E < 10 µeV). In addition, we developed a

high-resolution tunable photon source based on a monochromated Xe lamp that operates

continuously up to 7 eV [44].
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2.5.2 Electron analyzer

Initial ARPES studies operated using point-detectors of electrons. Angle-resolution was

obtained by moving the sample or detector, and acquiring a single spectrum for each set of

angles. Fortunately, those days are gone. All modern ARPES systems operate using area

detectors that use electron optics to image a wide angular range simultaneously, a tech-

nique pioneered by VG Scienta. Our lab operates a Scienta R4000 electron spectrometer

capable of simultaneously recording 600 spectra over an angular range of 30 degrees. In

this system, electrostatic optics focus electrons to image them in angle along φ and reduce

their kinetic energy to operate within the specified pass energy of the spectrometer. The

electrons then pass through a narrow slit before entering the hemispherical portion of the

spectrometer (Fig. 2.8). The energy analyzer consists of a positively charged inner hemi-

sphere and a negatively charged outer hemisphere at an average radius of r = 200 mm.

The bending radius of the electron trajectories depends on their kinetic energy, so when

they impinge on the electron detector at the exit port they have been spread based on

electron energy along one axis and φ (by the lens) along the perpendicular axis.

The theoretical energy resolution of the detector depends on the user selectable pass

energy and entrance slit size as:

∆E ≈
sEP

2r

Where s is the slit width and EP the pass energy of the analyzer. We can select slit widths

of 0.1-2.0 mm and pass energies of 1-200 eV, resulting in a theoretical best energy resolu-

tion of ∆E ≈0.25 meV. Factory resolution tests of our spectrometer were performed for a

2 eV pass energy and 0.2 mm slits and indicated a resolution of ∆E = 0.9 meV, in excel-

lent agreement with the calculated ∆E ≈ 1 meV for these settings. Larger slits and pass

energies result in poorer resolution but higher intensities, since many more electrons are

transmitted through the analyzer. The angular resolution is determined primarily by the

electron optics and the emission spot size (smaller spots allow for higher angular reso-
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lution), and can in principle reach an ultimate resolution of ∆θ = 0.1 deg. Under typical

operating conditions, we use an an angular range of 30 deg. and measure emission from

a ≤ 3 mm spot, which results in an angular resolution of ∆θ ≈ 1 deg.. A higher resolution

of ∆θ ≈ 0.5 deg. can be achieved under similar conditions by operating the lens within a

more narrow angular range of 14 deg.

2.5.3 Ultra-high vacuum and surface preparation

Due to the surface sensitivity of ARPES, surface cleanliness if of the utmost importance.

A fraction of a monolayer coverage can cause severe distortions of the photoemission

spectra by modifying the electronic structure in the surface region, particularly for highly

reactive materials. At atmospheric pressure, a monolayer of coverage can form within

several nanoseconds. To maintain a pristine surface for the several hours to days that a

typical ARPES experiment takes, experiments must be performed in a UHV environment

with pressures < 10−10 Torr. This places severe restrictions on the equipment, methods,

and in some cases samples that may be used.

Our chamber achieves a base pressure of 4×10−11 Torr through a combination of UHV

pumps. The upper chamber is pumped by a magnetically levitated turbo pump. This

pump has a compression ratio for N2 of 108, so to allow the upper chamber to reach

4 × 10−11 Torr the backing line must be at < 4 × 10−3 Torr. This is achieved via a second

turbopump in series with the first that maintains a backing line pressure of < 10−4 Torr.

The lower chamber is pumped primarily by a cryogenic pump operating at ≈ 10 K and

with a pumping speed of 4000 l/s for water and > 1000 l/s for many other gases. In

addition, the chamber contains three titanium filaments that are used to sublimate fresh

titanium onto the walls of the bottom half. Titanium is highly reactive and forms an

effective getter pump when used in this fashion.
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The need for UHV also means that sample surfaces must be prepared in the photoe-

mission vacuum chamber. It would do no good to have prepared an atomically clean

surface only to expose it to atmosphere shortly thereafter. By far the most common ap-

proach is to obtain a pristine surface by cleaving a single crystal in the ARPES chamber.

Many quasi-two-dimensional materials cleave well along a particular crystallographic

plane, and this approach has directly lead to the extensive literature on cuprates and

Ruddlesden-Popper transition metal oxides. Unfortunately, there is a vast array of com-

pounds that do not readily cleave but are nonetheless physically interesting. Further-

more, recently great interest has been focused on the states forming at interfaces between

complex materials, and cleaving does not provide a practical means for accessing these

through ARPES. As described in the following chapter, we have developed in-situ sam-

ple synthesis capabilities so that high-quality crystals can be grown with pristine surfaces

and transferred directly to our ARPES chamber without breaking vacuum.
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Chapter 3

Molecular-beam epitaxy and in-situ

ARPES

Molecular-beam epitaxy (MBE) is capable of producing extremely high quality crystalline

films with record breaking carrier mobilities [45], but stripping away the (many) details

can be thought of as nothing more complex than “atomic spray painting” [18]. Individ-

ual elements are thermally evaporated in a vacuum chamber. The resulting molecular

beams converge on the surface of a suitable substrate and condense to form a thin film.

By shuttering each molecular beam on and off, the composition of the film can be pre-

cisely controlled. Growth rates as low as a single atomic monolayer per minute can be

easily achieved, allowing exquisite control over the film’s composition and structure at

the atomic scale.

This technique was initially developed in the 1960s by A.Y. Cho and J.R. Arthur and

focused to a large extent on the growth of GaAs and (Al,Ga)As films and heterostructures

on GaAs substrates [46]. Although this may seem like a great deal of trouble to go through
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to end up with an ever-so-slightly thicker piece of GaAs, the results were groundbreaking.

Films of unprecedented purity and crystalline perfection could be obtained and doped in

a layer-by-layer fashion, resulting in greatly enhanced carrier mobilities over bulk crystals

[47]. This has led directly to the development of new electrical and optical devices [48]

and the discovery of new physics such as the fractional quantum Hall effect [49].

More recently, the 1986 discovery of high-temperature superconductivity in the

cuprates [50] spurred the development of reactive oxide MBE systems capable of grow-

ing transition metal oxides in thin-film form [18]. These oxide MBEs opened the door

to studying the wide array of complex properties associated with transition metal oxides

in thin film form, leading to new multiferroics [51], interface-induced high-temperature

superconductivity [20], and enhanced magnetic properties of layered structures [52] to

name a few examples.

3.1 The power of perovskites

One of the core strengths of MBE is its ability to grow coherently strained epitaxial films,

wherein the film inherits the lattice structure and in-plane lattice constants of the sub-

strate. Biaxial strains higher than 3% are attainable using this technique, far beyond the

point where bulk crystal would shatter [53]. Large biaxial strain allows us to tune hop-

ping parameters and crystal-field splitting of the transition-metal d orbitals [54], as well

as the interaction between the electrons and lattice. This can be used to achieve properties

not attainable in bulk, such as multiferroicity of EuTiO3 [10].

Unfortunately, not all films and substrates are compatible. The film must have a sta-

ble (or meta-stable) bulk crystal structure that is similar enough to the substrate for the

accumulation of strain energy within the bulk of the film to be overwhelmed by the en-
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a bPerovskites ABX3

Figure 3.1: (a) The perovskite structure with A-site in green, B-site in
blue, and the oxygen octahedra in yellow, along with a peri-
odic table illustrating which sites can be occupied by various
atoms. (a) The Ruddlesden-Popper series of layered perovskite
based materials, here shown for SrRuO3. The general form is
Srn+1RunO3n+1. (Both figures reprinted from D.G. Schlom et al.
(2008) [18], with permission from John Wiley and Sons).

ergy contribution from the film-substrate interface. This is where the perovskite structure

comes to the rescue. In its ideal form, it has the formula ABX3 and consists of a cube

with an A atom at the center, a B atom at each corner, and an X atom at the center of

each edge. For the oxides we are interested in, X is always oxygen. Figure 3.1a shows

the structure along with a periodic table labeling each of the elements that can crystallize

on one of the three sites. Remarkably, nearly all elements can form the perovskite struc-

ture. Furthermore, there are several families of related structures that, sharing a similar

in-plane lattice structure, can be epitaxially grown on perovskite substrates, including the

Ruddlesden-Popper family of layered materials (Fig. 3.1b).

Due to the vast array of perovskites, for a given compound of interest there exists a

variety of suitable substrates with varying lattice constants. A summary of many com-

mercially available perovskites substrates is provided in Fig. 3.2 in comparison to the
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Figure 3.2: (a) Number line showing the pseudocubic lattice constants of
several single crystal perovskite and perovskite related sub-
strates (bottom) along with many thin films of interest (top).
(Reprinted from L.W. Martin & D.G. Schlom (2012) [51], with
permission from Elsevier).

bulk lattice constants of many films. For La1−xSrxMnO3 in particular, there exist many

suitable substrates that give rise to films with dramatically different physical properties

despite their identical chemical composition (chapter 6). A similar ‘strain game’ can be

played with any perovskite compound of interest.

Many of these structures do not assume the full cubic symmetry of the ideal perovskite

lattice, and tetragonal and orthorhombic forms are common. In particular, the oxygen oc-

tahedra are often rotated away from the line joining neighboring B atoms. The transition

metal occupies the B site, and the oxygen-mediated hopping of the relevant d electrons

depends sensitively on the angle of the B-O-B bond (section 4.2). This provides us with

an additional means of controlling the properties of each film, since they not only depend

on the a and b axis lattice constants, but also on the detailed oxygen rotation pattern, both

of which can be inherited from the substrate.

In addition, the plethora of possibilities for chemically and structurally compatible
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Figure 3.3: An MBE growth chamber with several key components la-
beled. (Reprinted from D.G. Schlom et al. (2008) [18], with
permission from John Wiley and Sons).

compounds gives rise to the possibility of creating more complex heterostructures. The

precision of MBE allows for the growth of films with atomic precision along the growth

direction, so that one can grow structures consisting of stacks of many dissimilar materials

and stabilize new electronic phases of matter at the interfaces [7]. Prominent examples

include coupled magnetic and superconducting behavior at manganite-cuprate interfaces

[55] and the strongly correlated electron liquid at the LaMnO3/SrMnO3 interface (chapter

7).

3.2 Experimental considerations

All of our films were grown using two different MBE systems: a dual-chamber Veeco

930 MBE and a dual-chamber Veeco GEN10 MBE. Figure 3.3 shows a schematic of one
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growth chamber from the 930 MBE system, highlighting the key components. The sample

stage can accept substrates of up to 3” diameter, although 10×10 mm substrates are more

commonly used, and rotates during growth to ensures film uniformity. A heater holds the

substrate at growth temperatures of up to 1000 ◦C. A quartz crystal microbalance (QCM)

on a retractable arm allows for initial flux calibration, and reflection high-energy electron

diffraction (RHEED) is used for finer flux calibration and monitoring film quality during

growth. The GEN10 growth modules are each equipped with two RHEED systems at 45◦

to each other so that both the [100] and [110] directions can be simultaneously monitored.

Oxygen and ozone are supplied via a nozzle focused on the substrate position to provide

a locally high oxidant flux. Finally, automatically shuttered elemental sources provide a

controllable, stable, and high purity atomic flux.

The 930 MBE is the older of the two and involves the manual transfer of samples into

and out of the growth chambers using an in-vacuum train system. The GEN10 MBE is

a state-of-the-art research MBE system, and includes a fully automated robotic sample

transfer procedure.

3.2.1 Ultra-high vacuum

With growth rates routinely in the range of one unit cell per minute, the background

pressure of unwanted vapors in the growth chamber must be very low to prevent their

incorporation into the film. Our growth and transfer chambers typically operate with a

background pressure of 10−9 Torr. In the transfer chamber, this pressure is maintained by

the combination of an ion pump and a cryopump, and to preserve good vacuum sam-

ples are introduced through an additional load-lock chamber (pressure < 5 × 10−7 Torr).

Both growth chambers are also equipped with cryopumps in addition to large (1800 l/s)

turbopumps. During the growth of films requiring a high pressure of ozone in the cham-
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ber, the cryopumps must be gated off to prevent them from becoming saturated with this

dangerous substance, and the growth module is pumped solely by turbopump. In addi-

tion, a fortuitous side-effect of MBE growth is the evaporation of highly reactive metals

over the walls of the vacuum chamber. This coating chemically reacts with and captures

unwanted gases within the vacuum system, acting as an efficient getter pump.

Although introducing additional complexity into the design and operation of the MBE

chamber, the requirement for UHV is the key reason for the compatibility of MBE with

ARPES. Films grown by MBE typically have smooth, atomically pristine surfaces, and the

UHV environment allows that surface to be preserved while the film is transferred to the

ARPES measurement chamber.

3.2.2 Elemental sources

Any functional oxide MBE must have a source of oxygen. This is achieved by introduc-

ing gaseous oxygen into the growth chamber via a nozzle directed at the surface of the

substrate. Obtaining a sufficiently high oxygen pressure to fully oxidize our films is often

a source of difficulty, since the total oxygen pressure in our chamber is limited to < 10−6

Torr by the requirement that we do not begin oxidizing the elemental sources.1 Higher

oxidation power can be obtained by replacing some or all of the O2 with more reactive

ozone (O3). A 90% O2 - 10% O3 mix is obtained using a commercial ozone generator.

Higher proportions of O3 can be generated via a custom built ozone still. This uses a liq-

uid nitrogen cooled porous silica gel to accumulate liquified O3 over a period of several

hours, which is then boiled off in a controlled fashion to supply O3 for film growth. The

use of O3 is not for the faint of heart: if sufficiently high pressures are reached the accu-

mulated O3 will exothermically decompose to O2 (i.e., explode). For this reason, many

1Recently, a new generation of differentially pumped sources has allowed us to grow at up to 10−5 Torr
of 100% O3 (ref. [56]).
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safety precautions are taken including housing the ozone still within a steel blast cabinet.

The remaining elements are most commonly supplied from commercial Knudsen ef-

fusion cells. These consist of a crucible containing the desired element in high-purity

form. The crucible is typically composed of alumina, tungsten, or pyrolytic boron ni-

tride, chosen so as not to react with the source element at the evaporation temperature.

The crucible is surrounded by coiled tungsten heating filaments and thermally shielded

by a tungsten sheet metal enclosure. Combined with an internal thermocouple and PID

temperature controller, a temperature stability of ±0.1◦C can be maintained at source tem-

peratures as high as 2000 ◦C, providing a uniform flux that drifts by << 1% per hour. The

case of titanium is special due to its requirements for a high source temperature and its

high reactivity. In this case, a Varian Ti-ball is used: a tungsten heating element enclosed

within a thin-walled ball of titanium. The surface of the ball effuses as the source is used

and provides a sufficiently stable flux for precision MBE growth.

Each source is initially calibrated using a QCM that can be placed directly in front

of the substrate position. Mass accumulated on an oscillating quartz crystal induces a

proportional change in the resonant frequency, as expressed by the Sauerbrey equation

∆ f = −C∆m, where C is a sensitivity factor derived from the quartz crystal dimensions

[57]. The QCM takes advantage of this relationship by measuring ∆ f for an oscillating

quartz crystal at the substrate position and converting this to a mass accumulation rate.

With the known element atomic mass, an accurate flux is easily determined. This proce-

dure gives a typical error of ±5% in the flux.

Blocking each effusion cell is a computer controlled programmable shutter, capable

of opening and closing in ≈ 0.1 s. Once the sources have been accurately calibrated, the

shutters are used to deposit the desired film in a layer-by-layer fashion, either one element

at a time or by co-depositing several simultaneously.
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Figure 3.4: (a) Illustration of the RHEED process. High energy electrons
at grazing incidence (green line) are reflected from the surface
of a thin film producing a two-dimensional diffraction pattern.
(b) Oscillations in RHEED intensity during the co-deposition
growth of LaNiO3 [56]. Each oscillation period corresponds to
one monolayer of LaNiO3. (c) Shuttered oscillations of the [110]
peak intensity during the growth of LaMnO3. The intensity
increases when the Mn shutter is open and decreases when the
La shutter is open.

3.2.3 Reflection high-energy electron diffraction

The MBE chamber is equipped with RHEED to monitor film quality during growth, and

to assist in calibrating source fluxes [58]. Figure 3.4a illustrates the process. A beam of

high energy (10 keV) electrons is directed at the sample surface at a grazing angle (< 3◦).

The diffraction pattern in the reflected beam is then measured by a phosphor screen on

the opposite side of the vacuum chamber. The grazing angle results in a high degree
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of surface sensitivity, so that RHEED represents an excellent means of characterizing the

crystal structure at the surface of a thin film. RHEED patterns are typically acquired with

the incident beam along a well-defined in-plane crystallographic direction ([100] or [110]).

Since RHEED measures a diffraction pattern from the film surface, there is no diffrac-

tion along the qz direction and one might expect to see features that are sharply resolved

in (qx, qy) but that form long streaks along qz. Nevertheless, for diffraction from a per-

fect crystal the RHEED pattern will still show sharp points along the out-of-plane direc-

tion due to kinematic constraints on the electrons: (qx, qy) are determined by the surface

diffraction pattern, and |q| must be equal to that of the incident beam. In a real material

the diffraction peaks have finite width in (qx, qy), and correspondingly the spots along qz

are converted into streaks whose intensity profile is related to the crystalline perfection of

the surface.

RHEED diffraction patterns play a key role in the accurate calibration of source fluxes.

If one monitors the intensity of a RHEED diffraction peak during film growth, one often

sees a characteristic oscillation in its intensity. As the deposition of a new monolayer

begins, the film surface roughens and the RHEED intensity correspondingly decreases.

As the layer approaches completion the RHEED intensity recovers (Fig. 3.4b). These

co-deposition oscillations provide a precise measure of the source flux via the amount of

time required to deposit one full monolayer, and can be used to determine an absolute

calibration of the total flux to within 1% (ref. [59]). In a perovskite, we must calibrate two

or more elements (the A and B sites), and so in addition we need a means for determining

the relative A : B stoichiometry.

The shuttered oscillation technique was developed for this purpose [59], and relies

upon the fact that the RHEED intensity is sensitive to the surface termination of the film

(Fig. 3.4c). Taking LaMnO3 as an example case: the intensity of the RHEED pattern is

highest for the MnO2 surface. Opening the Mn shutter thus causes the RHEED inten-
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sity to increase. After depositing approximately one monolayer of MnO2, the Mn shutter

is closed and the La shutter is opened. When the RHEED intensity reaches the starting

point, equal amounts of Mn and La have been deposited. Fine-tuning the shutter times

for each cycle allows calibration of the relative fluxes to within 1%. In practice, this step

is performed before co-deposition oscillations are measured (to ensure they represent the

growth of a stoichiometric film).

3.3 In-situ ARPES

We are not the first group to use in-situ ARPES to study the electronic structure of thin

films, and several ARPES studies of thin films have been published to date. In this regard

one must mention the pioneering work of Tai-Chang Chiang on the electronic structure

of metallic quantum wells [60] that dates back to 1986. On the other hand, the growth of

transition metal oxides with atomically pristine surfaces requires complex growth tech-

niques like MBE or pulsed-laser deposition (PLD), and has only recently been achieved.

Beginning in 2003 three synchrotron ARPES systems with oxide PLD capabilities came

online at: (1) BL-1C of the Photon Factory at the High Energy Accelerator Research Or-

ganization (KEK) [61], (2) the Surface and Interface Spectroscopy beamline at the Swiss

Light Source [62], and (3) BL17SU at SPring-8 (ref. [63]). All three have generated a con-

siderable body of work and greatly improved our understanding of correlated transition

metal oxides.

Nevertheless, in 2007 our group undertook the construction of the first in-situ oxide

MBE-ARPES system. We pursued this course because of several important advantages of

MBE over other growth techniques. First, MBE is a low energy growth mode involving

thermal atoms and has the ability to independently control individual elemental fluxes.

This enables unprecedented fine-tuning of growth parameters and minimizes damage
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due to high-energy particles, resulting in extremely high quality films that are essential for

our work on, for example, SrRuO3 [64] and La2/3Sr1/3MnO3 films (chapter 5). In addition,

control of film structure at the monolayer-scale is readily achieved due to the individual-

element shuttered growth inherent to the MBE process. This enables the growth of com-

plex multi-layered heterostructures, essential to our work on (LaMnO3)2n/(SrMnO3)n su-

perlattices (chapter 7). Of course our chief advantage has been our expert collaborators

in the form of Darrell Schlom and his team. Thin film growth is a complex field, and

producing the highest quality films requires extensive experience and know-how. From

the spectroscopist’s perspective, in-situ MBE means unprecedented control over material

composition, structure, and physical properties, while maintaining the atomically pristine

surfaces required for ARPES measurement. This approach has been highly successful,

and has garnered international recognition [65].

3.3.1 Experimental considerations

Figure 3.5 shows a simplified model of our in-situ MBE and ARPES system. The exper-

iment starts by preparation of a substrate for film growth, which must be mounted to a

sample holder compatible with the ARPES system. Our system can accommodate sub-

strates of any size up to 10 × 10 mm, and sample holders with suitably sized pedestals

are fabricated for each. Nevertheless, thermal performance at low temperature is sig-

nificantly improved for smaller samples, and so we most often use 3 × 3 mm substrates.

Substrates 10×10 mm in size are typically reserved for in-situ XPS measurements or when

anticipated ex-situ characterization requires it.

The substrates are fastened to the sample holder using silver paint, which is found

effective for substrate growth temperatures up to ≈ 900 ◦C. Above this temperature, car-

bon based paint is used to mechanically secure the substrate, and gold paint is used to
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Figure 3.5: Rendered model of our combined oxide MBE-ARPES system.
One of the two growth chambers is highlighted in gold, the
ARPES analyzer is highlighted in blue, and the automatic and
manual transfer stages are indicated.

electrically ground its surface. The ARPES sample holder is then loaded into a 3” di-

ameter wafer compatible with the MBE chamber made out of a corrosion resistant high

nickel-content alloy, Haynes 214. Most films are grown using copper sample holders with

an integral titanium screw due to copper’s excellent thermal performance at low and

high temperatures. Due to a Cu-Ti eutectic at 883 ◦C (ref. [66]), however, copper sample

holders are unsuitable for growths above this temperature. In this case, Niobium sample
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holders are used and have been found effective for growth temperatures up to 1000 ◦C.

Niobium has a high thermal conductivity down to T < 9 K and provides adequate ther-

mal performance for most ARPES measurements [67].

The Haynes wafer with its ARPES sample holder is then introduced to the MBE

through its standard load lock and wafer transferring procedure, and growth proceeds as

normal. After growth, the sample is kept deliberately warm (≈ 200◦C) to minimize sur-

face contamination during the subsequent UHV transfer. Transferring from the growth

chamber to the ARPES measurement chamber takes <5 minutes. First, the in-vacuum

robotic arm removes the sample from the growth chamber and moves it to a manual-hand

off point within the ARPES transfer chamber (pressure ≈ 10−10 Torr). Manually actuated

transfer arms remove the ARPES sample holder with its attached film from the Haynes

wafer and load it into the ARPES manipulator. The film is then cooled to measurement

temperature, and the ARPES experiment begins.

Our system also contains an additional load lock, stemming off of the ARPES transfer

chamber, which is used to bypass the MBE for bulk single-crystal studies, and to unload

films after measurement.
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Chapter 4

Physics of the manganites

Experimental studies of perovskites with the composition RE1−xAExMnO3 stretch back

as far as 1950, when early work by Jonker and Santen on compositions with La as the

rare earth (RE) and Ca, Sr or Ba as the alkaline earth (AE) discovered a stable ferromag-

netic metallic phase over a wide range in x. Subsequent neutron scattering studies of

the manganites began to unravel a complex phase diagram in temperature and x, in-

cluding antiferromagnetism and signatures of possible charge ordering [68], and unusual

magneto-transport was observed [69]. The intense current interest in manganites, how-

ever, arose as a consequence of the more recent discovery of colossal magnetoresistance in

the early 1990s.

Magnetoresistance describes a change in resistance (R) under the application of a mag-

netic field (H), and is typically given by (R(0) − R(H)/R(H) measured in percent. It is very

small in ordinary metals, on the order of 1%. The realization that cleverly designed het-

erostructures could achieve a “giant” magnetoresistance exceeding 100% earned Albert

Fert and Peter Grünberg the 2007 Nobel prize in physics and led directly to vast improve-

ments in magnetic hard drive and sensor technology. Thus, when Jin et al. [70] observed
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Figure 4.1: (a) Phase diagram for La1−xSrxMnO3 based on ref. [72]. (b)
Phase diagram for Pr1−xCaxMnO3 (adapted with permission
from Y. Tomioka, A. Asamitsu, H. Kuwahara, Y. Moritomo &
Y. Tokura (1996) [73]. Copyright 1996 by the American Physi-
cal Society). Phases are: P = paramagnetic, F = ferromagnetic,
AAF = A-type antiferromagnetic, CAF=C-type antiferromag-
netic, C=charge ordered, CO = charge and orbital ordered. The
last letter for each phase indicates whether it is metallic (M) or
insulating (I).

δR/R = 127, 000% in La0.67Ca0.33MnO3 films in 1994, interest in the manganites exploded.

Magnetoresistances as high as 1013 % were rapidly achieved [5]. Soon after, Millis et al.

[71] demonstrated that simple electronic bandstructure considerations alone could not ex-

plain the magnitude of the observed effects, and that they must be tied to more complex

many body interactions. Further theoretical work by Dagotto emphasized the important

role played by the close competition between insulating and metallic ground states and

the real-space phase separation between them [11]. The focus of manganite research has

thus shifted toward achieving a more fundamental understanding of the complex phase

diagrams underlying their astonishing electric and magnetic properties.

Figure 4.1 provides example phase diagrams for the cases of La1−xSrxMnO3 and
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Pr1−xCaxMnO3. We will return to discuss these diagrams in more detail below, but of par-

ticular note is the large ferromagnetic metallic phase seen for La1−xSrxMnO3 near x = 1/3,

whereas the isovalent compound Pr1−xCaxMnO3 shows no metallic phases whatsoever.

That such a dramatic change in behavior can occur for a relatively small change in the

lattice already indicates the complex physics underlying the properties of the mangan-

ites. The colossal magnetoresistance effect that sparked such interest to begin with is also

closely tied to the many possible phases: it is strongest at the boundaries between the fer-

romagnetic and antiferromagnetic phases, and is most dramatic when a charge or orbital

ordered insulator competes with the ferromagnet.

4.1 Electronic degrees of freedom

What is so special about manganites? The combination of many competing interactions

and a degenerate electronic structure is a recipe for complexity, and it turns out that man-

ganites fall precisely within this regime. The electronic properties of transition metal ox-

ides are controlled by the transition metal 3d electrons, which are well known to support

a close competition between the on-site Coulomb interaction and hoping to neighboring

atoms. Furthermore, manganites have 3 to 4 d electrons per manganese atom, which re-

sults in a degenerate ground state that is highly sensitive to perturbations. The resulting

electronic phase is highly sensitive to a variety of lattice, spin, charge and orbital effects.

4.1.1 Orbital effects

Orbital effects are intimately coupled to all other degrees of freedom within the mangan-

ites. We start with simple ionic considerations of RE1−xAExMnO3. The oxygen atom is

highly electronegative, and forms O2−. The rare earths assume a 3+ state, and the alkaline
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Figure 4.2: An energy diagram showing the degeneracy within the man-
ganese 3d orbitals due to Hund’s rule and crystal field splitting.

earths assume a 2+ state. Thus, we expect to find manganese in a valence of 3+ (4 d elec-

trons) to 4+ (3 d electrons), depending on x. More precisely, the number of d electrons per

Mn atom is given by 4− x. This picture is more complex in practice, and it has been shown

that for 0 < x < 0.3 there is considerable charge transfer to the oxygen atom so that the

true orbitals near EF have strong Mn-O hybridization [74]. Nevertheless, first-principles

calculations [75] and ARPES experiments on a variety of compounds (see e.g., ref. [76]

and chapter 5) have demonstrated that the hybridized bands respect the symmetry of

pure manganese d states, so that this remains a useful way of thinking about and model-

ing these compounds. This is directly related to the Zhang Rice singlet concept employed

in the cuprates [77], whereby the itinerant hole on the oxygen sites surrounding a copper

atom takes up the symmetry of the copper eg orbital.
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Hund’s rule

Figure 4.2 shows a schematic diagram of the energy levels derived from manganese d

orbitals in the manganites. From atomic physics, there are 10 degenerate d orbitals. Thus,

our occupancy of 4 − x represents a less than half-filled shell. Hund’s rule dictates that

in this scenario the spins of the d electrons must all align. This splits the d manifold

into five partially occupied states of one spin, and five unoccupied states of the other,

and is the reason for the magnetic behavior of the manganese ion. Notably, this implies

that EF must fall within a 100% spin-polarized band for metallic manganites. Full spin

polarization could result in a number of useful spintronic applications and is supported

by several experiments [78, 79, 80].

Crystal field effects

The degeneracy of the remaining five d orbitals is then further reduced due to crystal field

effects from the surrounding atoms within the crystalline environment (Fig. 4.2). The man-

ganites discussed here all have perovskite or perovskite based (i.e., Ruddlesden-Popper)

lattices. The ideal cubic perovskite structure surrounds each manganese atom with an

octahedral arrangement of oxygen atoms (Fig. 3.1). This cubic crystal field splits the d

manifold into a set of three t2g and two eg orbitals, as shown in Fig. 4.3. The hybridization

between the manganese d orbitals and oxygen 2p orbitals is of an anti-bonding character,

so orbitals that approach closest to the oxygen atoms, the eg states, have the highest en-

ergies. Thus, we arrive at a state containing three electrons in the three t2g orbitals and

1 − x electrons in the two eg orbitals, all of which are aligned in spin. The spin-polarized

t2g electrons form an important magnetic background, but it is the partially occupied eg

states that reside closest to EF and are ultimately responsible for the electronic properties.

The shape of the eg orbitals plays an important role in electron transport. It is trivial
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Figure 4.3: The five d-orbitals that are eigenstates of the cubic crystal field.
Color indicates the sign of the wavefunction. For perovskites,
the t2g orbitals are lower in energy than the eg orbitals.

to show by symmetry alone, for instance, that the dx2−y2 orbital has an overlap integral

of zero with the neighboring O 2p states along the z direction. Therefore, the z direction

hopping vanishes for dx2−y2 electrons. Conversely, the d3z2−r2 orbital has its hopping within

the (x, y) plane reduced by a factor of four with respect to the z direction [81]. Thus,

states exhibiting varying amounts of orbital polarization1 will also show a corresponding

anisotropy in electron transport and any other effects that derive from electron hopping.

It is worth noting here that a loss of cubic symmetry can further break the degeneracies

within the t2g and eg manifolds. This is less important for t2g states, which are always fully

occupied, but is critical for the partially occupied eg. For example, the tetragonal crystal

1In the manganite literature, the phrase orbital order is used in an inconsistent manner and often inter-
changeably with orbital polarization. I exclusively reserve the phrase orbital order for states that consist of
a non-trivial real space pattern that breaks the translational symmetry of the ideal crystal lattice (e.g., the
checkerboard alternation between d3x2−r2 and d3y2−r2 found in LaMnO3 (Fig. 4.6)). I use orbital polarization
to refer to phases in which there is a uniform preferential occupation of one eg orbital at the expense of the
orthogonal orbital.
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field of the Ruddlesden-Popper manganites drives a lowering of the dx2−y2 with respect

to the d3z2−r2 orbital, resulting in a strongly orbital polarized state [82]. A similar effect

plays a central role in epitaxially strained manganites, where the relative occupancies of

the two eg orbitals are tuned by the sign and degree of tetragonal strain [83].

4.1.2 On-site Coulomb interactions

Due to its small spatial extent, the 3d orbital generally has a strong on-site Coulomb in-

teraction that associates a large energy cost with double occupancy of the same orbital

(i.e., the Hubbard U). This is of course closely related to the Hund’s rule discussed above:

both stem from the same underlying Coulomb interactions, and both effectively prevent

double-occupancy of d orbitals. The chief difference being that the Hubbard U works to

prevent double occupancy of a single orbital regardless of the direction of spin, whereas

Hund’s rule enforces the alignment of spin between different orbitals. Also of relevance

is the on-site coupling between the two distinct eg orbitals (often denoted U′). This term

works to prevent the simultaneous occupation of both eg orbitals on the same manganese

site.

4.1.3 Jahn-Teller electron-phonon coupling

In Fig. 4.4 we consider the case of a manganese atom with occupied d3z2−r2 orbital. Follow-

ing our discussion of the crystal field effect, it is clear that by extending the Mn-O bond

length along the z direction we could lower the energy of the d3z2−r2 orbital at the expense

of raising the dx2−y2 energy. Since d3z2−r2 is occupied and dx2−y2 is not, this corresponds to a

net lowering of the total energy of this ion. Such a breaking of an orbital degeneracy due

to a lattice (or molecular) distortion is generally referred to as the Jahn-Teller effect. The
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Figure 4.4: The Jahn-Teller effect on the d3z2−r2 orbital. By breaking the
cubic degeneracy of the surrounding oxygen atoms through a
bond-stretching distortion, the energy of the occupied state is
lowered.

same argument applies to the case of an occupied dx2−y2 , which couples to an analogous

distortion. This Jahn-Teller effect gives rise to a strong electron-lattice coupling between

oxygen octahedron distortions and the eg electrons. Furthermore, this effect cooperates

with the U′ discussed in the previous section by also preventing the simultaneous oc-

cupation of both eg orbitals on the same ion. The reason is clear: with both eg orbitals

occupied, the d manifold is half filled and hence spherically symmetric. There is no en-

ergy gain from anisotropic octahedron distortions in this case, since any energy gained

by d3z2−r2 is lost by dx2−y2 .

The Jahn-Teller interaction differs from the other interactions discussed so far in that

it intrinsically couples neighboring manganese ions. A local extension of one Mn-O bond

reduces the length of the neighboring O-Mn bond, since both share the same oxygen

atom. This can be advantageous in cooperatively distorted phases, wherein the occupied

eg orbital alternates from site-to-site to take advantage of the alternating lengthening and

shortening of Mn-O bonds. In addition, uniformly distorted states can occur where, for

example, the crystal c axis globally expands, the a and b axes shrink, and a uniform d3z2−r2

orbital polarization is established. Nevertheless, the case of a local distortion around a

single electron in the orbital disordered phase is an important one since it is responsible
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Figure 4.5: The double exchange effect. Due to the Hund’s rule coupling
between eg and t2g states, hopping is forbidden between neigh-
boring manganese atoms whose t2g spins are antiferromagneti-
cally aligned.

for the formation of lattice polarons, in which the electron travels with or in the extreme

case is localized by a surrounding lattice distortion [84, 85]. Scattering, transport, optical

and photoemission experiments, including those discussed in this dissertation, all see

pronounced effects of the electron-lattice interaction on the charge carriers that indicate

their strongly-coupled polaronic nature [86, 87, 88, 89, 90, 91, 92].

4.1.4 Double exchange

So far I have discussed the mechanisms that enforce a local spin polarization of the man-

ganese atoms, but I have yet to address the mechanisms that couple the spins of neigh-

boring atoms and give rise to macroscopic magnetic order. The most important of these

is the double exchange interaction, a consequence of the combination of strong Hund’s

rule with itinerant eg states [93]. Figure 4.5 schematically illustrates the relevant pro-

cesses. Hund’s rule only allows hopping of the eg electron to sites with an aligned t2g

spin, and thus the kinetic energy of the system strongly favors the ferromagnetic state. In

the opposite extreme, a state with antiferromagnetic alignment between all neighboring

manganese sites experiences a large kinetic energy cost. More generally, by treating the

t2g spins classically, Anderson and Hasegawa [94] showed that the effective hopping be-

tween manganese atoms scales as te f f = t cos θspin/2, where θspin is the angle between spins
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on the two sites. This mechanism depends strongly on the carrier concentration, and so

it is weakest for x ≈ 0 and x ≈ 1.

4.1.5 Direct exchange

At x = 1 the double exchange interaction is irrelevant and the manganites assume an

antiferromagnetic order. This state arises due to the direct exchange interaction between

neighboring t2g orbitals. The virtual hopping responsible for the exchange interaction

is excluded by the Pauli principle when neighboring spins are aligned. Thus, this term

is exclusively antiferromagnetic and competes with the ferromagnetic double exchange.

Since it relies on direct hopping between manganese sites, rather than the much stronger

Mn-O-Mn hopping contributing to the double exchange and kinetic energy, it is very

weak. Nevertheless, direct exchange plays an important role in the manganite phase

diagram due to the close competition between all other interactions. Even a small effect

can tip the scales and stabilize a new ground state.

4.1.6 Constructing a general Hamiltonian

From the above considerations, one can construct an approximate Hamiltonian to de-

scribe the physics of the manganites (the two orbital model [11]):

H = −
∑
iaγγ′

ta
γγ′c

†

iγci+aγ′ − JH

∑
i

si · Si + JAF

∑
<i,j>

Si · Sj + HJT

The operator (c†iγσ) creates an electron in an eg orbital at site i with spin σ, and γ differ-

entiates between the two orthogonal orbitals. We use si and Si to represent the eg and t2g

spins, respectively, and a denotes a nearest-neighbor translation. The effect of the cubic

crystal field is incorporated implicitly by our assumption that only the eg orbitals change
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occupancy. The only degree of freedom for the t2g manifold is the direction of its spin,

whose magnitude remains fixed at |S| = 3/2. Also of note is the absence of a Hubbard U

term. As previously discussed, U becomes irrelevant for a strong Hund’s rule coupling.

This amounts to a great simplification of the Hamiltonian, and thus is typically assumed

to be the case. I have left out the explicit form of the Jahn-Teller electron phonon interac-

tion (HJT ). This couples distortions of the oxygen octahedron to the eg occupancy of each

site, and as usual is parametrized by a dimensionless constant λ.

Optical conductivity and photoemission experiments have been used to estimate the

rough magnitudes of each of these parameters, and are summarized in ref. [11]. The hop-

ping parameter t ≈ 0.5 eV is small compared to the Hund’s rule coupling JH ≈ 2 eV that

enforces the spin-polarized bandstructure and underlies the double exchange interaction.

The Jahn-Teller coupling is very strong with λ ≥ 1. The smallest parameter is the direct

t2g exchange interaction JAF ≈ 0.05 eV, which is nevertheless critical for differentiating

between various magnetic phases that can lie close in energy.

The presence of this multitude of competing interactions coupled with the eg orbital

degeneracy gives rise to the complex phase diagrams of the manganites and their high

sensitivity to nearly any form of external perturbation.

4.2 Important electronic phases

Figure 4.1 shows phase diagrams for La1−xSrxMnO3 and Pr1−xCaxMnO3 as a function of

x and temperature, but due to the strong difference between the two it is clear that there

must be an additional important parameter controlling the macroscopic properties. The

two compounds are isovalent; the difference arises due to the difference in ionic radii (rA)
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between (La,Sr) and (Pr,Ca), which can be described by the tolerance factor:

Γ =
rA
√

2rMn

Γ = 1 in the ideal cubic structure, but the perovskite lattice can accommodate an enormous

range of atoms on the A-site (Fig. 3.1) that cannot all precisely match the Mn ionic radius.

Thus, the ideal cubic condition is usually not satisfied and we typically have Γ < 1. In such

a case, the A-site is too small and the oxygen atoms shift toward this position, distorting

the Mn-O-Mn bond angle away from the ideal θ = 180◦. The Mn-O-Mn overlap integrals

responsible for hopping are largest when the Mn eg and O 2p orbitals are aligned, but fall

off as cos θ when the bond is distorted (by the symmetry of the O 2p orbital, it is trivial

to see that the overlap vanishes when θ = 90◦) [11]. Thus, we see that the key parameter

for driving electron itinerancy is highly sensitive to the radius of rare earth and alkaline

earth elements used for the perovskite A-site. Manganites with Γ ≥ 0.93 are referred to as

large bandwidth compounds. Conversely, when Γ ≤ 0.91 the compounds have small band-

width and the electrons should exhibit a greater tendency towards localized or insulating

phases.

We see the role of the tolerance factor directly in the phase diagrams of La1−xSrxMnO3

and Pr1−xCaxMnO3, typically considered as canonical large and small bandwidth com-

pounds. La1−xSrxMnO3 has a tolerance factor of 0.93 at x = 0.3 (ref. [95]), and exhibits a ro-

bust metallic phase spanning a wide region in x and T . On the other hand, Pr1−xCaxMnO3

has a tolerance factor of 0.91 at x = 0.3 (ref. [95]), and shows strong tendencies towards

the formation of charge and orbital ordered insulating phases.

The phase diagrams are complex and show many different magnetic, charge, and or-

bital ordered phases. Several magnetic order patterns were discovered in the very early

days of manganite research, and have since followed the alphabetical naming convention

used by ref. [68]. We discuss several examples in what follows, but note that new phases

of the manganites are still being actively discovered, and there remain many open ques-
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tions about the nature of the different charge and orbital ordered phases and even the

many-body physics relevant to metallic states.

Ferromagnetic metal

The ferromagnetic metallic phase occurs when the kinetic energy dominates over other

terms in the Hamiltonian. The magnetic moments are ferromagnetically aligned and the

eg orbitals typically show negligible or small polarization. Nevertheless, fluctuations [96]

or phase separation [11] involving other insulating phases play an important role, and

the metallic charge carriers show indications of a strongly polaronic nature [85].

G-type antiferromagnetism

The ground state for x = 1 is the G-type antiferromagnet [97]. This composition has no

eg electrons, and thus no ferromagnetic double exchange interaction. In this case, the

antiferromagnetic direct exchange (JAF) dominates and all manganese atoms are antifer-

romagnetically coupled to their neighbors. This phase is insulating even for x < 1, since

the antiferromagnetic coupling along all directions prevents eg hopping.

A-type antiferromagnetism

The A-type antiferromagnetic phase consists of two-dimensional ferromagnetic sheets

that are coupled antiferromagnetically along the z direction. Due to double exchange,

this tends to promote a state with itinerancy in the (x, y) plane but insulating behav-

ior along z. This magnetic order is tied to two different orbital states. For x ≥ 0.5, an
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Figure 4.6: The magnetic (blue & maroon) and orbital order in several
manganite phases. Colored lines indicate double exchange
permitted hopping paths, whereas black dashed lines allow
no hopping in the simplest ‘cartoon’ picture. Only the basal
plane is shown for the first three, which have antiferromag-
netic stacking along the c axis. (a) The orbital ordered A-AF
phase at x = 0. (b) The orbital polarized A-AF phase at x = 0.5.
(c) The CE phase at x = 0.5. Translucent circles indicate Mn 4+
sites (i.e., no eg electrons). Note that there is still a well defined
magnetic moment at these sites due to the t2g electrons. (d) The
C-AF phase found at large x, shown in both the basal plane and
out-of-plane directions.

A-type antiferromagnetic metallic phase is common in large bandwidth manganite and

goes hand-in-hand with dx2−y2 orbital polarization (Fig. 4.6b). This form of orbital polar-

ization reinforces the anisotropic hopping of eg electrons, resulting in strongly anisotropic

resistivity for some compounds [98].

A-type antiferromagnetism is also the ground state for the x = 0 manganites, but

here the phase includes a checkerboard d3x2−r2/d3y2−r2 orbital order [99] (Fig. 4.6a). The eg

orbitals are half-filled for x = 0, so the doubling of the unit cell caused by the checkerboard

order is sufficient to open a bandgap and causes this phase to be insulating. Alternating

Jahn-Teller distortions cooperate with the alternating orbital order and play an important
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role in stabilizing this state [100].

CE-type order

Many compounds exhibit an exotic charge, orbital and spin ordered state at x = 1/2

termed CE-order (Fig. 4.6c) and first proposed by Goodenough [101]. This strongly insu-

lating phase competes with the metallic A-type phase, and dominates in small bandwidth

compounds. The conventional model of this phase consists of a checkerboard charge or-

der of alternating Mn3+/Mn4+ ions within the (x, y) plane. On the Mn3+ sites lies a

d3x2−r2/d3y2−r2 orbital order. Double exchange effects from this unusual orbital order pat-

tern then give rise to ferromagnetic zig-zag chains that are antiferromagnetically coupled

to each other in the (x, y) plane. There is antiferromagnetic coupling along the z direction,

while the charge and orbital order is stacked. This phase quadruples the in-plane unit

cell, and is thus able to open a bandgap in the quarter-filled eg manifold.

C-type antiferromagnetism

Another commonly occurring phase, C-type antiferromagnetism, occurs for 0.75 < x <

0.85 (Fig. 4.6d) [68, 11]. This phase consists of a uniform d3z2−r2 orbital polarization, which

induces ferromagnetic coupling along the z direction but allows for antiferromagnetic

coupling within the (x, y) plane. Thus, a magnetic order is formed wherein ferromagnetic

chains along z are coupled antiferromagnetically to neighboring chains. Both the orbital

order and double exchange interaction indicate that electron hopping is allowed only

along the z direction, and thus we would expect to observe a one-dimensional conducting

state. Nevertheless, in reality all C-type antiferromagnetic compositions are insulating,

likely due to the effects of many-body interactions within the one-dimensional state (for
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Figure 4.7: The phase diagram for La2−2xSr1+2xMn2O7. Phases are: P =
paramagnetic, F = ferromagnetic, AAF = A-type antiferromag-
netic, CF = canted ferromagnetic, CO = charge and orbital or-
dered. The last letter for each phase indicates whether it is
metallic (M) or insulating (I). (Figure adapted with permission
from H. Zheng, L. Qing’An, K.E. Gray & J.F. Mitchell (2008)
[103]. Copyright 2008 by the American Physical Society).

which the Fermi liquid is unstable [102]).

4.3 Role of dimensionality

So far our discussion of manganites has focused on the three-dimensional perovskite

structure, but several perovskite related Ruddlesden-Popper compounds can also be pro-

duced. These structures, of general form (RE,AE)m+1MnmO3m+1, consist of m perovskite

layers separated from each other by a double (RE,AE)O layer (Fig. 3.1b). Electron hop-

ping between manganese atoms is strongly confined to the connected MnO2 networks,

and thus these materials approach a quasi-two dimensional state as m is decreased. In

addition, the Ruddlesden-Popper structure easily cleaves at the double (RE,AE)O layers

making it highly favorable for conventional ARPES studies [104, 105, 106].

54



Fig. 4.7 shows the phase diagram for the m = 2 layered analogue of La1−xSrxMnO3. On

comparing it with Fig. 4.1a, we see that the metallic phase is strongly suppressed, and

multiple charge-ordered phases have appeared. Furthermore, metallic phases are com-

pletely absent in the quasi-two dimensional m = 1 compound [107, 108]. This illustrates

the important role played by dimensionality in tuning the delicate balance between the

many insulating and metallic states within the manganites, a topic we explore further in

chapter 7.

4.4 Concluding remarks

The colossal magnetoresistive manganites are a complex and exciting system, where the

interplay between lattice, charge, magnetic, and orbital degrees of freedom gives rise to

a host of closely competing unusual electronic phases. These materials have stimulated

new ideas and approaches for treating strongly correlated systems, and their highly tun-

able nature has also made them attractive for many potential applications. Thin films of

manganites have been particularly valuable on both fronts. Fundamental scientific work

has used atomically structured superlattices to increase magnetic transition temperatures

and search for new magnetic ground states [52, 19], and epitaxial strain has been used as

a control parameter for reaching new parts of the phase diagram [83]. Applied work has

demonstrated an extremely high spin-polarization in manganites for spintronic applica-

tions [78, 79], and their ability to serve as key components within a wide array of potential

electronic devices [12, 13, 14, 15]. Nevertheless, the strong many-body interactions that

give rise to these striking properties are beyond the reach of conventional theoretical ap-

proaches, and many questions about the underlying electronic structure and fundamental

physics of the manganites remain unresolved.
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Chapter 5

Electronic structure of La1−xSrxMnO3

La1−xSrxMnO3 is the canonical large bandwidth manganite; at optimal doping (x ≈ 1/3) it

has a Curie temperature of Tc = 370 K in excess of room temperature and excellent con-

ductivity [109]. These unique electronic and magnetic properties have driven its use in a

variety of potential devices, including magnetic memories, tunnel junctions, and oxide-

based transistors [12, 110, 79, 13, 14, 111, 15]. Additionally, La1−xSrxMnO3 has played an

important role in the developing field of oxide interfaces through cation-ordered het-

erostructures, where layers of LaMnO3 are alternately stacked with layers of SrMnO3

[112]. Such heterostructures have shown new and dramatic metal-insulator transitions

[113], increased magnetic ordering temperatures [52], and have been proposed to form

spin-polarized two-dimensional electron gases at their interfaces [114].

As discussed in the previous chapter, manganites are complex materials where many-

body interactions and several competing degrees of freedom give rise to many competing

phases and non-trivial electronic behavior. In ferromagnetic La1−xSrxMnO3, this is evident

Some of the work discussed in this chapter has been submitted in a manuscript to Physical Review
Letters.
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in the polaronic behavior seen in optical conductivity [89] and scattering measurements

[96]. Nevertheless, as the canonical large bandwidth system, much faith is placed in the

ability of DFT to account for the basic electronic and magnetic behavior of La1−xSrxMnO3,

or at least form a valid foundation for more complex many-body treatments [75, 115]. For

example, DFT calculations have been used to propose numerous potential La1−xSrxMnO3-

based devices [12, 110, 114].

Nevertheless, extensive ARPES measurements of pulsed-laser deposition grown

La1−xSrxMnO3 films [62, 80, 116, 117, 118, 119, 120, 121, 122] have exhibited clear discrep-

ancies with DFT-based approaches, casting doubt on its validity for descriptions of this

material’s underlying electronic structure. In particular, the experimental picture that has

emerged is a single electron pocket at Γ, in contrast to the predicted two-sheet Fermi sur-

face, and is at odds with bulk-sensitive electron-positron annihilation results [123] and

the bandstructure measured in ultrathin films [124]. It has been postulated that a nest-

ing instability of the cubic holelike Fermi surfaces may open a gap on these sheets [121],

or that an electronic reconstruction or a modification in the surface chemistry or struc-

ture radically alters the electronic and magnetic properties within the probing depth of

ARPES [125, 122]. It is also possible, however, that other experimental difficulties related

to film growth or surface preparation have prevented the observation of the full electronic

structure by ARPES.

Here, we measure the full two-sheet Fermi surface and corresponding band dispersion

of pristine MBE-grown La1−xSrxMnO3 films for the first time. Our results provide the first

consistent understanding of both theory and experiment and resolve outstanding ques-

tions regarding the accuracy of theoretical approaches and the nature of the electronic

structure of La1−xSrxMnO3. Furthermore, we find several signatures of strong many-body

interactions that renormalize the electronic structure and give rise to polaronic charge

carriers.
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5.1 Experiment methods and film characterization

5.1.1 Film growth and structural characterization

La1−xSrxMnO3 films were grown on buffered-HF treated (001) SrTiO3 (STO) single crystal

substrates [126] using shuttered layer-by-layer deposition in two different reactive MBE

systems: a dual-chamber Veeco 930 MBE and a dual-chamber Veeco GEN10 MBE. ARPES

and characterization results from both systems were indistinguishable. Nearly all films

discussed in this dissertation were grown by Carolina Adamo, with growth parameters

based on her extensive experience in manganite growth [127] and optimized for each

growth chamber. I grew the remaining La1−xSrxMnO3 films using identical conditions.

Within the ferromagnetic metallic phase covering 0.15 < x < 0.5, bulk Lax−1SrxMnO3

has a rhombohedral lattice structure (space group R3c). The rhombohedral lattice con-

stants at x = 0.3 are a = 5.509 Å and c = 13.372 Å, corresponding to a pseudocubic

lattice parameter of 3.88 Å (ref. [128]). This is closely matched to SrTiO3 (a = 3.905 Å), so

Lax−1SrxMnO3 /SrTiO3 films within this part of the phase diagram are under only a small

amount of strain (i.e., 0.6% for x = 0.3). In the remainder of the dissertation, I will refer

to the pseudocubic lattice of Lax−1SrxMnO3 rather than the more complex rhombohedral

unit cell.

Films were grown at 700 ◦C in 5 × 10−7 Torr of oxidant (O2+10% O3), and indi-

vidual element fluxes are chosen so that monolayer coverage takes about 30 seconds

(≈ 2 × 1013 atoms/cm2 sec). ARPES films are typically grown on 3 × 3 mm substrates,

whereas films exclusively for characterization are grown on 10 × 10 mm substrates. On

several occasions, 10 × 10 mm films and ARPES 3 × 3 mm films were grown simultane-

ously on the same dual-substrate holder to provide an additional film for characterization

measurements that is as similar to the ARPES film as possible. I refer to 10 × 10 mm films
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a b c

Figure 5.1: RHEED patterns from the substrate and film surface. (a) Along
the [110] azimuth of the bare (001) SrTiO3 substrate at 350 ◦C,
before the deposition. (b) During the growth of a 20 nm thick
La0.7Sr0.3MnO3 film following the completion of the (La,Sr)O
layer. Note the 2× surface reconstructions. (c) During the
growth of the same 20 nm thick La0.7Sr0.3MnO3 film following
the completion of the MnO2 layer. Note the 3× surface recon-
structions.

from such growths as “companions” to the corresponding ARPES film. Furthermore,

the ARPES films themselves are routinely subjected to many of the same characteriza-

tion measurements performed on 10 × 10 mm films after being removed from the ARPES

chamber.

Growth proceeds as follows: beginning with the TiO2 terminated STO surface, we

open the lanthanum and strontium shutters simultaneously to deposit one (La,Sr)O

monolayer. We then close lanthanum and strontium, and open the manganese shutter to

deposit a single MnO2 monolayer. We have now deposited one unit cell of La1−xSrxMnO3,

and can repeat this procedure the desired number of times. This requires a careful cali-

bration of absolute fluxes for each source, which occurs in a multi-step procedure. First,

the fluxes of the individual molecular beams are determined to ±5% using a QCM placed

in front of the substrate. The source temperatures for La and Sr are carefully adjusted to

obtain the desired doping level (x) at this stage. We then use RHEED intensity oscilla-
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Figure 5.2: RHEED oscillations in the intensity of the [110] diffraction peak
during shuttered growth of LaMnO3 (a) and SrMnO3 (b). Dur-
ing LaMnO3 growth, the intensity rises during Mn deposition
and falls during La deposition. In contrast, during SrMnO3

growth, the intensity rises during Sr deposition and falls dur-
ing Mn deposition. This behavior is generally seen for A-sites
with 3+ and 2+ valence states, respectively [129].

tions of the first-order diffraction spot along the [110] direction to achieve better control

of film composition [59]. First, LaMnO3 is grown on STO using the QCM determined

flux as a starting point. The individual shutter times for La and Mn are then fine-tuned

to obtain a stable RHEED oscillation pattern (Fig. 5.2a) indicating 1:1 La:Mn stoichiome-

try (to within ≈ 1%) and monolayer coverage per each cycle. The final shutter times for

La1−xSrxMnO3 can then be calculated assuming that the La:Sr ratio determined by QCM

is correct. This gives an empirically determined, by our XPS and ARPES measurements,

error in x of ±0.05. More accurate calibration can be obtained using additional RHEED

oscillations of SrMnO3 (Fig. 5.2b), but this is not typically performed for random alloy

growth due to time considerations. As a final verification of our film stoichiometry, a test

La1−xSrxMnO3 film is grown and RHEED oscillations are again monitored to ensure that

monolayer coverage and 1:1 (La+Sr):Mn stoichiometry is preserved.
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Figure 5.3: LEED pattern taken with 100 eV electrons from a
La0.7Sr0.3MnO3 film (a) and a SrMnO3 film (b), both with
MnO2 surface terminations. Diffraction peaks corresponding
to the unreconstructed surface and several reconstructions are
indicated. Note that the SrMnO3 LEED pattern is rotated by 45
degrees.

We monitor phase purity during growth using RHEED along the [110] pseudocubic

direction. Example RHEED patterns are shown in Fig. 5.1 for a TiO2 terminated STO

substrate and a La0.7Sr0.3MnO3 film during growth with both (La,Sr)O and MnO2 surface

terminations. Two-fold and four-fold surface reconstructions are visible for (La,Sr)O sur-

faces, and a three-fold reconstruction appears for the MnO2 surface. Films are cooled to

200 ◦C in oxidant after growth and then immediately transferred through UHV to the

ARPES chamber where they are cooled to the desired measurement temperature.

Several ARPES samples were measured using low-energy electron diffraction (LEED)

to further resolve the symmetry of surface reconstructions and to verify their presence at

the lower temperatures relevant to our photoemission experiments. All surfaces showed

sharp diffraction peaks, demonstrating the high crystallinity of the surface of our films

and proving that the pristine surface from growth is maintained throughout the trans-

fer to our ARPES chamber and subsequent measurement that can last as long as eight

days. Example LEED spectra are shown in Fig. 5.3a for a 20 nm MnO2 terminated
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Figure 5.4: (a) θ − 2θ x-ray diffraction patterns in the vicinity of the out-of-
plane 002 pseudocubic La0.7Sr0.3MnO3 reflection from a 20 nm
thick La0.7Sr0.3MnO3/STO film grown under the same condi-
tions as ARPES samples. The film is coherently strained and
shows clear thickness fringes. The sharp 002 pseudocubic sub-
strate peak is labeled with an asterisk, and a black arrow in-
dicates the 002 pseudocubic film peak. (b) Rocking curves
of the 002 pseudocubic peaks from the same film and sub-
strate demonstrate substrate-limited crystallinity with FWHM
of 0.01◦. (c) Resistivity of a 20 nm thick La0.7Sr0.3MnO3/STO
film that was measured by ARPES compared with the resistiv-
ity of a bulk La0.7Sr0.3MnO3 single crystal from ref. [109].

La0.7Sr0.3MnO3/STO film as well as an 8 unit cell thick SrMnO3 film on Nb-doped STO

(to prevent charging). All measured samples showed a
√

2 ×
√

2 R45◦ reconstruction rel-

ative to the pseudocubic unit cell (hereafter called c(2 × 2)) of varying strength. MnO2

surfaces also show weaker 4 × 2 reconstructions, visible in Fig. 5.3a and b, and occasion-

ally a 3 × 3 reconstruction corresponding to the reconstruction seen by RHEED, visible

in Fig. 5.3b. Similar reconstructions have also been observed in LEED studies of PLD

grown La1−xSrxMnO3 films [61, 122]. The origin of these surface reconstructions are not

yet entirely understood, but they appear to have little effect on the electronic structure

measured by ARPES aside from weak shadow bands appearing in some samples that

correspond to the c(2 × 2) reconstruction.

After removal from the UHV chamber, structural quality of the films was verified us-

ing θ − 2θ scans from a PANalytical X’pert Pro MRD and a high resolution four-circle
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Rigaku SmartLab x-ray diffractometer with Cu Kα1 radiation and a hybrid monochro-

mator (4-bounce 220 reflection germanium crystals) on the incident side. Rocking

curves of the 002 pseudocubic peaks were measured with an additional 220 germanium

monochromator on the diffracted beam. Examples of both measurements for a 100 nm

La0.7Sr0.3MnO3/STO film are shown in Fig. 5.4. The θ − 2θ scans show pronounced thick-

ness fringes, indicating a high quality surface. Rocking curves of all films were found

to have the same FWHM as their substrates, indicating that crystallinity of the films are

substrate limited.

5.1.2 Resistivity

Fig. 5.4c shows the resistivity of a 20 nm thick La0.7Sr0.3MnO3/STO film that was mea-

sured by ARPES compared with the resistivity of a bulk La0.7Sr0.3MnO3 single crystal from

ref. [109]. Both show similar metallic resistivities and resistive anomalies indicative of the

Curie temperature well above room temperature. Both features further indicate the high

quality of our films.

5.1.3 Angle-resolved X-ray photoelectron spectroscopy

I performed x-ray photoelectron spectroscopy (XPS) measurements with a Surface Science

Instruments model SSX-100 electron analyzer with a monochromated Al Kα x-ray source

(1486.6 eV). Samples were measured after exposure to air, and measurements were pref-

erentially performed at normal emission to minimize the effect of surface contamination.

Fig. 5.5a shows the La 4d and Sr 3d core levels from a 20 nm La0.7Sr0.3MnO3/STO sample,

measured with an energy resolution of 1.8 eV. The area of each peak is proportional to

the elemental concentration in our sample and is used to determine the La:Sr stoichiom-
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Figure 5.5: (a) XPS data for the La 4d and Sr 3d peaks from a
La0.7Sr0.3MnO3/STO film. The area of each peak is calculated
after fitting the background with a Shirley function, as illus-
trated, and is used to determine x. (b) Ratio of the Mn 3p
XPS intensity to the sum of the La 4d and Sr 3d core levels,
after accounting for atomic sensitivity factors [30]. The points
show data for a La0.6Sr0.4MnO3 film with MnO2 surface termi-
nation (maroon) and a La0.8Sr0.2MnO3 film with (La,Sr)O sur-
face termination (blue). The lines are fits to Ae±c/(2λ cos θ) with
λ = 1.3 nm, c = 0.39 nm and A an arbitrary constant.

etry (i.e., x). The electron escape depth in metals is typically 1-2 nm in this energy range,

so XPS provides a surface sensitive measurement of the doping of each sample that is

directly applicable to our ARPES measurements. I extracted peak areas after fitting the

background with a Shirley function for each peak, as shown in Fig. 5.5a. I then corrected

for the relative sensitivity factors of La and Sr using calculated photoemission cross sec-

tions [30].

The surface sensitivity of XPS allows for the determination of the surface termination

of our films by measuring the La:Sr ratio as a function of emission angle. The XPS signal

is a weighted average over each layer along the [001] direction. For the specific case of

MnO2 terminated La1−xSrxMnO3, we start by computing the intensity for Mn-derived core
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levels (IMn):

IMn = CεMn

∞∑
j=0

e− jc/λ cos θ

Where C is a constant that will divide out when we take ratios of core level intensities, εMn

is the core level’s sensitivity factor (from ref. [30]), c is the perovskite pseudocubic lattice

constant, λ is the electron mean free path, and θ is the emission angle. This geometric

series is easily evaluated to:

IMn = CεMn(1 − e−c/λ cos θ)−1

Similar considerations for the La core levels gives:

ILa = CεLae−c/2λ cos θ(1 − e−c/λ cos θ)−1

The ratio of intensities is then seen to follow a simple form, which for MnO2 terminations

is:

IMn/ILa =
εMn

εLa
ec/2λ cos θ

Similarly, LaO terminations give:

IMn/ILa =
εMn

εLa
e−c/2λ cos θ

This can be trivially generalized to La1−xSrxMnO3 (non-zero x). We measured ARXPS

on several manganite films and show two examples from La1−xSrxMnO3/STO that pro-

vided spectra consistent with singly-terminated surfaces (i.e., either purely MnO2 or

(La,Sr)O) in Fig. 5.5b. Here we have plotted the ratio of Mn to Sr+La (adjusted for rela-

tive sensitivity factors ε) as a function of electron emission angle. The downward sloping

curve for the x = 0.2 film indicates a (La,Sr)O surface, whereas the x = 0.4 curve indi-

cates a MnO2 surface termination. Both films are fit well by the same electron escape

depth of λ = 1.3 nm. This is smaller than the λ = 2.4 nm estimated from the TPP-2M

formula [130], but consistent with the expected range of escape depths at this photon

65



energy. As discussed below, based on these results I developed a technique for determin-

ing the surface termination in-situ using angle-integrated photoemission spectra from

our helium plasma lamp. We find that the film surface termination occasionally does

not agree with the nominal termination chosen during film growth. A likely cause is a

slight-off-stoichiometry during the film growth that accumulates over the span of tens of

monolayers. Overcoming such small stoichiometry errors to preserve well defined sur-

faces and interfaces over the full film thickness requires a more extensive calibration than

undertaken for our random alloy films, and is performed for the superlattices discussed

in chapter 7.

An additional complication can arise from surface segregation of strontium, which

has been observed in measurements of La1−xSrxMnO3 films grown by pulsed-laser depo-

sition [131, 132], and depends sensitively on growth conditions. This can be measured

through the angle-dependence of the Sr/La ratio, which is constant for an ideal film

since strontium and lanthanum reside in the same layers. In the case of our films, our

ARXPS measurements occasionally find evidence for a small amount of surface segre-

gation that is likely related to film degradation after removal from the UHV chamber.

All films that were stored in a high-vacuum environment or immediately measured af-

ter removal from the UHV chamber showed no detectable strontium surface segregation.

Furthermore, in-situ ARPES measurements allowed us to determine a carrier concentra-

tion of x = 0.29± 0.04 for the film with the largest observed strontium surface segregation

(measured by XPS after 3 months of air exposure), a result consistent with x = 0.29 ± 0.2

determined by normal-emission XPS and inconsistent with x = 0.42 ± 0.2 from emission

at 70◦ to the surface normal. ARPES with He II photons should be more surface sensi-

tive than XPS [31], and thus this result suggests the strontium segregation occurred after

removing the film from the measurement chamber.
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5.2 Electronic structure calculations

Density functional theory calculations of the non-interacting electronic structure were

performed following the work of refs. [80, 133, 134]. I used the PBE GGA functional [135],

which was found to describe La1−xSrxMnO3 better than LDA in previous work [133]. In-

troducing a non-zero interaction parameter (U) onto the Mn d electrons is necessary to

generate the half-metallic state often discussed at x = 1/3. On a more empirical basis, it

was found that matching the position of the Mn t2g valence band states observed in pho-

toemission studies of La1−xSrxMnO3 required U = 2 eV [80]. Our photoemission studies

also find good agreement with U = 2 eV in this regard. Calculations start with a cubic or

tetragonal LaMnO3 unit cell with ferromagnetic order. Note that bulk undoped LaMnO3

has strong Jahn-Teller distortions and A-AF magnetic order that make it insulating, but

neither of those are present in our calculation. Under these conditions, LaMnO3 is a metal.

The cubic unit cell uses a = 3.89 Å from bulk La0.7Sr0.3MnO3, and the tetragonal unit cell

uses a = b = 3.905 Å and c = 3.86 Å to simulate coherent strain from an STO substrate.

Calculations are run using the Wien2k package [136] to a convergence in energy and

charge of 1.4 meV and 0.001e− per unit cell, respectively. A k-mesh of 3000 points (be-

fore symmetry-related reduction) and rkmax of 8, which determines the size of the plane

wave basis set, were found to provide sufficiently converged results. In particular, calcu-

lations with 3000 and 6000 k-points produced an energy difference per unit cell of only

0.7 meV, indicating that convergence has occurred already by 3000 k-points. I ran tests

of rkmax from 7 to 11, and in this case found slower energy convergence. To reach a

convergence of 2 meV per unit cell, a large rkmax = 10 was required. Nevertheless, no

significant differences in bandstructure or DOS were observed on going from rkmax = 7

up to rkmax = 11. This is sensible: rkmax expands the basis set and thus lowers the energy

of all states, so we can expect larger total energy changes without meaningful changes to

electronic structure. A larger rkmax dramatically increases calculation time (time scales
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spanning -2 eV up to EF . (b) Majority-spin bandstructure for
DFT calculations of cubic (black) and a tetragonal (blue) ferro-
magnetic LaMnO3 show very little difference.

as rkmax9) and makes the calculation less stable, so a value of 8 was chosen to provide

accurate bandstructure within reasonable calculation times.

In addition, there is a commonly occurring error for manganite calculations involving

Wien2k’s QTL-B values. This occurs when Mn 3s levels are included in the valence band

calculation, since the limited number of s-wave spherical harmonics within the LAPW

and APW+lo basis sets must be divided between the occupied Mn 3s and unoccupied

4s orbitals. Expanding the Mn muffin tin at the expense of La and O slightly increases

calculation time, but allows the 3s states to be treated as core levels and leads to more

stable calculations.

Results from calculations for ferromagnetic LaMnO3 are shown in Fig. 5.6. The density

of states in panel a shows the locations of O 2p, Mn t2g and Mn eg states, with a large region

where majority spin Mn eg states exist with zero density of minority spin states. Hole-
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doping into this part of the bandstructure gives rise to the 100% spin-polarized metallic

phase discussed for bulk La1−xSrxMnO3 [78]. Panel b compares the near-EF majority-spin

bandstructure for cubic (a = 3.89 Å) and tetragonal (a = b = 3.905 Å, c = 3.86 Å) calcula-

tions. Here we see the two Mn eg bands that make up the metallic Fermi surface, and that

they change very little under the weak tensile strain induced by an STO substrate.

The effect of hole doping (x) is accounted for by either a rigid-shift of the chemical

potential or the virtual crystal approximation (VCA). To obtain a non-zero doping within

the rigid shift approximation, we lower EF until the number of valence electrons per unit

cell has been reduced by x. For VCA, we replace each La atom with a fictional atom of

nuclear charge (57− x) while simultaneously reducing the number of valence electrons by

x. Although both approximations ignore the effects of the random distribution of dopants

69



throughout the material, VCA should be a more accurate approach than a rigid shift since

it accounts for the position of the dopant atoms within the unit cell in an averaged way.

Nevertheless, we have found the differences between both approaches to be insignificant

for the Mn eg states in La1−xSrxMnO3. We compare the Fermi surfaces and bandstructure

obtained by both approaches at x = 0.3 in Fig. 5.7. We find only small differences in

the bandwidth (< 7%) and negligible changes in the Fermi surface. Such differences are

inconsequential for the comparisons with ARPES data presented below. On the other

hand, the rigid shift has a significant advantage over VCA: all values of x can be studied

via a single calculation. For this reason, DFT results discussed below are taken from

rigidly shifted calculations unless otherwise stated.

5.2.1 Analysis of three-dimensional DFT calculations

Detailed analysis of DFT is performed in a purpose-written set of macros in IGOR Pro

titled Hypercube. I designed this software to extract bandstructure and Fermi surfaces

from Wien2k, as well as account for the final-state kz broadening that becomes important

for materials with significant kz dispersion (section 2.4).

A typical workflow for using the Hypercube macros starts by running a DFT calcu-

lation to convergence in Wien2k using standard procedures. Then, a three-dimensional

user specified k-mesh is generated by Hypercube and imported into the Wien2k software,

which calculates the eigenvalue spectrum at each k-point. The result is a four-dimensional

data file with (kx, ky, kz) and band index as the dimensions, and band energy as the value

at each point. This file is imported back into Hypercube, and its functions can now op-

erate independently of Wien2k. Hypercube uses IGOR’s three-dimensional interpolation

algorithm to determine eigenvalues that do not fall directly on the specified k-grid, and

so grids of 30-60 points per edge produce very high-quality bandstructures and Fermi
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surfaces, and in many cases courser grids are sufficient.

Basic analysis functions involve determining all bands that cross EF , generating three-

dimensional Fermi surface plots and two-dimensional Fermi surface slices, and generat-

ing bandstructure along arbitrary k-space cuts with variable kz. In addition, Hypercube is

capable of simulating ARPES spectra by accounting for kz broadening and a user-specified

energy-dependent quasiparticle lifetime (Σ′′(E − EF)). Following Krempasky et al. [80],

the spectral function is written:

A(E,k) =
∑

i

C f (E − EF)
(E − εi(k))2 + (Σ′′(E − EF))2

Where C is an arbitrary constant, f (E−EF) is the zero-temperature Fermi function, and

εi(k) is the DFT calculated eigenvalue at k for band i. We compute the simulated ARPES

intensity (I(E, kx, ky)) by averaging over kz using a Lorentzian with a FWHM given by ∆kz

= 1/λm f p [80], where λm f p is the photoelectron mean free path:

I(E, kx, ky) =

∫
kz

A(E,k)
(kz − ko

z )2 + (∆kz/2)2

Where ko
z is the nominal kz probed by photoemission at the specified photon energy.

With this formalism, Hypercube can simulate a two-dimensional projected Fermi surface

and projected bandstructure for direct comparison with ARPES data. Examples of output

from several of these functions can be seen in the following section.

DFT results for La1−xSrxMnO3

Fig. 5.8a shows the calculated Fermi surface for cubic La1−xSrxMnO3 at x = 1/3. It consists

of a roughly spherical electron pocket at the center of the Brillouin zone and a roughly cu-

bic hole pocket at the zone corner. ARPES measurements probe a two-dimensional slice

through momentum space, so we must take a projection of this three-dimensional calcu-

lation at an appropriate kz for comparison to experiment. As a starting point, I use the
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Figure 5.8: (a) Three dimensional plot of the DFT predicted bulk Fermi
surface with the hole pocket shown in orange and the elec-
tron pocket in purple. The shaded box denotes the region
measured by ARPES. (b) Projected Fermi surface accounting
for kz broadening and instrumental resolution. To mimic the
observed photoelectron cross section, the theoretical electron
pocket intensity is multiplied by a factor of five. (c) Calculated
kz for varying kq using an inner potential (V0−φ) = 10.16 eV and
a photon energy Eph = 40.8 eV. kz has been translated by −4π

c to
bring it into the first Brillouin zone. Also shown in blue is the
FWHM of the kz broadening caused by the surface sensitivity
of ARPES.

inner potential of (V0−φ) = 10.16eV determined for La0.66Sr0.34MnO3/STO by synchrotron

ARPES measurements of the electron pocket [62]. The result of this inner potential for the

photon energy used by us (40.8 eV) is shown in Fig. 5.8c. We find ko
z = 0.53π

c at normal

emission (kx = ky = 0), which varies slightly over the range of our ARPES data in k.

Projecting kz out of the Fermi surface and bandstructure also requires consideration of

final state kz broadening induced by the short photoelectron escape depth as discussed

above. I estimated λm f p = 6 Å by comparing with our ARPES data, but found that chang-

ing λm f p by a factor of 2 does not qualitatively affect our conclusions. Due to the large kz

broadening, which follows a Lorentzian distribution and thus has large ‘tails’, we neglect
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the small variation in kz with (kx, ky) when projecting our DFT results and use ko
z = 0.53π

c

everywhere. The region encompassed by ko
z ± ∆kz is illustrated by a shaded box in Fig.

5.8a, but this region accounts for only half of the total ARPES signal.

The kz projected Fermi surface in Fig. 5.8b again shows both Fermi surface pockets,

but now we see the dramatic effect of final state kz smearing. The electron pocket is dom-

inated by states around the zone center that make up the top and bottom of the spherical

feature. These states are strongly kz dispersive, being of primarily d3z2−r2 character, and as

a result are broadened to such a degree as to obscure any meaningful features within the

underlying dispersion. On the other hand, the hole pockets have large vertical-running

sections of dx2−y2 character that show very little kz-dispersion, resulting in sharp and well

resolved Fermi surface contours. Furthermore, the weak kz dispersion of these features

causes the projected Fermi surface and related bandstructure to be insensitive to the pre-

cise values of kz and escape depth used in our modeling. To further illustrate this point,

in Fig. 5.9a I show bandstructure spaghetti plots for varying kz. Figure 5.9b-d shows the

results of projecting out kz using varying λm f p by following a similar procedure used for

the Fermi surface map presented above. In all cases the hole pocket presents well-defined

sharply dispersive features that are dominated by the most weakly kz-dispersive sections

of the bands (Fig. 5.9b-d). In contrast, the electron pocket is more sensitive to λm f p. It

always contributes significant indistinct intensity at (0, 0), and only shows sharp features

for very small escape depths arising from the outer edges of the electron pocket.

5.3 ARPES results

ARPES measurements were performed with a VG Scienta R4000 electron analyzer and

a VUV5000 helium plasma discharge lamp and monochromator using He II photons

(hν = 40.8 eV). The base pressure of the ARPES system was 5×10−11 Torr and the sam-
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ple temperature was held at 20 K or lower. Spectra were taken with an energy resolution

of 40 meV unless specified otherwise.

5.3.1 Angle-integrated valence band spectra

Angle-integrated valence band spectra show the O 2p and Mn t2g states at 1-8 eV as well

as the more deeply bound La 5p, Sr 4p, and O 2s states in the 15 − 21eV range. Fig. 5.10a

shows example spectra for films with MnO2 and (La,Sr)O surface terminations, as well as

a film with mixed surface termination. Films with (La,Sr)O surface termination show a

strong enhancement of the La 5p and Sr 4p levels with respect to the MnO2 termination, as

well as a modified multi-peak shape that we attribute to surface-related core-level shifts

due to the change in coordination for surface atoms [29]. We confirmed this relationship

by comparing valence band spectra of several La1−xSrxMnO3 films and LaMnO3/SrMnO3
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Figure 5.10: (a) Angle-integrated valence band of two La0.7Sr0.3MnO3/STO
samples, one (La,Sr)O terminated (blue) and the other MnO2
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has strong overlap with O 2s states. Films terminated with
(La,Sr)O show a strong enhancement of these deeply bound
La and Sr peaks. (b) The near-EF intensity (shown here for the
hole pocket kF and normalized as in panel a) has a strong tail
from the valence band for MnO2 terminations that is absent
for (La,Sr)O terminated films.

superlattices to ARXPS measurements of the surface termination on the same films (sec-

tion 5.1.3).

In addition to the clear changes at 15 − 21eV, we also observe changes in the angle-

integrated valence band closer to EF . In particular, Fig. 5.10b shows spectra for MnO2

and (La,Sr)O terminated films within 1.1 eV of EF . In this region, we find a strong non-

dispersive tail from the valence band for the MnO2 surface termination that is much

weaker for (La,Sr)O terminated films, and which we thus attribute to states from the sur-

face MnO2 layer itself. Surface states could arise from the change in Mn coordination at

the surface or a surface reconstruction driven by a polar catastrophe associated with the

polar (La,Sr)O and MnO2 layers [137]. A DFT slab calculation that we performed predicts
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Figure 5.11: (a) The experimental Fermi surface of La0.7Sr0.3MnO3 (inside
the gray box) overlaid onto the DFT simulation from Fig. 5.8b.
Both the hole and electron pockets are clearly visible. (b) An
illustration of the shadow bands (dotted lines) induced by
a c(2 × 2) surface reconstruction of the primary bands (solid
lines).

these surface states to be metallic (Appendix B), but their non-dispersive character and

lack of weight at EF in our ARPES measurements indicate that they are insulating, simi-

lar to findings in layered manganites of an electrically and magnetically inactive surface

[138]. Most importantly, films with both surface terminations show no significant differ-

ences in the dispersive bandstructure used for our analysis of the La1−xSrxMnO3 electronic

structure below.

5.3.2 Fermi surface of La0.7Sr0.3MnO3

Figure 5.11a shows the experimental Fermi surface from ARPES, which can be compared

with the calculated projected Fermi surface in Fig. 5.8 and used as a backdrop here. The

experimental Fermi surface was obtained by integrating over 9000 spectra taken as a func-
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tion of kx and ky in the first two Brillouin zones within ±50meV of EF , and normalizing by

dividing by the valence band between 17.7-17.8 eV binding energies. The experimental

data and simulation are remarkably similar, and both the electron pocket at (0, 0) and the

cubic hole pockets centered at (π/a, π/a) are clearly observed. The absence of this hole like

Fermi surface sheet in earlier experiments was the source of an apparent inconsistency be-

tween theory and experiment [80, 119, 121], and was attributed to the opening of a gap

due to a possible nesting instability [121] or surface reconstruction [122]. In contrast, our

measurements clearly resolve both features, in agreement with bulk-sensitive electron-

positron annihilation measurements [123] and ARPES measurements of ultrathin films

[124]. The observation of these features is central to the content of this dissertation, as

the presence of well defined bands enables us to perform a quantitative study of the near

EF electronic structure responsible for the macroscopic electronic properties of manganite

films.

Figure 5.11a also shows weak shadow bands that stem from the c(2x2) reconstruction

seen in our LEED measurements, which we schematically illustrate in Fig. 5.11b. In this

film these features are most prominent crossing the hole pocket at kx ≈ −1.25π/a, but

weak diffuse intensity within the hole pockets can also be attributed to this reconstruc-

tion. Similar reconstructions are seen in Fermi surface measurements from many of the

manganite films discussed in this dissertation, and vary both in intensity and sharpness

of the reconstructed features. In all cases, the reconstruction does not appear to otherwise

affect the measured electronic structure.

5.3.3 Dispersive states in La0.7Sr0.3MnO3

Figure 5.12 shows ARPES spectra along three k-space cuts for an La0.7Sr0.3MnO3/STO

film. Previous ARPES studies have focused on the dispersion of the central electron
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pocket, seen in Fig. 5.12a. Unfortunately, this feature is intrinsically broad and ill-defined

in ARPES measurements due to final-state kz smearing effects (ref. [80] and section 5.2.1),

inhibiting their use for detailed quantitative analysis of the La0.7Sr0.3MnO3 electronic

structure. Furthermore, we note that La0.7Sr0.3MnO3 is a hole doped material with hole

like Hall conductivity [139], and thus measurements of the hole like bands are essential

to develop an understanding of its electronic properties.

As shown in Fig. 5.11, our measurements clearly resolve the hole pocket Fermi surface

sheets of La0.7Sr0.3MnO3, and ARPES spectra in Fig. 5.12b,c show that they form sharply

resolved highly dispersive features over a wide range in energy. The spectra have well-

defined Fermi steps at the Fermi wavevectors, consistent with the film’s metallic resistiv-

ity. A smooth, k-integrated monotonic background was subtracted from the data in order

to clearly visualize the band over the entire energy window. Fig. 5.13 shows the data from

Fig. 5.12c prior to this background subtraction. Along with the dispersive band crossing
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Figure 5.13: (a) ARPES spectra for La0.7Sr0.3MnO3 from Fig. 5.12c, before
subtracting the non-dispersive background and overlaid with
a parabolic fit to the experimental bandstructure. (b) EDCs
from the same ARPES data showing the non-dispersive back-
ground used to produce Fig. 5.12c.

the Fermi level, a large background growing toward higher binding energies is evident.

We accounted for this large background by integrating over momenta that are not crossed

by the dispersive band to generate a momentum-independent background curve, plotted

in Fig. 5.13b. Subtracting this integrated background for all momenta allows us to arrive

at the data presented in Fig. 5.12c. An analogous process is followed for other k-space

cuts.

In addition to the background introduced by MnO2 surface terminations (section

5.3.1), we also observe non-dispersive spectral weight that tracks the intensity distribu-

tion of dispersive states, indicating that it arises from elastic scattering that may be due to

crystal imperfections within the film or at the surface. The magnitude of this contribution

varies between samples, but is comparable to the MDC peak height of dispersive states in

all films. We do not find significant correlations with film thickness, surface termination,

or temperature, and it does not appear to otherwise adversely affect our measurements

of the dispersive electronic structure.
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A DFT calculation for the band structure of La0.7Sr0.3MnO3 is overlaid onto the ARPES

spectra in Fig. 5.12c, exhibiting excellent agreement between the measured and calculated

dispersion. This is particularly surprising given the strong electron-electron interactions

expected for 3d transition metal oxides, although ostensibly incoherent features with sim-

ilar total bandwidth to the DFT dispersion have also been observed in the layered man-

ganites [140].

I extract the hole pocket bandstructure from our ARPES data on La0.7Sr0.3MnO3 using

standard MDC analysis techniques. Depending on the number of bands intersecting the

momentum window to be analyzed, I fit the MDC to a function of the form:

a + bk +

n∑
i=1

Ai

(k − ki)2 + (∆ki/2)2

Where a and b specify a linear background, and we include n Lorentzians of height 4Ai/∆ki

and full width at half maximum (FWHM) ∆ki at positions ki. Figure 5.14 shows an exam-

ple fit to an MDC at E = 0.20 ± 0.01 eV from the data in Fig. 5.12c.
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Our sharpest features have MDC widths of 0.12 Å
−1

. This is significantly broader than

the quasiparticle peaks observed in some layered manganites [141, 142, 106], and indeed

we do not observe EDCs anywhere in momentum space that satisfy the conventional def-

inition of a quasiparticle (∆E < E). Nevertheless, the origin of quasiparticles that have

been observed in manganites is controversial [106], and many studies of layered man-

ganites find features that are similarly broad to ours [140, 104, 105]. The lack of sharply

defined quasiparticles is a possible indication of the strongly interacting and incoherent

nature of these states. Broadening of the spectra can also arise, however, from scattering

at imperfections within the crystal structure or at the polar surface of our films. Further-

more, the quasiparticle peak at EF could be suppressed by the ARPES matrix elements

of our fixed photon energy. For these reasons, we do not take our lack of observation

of sharp quasiparticles to indicate that they do not exist, and it remains likely that the

intrinsic width of the observed features is narrower than our spectra indicate.

Nonetheless, it is well established that in strongly coupled materials the incoherent

dispersion can track the unrenormalized bare bandstructure [36, 37]. The microscopic

details of the Mott insulating state and its relation to the t-J model in the cuprates are

determined from an analysis of the incoherent dispersion making up the lower Hubbard

band [36, 37]. Similarly in the layered manganites, gaps due to ordered phases [104, 140],

the broadening of bands due to localization [143], and the effects of Fermi surface nest-

ing [105] have all been measured through broad dispersive states without sharply re-

solved quasiparticles. Thus, despite their possibly incoherent nature, the measured dis-

persive features in La1−xSrxMnO3 films should accurately represent the underlying elec-

tronic structure.
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was taken with an energy resolution of 40 meV. (b) The same
dispersion measured with 10 meV resolution. The solid and
dashed lines are identical to those from panel a. Despite the
greater noise in the data, we still resolve the low-energy kink.

5.3.4 Electron-boson coupling strength

As shown in Fig. 5.12c, the experimental band dispersion corresponds remarkably well

to predictions from DFT. The close agreement of the band velocity at high energies

(vHE = 5.9 ± 0.1 eV Å) with the DFT velocity (vDFT = 5.3 eV Å) suggests that electron

correlations alone do not strongly renormalize the effective mass. Upon closer inspection

of the ARPES data, we observe a sudden deviation in the band velocity at 40 ± 10 meV,

which we have also confirmed with an improved energy resolution of 10 meV (Fig. 5.15).

This feature is a classic consequence of the coupling to a bosonic mode at an energy

of 40 meV (section 2.3). Fitting the band velocity at low (vF) and high (vband) energies

gives vband/vF = 2.7 ± 0.5. This is similar in both energy and magnitude to the strong

electron-phonon coupling found in bilayer La2−2xSr1+2xMn2O7 (ref. [142]), and indicates
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that La1−xSrxMnO3 falls within a strong coupling regime. A Fermi liquid theory based

analysis gives an enhancement in the effective mass (m∗) over the bare mass (mband) of

m∗/mband = 2.7, which is in good agreement with m∗/mband = 2.5 determined by specific

heat measurements of bulk La0.7Sr0.3MnO3 (ref. [144]), despite the strong coupling nature

of this material.

5.4 Variation with x

5.4.1 Fermi surfaces for 0.2 ≤ x ≤ 0.6

In addition to La1−xSrxMnO3/STO films at x = 0.3, we also measured films at x = 0.2,

x = 0.4, and x = 0.6 to observe the changes in electronic structure over a wide range of

doping. First we examined the Fermi surface shape and volume for each film by extract-

ing Fermi wavevectors from our ARPES data covering a wide range in k-space. Due to

differences in the photoemission intensity at the various x values [119], we used differ-

ent energy integration windows for each film: EF± 200 meV for x = 0.2, EF± 50 meV for

x = 0.3, EF± 60 meV for x = 0.4, and EF± 50 meV for x = 0.6. Hole pocket Fermi wavevec-

tors were extracted from the ARPES data by fitting the resulting Fermi surface maps to

Lorentzian line shapes and extracting the peak positions. The symmetry operations of

the 2D-projected BZ were then applied to the data. The central electron pocket does not

provide well-defined Fermi surface crossings in ARPES data, as discussed above. To ex-

tract an estimate for the size of this feature, we extracted contours from our Fermi surface

maps at 30% and 70% of the electron pocket’s peak intensity. Due to strong matrix ele-

ment effects for the x = 0.4 Fermi surface, we did not extract a 70% contour. The resulting

Fermi surface contours are plotted in Fig. 5.16, where the hole pocket data are shown as

blue points and the electron pocket contours as shaded regions.
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In addition, Fig. 5.16 overlays contours extracted from our tetragonally strained DFT

calculation for La1−xSrxMnO3/STO at x values that best fit the experimentally measured

Fermi surfaces. These contours were generated by first projecting out the DFT calculation

along the kz direction as described in section 5.2.1, and exemplified in Fig. 5.8c. Then,

hole pockets were extracted following the same procedure used on actual ARPES data

and electron pockets were drawn from the 50% intensity contour of the central feature.

We then used the extracted DFT hole pockets to perform Luttinger counts of the three

dimensional Fermi surface using the two-dimensional contours measured by ARPES.

This was done by varying the chemical potential within the calculation to obtain the best

fit to the experimentally measured hole pocket contours for each film. The volume of

the three-dimensional calculated Fermi surface corresponding to each two dimensional

ARPES measurement provides the mobile carrier concentration for each film. To account

for the fact that in experiment we do not resolve states above EF , the DFT integration

window uses only the occupied portion of the spectrum. For example: the x = 0.2 exper-

imental data was integrated over EF ± 200 meV, and the corresponding DFT calculation

was integrated over EF−200 meV up to EF . This shift of 0.1 eV in the center of the integra-

tion window corresponds to a change in x of 0.04. For the smaller integration windows

used in other samples (0.05-0.06 eV), the corresponding change in x is 0.01.

The results are reported in Fig. 5.16e alongside XPS measurements of the La:Sr stoi-

chiometry for the same x = 0.2-0.4 films. The close agreement between the mobile car-

rier concentration, nominal x, and experimentally determined x suggests that all of the

Sr dopants contribute to itinerant carriers throughout the ferromagnetic metallic phase.

Furthermore, the good agreement between DFT and ARPES data for both Fermi surface

sheets at x = 0.2-0.4 suggests that a simple rigid band model accurately describes the un-

derlying single electron band structure of the ferromagnetic metallic state in a wide range

around x = 0.3, and provides further support that our results are representative of the

intrinsic electronic structure of bulk La1−xSrxMnO3. Of course, this treatment does not ac-
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count for the many-body effects such as incoherence and suppression of spectral weight

that can interfere with quasiparticle-like metallic conduction despite the large carrier con-

centration. Nevertheless, these results constitute the first direct demonstration that DFT

calculations correctly account for the shape and underlying bandstructure within the fer-

romagnetic metallic phase of La1−xSrxMnO3, and thus form a meaningful foundation for

more sophisticated many-body treatments.

5.4.2 The A-type antiferromagnetic state at x = 0.6

In contrast to x = 0.2-0.4, we see clear disagreement between the nominal and ARPES

determined carrier concentrations for the x = 0.6 film. This is further highlighted in Fig.

5.16d by the maroon contours showing the DFT calculated Fermi surface for a nominal

value of x = 0.6. This indicates a fundamental change in the underlying electronic struc-

ture on passing from x = 0.4 to x = 0.6, a result that is in excellent agreement with the

established La1−xSrxMnO3 phase diagram (Fig. 4.1a). Upon increasing x to above ≈ 0.5,

the ground state of bulk La1−xSrxMnO3 transitions from the ferromagnetic to an A-type

antiferromagnetic phase (A-AF). This phase is distinct from the highly insulating A-AF

phase in undoped LaMnO3, which has a staggered d3x2−r2/d3y2−r2 orbital order with unit

occupancy at each site [99]. Instead, near x = 0.5 we expect dx2−y2 polarized fractionally

occupied orbitals [145]. Consistent with this expectation, it is found that the transition

into the A-AF phase is accompanied by a tetragonal structural distortion [146]. In ad-

dition, the resistivity increases by an order of magnitude over the FM metallic phase

and becomes fairly independent of temperature [72]. The dx2−y2 orbital order and A-AF

spin arrangement is expected to give rise to a quasi-two-dimensional metal with strongly

anisotropic resistivity. Although resistivity anisotropy has been observed in the much

more insulating Nd0.45Sr0.55MnO3 (ref. [147]), a similar observation has not been reported

for La1−xSrxMnO3.
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In comparing to the bulk phase diagram, it is important to note that the lattice con-

stant of La1−xSrxMnO3 decreases as the Sr content is increased, and as a result the in-plane

tensile strain for La0.4Sr0.6MnO3/STO is quite large (1.4%) [72]. Tensile strain from the

substrate breaks the symmetry between the a-b plane and the c-axis, which leads to an

out-of-plane orientation for the A-type antiferromagnetic coupling and an in-plane ori-

entation for dx2−y2 orbital polarization [83]. Equally thick La0.45Sr0.55MnO3 films in the

literature were found to be either coherently strained [148] or heavily relaxed [149], pre-

sumably depending on growth conditions, so it is possible that some degree of relaxation

has occurred in our film. Nevertheless, tensile strain acts to stabilize the A-AF phase

found in bulk La0.4Sr0.6MnO3, so we expect similar magnetic and electronic structure for

both coherently strained and partially relaxed films. In fact, both of the aforementioned

studies find similar Néel temperatures of TN ≈ 220K with similar bad-metallic conductiv-

ity [148, 149].

Sun et al. [17] have performed extensive measurements of the electronic structure

in the A-AF metallic phase of the bilayer Ruddlesden-Popper La0.82Sr2.18Mn2O7. They

reported a very weak coupling between bilayers resulting in a lack of bilayer splitting

of the bandstructure, and the absence of the d3z2−r2 electron pocket from the Fermi sur-

face. Both results are consistent with DFT calculations of the dx2−y2 polarized A-AF state.

No ARPES studies of the perovskite A-AF phase have been reported, however. In per-

ovskites we might expect the effect of A-AF on the c-axis hopping parameters and orbital

polarization to be significantly reduced relative to the layered materials, where the crys-

tal structure already provides a degree of dx2−y2 polarization and reduced c-axis hopping.

Nevertheless, our results in Fig. 5.16d already show that the electronic structure has a

dramatic response to this phase transition.

Figure 5.17 shows the raw Fermi surfaces measured by ARPES for x = 0.6 and x = 0.3.

Although qualitatively similar, the hole pockets for x = 0.6 are noticeably larger and
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Figure 5.17: The Fermi surface (integrated over EF ± 50 meV) from x = 0.3
(a) and x = 0.6 (b) films. The larger hole pockets and smaller
electron pocket for x = 0.6 are indicative not only of the in-
creased hole doping for this film, but also of a strongly re-
duced kz dispersion. The white line indicates the k-space cut
used in Fig. 5.19.

the electron pocket smaller than the corresponding features at x = 0.3. This is partly a

consequence of the increased hole doping of this compound, but as we showed in Fig.

5.16d, doping alone is unable to account for the measured x = 0.6 Fermi surface. On

the other hand, the electronic structure of an anisotropic dx2−y2 polarized state in A-AF

La1−xSrxMnO3 should exhibit a strongly reduced kz dispersion. To explore this issue quan-

titatively, I calculated the Luttinger volume of each Fermi surface sheet for the x = 0.3 and

x = 0.6 films. Assuming a purely two-dimensional bandstructure results in an experimen-

tally determined x of 0.42 ± 0.05 and 0.56 ± 0.06 for x = 0.3 and x = 0.6 films, respectively,

where the error is dominated by the difficulty in precisely determining kF for the electron

pockets. On the other hand, our three-dimensional Luttinger counts indicated 0.29 ± 0.04

and 0.44 ± 0.03 for x = 0.3 and x = 0.6 films (Fig. 5.16e). A two-dimensional electronic

structure clearly provides a much better estimate for the hole concentration of the x = 0.6
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Figure 5.18: (a) The angle-integrated valence band from x = 0.3 and x = 0.6
films. (b) EDCs at the hole pocket kF for the same two films in
addition to films at x = 0.2 and x = 0.4, all normalized to the
valence band peak at E ≈ 3.2 eV. (c) The spectral weight inte-
grated within 100 meV of EF for each film. We find a strong
reduction in intensity at EF for x = 0.2 relative to the films at
larger x.

sample, whereas the x = 0.3 film agrees with the expected three-dimensional model. Our

ARPES results therefore demonstrate a crossover from the three-dimensional electronic

structure of the ferromagnetic phase, to a strongly anisotropic electronic structure within

the dx2−y2 polarized A-AF.

5.4.3 Energy dependent electronic structure for varying x

Fig. 5.18a shows the measured angle-integrated valence band for the x = 0.6 film com-

pared to an otherwise identically grown x = 0.3 film. The high-binding energy fea-

tures demonstrate the (La,Sr)O termination of this film (section 5.3.1), which is consistent

with the nominal surface termination from growth. The La 5p derived peak has become

weaker for the x = 0.6 film, consistent with its smaller La content. Furthermore, the
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x = 0.6 valence band shows a general shift to lower binding energies. Hole-doping shifts

the chemical potential deeper into the occupied bands. Since the location of the chemical

potential defines our zero position in energy, this is reflected in a lower binding energy

for all other features in the photoemission spectrum of the x = 0.6 film. The Sr 4p peak

shifts by 0.16 ± 0.05 eV. This is much less than the rigid-band shift from our FM DFT

calculation (0.5 eV), but this discrepancy is not surprising given the over-simplicity of the

rigid-shift model and the phase transition occurring at x ≈ 0.5. XPS measurements of the

chemical potential in La1−xSrxMnO3 find a shift of 0.26± 0.1 eV on increasing x from 0.3 to

0.6, within error of our results [150].

Fig. 5.18b and c show a comparison for x = 0.2-0.6 at the hole-pocket kF and within a

narrow energy window around EF . We observe little change in the spectral weight at EF

for x = 0.3-0.6, indicating that our x = 0.6 film remains within a metallic phase, consistent

with both the bulk La1−xSrxMnO3 phase diagram and transport measurements on x = 0.55

La1−xSrxMnO3/STO films [72, 148]. On the other hand, there is a dramatic decrease in

weight at EF for x = 0.2. A similar suppression of spectral weight at EF was observed in

angle-integrated studies of of pulsed-laser deposition grown La1−xSrxMnO3 films [151],

and further explored in detail by in-situ ARPES measurements of the electron pocket at

the Brillouin zone center [119]. La1−xSrxMnO3 transitions into a ferromagnetic insulating

phase for x < 0.15, at which point the spectral weight at EF vanishes. The suppression of

weight on approaching this transition from the metallic side was interpreted as evidence

that this transition is of the Mott type, and that spectral weight from the Mn eg band is

transferred to a higher binding energy lower Hubbard band that is obscured by the intense

O 2p and Mn t2g valence band. Our results are consistent with this interpretation, but

now verify that this model holds for both the electron and hole pockets that make up the

Fermi surface.

High resolution ARPES measurements of the hole pocket, shown in Fig. 5.19a, allow
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Figure 5.19: (a) x = 0.6 ARPES spectra along the k-space cut indicated by
the white line in Fig. 5.17b taken with an energy resolution
of 10 meV, after subtraction of a non-dispersive background.
(b) Points correspond to MDC fitted experimental dispersion
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tronic structure in panel a showing a clear low energy kink.
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shown as a solid and dashed line, respectively. (d) FWHM of
the Lorentzian MDC fits showing a slight change in energy-
dependence below 0.1 eV.

us to examine the electronic structure of A-AF La1−xSrxMnO3 in more detail. We observe

well-defined dispersive features with k-widths comparable to our narrowest measured

ferromagnetic La1−xSrxMnO3 features (∆k as small as 0.1 Å
−1

). Figure 5.19b shows the re-

sults of MDC fits to the experimental dispersion for x = 0.6 compared to the dispersion

along the same k-space cut for x = 0.3. Due to the larger hole-doping, the x = 0.6 band

bottom lies closer to EF . Nevertheless, fits to the high energy dispersion (0.4-0.1 eV) indi-
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cate a 25% lower effective mass for x = 0.6 than the ferromagnetic phase at x = 0.3. This

indicates that carriers at x = 0.6 have comparable or slightly higher in-plane hopping co-

efficients. This is reasonable to expect; the in-plane MnO2 network is ferromagnetically

coupled in both the A-AF and ferromagnetic states, and tight-binding parametrizations

of first-principles calculations find similar hopping parameters for both [75, 152]. As em-

phasized by our Fermi surface measurements, the key change in the electronic structure

is the dramatic reduction in hopping along the kz direction due to the combination of

antiferromagnetic coupling and the strong Hund’s rule interaction [152].

Figure 5.19c and d show the extracted bandstructure and k-widths for the band at

k ≈ 0.25 π/a within a narrow window around EF . We observe a clearly resolved kink de-

viating from the high-energy dispersion at 110 meV and crossing over into a low-velocity

dispersion at 60 meV. This feature is a classic signature of electron-boson coupling, and

equating the ratio of high-energy (> 150 meV) to low-energy (< 60 meV) velocities with

the enhancement of the hole band’s effective mass gives m∗/m = 3. This value is in excel-

lent agreement with the renormalization observed in A-AF Ruddlesden-Popper mangan-

ites [17] and by us in ferromagnetic La1−xSrxMnO3 (section 5.3.4), indicating an electron-

phonon source for the renormalization and a similar strength in the three-dimensional

and quasi-two dimensional cases for both layered and cubic manganites.

5.5 Conclusions

In this chapter we have shown extensive measurements of the electronic structure of the

canonical large-bandwidth manganite. These represent the first measurements of the en-

tire Fermi surface and near EF electronic structure in La1−xSrxMnO3, and allowed us to

establish that first-principles calculations accurately describe the underlying Fermi sur-

face shape and band dispersion over a wide range in x. Nevertheless, our measurements
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showed substantial departures from a simple Fermi liquid scenario, including a dramatic

suppression of spectral weight at EF for x = 0.2 and a strong renormalization of the disper-

sion near EF . The sharply resolved hole pockets enabled direct comparisons between our

data on perovskite La1−xSrxMnO3 and the extensive literature on the bilayer Ruddlesden-

Popper manganites. Both share a similar strong electron-lattice coupling within the ferro-

magnetic and A-AF metallic phases, suggesting that the charge carriers of La1−xSrxMnO3

have a strongly polaronic nature. The close agreement between layered and perovskite

manganites is particularly surprising given the two-order of magnitude difference in re-

sistivity between them.

Further ARPES measurements of A-AF La0.4Sr0.6MnO3 demonstrated a similar spec-

tral weight at the Fermi level and comparable in-plane hopping parameters to the ferro-

magnetic phase. Nevertheless, our Fermi surface measurements ruled out an isotropic

three-dimensional electronic structure, indicating instead a strongly anisotropic state that

is consistent with the expected dx2−y2 polarized A-AF. As discussed in chapter 7, a grow-

ing body of evidence from Ruddlesden-Popper manganites as well as our experiments

on manganite superlattices have demonstrated the important role played by the c-axis

dispersion in stabilizing the fragile metallic state of the manganites. It is thus natural

that as the dispersion in perovskite La1−xSrxMnO3 becomes more anisotropic, the A-AF

phase should experience the measured order-of-magnitude jump in resistivity over the

FM. The A-AF phase alone is insufficient to promote a truly insulating two-dimensional

state though, as transport measurements and our ARPES results demonstrate that it re-

mains on the verge of metallic behavior.

Working from La1−xSrxMnO3/STO as a starting point, in the following chapters we

will use epitaxial strain and atomically engineered heterostructures to disrupt the ferro-

magnetic metallic phase at x = 1/3 while directly measuring the corresponding changes

in the underlying electronic structure.
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Chapter 6

Epitaxial strain control of electronic

structure through the metal-insulator

transition in La2/3Sr1/3MnO3

Pressure has played a key role in modifying the physical properties of correlated materials

and has been demonstrated, for instance, to enhance high temperature superconductivity

in cuprates and drive quantum phase transitions in organic and heavy fermion materials

[153, 154, 155]. Nevertheless, experimental probes such as ARPES and scanning tunnel-

ing spectroscopy that have played a key role in understanding the electronic structure of

cuprates [16, 156], topological insulators [157] and many other complex electronic phases

remain incompatible with typical high pressure apparatus, due to the need for accessible

surfaces and ultra-high vacuum conditions. The epitaxial growth of films on deliberately

lattice mismatched substrates provides a clean and accessible analogue to external pres-

Much of the work discussed in this chapter has been submitted as a manuscript to Physical Review
Letters.
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sure, and is capable of attaining biaxial strain (typically ∆a/a < 3%) far beyond the ≈ 0.1%

shattering point of typical bulk ceramic crystals [53].

Due to these advantages, epitaxial strain has been used extensively to enhance carrier

mobilities in semiconductor devices, for example [158]. Nevertheless, some of the most

exciting applications of epitaxial strain involve dramatically altering the electronic phases

of complex oxide films. This includes controlling phase separation at the nanoscale [159],

enhancing high-temperature superconducting and ferromagnetic transition temperatures

[160, 161], and engineering new powerful multiferroics [10, 162]. Our ability to access the

electronic structure underlying such strain-driven phase transitions presents us with the

opportunity to develop a detailed understanding of the many-body interactions that give

rise to complex strain based phase diagrams, essential to the use of strain for rationally

engineering new and useful correlated electron states.

The role of epitaxial strain in tuning the properties of La1−xSrxMnO3 was first studied

by the Tokura group in 1999 [83]. Under compressive strain, the ferromagnetic phase be-

came unstable to the C-type antiferromagnet. On the other hand, tensile strain was found

to preferentially favor the A-type antiferromagnet. Theoretical calculations in this and

subsequent work [163, 164, 165, 166] uncovered the origin of the magnetic phase transi-

tions. Compressive strain favors a d3z2−r2 orbital polarization which encourages ferromag-

netic coupling along the z direction and in-plane antiferromagnetic coupling, naturally

leading to a C-type antiferromagnetic phase. This polarization is consistent with the x-

ray linear dichroism found in compressively strained films [54]. Conversely, tensile strain

favors dx2−y2 polarization, with ferromagnetic in-plane coupling and antiferromagnetic

out-of-plane coupling that gives rise to A-type antiferromagnetism. Figure 6.1a shows

the first-principles magnetic phase diagram from ref. [163].

Nevertheless, the excellent agreement between first-principles calculations and mag-

netic behavior obscures an essential remaining puzzle: all of these treatments predict a
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Figure 6.1: (a) The magnetic phase diagram for epitaxial strain (c and a are
the out-of-plane and in-plane pseudocubic lattice constants)
and x predicted by DFT in ref. [163]. We schematically show
exaggerated distorted oxygen octahedra and the correspond-
ing Mn eg polarizations. Points corresponding to x = 1/3 films
on the substrates used in this chapter (see main text) are also
shown. (b) Resistivity of three strained La2/3Sr1/3MnO3 films
that were measured by ARPES showing the insulating behav-
ior of the film on DSO.

metallic electronic structure that is at odds with the insulating behavior observed under

strong tensile and compressive strain [83, 167, 127]. The quasi-one-dimensional C-type

phase realized under strong biaxial compressive strain is insulating in bulk manganites,

but particularly mysterious is the metal-insulator transition under biaxial tensile strain,

which should favor the A-type phase. Bulk crystal transport measurements [72] and our

ARPES measurements of La0.4Sr0.6MnO3 films in the previous chapter demonstrate the

typically metallic nature of this phase.

Here, we use in-situ ARPES to directly measure the electronic structure of biaxially

strained La2/3Sr1/3MnO3 thin films2 under compressive and tensile strain (Fig. 6.1a,b).

2As discussed below, our characterization and ARPES measurements indicate that all of the films pre-
sented in this chapter fall within x = 0.33 ± 0.05. Over this entire range, unstrained La1−xSrxMnO3 is well
inside of the ferromagnetic metallic phase and our ARPES measurements of the previous chapter demon-
strate that the near-EF electronic structure shows little variation. For convenience, all films will henceforth
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Our measurements show a strong suppression of spectral weight near the Fermi level

(EF) for the insulating phase under tensile strain, despite the fact that the global band-

width and width in momentum space (∆k) are comparable to the metallic samples. These

results rule out the scenarios of bandwidth or localization-driven metal-insulator transi-

tions, and reveal an instability of the ferromagnetic metal towards an ordered insulating

phase which can be accessed through epitaxial strain.

6.1 Film growth and characterization

We synthesized coherently strained films of (001) La2/3Sr1/3MnO3 on

(NdAlO3)0.39–(SrAl1/2Ta1/2O3)0.61 (NSAT, a = 3.84 Å) [168] and DyScO3 (DSO, a = 3.95 Å)

substrates, which have lattice mismatches of −1.2% and 1.7% with bulk La2/3Sr1/3MnO3,

respectively (a referred to pseudocubic unit cells). Films were grown in a dual-chamber

Veeco GEN10 MBE equipped with reflection high-energy electron diffraction at a sub-

strate temperature of 700 ◦C and with a background oxidant (O2+10% O3) partial pressure

of 5 × 10−7 Torr. Samples were cooled in the oxidant to below 200 ◦C, and then immedi-

ately transferred to the ARPES cryostat for measurement. The La2/3Sr1/3MnO3/STO films

discussed in the previous chapter and further discussed here were grown using identical

conditions, and have a smaller lattice mismatch of 0.6%. Further details on film growth

are provided in section 5.1. Weakly strained La2/3Sr1/3MnO3/STO films were either 100

nm or 20 nm thick, and ARPES spectra for both thicknesses showed no significant differ-

ences. The more heavily strained films on DSO and NSAT were 20 nm thick, which was

previously found to preserve coherent epitaxial strain [127].

We measured resistivities of the same samples measured by ARPES in a four-

point probe linear geometry after removing the films from our vacuum chamber

be referred to as La2/3Sr1/3MnO3, including when comparing to x = 0.3 data from the previous chapter.
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Figure 6.2: (a) θ-2θ x-ray diffraction patterns around the out-of-plane
002 pseudocubic La2/3Sr1/3MnO3 reflection from 20 nm thick
La2/3Sr1/3MnO3/DSO and La2/3Sr1/3MnO3/NSAT films grown
under the same conditions as ARPES samples. All films are
coherently strained and show clear thickness fringes. As-
terisks and black arrows identify the 002 pseudocubic sub-
strate and film peaks, respectively. (b,c) X-ray rocking
curves of the 002 pseudocubic peaks from the same films,
demonstrating substrate-limited crystallinity in both cases.
FWHM values for both the films and substrates are 0.02◦ for
La2/3Sr1/3MnO3/NSAT and 0.003◦ for La2/3Sr1/3MnO3/DSO. (d)
X-ray diffraction scan along the [101] pseudocubic direction for
the same La2/3Sr1/3MnO3/DSO film showing the [101] pseu-
docubic substrate and film peaks used for determining the in-
plane lattice constant.

(Fig. 6.1b). Our La2/3Sr1/3MnO3/NSAT and La2/3Sr1/3MnO3/STO films have resistivi-

ties characteristic of the ferromagnetic metallic ground state in bulk samples, whereas

La2/3Sr1/3MnO3/DSO films are more than five orders of magnitude more insulating at

low temperature (Fig. 6.1b).

We verified the structural quality of our films using high-resolution θ−2θ x-ray diffrac-

tion with monochromated Cu Kα1 radiation and a four-circle Rigaku SmartLab x-ray

diffractometer. In addition, we acquired rocking curves of the 002 pseudocubic peaks of

both the films and substrates using an additional 220 germanium monochromator on the
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diffracted beam. Fig. 6.2 shows example diffraction patterns for films on each substrate,

grown under identical conditions to our ARPES films. The θ − 2θ scans show strong film

peaks with an absence of any undesired intergrowth phases, in addition to well devel-

oped thickness fringes indicating smooth high quality film surfaces. In all cases, rocking

curves for the films had the same FWHM as the corresponding substrates, which indi-

cates that film crystallinity is substrate limited and provides further support for the high

quality of our growths.

To directly confirm that our heavily strained La2/3Sr1/3MnO3/DSO films are coherently

lattice matched to the substrate, we measured several in-plane diffraction patterns for a

20 nm thick La2/3Sr1/3MnO3/DSO film (Fig. 6.2c). First, we used the θ − 2θ peak positions

to calculate the out-of-plane lattice constant (c = 3.805±0.005 Å) using a Nelson-Riley plot

[169]. We then used the position of the [101] pseudocubic film peak along with the known

c axis lattice constant to determine an in-plane lattice constant of a = 3.95 ± 0.01 Å. This

value is in excellent agreement with the pseudocubic DSO lattice constant (a = 3.95 Å),

indicating that this film is indeed coherently strained.

Film stoichiometry was characterized by ex-situ XPS measurements of the La 4d and

Sr 3d core levels using a monochromated Al Kα source (1486.6 eV), as discussed in sec-

tion 5.1.3. In addition, three samples were sent to Jürgen Schubert at Forschungszentrum

Jülich GmbH for Rutherford backscattering spectrometry measurements to provide an

additional measure of film stoichiometry and cross check for our XPS results. The sam-

ples were 10 × 5 mm of nominal composition La2/3Sr1/3MnO3, and were on DSO, NSAT,

and LaAlO3 substrates. The films on DSO and NSAT were 20 nm thick, and the film

on LaAlO3 was 9 nm thick. Due to the very thin film thicknesses and the use of sub-

strates that contain heavy elements, the signal from these RBS measurements is intrinsi-

cally much lower than is typical. Nevertheless, our collaborators were able to measure

and analyze the spectra from each film, and we report these results in table 6.1 alongside
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Substrate RBS x XPS x
NSAT 0.32 ± 0.03 0.35 ± 0.02
DSO 0.35+0.05

−0.03 0.36 ± 0.02
LAO 0.35+0.05

−0.03 0.40 ± 0.02

Table 6.1: Experimentally determined x for La1−xSrxMnO3 films on NSAT,
LAO, and DSO substrates by RBS and XPS.

XPS measurements from the same films. Due to the aforementioned experimental diffi-

culties, the estimated error bars are large, and may be particularly so for the very thin film

on LaAlO3 whose spectra showed additional surface-derived features that could not be

accounted for. Nevertheless, the main point is that within the admittedly large error bars,

our XPS results are consistent with RBS from these films and that our XPS measurements

are thus not subject to large systematic errors.

An additional concern regarding the stoichiometry of manganite films is the possi-

bility of a large concentration of oxygen vacancies [170]. We are unable to directly ob-

tain accurate measurements of the oxygen concentration of our films from our ex-situ

XPS measurements, since they are surface sensitive and will be affected by contamination

due to air exposure, and Rutherford backscattering spectrometry is unable to accurately

determine the concentration of such light elements. On the other hand, we are able to

indirectly approach this problem through several means. First, the highly metallic re-

sistivities of films on STO and NSAT substrates provide strong evidence against the for-

mation of a large concentration of oxygen vacancies, which would dope the films away

from x = 1/3 and thus increase their resistivity. More cause for concern exists in the insu-

lating La2/3Sr1/3MnO3/DSO films, though, since we must ensure that the metal insulator

transition is intrinsic to La2/3Sr1/3MnO3 and not an artifact of poor stoichiometry.

To address this, I measured the Mn 3s splitting by XPS for the same film measured by

ARPES. As shown in Fig. 6.3a using data from Galakhov et al. [74], the energy splitting of

the Mn 3s doublet depends sensitively on the Mn valence due to an exchange coupling be-
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Figure 6.3: (a) The Mn 3s core level splitting for many compounds as
a function of the formal Mn valence (adapted with permis-
sion from Galakhov et al. (2002) [74]. Copyright 2002 by the
American Physical Society). (b) Mn 3s XPS spectrum from
the La2/3Sr1/3MnO3/DSO film measured by ARPES. The XPS
data is shown in purple, and the fit peaks and background are
shown in black. The observed splitting is consistent with the
nominal Mn valence.

tween the core hole and the Mn 3d valence electrons. For a composition La1−xSrxMnO3−y,

the nominal Mn valence is given by VMn = 3 + x − 2y, so that VMn is sensitive to the con-

centration of oxygen vacancies. Unfortunately, due to charge transfer between O and Mn,

x = 1/3 lies in a region where the actual charge on the Mn site is relatively constant with

x leading to a plateau in the Mn 3s splitting. We measured a splitting of ∆E3s = 5.33± 0.05

eV for the La2/3Sr1/3MnO3/DSO film, putting us within this plateau and indicating a Mn

valence between 3+ to the ideal 3.3+. This provides an upper bound of y < 0.19 given the

XPS determined Sr concentration (x = 0.38).

As an additional check, we note that the lattice parameters of our La2/3Sr1/3MnO3/DSO

film closely agree with published values in earlier work [127], indicating no measurable

lattice expansion due to oxygen vacancies. Furthermore, our ARPES measurements of
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Substrate Nominal x XPS x ARPES x
NSAT 0.3 0.37 ± 0.02 0.37 ± 0.04
STO 0.3 0.29 ± 0.02 0.29 ± 0.04
DSO 0.3 0.38 ± 0.02 0.30 ± 0.05
STO 0.2 0.21 ± 0.02 0.25 ± 0.07
STO 0.4 0.40 ± 0.02 0.37 ± 0.05

Table 6.2: Experimentally determined x for La1−xSrxMnO3 films that were
measured by ARPES. The uncertainty for XPS is taken as a typ-
ical value of ±0.02. Uncertainties for ARPES represent an in-
crease in the χ2 of the fit to 150% of the best-fit value.

iso-energy contours in La2/3Sr1/3MnO3 films can be used to estimate the carrier concentra-

tions following the procedure outlined in section 5.4.1. Table 6.2 shows results for films

on STO, NSAT, and DSO. The mobile carrier concentration for each metallic sample from

ARPES closely agrees with the La/Sr ratio as measured by XPS, demonstrating a lack of

a measurable concentrations of oxygen vacancies. Due to the insulating nature of this

sample, which is not captured by DFT calculations, we do not expect this procedure to be

as precise as for metallic films. Nevertheless, we estimate a charge concentration in the

Mn eg states corresponding to x = 0.3 ± 0.05 that is well within the ferromagnetic metallic

phase for unstrained La1−xSrxMnO3 , and indicating at most only a small concentration of

oxygen vacancies y < 0.07.

6.2 ARPES results

ARPES and angle-integrated valence band measurements were performed with a

VUV5000 helium plasma discharge lamp and monochromator using He II photons (hν

= 40.8 eV) and a VG Scienta R4000 electron analyzer. The sample temperature was kept

below 20 K for films on NSAT and STO substrates. Measurements were performed at 70

K for films on DSO substrates to avoid charging, as discussed below. We used an energy
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Figure 6.4: (a) Angle-integrated valence band spectra from La2/3Sr1/3MnO3

films on all three substrates. (b) Valence band spectra for
La2/3Sr1/3MnO3/DSO taken at 70 K and 200 K, showing the ab-
sence of any shift due to charging. (c) Extracted positions for
the peaks at 17.4 eV (circles), 18.4 eV (squares), and 19.9 eV (tri-
angles) as a function of temperature, relative to the 200 K data
(Eo f f set = ET − E200K). Charging is large at 40 K, but negligible
by 70 K.

resolution of 40 meV.

6.2.1 Angle-integrated valence band

Figure 6.4a shows angle-integrated valence band spectra for 20nm thick La2/3Sr1/3MnO3

films on NSAT, STO, and DSO substrates. As discussed in section 5.3.1, the deeply bound

Sr4p and La5p states at 15 − 21 eV allow us to determine (La,Sr)O, MnO2, and mixed

surface terminations for the films on NSAT, STO, and DSO respectively. Our extensive

studies of La2/3Sr1/3MnO3/STO films have demonstrated that this does not have a sig-

nificant effect on the dispersion of the near-EF states that will be the subject of analysis

below.
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The photoelectrons measured during our experiments constitute a current flowing

out of the sample surface that must be replenished by transport through the film in or-

der to prevent the buildup of a large electrostatic charge within the measured volume.

This charge would appear in our measurements as a shift of the photoemission spectra to

deeper binding energies (i.e., higher voltage). Metallic films are easily grounded through

their edges, but the appearance of charging is a common problem with insulating films

or bulk crystals and is seen in our La2/3Sr1/3MnO3/DSO at low temperatures. At 20 K, the

valence band spectra were severely distorted and shifted by > 19 eV due to charging. By

T = 70 K, however, charging has become negligible due to the decreased film resistance

(Fig. 6.1b). This is seen clearly in the spectra of Fig. 6.4b at 70 K and 200 K, where no

relative shift of the spectra is apparent despite the greater than two order of magnitude

change in the film’s resistivity. In Fig. 6.4c we show the result of fits to each of the three

peaks that appear between 15-21 eV, comparing their position to the spectrum at 200 K.

Significant charging is observed below 40 K but by 70 K the peaks are shifted by a negligi-

ble small amount (4±20meV). For this reason, we chose to perform ARPES measurements

on La2/3Sr1/3MnO3/DSO at T = 70 K.

6.2.2 Momentum resolved maps of electronic structure

Figure 6.5 shows momentum-resolved maps of spectral intensity for La2/3Sr1/3MnO3 on

NSAT, STO, and DSO substrates. At E = EF (top panels) these represent the films’ Fermi

surfaces, discussed extensively for La2/3Sr1/3MnO3/STO in the previous chapter. Simi-

larly, in La2/3Sr1/3MnO3/NSAT we observe a two-sheet Fermi surface with sharply re-

solved hole pocket sheets and a broad central electron pocket despite its large compres-

sive strain (−1.2%), but consistent with its metallic resistivity.

In sharp contrast to the metallic films, Fig. 6.5c shows that La2/3Sr1/3MnO3/DSO lacks
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Figure 6.5: (a-c) k-resolved maps of photoemission spectral weight for
La2/3Sr1/3MnO3 films on NSAT, STO and DSO, respectively, at
EF and 0.25 eV (integrated over ±50 meV). Dashed lines in-
dicate high-symmetry lines of the pseudocubic projected Bril-
louin zone. Data from each film are normalized to provide sim-
ilar intensity at 0.25 eV, and maps at EF are enhanced by an
additional factor of 2 so all can be plotted on comparable color
scales. Top: exaggerated illustration of the distorted oxygen
octahedron around the Mn ion due to epitaxial strain and its
expected effect on occupied eg orbitals.

a Fermi surface and has no measurable spectral weight at EF . This is, of course, consis-

tent with the insulating nature of this film. Nevertheless, we observe a remnant Fermi

surface for E ≥ 250 meV that is strikingly similar to that of metallic La2/3Sr1/3MnO3. This

is unexpected, since a conventional band insulator involves reconstruction of the entire

bandstructure close to EF as the gap is opened. Instead, this is strong evidence for the

unconventional nature of the insulating phase in tensile strained films.

ARPES spectra of the hole pockets taken along kx = 0.6 π/a are shown for each film

in Fig 6.6. These spectra have had a non-dispersive background subtracted to better

display the dispersive features near EF ; the corresponding raw data is shown in Fig.
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panel) for La2/3Sr1/3MnO3 films on NSAT (a), STO (b) and
DSO (c), after subtraction of a non-dispersive background and
overlaid with parabolic fits to the experimental bandstructure.
Right panels show energy distribution curves at kF for each
film without background subtraction and normalized to the va-
lence band.

6.7. La2/3Sr1/3MnO3/NSAT and La2/3Sr1/3MnO3/STO have distinct bands with a well-

defined Fermi step at kF . On the other hand, La2/3Sr1/3MnO3/DSO has highly dispersive

bands that appear to vanish several hundred meV below EF with a gap in intensity of

Eg = 0.10 ± 0.01 eV at the extrapolated kF . This is consistent with the energy gap of

Eg = 0.10 ± 0.02 eV extracted from fitting the resistivity to the form ρ(T ) ∝ eEg/2kBT , further

indicating that our results reflect the bulk properties of this film.

Fig. 6.8 shows the results of MDC fits to the experimental dispersion for each film. De-

spite a large downward shift of the La2/3Sr1/3MnO3/DSO hole pocket band and a smaller

upward shift for La2/3Sr1/3MnO3/NSAT, all three bands surprisingly exhibit curvatures

that are in close agreement. All fall within 0.22 ± 0.05 me showing no clear relationship

to resistivity, and are in good agreement with the cubic (unstrained) DFT calculation of

0.21me (Fig. 6.8c). This indicates that the hopping integrals and underlying bandwidth do
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not change significantly through the metal-insulator transition. Furthermore, Fig. 6.8b,c

show that we find similarly broad MDCs for all three films. Thus, our results indicate

that the electronic structure of metallic and insulating films are surprisingly similar, with

the key difference being a strong suppression in intensity throughout the Brillouin zone

on approaching EF .

Due to the surface sensitivity of ARPES, care must be taken to ensure that our re-

sults are representative of the ‘bulk’ behavior of the films. In our earlier discussion of

La2/3Sr1/3MnO3/STO this was self-apparent due to the excellent agreement between the
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ARPES measurements, experimentally measured bulk physical properties, and the calcu-

lated bulk electronic structure. On the other hand, in the present chapter we are prob-

ing the strain induced metal-insulator transition that is not captured by first-principles

calculations and has been difficult to directly address by other means. By comparing

the La2/3Sr1/3MnO3/STO Fermi surface with our DFT calculation in the previous chap-

ter, we determined a carrier concentration in the film of 0.29 ± 0.03 holes/Mn atom that
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is in close agreement with the Sr concentration measured by XPS of 0.29 ± 0.02. To per-

form a similar analysis for the film on NSAT, I performed a DFT calculation using the

experimentally determined film lattice constants and then fit to the experimentally de-

termined Fermi surface using a similar procedure (varying the chemical potential of the

calculated bandstructure). This results in a carrier concentration of 0.37 ± 0.04 holes/Mn

atom, again consistent with our XPS determined Sr concentration of 0.37 ± 0.04. The

La2/3Sr1/3MnO3/NSAT Fermi surface shows similar c(2 × 2) reconstructions to those seen

in films on STO, most visible here at (±3/4, 3/4) π/a in Fig. 6.5a, which we attribute to

structural reconstructions of the topmost atomic layer. Nevertheless, these appear to oth-

erwise have little effect on the measured electronic structure. Recent x-ray linear dichro-

ism measurements found that the loss of octahedral Mn coordination at MnO2 surface

terminations induced a strong orbital polarization [171]. Our ARPES measurements of

both (La,Sr)O and MnO2 terminated films on STO substrates showed no significant dif-

ferences in the dispersive states, suggesting that these states originate from below the

top monolayer of our films and represent the bulk electronic structure. The main effect of

surface termination is a momentum-independent background (section 6.2.1) that could be

due to an electronically inactive or disordered surface dead layer [172]. In all samples we

find excellent agreement between ARPES measurements and the expected Fermi surface

shape, carrier concentration, and transport behavior. We can therefore be confident that

our ARPES measurements through the strain induced metal-insulator transition reflect

the bulk electronic structure of La2/3Sr1/3MnO3 films.

6.3 Why is La2/3Sr1/3MnO3/DSO insulating?

Perhaps the most famous example of a metal-insulator transition in correlated materials

is the Mott transition that occurs near half filling. The transition from a kinetic-energy
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dominated Fermi liquid to an insulator occurs when the bandwidth becomes smaller

than the local Coulomb repulsion, and electrons are thus prevented from hopping to

neighboring occupied sites. The Mott transition cannot explain the insulating behavior

of La2/3Sr1/3MnO3/DSO since it is not close to half filling, and furthermore we see no evi-

dence for the presence of a lower Hubbard band in our spectra3. Nevertheless, bandwidth

driven metal-insulator transitions can occur through a variety of many-body interactions,

such as self trapping due to polaronic effects [173]. Our ARPES measurements that find

similar bandwidths for both insulating and metallic films, however, are strong evidence

that a reduction in bandwidth does not play a key role in the strain driven metal-insulator

transition for La2/3Sr1/3MnO3.

Another possibility is that the insulating behavior of this film is a result of Anderson

localization of the charge carriers, which is believed to occur in general at the Mott-Ioffe-

Regel limit (kF L ≈ 1), where L is the carrier’s mean free path [174]. The high carrier

density in La2/3Sr1/3MnO3 implies a localization length of only a few unit cells, which via

the uncertainty principle implies a significant broadening in k space (Fig. 6.9b). Such an

effect was seen, for example, in ARPES studies of a temperature driven metal-insulator

transition in La0.82Sr2.18Mn2O7 [143]. Our data strongly refute this mechanism for the case

of strained La2/3Sr1/3MnO3 as we do not observe any significant difference in momentum

widths between metallic and insulating films. If we alternately consider the possibility

that the observed momentum widths are dominated by extrinsic effects by using L >

1/∆k, we obtain kF L > 3.5, still well above the Mott-Ioffe-Regel limit for localization.

Theories of correlated materials provide us with one additional scenario: the forma-

tion of a competing electronically ordered phase (Fig. 6.9c), known to occur in several lay-

ered manganite compounds [140, 104]. This mechanism causes the opening of a gap at EF

3This is not to say that Coulomb interactions are not important in the insulation phase. They may, for
example, play an important role in stabilizing the ordered insulation phase discussed later in this chapter.
We only claim here that an unreconstructed unit cell containing one Mn site should not be made insulating
by Coulomb interactions.

110



Bandwidth Localization Ordering
cb

W

k

a

metal

Dk

kk

En
er
gy

Figure 6.9: Schematic illustrations of the metallic bandstructure and its
change through the metal-insulator transition for each mech-
anism are shown in the left and right panels, respectively. (a) A
reduction in bandwidth (W) reduces the importance of kinetic
energy and can promote an insulating state. (b) Localization
of itinerant charge carriers broadens the electronic structure in
momentum (∆k). (c) Instability of the metallic phase to an or-
dered insulator opens a gap at EF with a corresponding down-
ward shift of the band from the non-interacting dispersion. The
bandstructure around the gap contains back-bending portions
for k > kF with rapidly diminishing intensity.

with spectral weight that rapidly decays beyond the non-interacting kF . In addition, the

entire gapped band shifts down in energy [140]. Figure 6.6c clearly shows the presence of

bands with a gap at EF and vanishing intensity for k > kF in La2/3Sr1/3MnO3/DSO, com-

parable to spectra from charge-orbital ordered Pr0.5Sr0.5MnO3 and La0.5Sr1.5MnO4 (refs.

[175, 104]). Figure 6.8a,d highlights the band’s 0.5 eV downward shift with respect to

La2/3Sr1/3MnO3/STO.

The downward shift might in principle be partially ascribed to a crystal field effect.

The hole bands measured by ARPES have mostly x2−y2 orbital character, and these bands

are expected to be lowered in energy by the tetragonal crystal field imposed by the 1.7%

tensile biaxial strain [163, 54]. Nevertheless, a similar opposing effect should also occur in
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Figure 6.10: (a) The orbital polarization from VCA DFT calculations cor-
responding to x = 0.33 for the experimentally measured film
lattice constants on each substrate. We define the polarization
as P = (N(x2−y2) − N(3z2−r2))/(N(x2−y2) + N(3z2−r2)), where N is the in-
tegral of the Mn eg partial density of states up to EF . (b) The
calculated position of the hole pocket band bottom (predomi-
nantly dx2−y2 character) along the k-space cut corresponding to
the ARPES data in Fig. 6.6. The calculated band shifts by ±0.1
eV due to the strain-induced orbital polarization.

the film on NSAT due to its large compressive strain of -1.2%. In addition, the shift of the

film on NSAT should be further accentuated by our choice of STO as the reference point,

whose weak tensile strain of 0.6% places it closer to DSO than NSAT. On the contrary,

whereas we see a very large (0.5 ± 0.1 eV) downward shift for La2/3Sr1/3MnO3/DSO, we

see a much smaller upward shift (0.1 ± 0.1 eV) for La2/3Sr1/3MnO3/NSAT, indicating that

crystal field effects alone are insufficient to explain the shift under tensile strain. Our

virtual crystal approximation DFT calculations for each film using the experimentally

determined lattice constants indicate the expected degree of orbital polarization due to

strain, and provide corresponding shifts of -0.10 eV for La2/3Sr1/3MnO3/NSAT and +0.10

eV for La2/3Sr1/3MnO3/DSO with respect to La2/3Sr1/3MnO3/STO for the hole pocket band

(Fig. 6.10). This agrees well with the film on NSAT, but is far too small to explain the large

shift that occurs under large tensile strain.
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6.3.1 Weak coupling model of an ordered phase

The effects of the formation of an electronically ordered phase on the spectral function

measured by ARPES can be computed within first-order perturbation theory (i.e., assum-

ing weak coupling), following for example the work of ref. [176]. Given an underlying

band dispersion, εk, with wave functions |k〉, and an ordering at wave vector q, the new

eigenstates are:

|ψk〉 = uk−q|k − q〉 + uk|k〉 + uk+q|k + q〉

The coefficients (u) describe the mixing of states at k, k + q, and k − q and, along with the

new eigenenergies, are found by solving the matrix:
εk−q V 0

V εk V

0 V εk+q


The bare dispersion is taken as the DFT calculated hole pocket bandstructure, using the

virtual crystal approximation and the experimentally determined DSO lattice constants.

For illustrative purposes, I take q = 1/3 2π/a along k̂y, corresponding to a 3 × 1 re-

construction. Choosing V = 0.65 eV provides the best fit to our ARPES measurements,

but other combinations of q and V can also provide qualitatively similar spectra. Figure

6.11a shows the results of this calculation for the band dispersion in the non-interacting

(black solid line) and ordered (maroon circles) phases. The ARPES intensity can be com-

puted in a straightforward manner from the wavefunction coefficients (u2
k), and is shown

in Fig. 6.11b with the addition of a Lorentzian energy broadening of 0.6 eV full width

at half maximum (a typical value extracted from our ARPES spectra). The resemblance

to our ARPES data for La2/3Sr1/3MnO3/DSO is immediately apparent, despite the qual-

itative nature of the selection of parameters. Nevertheless, despite this simple model’s

ability to capture the main features of the insulating spectral function - the opening of a
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gap, downward shifting of the bands, and rapid decay of intensity at k > kF - first-order

perturbation theory should not be trusted at a quantitative level for coupling strengths

that are of the same order as the bandwidth.

6.3.2 Strong coupling nature of the insulating phase

The drawbacks of a weak coupling treatment of the electronic ordering can also be seen

more directly from our ARPES data. In the case of a nesting driven ordered phase, we ex-

pect to see band back-folding and a momentum dependent gap that are strongest around

nested regions of the Fermi surface [176], but neither are apparent in our data. Nev-

ertheless, our data bear a strong resemblance to ARPES measurements of bulk layered
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manganites with long range or fluctuating order. In particular, these materials also show

a gap or pseudogap spanning the full Fermi surface, dispersive states that vanish within

several hundred meV of EF , and weak or absent momentum-space reconstructions and

band back folding [104, 105, 140]. Furthermore, a comparison of the typical transition

temperatures and energy gaps in the layered manganites indicates that they fall within a

strong coupling regime (∆/kBTc >> 1.76), as noted by Ref. [105]. The similarity between

the layered manganites and our measurements of La2/3Sr1/3MnO3/DSO provides further

evidence that the insulating phase of strained La2/3Sr1/3MnO3 is driven by strong many-

body interactions, and that a complete description requires a strong coupling many-body

calculation that goes well beyond the simple perturbation theory described in the pre-

vious section. In this regime, the role of Fermi surface nesting becomes less important

as stable ordered phases can be tied to local and real-space effects such as structural dis-

tortions and commensurate ordering vectors. Our La2/3Sr1/3MnO3/DSO Fermi surface

indicates a nesting vector of qnest = 0.29 ± 0.01 2π/a. However, it is just as likely that

the actual ordering pattern locks into a qx = qy = 0.25 2π/a pattern, commonly observed

in many manganites included layered manganites with nesting vectors similar to that of

La2/3Sr1/3MnO3/DSO [105].

6.4 Conclusion

Competition between metallic and charge-ordered insulating phases is central to the com-

plex phase diagram of the manganites, and forms the basis for colossal-magnetoresistance

[177, 178]. Theory has shown how biaxial strain can stabilize charge ordered phases at

x = 1/2 (ref. [179]), and experiments demonstrated a high sensitivity of charge and or-

bital ordered phases to epitaxial strain in small-bandwidth manganites [180]. Our mea-

surements of La2/3Sr1/3MnO3 films have revealed how the electronic structure responds
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as epitaxial strain tunes this competition, giving rise to a state with strong fluctuations

[140] or static order under tensile strain. These results demonstrate the ability to control

and understand the effects of strain on electronic structure, providing essential guidance

for the development of new theoretical techniques aimed at a deeper understanding of

correlated electronic materials.
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Chapter 7

Interplay of dimensionality and

many-body interactions in

(LaMnO3)2n/(SrMnO3)n superlattices

Controlling the electronic properties of interfaces has enormous scientific and technologi-

cal importance. Modern digital technology is based on the electron gases formed at semi-

conductor interfaces and our ability to control their properties with tunable structures

and electric fields [182]. Furthermore, interfaces in GaAs heterostructures have given us

new insight into the physics of correlated electrons through the discovery of the fractional

quantum Hall effect [49]. This approach to generating new materials and electronic sys-

tems has been recently extended from semiconductors to complex oxides. Due to strong

many-body interactions, these interfaces can host emergent ground states not present

in the parent materials [8], including exotic magnetic phases [19, 55], high-Tc supercon-

Much of the work discussed in this chapter was published in E.J. Monkman et al., Nat. Mater. 11, 855
(2012) [181].
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Figure 7.1: (a) Resistivity of (LaMnO3)2n/(SrMnO3)n superlattices as a
function of n and temperature showing the crossover to insu-
lating behavior for n ≥ 3 (data from ref. [113]). (b-c) Schematic
illustration of the (LaMnO3)2n/(SrMnO3)n structure for n = 1−3.

ductivity [20], and two-dimensional correlated electron systems [9, 21, 22] . Thus, these

oxide interfaces present a fundamentally new opportunity where instead of conventional

bandgap engineering, the electronic and magnetic properties can be optimized by engi-

neering quantum many-body interactions [22, 7, 183].

Although the electronic properties of conventional semiconductor heterostructures

can be described by one-electron theories, performing such calculations for correlated

materials is far more challenging. Understanding these correlated interfaces has been

complicated by the inability to probe their underlying electronic structure [7, 183]. Our

in-situ combined MBE and ARPES system is equipped with the capability to both synthe-

size extremely high-quality oxide interfaces, and image their electronic structure. In this

chapter, we use these capabilities to provide the first direct measurements of the electronic

structure at a complex oxide interface.

La1−xSrxMnO3 presents an ideal case for modifying electronic and magnetic proper-
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ties through interfacial engineering due to its competing interactions and wide variety of

ground states, as discussed extensively in previous chapters. In this chapter we study its

heterostructure analog: (LaMnO3)2n/(SrMnO3)n superlattices (Fig. 7.1b-d). Bulk LaMnO3

is an A-type antiferromagnetic Mott insulator and SrMnO3 is a G-type antiferromagnetic

band insulator [97, 99]. Increasing the separation between the LaMnO3 and SrMnO3 lay-

ers with integer n has been shown to drive a crossover from a La2/3Sr1/3MnO3 like fer-

romagnetic metallic (n < 3) to ferromagnetic insulating ground state (n ≥ 3) (Fig. 7.1a)

[112, 113, 184, 185]. The origin of this transition was hitherto not understood, as the-

oretical studies predicted metallic interfaces for large n [134, 186]. Furthermore, the ex-

pected competition between ferromagnetic interfaces and antiferromagnetic LaMnO3 and

SrMnO3 gives rise to complex magnetic states. All superlattices show signs of ferromag-

netism [113], but neutron scattering measurements have shown that the magnetism is

strongly modulated throughout the superlattice unit cell in insulating films [184, 187].

In this chapter, we first examine the magnetic order in n = 4 superlattices using reso-

nant soft x-ray scattering. Our measurements reveal an unexpected strongly modulated

magnetic state with a period twice as large as the structural unit cell. We then turn our fo-

cus to the n driven metal insulator transition. The tunability of oxide heterostructures can

arise from either controlling the single-electron bandstructure as done in conventional

semiconductors, or by taking advantage of the strong many-body interactions that are

uniquely accessible in correlated materials. Our in-situ ARPES data reveal that while the

band structure remains largely unchanged with interfacial separation, a large pseudogap

is opened within 800 meV of EF for n = 3, and closes either upon warming into the para-

magnetic state or reducing the interfacial separation (n ≤ 2). This work provides the first

direct observation of how quantum many-body interactions can be engineered in artificial

materials constructed with atomic-layer precision to control the electronic ground state.
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7.1 Growth technique and characterization

7.1.1 Film growth and x-ray diffraction

Carolina Adamo performed the very demanding growth of all films presented in this

chapter. In consultation with her, I have since grown several films for follow-up experi-

ments. The need to maintain sharply defined interfaces with a roughness much less than

one atomic layer throughout the (LaMnO3)2n/(SrMnO3)n superlattices places stringent re-

quirements on the flux calibration used for film growth. For example, an error in the

La flux of 1 % will accumulate to 1/3 of a monolayer over the growth of a 20 nm thick

film - an unacceptable amount if sharp interfaces are to be maintained. This is particularly

important for ARPES studies of our films, since ARPES is only sensitive to the topmost in-

terface where the accumulation of flux errors is largest. For this reason, sub-percent-level

calibrations are required. To achieve such high precision, we resort to a more stringent

procedure than that used for random alloy films. We begin with the QCM and RHEED

calibration procedures discussed for La1−xSrxMnO3 in section 5.1. In particular, we used

buffered-HF treated (100)-SrTiO3 substrates [126] and grew in an oxidant (O2+10% O3)

background partial pressure of 5 × 10−7 Torr at a substrate temperature of 750 ◦C. Indi-

vidual elemental fluxes were calibrated by QCM and then shuttered RHEED oscillations

[59], including a RHEED oscillation calibration of the Sr flux using SrMnO3 that we forgo

for La1−xSrxMnO3 films.

Following this initial calibration, we rely on ex-situ XRD to further tune element

fluxes. First we grow a (SrMnO3)8/(LaMnO3)1 superlattice, ten repetitions thick. This

structure is chosen because it provides superlattice reflections at positions and with

strengths that are highly sensitive to errors in our SrMnO3 calibration but relatively un-

affected by errors in LaMnO3. Using the peak positions, we estimate the thickness of the
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SrMnO3 layers, adjust the flux accordingly, and grow additional characterization super-

lattices until a satisfactory XRD pattern is obtained. Next, we perform a corresponding

calibration of the LaMnO3 flux using (LaMnO3)8/(SrMnO3)1 superlattices. We then verify

our precise calibration and confirm that the individual sources have not drifted signifi-

cantly over the several hours required by growing a final test (LaMnO3)2n/(SrMnO3)n

superlattice and measuring its XRD pattern.

We found that ARPES is extremely sensitive to film quality - more so than detectable

by bulk probes such as XRD or resistivity. This likely results from the accumulation of flux

errors, which have the largest effect at the topmost surface. In addition, the extended na-

ture of the fragile electronic states that are the focus of our ARPES measurements should

cause them to be sensitive to scattering from roughness present at a non-ideal interface.

Thus, the final calibration step for superlattice growth incorporates ARPES directly. The

n = 2 superlattice presents sharply defined bandstructure that becomes broadened and

weakened by a non-ideal flux calibration. We grew and briefly measured by ARPES sev-

eral n = 2 superlattices to fine-tune film stoichiometry before the final growth of our most

critical superlattices to ensure that they are of the highest possible quality. This precau-

tion was particularly important to ensure that the measurements of a pseudogap in n = 3

superlattices presented below are intrinsic to the ideal (LaMnO3)/(SrMnO3) interface.

Pure LaMnO3 has a Jahn-Teller distorted orthorhombic structure (space group Pbnm)

with a pseudocubic lattice constant of aLMO = 3.94 Å (ref. [100]). On the other hand,

SrMnO3 is cubic (space group Pm3m) with aS MO = 3.81 Å. The average ( 2aLMO+aS MO
3 = 3.90

Å) is closely matched to the SrTiO3 substrate (a = 3.905 Å) and should lead to little average

strain, although individual layers of either LaMnO3 or SrMnO3 within the superlattices

may experience significant internal strain (-0.9% and +2.5%, respectively). From XRD

we find an average out-of-plane pseudocubic lattice constant of c = 3.87 ± 0.01 Å for all

measured films, consistent with earlier work [185] and further indicating a small average
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Figure 7.2: X-ray diffraction curves of the (a) n = 1 and (b) n = 3 super-
lattices measured by ARPES. Diffraction peak indices are indi-
cated for the films; substrate peaks are denoted by the *.

lattice mismatch with SrTiO3. Figure 7.2 presents example XRD data for n = 1 and n =

3 superlattices measured by ARPES. In addition to the standard perovskite peaks, we

observe all anticipated superlattice reflections at the correct locations, consistent with the

high structural quality and precise stoichiometry of our films.

7.1.2 Transmission electron microscopy

Nevertheless, as mentioned above XRD is insufficient to distinguish small defects in film

growth that can affect ARPES data. To directly measure our film structure at the atomic

scale, Julia Mundy of David Muller’s group measured high quality Electron energy loss

spectroscopic images (EELS-SI) from three of the films measured by ARPES using Cor-

nell’s 100 keV NION UltraSTEM. Figure 7.3 shows high angle annular dark field scanning

transmission electron microscopy (HAADF-STEM) images from each film, demonstrating

a coherent interface between the film and substrate that is free of defects, and providing a

direct view of the (LaMnO3)2n/(SrMnO3)n layered structures. Spectroscopic images were

then recorded, two examples of which are shown in Figs. 7.4 and 7.5. We note that Fig. 7.5
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Figure 7.3: HAADF-STEM images of the same (a) n = 1, (b) n = 2, and
(c) n = 3 (LaMnO3)2n/(SrMnO3)n films measured by ARPES.
The films show a coherent interface between the film and the
substrate free of observable defects and a clear repetition of the
LaMnO3 and SrMnO3 layering to form the desired superlat-
tices.
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Figure 7.4: EELS map over a wide field of view from an n = 2
(LaMnO3)2n/(SrMnO3)n film measured by ARPES, showing La
in green, Mn in red, and Ti (from SrTiO3 substrate) in blue.
Steps in the LaMnO3/SrMnO3 interfaces follow the terraces
of the SrTiO3 substrate. Left: the La concentration along the
growth direction of the film (obtained by integrating the La-
M4,5 intensity across the image) showing sharp interfaces be-
tween LaMnO3 and SrMnO3 lacking any systematic asymme-
try. Streaks in the bottom left corner of the EELS map are an
artifact of post-acquisition drift correction.
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5 nm

Figure 7.5: EELS map over a wide field of view from an n = 3
(LaMnO3)2n/(SrMnO3)n film measured by ARPES, showing La
in green, Mn in red, and Ti (from SrTiO3 substrate) in blue. The
irregularity of the topmost surface in this image is an artifact of
the preparation procedure for EELS and HAADF-STEM mea-
surements, and does not reflect the topmost surface of the as-
grown film.
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constitutes the largest atomically resolved EELS map ever measured and thus represents

an extremely demanding measure of the interface quality. The Mn, La, and Ti concentra-

tions are determined from the integrated Mn-L2,3, La-M4,5, and Ti-L2,3 edges, respectively.

In all cases, we find that ARPES films show a clear repetition of the LaMnO3 and SrMnO3

layers following the desired superlattice structure throughout the large imaged region

with very few defects.

Note that an apparent slight modulation of the interfaces observable in EELS images is

an artifact of sample drift during acquisition, and is absent in the more quickly acquired

HAADF-STEM images. May et al. [187] found a strong structural asymmetry between

LaMnO3/SrMnO3 and SrMnO3/LaMnO3 interfaces in (LaMnO3)11.8/(SrMnO3)4.4 super-

lattices, which was found to significantly affect the superlattice’s magnetic properties.

We note that in our extensive EELS investigations, we observed no signatures of such

an asymmetry for n = 1 and n = 2 superlattices (Fig. 7.4), and only a very weak asym-

metry for n = 3 when examined over very wide regions (Fig. 7.5). Thus, we do not

expect that the asymmetry reported in ref. [187] adversely affects the properties of the

films reported in our study. Although we do not understand the difference between our

samples and those of May et al., the asymmetric roughening trend would be consistent

with a Stranski-Krastanov growth mode for the LaMnO3 layer, with the onset for island

formation somewhere between 6 (ours) and 11 layers (May’s).

7.1.3 Electron diffraction

The high structural quality of the film surface was verified after ARPES measurements

with in-situ LEED. In Fig. 7.6a we present a LEED image taken from an n = 3 superlattice

after remaining in the ARPES chamber for 8 days. We observe sharp diffraction peaks, a

2 × 4 surface reconstruction, and a 3 × 3 surface reconstruction also seen by RHEED dur-
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Figure 7.6: (a) LEED pattern taken with 100 eV electrons from an n = 3
superlattice with MnO2 surface termination. Diffraction peaks
corresponding to the unreconstructed surface and two recon-
structions are indicated. (b) RHEED pattern from the MnO2

surface of the same n = 3 film during growth.

ing growth (Fig. 7.6b). This demonstrates the high crystallinity of the surface of our films,

and proves that the pristine surface from growth is maintained throughout the transfer

to our ARPES chamber and subsequent measurement. The origin of these surface recon-

structions are not yet entirely understood, but we find that they are generic to the MnO2

surface of the perovskite manganites, and not unique to our superlattices. Both the 2 × 4

and 3 × 3 reconstructions are observed on undoped SrMnO3 and La1−xSrxMnO3 random

alloy films with MnO2 surface termination (section 5.1). The 3 × 3 reconstruction is also

routinely observed on the MnO2 surface by RHEED during MBE growth of both the su-

perlattices and La1−xSrxMnO3 films. We do not observe signatures of these reconstructions

in our ARPES data, and since they are present for both insulating and metallic films of

widely varying composition and structure, they cannot be responsible for the spectra that

we report. On the other hand, we do observe a c(2×2) reconstruction in our ARPES Fermi

surface maps from superlattices. This reconstruction is expected to exist throughout the

superlattice due to its stability in LaMnO3 [134], and so in this case it may not be solely a

surface effect.
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7.2 Resonant soft x-ray scattering

We commonly use non-resonant x-ray scattering, i.e. θ− 2θ diffraction, to probe the struc-

tural quality of our thin films. In this case, the x-ray scattering amplitude is determined by

the total electron density at each atom, and the locations of Bragg peaks provide us with

information about the structure of the film at the atomic scale. At synchrotron beamlines,

however, the energy of x-rays can be tuned to specific atomic absorption resonances. At

precise resonant energies, the scattering amplitude for a single electronic transition can

become comparable to the combined scattering from all other electrons in the crystal.

This is a powerful technique for tracking magnetic, structural, and chemical order within

crystalline materials, and has been used for decades with hard x-rays [188, 189, 190, 191].

Recently, resonant soft x-ray scattering (RSXS) has seen tremendous growth in the study

of electronic reconstructions occurring in oxide superlattices [192, 193, 194, 195]. Periodic

superlattices provide long wavelength modulations ideally suited to the q-space accessi-

ble to soft x-rays, and many transition metal oxides have transitions in this energy range

that are highly sensitive to the relevant d orbitals.

In the case of the manganites, the two relevant resonances are the O K-edge and the

Mn L-edge. The O K-edge at 570 eV consists of a transition from the occupied 1s level

to unoccupied 2p states. In an ionic picture, the O 2p states are fully occupied and this

transition would be forbidden. In reality, however, there is strong hybridization between

the O 2p and Mn 3d states, so that the O K-edge acts as a probe of the unoccupied Mn

3d states. The Mn L-edge consists of two lines occurring at 640 eV and 650 eV for the

so-called L3 and L2 edges, respectively. These correspond to transitions out of the spin-

orbit split Mn 2p core levels into unoccupied Mn 3d states. Thus, both the O K-edge and

Mn L-edge provide us with the means to directly probe the Mn 3d orbitals, which are the

driving force for the complex magnetic and electronic properties of the manganites.
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Smadici et al. [192] exploited this sensitivity in a RSXS study of n = 4 and n = 5

(LaMnO3)2n/(SrMnO3)n superlattices. They observed strong diffraction at a structurally

forbidden peak for both the O K and Mn L edges corresponding to an interface-confined

electronic state close to EF in energy. Furthermore, the intensity of this feature closely

tracked the temperature dependence of the conductivity and magnetization, suggesting

these electrons play a key role in driving the electronic and magnetic behavior of this

system. An additional study of the n = 2 superlattice observed the development of a

ferromagnetic moment at the interface and modulations of the effective hole-doping with

the superlattice period [196].

To probe the detailed properties of both the interface confined states and states

throughout the rest of the superlattice structure, we have performed extensive polariza-

tion dependent RSXS measurements on (LaMnO3)2n/(SrMnO3)n superlattices with n = 1−4.

Measuring resonant processes while varying the linear polarization of the x-rays allows

the direct study of any electronic mechanisms that break the fourfold rotation symme-

try of the lattice. In particular, orbital polarization or orbital order leads to strong linear

dichroism signals, and recent work has demonstrated its use in x-ray resonant scattering

to determine atomically-resolved orbital polarization profiles in LaNiO3/LaAlO3 super-

lattices [194]. In addition, the electron spin can break this symmetry in both ferromagnetic

and antiferromagnetic states, giving rise to linear dichroic scattering [188].

Further information about the magnetic order can be obtained through circular dichro-

ism. The photon momentum generally couples to the orbital angular momentum of the

excited electron in the absorption process. For spin-orbit split core levels like the Mn L-

edge, this results in sensitivity to the spin-polarization of the unoccupied 3d states. Since

the photon angular momentum is along the propagation direction, circular dichroism

provides a means of directly measuring the magnetic moment along the beam direction

[188].
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Both linear and circular dichroism at the Mn L-edge were used by Aruta et al. [197] in

a non-scattering measurement to determine the average magnetization and orbital order

within a series of (LaMnO3)2n/(SrMnO3)n superlattices. By using the same processes in a

scattering geometry, one can probe the spatial structure of both the orbital and magnetic

orders at the atomic scale.

7.2.1 The REIXS beamline at the Canadian Light Source

Our resonant scattering experiments were performed at the Resonant Elastic and Inelas-

tic X-ray Scattering (REIXS) beamline of the Canadian Light Source (CLS) in Saskatoon,

Saskatchewan. The beamline undulator provides full control of beam polarization over

80-2000 eV, with a resolving power of ∆E/E ≈ 1 × 10−4. The RSXS endstation consists of

an in-vacuum four-circle diffractometer with additional (x, y, z) translation for the sample

and a base pressure of 2 × 10−10 Torr (Fig. 7.7a and ref. [198]). Several photon detec-

tors are available and can be changed on-the-fly via in-vacuum motors. Here we use a

high-sensitivity photodiode capable of accessing the greater than six order of magnitude

dynamic range required for reflectivity measurements. Total electron yield is simultane-

ously measured by a picoammeter in series with the sample ground. Magnetic fields can

be applied by mounting samples onto a permanent magnet. In our case, we used out-

of-plane oriented magnets. This provides us with a high-sensitivity to the ferromagnetic

component of the film for large q, i.e. when the photon propagation direction is close to

the sample normal. Fig. 7.7b illustrates the scattering and magnetic field geometry used

for our measurements.

These experiments were performed with considerable support from our many collab-

orators: Feizhou He and Ronny Sutarto of the CLS; Andrew Achkar and David Hawthorn

of the University of Waterloo; and Sebastian Macke and George Sawatzky of the Univer-
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Figure 7.7: (a) An annotated image of the in-vacuum diffractometer at the
CLS (Reprinted with permission from D.G. Hawthorn et al.
(2011) [198]. Copyright 2011, AIP Publishing LLC). (b) Illus-
tration of the scattering geometry used in this study (Adapted
by permission from Macmillan Publishers Ltd: Benckiser et al.
(2011) [194]). The scattering q vector is in the out-of-plane di-
rection and along the applied magnetic field (Happlied). Also
shown are the orientations for the two linear polarizations, σ
and π.

sity of British Columbia. We have acquired a vast dataset encompassing the energy, linear

polarization, and circular polarization dependence of diffraction at both the O K-edge and

the Mn L-edge for (LaMnO3)2n/(SrMnO3)n superlattices with n = 1 − 4. The subsequent

and ongoing analysis of this complex dataset has been spearheaded by Sebastian Macke

and Bulat Burganov (of Cornell), and makes use of the ReMagX software package [199].

In this section, I highlight the primary conclusion drawn so far: our discovery of a new

and exotic magnetic structure within the n = 4 film.
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Figure 7.8: (a) Resonant reflectivity at the Mn L3-edge (E = 640.4 eV) for
the n = 4 superlattice with right-circular (I+) and left-circular
(I−) polarized x-rays. The unexpected half-order peaks are indi-
cated. (b) The normalized difference (asymmetry= (I+ − I−)/(I+ +

I−)) for the reflectivity at T = 20 K and T = 220 K, above the
Curie temperature. None of the superlattice peaks are visible
in the high temperature data as expected, but even in low tem-
perature data, there is no enhanced magnetic asymmetry at the
half-order peaks.

7.2.2 Results

Figure 7.8a shows reflectivity data from the n = 4 superlattice taken with E = 640.4 eV

at the Mn L3- edge for circularly polarized x-rays at T = 20 K. We see several diffrac-

tion peaks corresponding to the superlattice structure, but in addition find unexpected

half-order peaks at ` = 2.5 and ` = 4.5. Such features correspond to a signal with peri-

odicity of twice the n = 4 structural unit cell, an extremely long length scale of 9.4 nm.

By taking a normalized difference between right and left polarized data, we can extract

the component corresponding to the magnetization along the beam direction (Fig. 7.8b).

The integer-order peaks show strong magnetic scattering that vanishes above the Curie

temperature, and thus provide direct evidence for strongly modulated ferromagnetism

arising due to the LaMnO3/SrMnO3 interfaces. On the other hand, we see that both half-
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Figure 7.9: (a) Resonant reflectivity at the Mn L3-edge (E = 638.8 eV) for
the n = 4 superlattice with linear polarized x-rays at T = 20 K.
The unexpected half-order peaks are indicated, and all show
strong linear dichroism. (b) Reflectivity at T = 220 K, where
we still see the structural derived integer-order peaks, but no
longer see the half-order reflections. Note that in data from
both temperatures the π reflectivity shows a strong suppression
at ` ≈ 3.4, which corresponds to Brewster’s angle (≈ 45◦ for x-
rays).

order peaks show no circular dichroism and vanish in the normalized difference, indicat-

ing that the order giving rise to this scattering has no net magnetic moment. Nevertheless,

this leaves many possible origins including charge, orbital or antiferromagnetic order.

To uncover the origin of these unexpected features, we also measured the scattering

with linear polarization (Fig. 7.9). Again we observe strong half-order peaks including

an additional peak at ` = 3.5, and all show strong linear dichroism that is clearly visible

within the raw data. Furthermore, data at T > Tc in Fig. 7.9b show that all half order

peaks vanish. The strong dichroism rules out a purely charge-order mechanism, and the

temperature dependence rules out orbital-order, which survives to much higher temper-

atures [197]. Our data thus indicate a purely antiferromagnetic origin for the half-order

peaks. Further temperature dependent measurements of the ` = 3.5 resonant peak shown
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Figure 7.10: Temperature dependence of the ` = 3.5 resonant peak on
heating and cooling, as indicated. We observe an initial on-
set at the n = 4 Curie temperature (TC ≈ 210 K) [185] and
an additional increase at the bulk LaMnO3 Neel temperature
(TN = 140 K) [99].

in Fig. 7.10 confirm its magnetic origin: its initial onset occurs at the n = 4 Curie temper-

ature (TC ≈ 210 K) [185] and an additional increase occurs close to the bulk LaMnO3 Neel

temperature (TN = 140 K).

7.2.3 Long-wavelength magnetic structure for n = 4

How can we understand the extremely long period antiferromagnetism arising in the

n = 4 superlattice? We propose that the half-order peaks arise from a combination of

the A-type antiferromagnetic state within LaMnO3 layers and their coupling across the

interface and subsequent SrMnO3 layers. In bulk, LaMnO3 has a layered A-type anti-

ferromagnetic structure consisting of alternating ferromagnetic planes, whereas SrMnO3

has a G-type antiferromagnetic structure with a magnetic moment that cancels in each

layer. For long period superlattices, we expect the magnetic order within the LaMnO3

and SrMnO3 blocks to approach the bulk structure and ferromagnetism to be confined to
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Figure 7.11: The top panel illustrates the anticipated magnetic structure in
the n = 4 superlattice, which has the same periodicity as the
structural lattice. Arrows represent the spin for each MnO2

layer. The bottom panel illustrates the magnetic structure
suggested by our observation of half-order resonant diffrac-
tion peaks. The LaMnO3 A-type antiferromagnetic order has
a 180◦ phase change between neighboring superlattice unit
cells, illustrated for example by the highlighted spins for the
two structures. The magnetic order at the interface is not yet
known, but will be determined by future analysis.

the interface region [134]. This leads to an antiferromagnetic order along the out-of-plane

direction that has the same period as the structural superlattice unit cell (Fig. 7.11a), and

that gives rise only to integer-order scattering peaks. The central result of our observa-

tions is that, contrary to this expectation, the interface and SrMnO3 layers provide an

additional antiferromagnetic coupling that causes a 180◦ phase change for the LaMnO3

magnetism in neighboring unit cells. The resultant magnetic structure is illustrated in

Fig. 7.11b. This unusual magnetic order has twice the period of the structural unit cell

and gives rise to the observed half-order peaks. In addition the structure factors of the

half-order peaks depend sensitively on the magnetic order at the LaMnO3/SrMnO3 in-

terfaces, and our ongoing analysis is aimed at resolving this additional component of the
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Figure 7.12: (a) The valence bands of the three superlattices are nearly
identical over a wide energy range, except for the increasing
intensity of the Sr 4p core states around 18 eV due to the ter-
mination of each superlattice by n unit cells of SrMnO3 (b) A
schematic illustration of the MnO2 surface termination of our
films, shown here for n = 1.

superlattice magnetic structure. The lack of comparable half-order peaks at the Mn L-

edge for smaller n indicates that this phenomena occurs exclusively for the large-period

insulating systems, and is consistent with our requirement for bulk-like LaMnO3 layers,

which should be suppressed in short-period metallic superlattices. Our observation of

an unexpected 9.4 nm period magnetic structure indicates the power of resonant scat-

tering for determining the unusual electronic and magnetic reconstructions that occur

in complex oxide superlattices, and demonstrates that despite intense study, manganite

superlattices still have many surprises in store.

7.3 ARPES results

Films measured by ARPES were 20 nm to 25 nm thick, and were terminated with n layers

of SrMnO3, where a layer corresponds to a formula-unit-thick layer along the growth

136



direction (Fig. 7.12b). To avoid surface effects arising from the polarity of the LaMnO3

layers, our thin films were also made to be inversion symmetric by initiating growth on

the SrTiO3 substrates with n SrMnO3 layers. The additional SrMnO3 layers introduce a

very slight change of the global average doping of the entire film by at most ∆x ≤ 0.03

away from x = 1/3. ARPES measurements were performed with a VG Scienta R4000

electron analyzer and a VUV5000 helium plasma discharge lamp and monochromator

using 40.8 eV photons. The base pressure of the ARPES system was 4×10−11 Torr, and

data were taken at below 20 K unless specified otherwise. Constant-energy maps consist

of 2 × 104 spectra integrated within ±30 meV of the specified energy and taken with an

energy resolution of 40 meV. Measurements of the band dispersion were taken with a

resolution of 10 meV.

We show the angle-integrated valence bands for n = 1, 2 and 3 superlattices in Fig.

7.12a. These closely resemble the valence band spectra of La1−xSrxMnO3 random alloy

films (section 5.3.1), although we see progressively stronger Sr 4p and weaker La 5p in-

tensities with increasing n due to the termination of each superlattice by n unit cells of

SrMnO3. In addition, the valence band for all superlattices are characteristic of a well de-

fined MnO2 surface termination, as should be present for the ideal structure from growth.

7.3.1 k-resolved electronic structure

In Fig. 7.13, I show k-resolved spectral weight maps for the n = 1, 2, and 3 samples of

(LaMnO3)2n/(SrMnO3)n. In Fig. 7.13a and b, the Fermi surfaces of the metallic n = 1 and

2 materials are apparent. These are quite similar to the Fermi surface of La2/3Sr1/3MnO3

(Fig. 5.11) but appear sharper and more distinct, likely due to the elimination of the

dopant-induced random potential that is a source of scattering in the random alloy. Sim-

ilar to that case, the relevant bands have Mn eg character and consist of a hole pocket
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Figure 7.13: (a-c) k-resolved maps of photoemission spectral weight for
(LaMnO3)2n/(SrMnO3)n with n = 1, 2, and 3 respectively, at
T = 10 K. Maps are at EF and 0.1 eV binding energy as indi-
cated.

with primarily dx2−y2 character around the Brillouin zone corner, and a smaller electron

pocket with primarily d3z2−r2 character around the zone center. Spectral weight at EF is

suppressed for the insulating n = 3 sample, but clear states are still observed below EF

that roughly track the dispersion seen in metallic films.

The electron pocket decreases in size as n increases in Fig. 7.13, indicating the prefer-

ential filling of dx2−y2 orbitals as well as a possible change in carrier concentration, which

suggests an approach towards an interfacial two-dimensional electronic structure. Esti-

mating the carrier density from counting the Luttinger volume of the Fermi surfaces gives

higher hole concentrations (x ≈ 0.50 ± 0.1) than would be expected from a random alloy

(x = 0.33), as expected from a LaMnO3/SrMnO3 interface.

To further quantify these changes, we fit the measured Fermi surfaces and dispersions

to a tight-binding parametrization. The (LaMnO3)2n/(SrMnO3)n superlattice contains 3n

inequivalent Mn sites, and a full tight-binding parametrization would contain 6n eg or-
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bitals and many free parameters. In the interest of using the simplest possible model to

represent our data, and noting that we only wish to parametrize the bandstructure at the

interface, we expect a model containing one d3z2−r2 and one dx2−y2 state to be adequate.

Thus, we use a modified version of the model defined in Ref. [75] for LaMnO3;
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With d3z2−r2 = [ 1 0 ], dx2−y2= [ 0 1 ], and with a chemical potential µ. The key param-

eter for describing the anisotropy of the electron liquid at the LaMnO3/SrMnO3 interface

is 0 ≤ α ≤ 1, which represents the suppression of hopping in the z direction caused by the

superlattice and is assumed to affect nearest neighbor and next-nearest neighbor hopping

equally.

This model was fit to our ARPES data for each superlattice and for data from the

random alloy La2/3Sr1/3MnO3 (chapter 5) as follows. First, we use the sharply-resolved

hole pocket at EF to determine t2/t1 and µ/t1. This feature is dominated by segments of

the hole pocket near kz = π/c, which are essentially independent of α. With the values of

t2/t1 and µ/t1 now determined by the hole pocket data, we then determine α by fitting data

from the electron pocket, which is very sensitive to the value of α. We find that this two-

step approach produces more reliable fit parameters than an unconstrained fit where both

Fermi surface sheets are fit simultaneously by allowing t2/t1, µ/t1, and α to vary freely. The

determination of the size of the electron pocket is the dominant source of uncertainty in

determining α and hence the orbital polarization, which is made more complicated by
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Figure 7.14: An example of the tight-binding fit to experimental data, this
data taken from the n = 2 superlattice. (a) The Fermi surface
overlaid with the hole pocket and electron pocket fits, which
are used to determine t2, µ, and α. The dotted-line shows the
upper and lower bounds for the size of the electron pocket.
(b) The dispersion of the hole pocket at kx = 0.55π/a, which is
used to determine t1. Black lines are the tight-binding fit.

kz-smearing that results in an electron pocket with a combination of sharp peaks and a

broader background (section 5.2.1). Therefore, we estimate the uncertainty in the size of

the electron pocket by taking as an upper bound the FWHM of the intensity around Γ, and

as a lower bound, the separation between two peak maxima around Γ, as shown in Fig.

7.14a. For the n = 3 superlattice, where no electron pocket Fermi surface is resolved, we

provide only an upper bound for α that lifts the electron pocket completely above EF . We

then use the uncertainty in the size of our electron pockets to obtain uncertainty estimates

for α shown in Table 7.1. The remaining parameter, t1, is then fit to the dispersion of

the hole pocket away from EF . Note that the value of t1 has no effect on the calculated

Fermi surfaces, band fillings and orbital polarizations, since it only results in an overall

scaling of the energy units. Our extracted tight-binding parameters for all four samples

are displayed in Table 7.1.

The resulting bandstructure, Fermi surfaces, and orbital polarization from our tight-

binding fits are shown in Fig. 7.15 as well as directly overlaid onto experimental data
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Sample t1 t2 µ α

alloy 0.87 0.13t1 -1.13t1 1
n = 1 1.1 0.15t1 -1.33t1 0.45±0.25
n = 2 0.97 0.10t1 -1.31t1 0.22±0.09
n = 3 1.2 0.08t1 -1.38t1 ≤0.16

Table 7.1: The tight-binding parameters that best fit our experimental data.
Error bars for α are estimated from the uncertainty in fits of the
electron-pocket Fermi surface.
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Figure 7.16: (a-c,) ARPES spectra along the k-path illustrated by the inset
of panel a, showing the hole-pocket band crossing EF at three
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from the ARPES data to more clearly illustrate the bandstruc-
ture. (d) Energy-dependent photoemission intensity (EDCs)
at kF of the hole pocket. (e) ARPES band dispersion for n = 2
compared to the linear extrapolation of the dispersion for
E > 0.075 eV, showing a kink at 35 meV.

in Figs. 7.16 and 7.17. We define the orbital polarization as (N(x2−y2) − N(3z2−r2))/(N(x2−y2) +

N(3z2−r2)), where N is the integral of the indicated partial density of states up to EF . The

orbital polarization increases from 0% for cubic La2/3Sr1/3MnO3 to approximately 50%

for n = 3, consistent with x-ray absorption measurements that find dx2−y2 polarization

at the interfaces [197]. This polarization is dominated by the dx2−y2 character of the

hole-like sheets, although our orbital polarization never approaches 100% because their

tight-binding wavefunctions still retain non-negligible d3z2−r2 character. Our tight-binding

model provides a qualitative description of the change in orbital polarization with n, but

more sophisticated density functional or dynamical mean field theory calculations would

be necessary to obtain more accurate wavefunctions.
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7.3.2 High-resolution ARPES spectra

In Figs. 7.16 and 7.17, we show the spectra as a function of energy and momentum along

cuts shown in the insets of Figs. 7.16a and 7.17. The n = 1 and 2 samples exhibit well-

defined and dispersive hole like bands (Fig. 7.16a,b). In addition, a sharp quasiparticle-

like peak can be observed for the n = 2 electron pocket (Fig. 7.17). Due to photoelectron

final state effects (section 5.2.1), the highly kz dispersive electron pocket typically appears

as an indistinct broad feature in photoemission measurements. Thus, the sharply resolved

feature for n = 2 can likely be attributed to the interfacial states’ increasing confinement to

two-dimensions with n, which reduces the kz dispersion. The peak-dip-hump structure,

where the coherent quasiparticle peak is dominated by a broad hump of incoherent spec-

tral weight, is a signature of strong many-body interactions and has been observed in the

cuprates [16] and other manganites [141].
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Fig. 7.16e shows a kink in the dispersion for the n = 2 hole pocket band within 35 meV

of EF . The ratio of band velocities at high and low energy gives vF,high/vF,low = 3.7 ± 0.6.

Within a weak-coupling scenario, this would correspond to a mass renormalization

m∗/mband = 3.7, although this falls well into the strong coupling regime. In addition to

our measurements of La2/3Sr1/3MnO3 (chapter 5), similar features have been observed in

other correlated systems which exhibit strong electron-boson interactions, such as the

cuprates [16], and some bilayer manganites, where a similar velocity renormalization

was observed at nearly the same energy (vF,high/vF,low = 5.6) and was attributed to strong

electron-phonon coupling [141]. The observed peak-dip-hump EDC shape and large kink

indicate that the metallic state experiences strong many-body interactions that renormal-

ize the bandstructure and push this system far from a conventional Fermi liquid.

Unlike the metallic superlattices, n = 3 exhibits only pseudogapped intensity at EF

(Fig. 7.16d and 7.18a,b), similar to some polaronic systems with strong electron-phonon

coupling [76, 106]. Despite the pseudogap, the n = 3 sample still exhibits the underlying

hole-like dx2−y2 dispersion at higher binding energies with a comparable bandwidth and

similar remnant Fermi surface to the n = 1 and 2 samples, as shown in Fig. 7.13c. The

similar dispersion of n = 3 to n = 1 and 2 demonstrates that the insulating behavior is not

caused by the opening of a conventional bandgap as might be the case in semiconductor

interfaces, and is consistent with the observation of interface derived states near EF in

recent resonant scattering measurements on the insulating n = 4 superlattice [192]. This

suggests that the pseudogap is the origin of the n-driven metal-insulator crossover.

Further support that the pseudogap underlies the insulating behavior is obtained from

temperature dependent measurements of the spectral weight (Fig. 7.18c). The metallic

n = 2 superlattice shows a reduction in weight near EF with increasing temperature,

consistent with a loss of coherent quasiparticles in the paramagnetic state. On the other

hand, the spectral weight of the n = 3 film increases above Tc as the pseudogap fills in,

144



0.00.20.4
Binding energy (eV)

0.3 0.10.6 0.5

Ra
tio

0.0

1.0

0.5

In
te

ns
ity

 (a
rb

. s
ca

le
)

0.0

1.0

0.5

200
Temperature (K)

3000 100

Sp
ec

tr
al

 w
ei

gh
t (

ar
b.

 s
ca

le
)

0.0

0.6

1.2

0.4

0.8

1.0n=1

n=3
n=2

n=1

n=3

n=2
n=3

n=2

a

b

c

Tc

Tc

BE = 0.5 eV
BE = 0.0 eV

0.2

Figure 7.18: (a) The angle-integrated spectral weight for the n = 1, 2, and 3
superlattices, showing pseudogap behavior in the n = 3 film.
(b) The data from panel a normalized to the spectral weight
of the n = 1 superlattice, highlighting the strong energy-
dependence of the pseudogap. (c) Temperature dependence
of the spectral weight at the Brillouin zone center for the n =
2 and 3 superlattices. Open circles show the spectral weight
within 50 meV of EF , closed squares show the spectral weight
at a binding energy of 400 to 550 meV. Also indicated in c are
the Curie temperatures (Tc) of each material. Data in c are
normalized to unity at 20 K, except for the n = 3 open cir-
cles. Here, n = 3 data are normalized such that the integrated
weight over EF to 8.4 eV is equal to the n = 2 integral over
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consistent with its resistivity approaching the metallic superlattices in the paramagnetic

state.

It is important to ensure that our ARPES measurements of the surface region are repre-

sentative of the properties of the entire film. There are several reasons that we believe this

to be the case. First, our observations of states at EF for the n = 1 and 2 superlattices and

a pseudogap for the n = 3 superlattice are consistent with macroscopic resistivity mea-

surements. Second, this near-EF suppression of spectral weight is highly energy depen-

dent close to EF (Fig. 7.18a,b), suggesting that this effect is not due to surface sensitivity,

since the electron escape depth is effectively energy-independent in such a narrow range.

Third, we observe a correspondence between the temperature dependence of our spectra

and the films’ Curie temperatures. Fourth, our LEED and RHEED patterns show 2×4 and

3 × 3 reconstructions associated with the SrMnO3 termination (Fig. 7.6), but the ARPES

data do not exhibit any evidence of such a periodicity, suggesting that the near-EF states

arise from the buried interface and are not unduly influenced by surface related effects.

As a final confirmation that the measured near-EF electronic structure arises from the

buried LaMnO3/SrMnO3 interface rather than the SrMnO3 surface, we ran ARPES mea-

surements of SrMnO3 and LaMnO3 films. Specifically, we have performed ARPES exper-

iments on a 10 unit cell thick LaMnO3 film with MnO2 surface termination, an 8 unit cell

thick SrMnO3 film with SrO termination, an 8 unit cell thick SrMnO3 film with MnO2 ter-

mination, and a 6 unit cell thick SrMnO3 film with MnO2 termination. To avoid charging

effects due to the insulating nature of these films, all samples were grown on 0.5% Nb-

doped SrTiO3 substrates and measured at room temperature. Samples were chosen to be

thin enough to avoid charging while being thick enough to minimize any signal from the

SrTiO3 interface.

In all cases, we observe dispersive valence band spectra and sharp LEED patterns, in-

dicative of the high quality of the films. As expected, we did not observe any appreciable
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2 superlattice. (b,c) ARPES data for the LaMnO3 and SrMnO3
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dispersive eg-derived bands responsible for this film’s metallic
behavior.

or dispersive spectral weight within 0.4 eV of EF for any of the control samples, as shown

in Fig. 7.19. Therefore, we can safely conclude that the dispersive states near EF arise

from the LaMnO3/SrMnO3 interface. The angle-integrated valence band of the MnO2 ter-

minated SrMnO3 films qualitatively resemble those of the superlattices at higher binding

energies due to the SrMnO3 termination of the superlattices. As expected, we also observe

the tail of the SrMnO3 valence band (occupied Mn t2g and O 2p states) at approximately

0.3 eV binding energy in both the SrMnO3 and superlattices (Figs. 7.19c,d). Nevertheless,

only the superlattices exhibit the well-defined near EF bands that are the focus of our

manuscript.

7.4 Discussion

It has been suggested that reduced dimensionality could drive the n ≥ 3 superlattices in-

sulating via Anderson localization [186], where a Coulomb gap could form due to inter-
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actions between localized electrons. Localized states should be broad in k due to a short

mean free path (L), and from the Mott-Ioffe-Regel limit are expected to satisfy (kF L ≈ 1)

[174]. Despite their suppressed intensity, we observe well-defined bands for n = 3 with

kF L > 5 (taking L = 1/∆k), significantly exceeding the expected criteria for Anderson lo-

calization. Our density of states near EF (which follows ≈ (E − EF)2) also deviates from

the linear dependence expected for a Coulomb gap due to localization in two-dimensions

[200], and our TEM measurements demonstrate a nearly disorder-free structure. In ad-

dition, a change in the hole concentration does not explain the crossover to insulating

behavior at higher n, since La1−xSrxMnO3 has no ferromagnetic insulating state at large x.

It is then natural to consider the quantum many-body interactions that are inherent

to the manganites as the origin of the metal-insulator crossover observed with n. These

interactions are known to give rise to insulating ordered states, as the effective dimen-

sionality (i.e. coupling along the c-axis) is lowered in the Ruddlesden-Popper series of

manganites, (La,Sr)m+1MnmO3m+1, where m is the number of MnO2 planes per unit cell

[107]. Bilayer m = 2 La2−2xSr1+2xMn2O7 around x = 1/3 is a pseudogapped ferromagnetic

bad metal with a low temperature resistivity two orders of magnitude higher than the

metallic three-dimensional perovskite (m = ∞). The quasi two-dimensional m = 1 com-

pound La1−xSr1+xMnO4 is insulating for all Sr concentrations [107, 11] due to the forma-

tion of charge, spin, or orbital order [201, 107], and exhibits fully gapped spectral weight

at EF and a remnant Fermi surface observed by ARPES in La0.5Sr1.5MnO4 [104].

Our measurements demonstrate that dimensionality also plays a similar role in the su-

perlattices (Fig. 7.20). The partially occupied interfacial states become progressively sep-

arated from neighboring interfaces with increasing n . As the effective hopping between

interfaces is reduced, the states become increasingly two-dimensional. The similarities

between spectral features in superlattices and bulk compounds indicate that the many-

body interactions responsible for the properties of the single and bilayer manganites are
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Figure 7.20: A schematic illustration of the link between dimensional-
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Popper manganites and the (LaMnO3)2n/(SrMnO3)n superlat-
tices studied here. In the superlattices, as we increase n the in-
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also central to the superlattice electronic structure. Furthermore, the small quasiparticle

weight and kink observed in the n = 2 superlattice suggests a metallic state comprised

of coherent polarons which are strongly coupled to the lattice, orbital, and/or magnetic

degrees of freedom [76, 141, 16]. Recent calculations also suggest that electron-lattice cou-

pling should strongly influence the properties of manganite superlattices and interfaces

[202, 203]. Reducing the dimensionality from n = 2 to 3 results in a situation where the

lowered dimensionality and possibly increased nesting in two-dimensions may enhance

quantum fluctuations towards the insulating charge, spin, and orbital ordered states, such

as those observed in the single layer m = 1 manganites [76, 140] or recently predicted for

the LaMnO3-SrMnO3 interface [204]. These quantum fluctuations can disrupt the coher-

ence of the fragile polaronic metallic state, giving rise to the weakly insulating / bad metal

state observed in the bilayer manganites, as proposed by Massee et al. and Salafranca et

al. [106, 205], thereby resulting in the pseudogap and loss of coherent QP weight in the

n = 3 superlattice.

7.5 Conclusion

In this chapter we presented spectroscopic measurements of (LaMnO3)2n/(SrMnO3)n su-

perlattices aimed at uncovering the underlying electronic and magnetic structure driving

its phase diagram. RSXS results in the insulating n = 4 system demonstrated the existence

of a magnetic state with an unexpected antiferromagnetic component whose wavelength

is twice the structural unit cell. We then illustrated how this is a natural consequence

of the A-type antiferromagnetism in LaMnO3 layers when combined with an antiferro-

magnetic coupling across the SrMnO3 part of the structure. The remainder of the chapter

then focused on our extensive ARPES measurements of the n = 1 − 3 superlattices. Our

results showed that by decoupling the LaMnO3-SrMnO3 interfaces with increasing n, we
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are able to reduce the effective dimensionality, and drive the polaronic metal at small n

into a pseudogapped insulator for n ≥ 3. More generally, our measurements demonstrate

how the interplay of interactions and dimensionality can be used to control the properties

of correlated oxide interfaces, and should be a key step towards the rational manipulation

and optimization of their functionality for potential applications.
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Chapter 8

Conclusions

In this dissertation, I explored the response of the electronic structure in manganite thin

films to the effects of chemical, structural, and interface engineering. The starting point

was a series of measurements of the electronic structure of the “parent” compound,

La2/3Sr1/3MnO3. Our clear observation of highly dispersive hole pocket features that

track the unrenormalized bare bands predicted by DFT reconciled first-principles calcu-

lations with experiment in this compound for the first time. Furthermore, these features

allowed us to perform quantitative comparisons with the extensive literature on the elec-

tronic structure of layered (La,Sr)3Mn2O7. We established that both share a similar and

very strong electron-lattice coupling within the ferromagnetic metallic phase, and that the

charge carriers of La2/3Sr1/3MnO3 should therefore be polaronic. This is particularly sur-

prising since La2/3Sr1/3MnO3 is two orders of magnitude more conducting than optimally

doped (La,Sr)3Mn2O7. Our studies of La1−xSrxMnO3 for x = 0.2−0.4 demonstrated the va-

lidity of our conclusions throughout the ferromagnetic metallic phase. We then observed

a similar electronic structure within the A-type antiferromagnetic dx2−y2 orbital polarized

phase at x = 0.6, which remains robustly metallic despite its reduced kz dispersion and

152



shows a similarly strong electron-lattice coupling.

With our understanding of bulk like La1−xSrxMnO3 established, we explored the mech-

anism underlying its epitaxial-strain controlled metal-insulator transition at x = 1/3. This

transition occurs under large (1.7%) tensile strain, but we also measured the correspond-

ing electronic structure for large (−1.2%) compressive strain. In both cases, we found that

the underlying bandstructure is only weakly affected by epitaxial strain and maintains a

similar effective mass at large (> 100 meV) energy scales. These results ruled out the sce-

narios of bandwidth or localization driven metal-insulator transitions. On the other hand,

we observed a dramatic suppression of spectral weight at EF in insulating La2/3Sr1/3MnO3

and a large downward shift of the entire bandstructure. These results revealed an insta-

bility of the ferromagnetic metal to the formation of an ordered insulating phase, and the

several hundred meV magnitude of the gap indicated the central role played by strong

many-body interactions.

Replacing the random alloy with atomically-precise (LaMnO3)2n/(SrMnO3)n superlat-

tices then allowed us to eliminate the random potential from dopant atoms and provided

us with an experimental ‘dimensionality knob’, shown by prior work to allow tuning

between metallic and insulating ground states. We were able to directly measure a pro-

gression from a three-dimensional alloy-like electronic structure for n = 1 to a quasi-

two-dimensional electronic structure for n = 3 due to the increasing separation between

LaMnO3/SrMnO3 interfaces with increasing n. Nevertheless, the metal-insulator transi-

tion is not caused by the underlying bandstructure itself, since this shows clear disper-

sion towards EF in all cases. Instead, the insulator is characterized by a wide pseudogap

that suppresses the spectral weight within 800 meV of EF . This feature is a clear indica-

tion of strong many-body interactions, which are effectively enhanced in reduced dimen-

sions due to the decreased importance of electron kinetic energy and increased strength

of Fermi surface nesting. These interactions enhance quantum fluctuations towards the
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insulating charge, spin, and orbital ordered states ubiquitous in manganites and disrupt

the fragile polaronic metal.

Throughout this dissertation, our results illustrate the central role played by the close

competition between the fragile polaronic metal of bulk La1−xSrxMnO3 and the strong or-

dering tendencies of charge, orbital, and lattice degrees of freedom. By tuning anisotropy

(through strain) and dimensionality (through interfaces), we can control this competition

and the resulting electronic and magnetic properties. The competition between a variety

of distinct phases is a hallmark of strongly correlated systems. Our results should thus

be generally applicable to a wide array of transition metal oxides beyond the manganites,

and can provide guidance to rationally engineering their physical properties for the next

generation of electronic devices.

8.1 Future work and open questions

Our measurements of the electronic structure of manganite thin films established the im-

portance of competing electronically ordered phases in controlling their physical prop-

erties. Due to the strong coupling nature of these transitions, however, Fermi surface

nesting may not play a dominant role and ARPES results alone are thus insufficient to de-

termine the precise ordering pattern underlying each insulating phase. Several additional

experiments are capable of shedding light on this important issue. X-ray and resonant x-

ray scattering measurements are often used to determine ordering patterns in bulk man-

ganites [86, 206]. Thin films provide very weak diffraction signals due to their small vol-

ume, but measuring superlattice peaks due to an ordered phase may still be feasible [207].

We have pursued this experiment on 20 nm thick tensile strained La2/3Sr1/3MnO3/DSO

films at the Cornell High Energy Synchrotron Source (CHESS) using non-resonant 15 keV

x-rays and a Pilatus area detector, but were unable to resolve the weak diffraction peaks
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expected from the ordered phase. Resonant diffraction at the manganese L2,3-edge (640

eV) will be particularly sensitive to charge or orbital order [206], and one might expect a

more successful result in this case. This photon energy is large enough to reach several

of the peaks expected from an ordered phase (with |q| = 0.25 − 0.35 2π/a). In addition,

further theoretical work using dynamical mean-field theory [115, 202] or model Hamil-

tonians [205] could make important contributions to determining the microscopic details

of the ordered or fluctuating phases. In this endeavor, our measurements of the spectral

function of the insulating and metallic phases provide an important test for theoretical

models. More extensive DFT calculations can also contribute to our understanding of the

ordered phases that are most stable within a single-electron approximation, and which

might play an important role in the ultimate many-body ground state. Toward this goal,

a recent calculation demonstrated the stability of checkerboard charge order at the inter-

faces in (LaMnO3)2n/(SrMnO3)n (ref. [204]).

We were unable to directly address the existence of quasiparticles within bulk-like

La1−xSrxMnO3, but whether their absence in our spectra is due to intrinsic or extrinsic

effects is an important issue. A recent controversy has arisen in the bulk layered man-

ganites regarding the existence of quasiparticles and the role they play in determining

the macroscopic properties of (La,Sr)3Mn2O7 [141, 106]. A clear observation of quasipar-

ticles in La1−xSrxMnO3 could lend strong support to the hypothesis that quasiparticles

are weakest in quasi-two-dimensional materials and only develop for large m layered

manganites ((La,Sr)m+1MnmO3m+1). It is unlikely that improvements to sample quality will

significantly reduce our ARPES momentum-widths, since spectra from extremely high-

quality superlattices were only marginally sharper. Nevertheless, the use of newer low

energy photon sources may allow for the resolution of quasiparticles (if present) due to

reduced surface sensitivity. This can have the double effect of reducing kz smearing ef-

fects in the photoemission spectra and reducing scattering from the possible surface dead

layer. In addition, MBE is capable of growing the high m Ruddlesden-Popper structures
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that cannot be grown as bulk single crystals. ARPES measurements on these could di-

rectly address the evolution of quasiparticles with m in the manganites, although such a

study will be complicated by the inevitable presence of different-m intergrowths [106].

There are many other aspects of the manganites where in-situ ARPES could make im-

portant contributions. One particular example would be to reveal the intrinsic electronic

structure underlying the C-type antiferromagnetic phase at 0.65 < x < 0.95. This phase

remains largely unexplored by ARPES, in part due to its strongly insulating nature. With

thin film growth, however, this problem might be circumvented by growing a suitably

thin film on a metallic substrate or buffer layer. Within the C-type phase, we expect one-

dimensional dispersion through chains along the c-axis, which could be oriented along

an in-plane direction by a suitable tensile strain. An orthorhombic substrate could fur-

ther break the twofold symmetry so that the potentially one-dimensional states could be

directly measured by ARPES. La1−xSrxMnO3 with x = 0.65-0.95 has a pseudocubic lattice

constant of ≈ 3.83 Å (ref. [72]), ideally suited to weak and asymmetric tensile strain from

orthorhombic [001] NdGaO3.

156



Appendices

157



Appendix A

Formation of Mn 2+ due to air exposure

The colossal magnetoresistive manganites ideally have an intermediate valence between

Mn 3+ and Mn 4+. Nevertheless, several studies of manganite thin films have found

the existence of unwanted Mn 2+ ions. De Jong et al. [208, 209] used x-ray absorption

spectroscopy (XAS) at the Mn L-edge and XPS of the Mn 3s core level to demonstrate the

formation of magnetically inactive Mn 2+ at the surface of La0.7Sr0.3MnO3/STO films due

to oxygen vacancies. These vacancies could, however, be easily cured by a post-growth

oxygen anneal, eliminating the Mn 2+ signal.

On the other hand, Valencia et al. [210, 211] have documented the seemingly paradox-

ical result that exposure to air induces Mn 2+ within La2/3Ca1/3MnO3 and La2/3Sr1/3MnO3

films. Studies of highly granular La2/3Ca1/3MnO3 films grown by magnetron sputtering

indicated the development of a large (up to 15%) Mn 2+ component throughout the en-

tire film over a time span of several weeks [210]. Further work examined several film

thicknesses, substrates, and annealing conditions and demonstrated that smooth films

were much less susceptible than highly granular films to Mn 2+ formation, indicating

that it occurs primarily at exposed surfaces [211]. The exposure to air might be expected
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to prevent oxygen vacancies within the film, but Valencia et al. proposed an alternate

mechanism by which atmosphere can reduce the surface of manganites. Catalysis studies

demonstrated that CO can bond with manganite surfaces and reduce manganese to the

2+ valence state [212]. Valencia et al. showed that this mechanism explains the formation

of Mn 2+ in LCMO films; exposure to a pure CO atmosphere for three days generates a

similar Mn 2+ content to three months of exposure to ambient air [211].

Our MBE grown films have smooth surfaces and do not have a granular structure,

which is expected to preserve the manganese valence within the bulk of our films. Nev-

ertheless, the surface of our films also shows susceptibility to the formation of Mn 2+

over a time span of several weeks, which we have observed in our own XPS and XAS

studies. For this reason, manganite films are stored in vacuum conditions when awaiting

additional measurements, which was found to effectively prevent Mn 2+ formation [210].

Valencia et al. [211] studied several substrates and found significant differences in

Mn 2+ formation that they attributed to variations in granular structure of their films.

Nevertheless, epitaxial strain may also play a key role in the stability of various man-

ganese valences. In particular, stoichiometric SrMnO3 has a pseudocubic lattice constant

of a = 3.81 Å, but in bulk can accommodate large concentrations of oxygen vacancies up

to SrMnO2.5 with a corresponding 3% increase in the unit cell volume [97, 213]. Thus, one

might expect that the stability of stoichiometric SrMnO3 is highest under compressive

strain, providing a potential method for preventing Mn 2+ formation in thin films. To

investigate this possibility, we grew a series of five 10 nm thick SrMnO3 films on the same

growth day using several substrates with varying amounts of strain and oxygen rotation

patterns (table A.1). Immediately after growth (< 1 hr exposure to air) we measured the

manganese valence in each film using XPS spectra of the Mn 3s states (section 6.1). The

films were then stored in ambient conditions (T = 22 ± 1 ◦C and relative humidity of

18 ± 5%) between a series of subsequent XPS measurements. As seen in Fig. A.1a, we do

159



Substrate ap (Å) strain rotations
(110) YAlO3 3.70 -2.6% yes

(100)p LaAlO3 3.79 -0.21% yes
(110) NdGaO3 3.86 1.6% yes

(100) (LaAlO3)0.3-(SrAl1/2Ta1/2O3)0.7 (LSAT) 3.87 1.8% no
(100) SrTiO3 3.91 2.7% no

Table A.1: Substrates used for the growth of 10 nm thick SrMnO3 films,
listing the pseudocubic in-plane lattice constant (ap), the epi-
taxial strain, and whether or not the substrate has oxygen rota-
tions.

observe a significant change in the Mn 3s spectra over the span of several weeks, indicat-

ing the formation of Mn 2+ within our films. Figure A.1b shows the measured manganese

valence for all films. The films show small within-error variations in manganese valence,

but overall we observe no significant differences between the various substrates. Figure

A.1c shows the Mn valence as a function of time for films under the most compressive

and tensile strain (SrTiO3 and YAlO3), as well as the film on LSAT. All three show no

significant differences from each other, and have a saturated Mn 2+ signal after the first

month within error. Thus, we find that all films are equally susceptible to the formation

of Mn 2+ with a time scale of several weeks, irrespective of strain.

160



-2.6% (YAlO3)

1.8% (LSAT)

2.7% (SrTiO3)

a b c1 hr
14 days
24 days
34 days
111 days

111 days

1 hr

Figure A.1: (a) Example Mn 3s spectra from a SrMnO3/LSAT film taken
after 1 hour and after 111 days of air exposure. The spec-
tra were shifted to align the peaks at 84 eV, and the dashed
vertical line highlights the shift in the higher binding energy
peak. (b) Extracted manganese valence for each film after the
indicated amount of air exposure. Within error, no significant
trends emerge. (c) Manganese valence vs. time for the indi-
cated SrMnO3 films, again no significant differences are ap-
parent.
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Appendix B

Electronic structure of polar surfaces in

La0.7Sr0.3MnO3 from DFT

La1−xSrxMnO3 is potentially susceptible to a number of surface reconstructions, includ-

ing the possibility of a ‘dead layer’ where the electronic and magnetic properties at the

surface show significant changes relative to the bulk [125, 214]. Both the Mn(3+x)+O2−
2 and

La3+
1−xSr2+

x O2− (001) surfaces are nominally polar, which drives a reconstruction to prevent

the divergent electrostatic potential associated with a polar catastrophe [215, 137, 216].

This can be accomplished through a modification of the surface layer chemistry or struc-

ture as in conventional semiconductors [215], or through a purely electronic mechanism

as seen in several oxide thin films [9, 217]. These effects could dramatically alter the dop-

ing estimates from ARPES away from the nominal bulk values and/or radically alter the

measured electronic structure. Thus it might be expected that a surface sensitive probe

like ARPES would not be able to observe an electronic structure representative of the bulk

in La1−xSrxMnO3, contrary to what we have shown in this dissertation.
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Figure B.1: Surface electronic structure of La0.7Sr0.3MnO3 from DFT. Layer-
resolved majority spin Mn partial density of states (PDOS, off-
set for clarity) for the illustrated slab. The top curve is at the
(La,Sr)O surface; the bottom curve is at the MnO2 surface. The
Mn PDOS from an La0.7Sr0.3MnO3 bulk calculation (dashed or-
ange line) has been overlaid onto the second MnO2 layer to
demonstrate the recovery of a bulk-like electronic structure.

Although we do not have a complete understanding of the mechanism for reconstruc-

tion in our samples, we can consider the simplest case of a purely electronic reconstruc-

tion to prevent the polar catastrophe in La0.7Sr0.3MnO3 as an example case. With this goal

in mind, we have performed a DFT slab calculation for 6 unit cells of La0.7Sr0.3MnO3 with

12 Å of vacuum [218] separating the MnO2 and (La,Sr)O (001) surfaces, as shown in Fig.

B.1. This configuration was chosen since a proper account of the effects of surface polar-

ity requires a slab with the correct charge density that also contains both MnO2 and LaO

surfaces to preserve stoichiometry [219]. We used lattice constants a = b = 3.905 Å and c =

3.86 Å to simulate strain from a SrTiO3 substrate. The interaction parameter (U) was fixed

at zero to avoid the tendency of U to promote an ordered, insulating phase in large unit

cells. For the comparison in Fig. B.1, a bulk La0.7Sr0.3MnO3 calculation was performed
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under the same conditions. The polarity of the surface is directly related to the charged

La ions and their location throughout the enlarged unit cell. For this reason, account-

ing for the average charge on the La site becomes critical, and so these calculations were

performed with the virtual crystal approximation (at x = 0.3) rather than a rigid shift of

EF .

Despite a reconstructed density of states at the topmost MnO2 layer (6) and small

energy shifts for layers 1 & 5, the Mn partial density of states for all other layers is nearly

indistinguishable from bulk La0.7Sr0.3MnO3. Since ARPES is sensitive to approximately

3-4 unit cells, the measured near-EF spectral weight should primarily reflect the bulk-like

inner layers of the calculation, consistent with our experimental observations.
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Appendix C

Phase separation in

La2/3Sr1/3MnO3/LaAlO3 films

La2/3Sr1/3MnO3 films become insulating under very strong compressive strain [83, 127].

Early DFT studies suggested that the films enter a C-type AF state [163]. This phase

is characterized by d3z2-r2 orbital polarization and a quasi-one-dimensional bandstructure

dispersing primarily along the c-axis. X-ray linear dichroism measurements verified a de-

gree of d3z2-r2 orbital polarization in La2/3Sr1/3MnO3/LAO films, although it appears much

weaker than that found in layered manganites [54]. Nevertheless, despite its expected

presence in strained La2/3Sr1/3MnO3 films, and its presence in the bulk phase diagram of

the layered manganites [220], no detailed ARPES studies of the Mn eg states in C-type AF

manganites have been published. Toward this goal, strained Pr0.6Ca0.4MnO3 films that are

also expected to be in the C-AF phase were studied with variable photon energy ARPES

[221]. Detailed measurements of the Mn t2g and O2p derived valence band were made,

and the expected Mn eg derived bands near EF were found to be absent. It is important

to note, though, that similar studies of metallic La2/3Sr1/3MnO3 films were also unable to

165



resolve clearly dispersive features in the metallic phase [121, 119]; an anomaly that was

resolved by our detailed measurements of MBE-grown films (chapter 5).

In this chapter, I present ARPES measurements of the electronic structure of 15 nm

and 6 nm thick La2/3Sr1/3MnO3/LAO films. Rather than the insulating bandstructure

expected for the C-type phase, we find an unexpected two-component electronic struc-

ture consisting of a low-energy metallic band strongest in the thicker film, and a high-

energy insulating band sharpest in the thinner film. AFM measurements demonstrate a

thickness-dependent island morphology of our films due to relaxation of the strain im-

posed by the substrate. I argue that the observed high-energy insulating features in our

ARPES spectra arise from coherently strained atomically smooth portions of our films,

whereas partially relaxed islands give rise to metallic spectra.

C.1 ARPES results

We performed ARPES measurements on 6 nm and 15 nm thick La2/3Sr1/3MnO3/LAO

films grown by the procedure described in chapter 5. Measurements were performed

with an energy resolution of 40 meV, and at T = 65-100 K to prevent charging of the insu-

lating films.

The angle-integrated valence band spectra for both film thicknesses are shown in Fig.

C.1b. Both were nominally (La,Sr)O terminated from growth, although the 15 nm film

shows deeply bound Sr 4p and La 5p features characteristic of a mixed surface termina-

tion (section 5.3.1) and corresponding minor changes in the region within 10 eV of EF .

Variations in surface termination occasionally occur in our manganite films but do not

appear to significantly affect the dispersive states near EF (section 5.3.1). Nevertheless,

the most significant difference between the two films is the clear metal-like Fermi step for
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Figure C.1: (a) Resistivity from 6 nm and 15 nm thick
La2/3Sr1/3MnO3/LAO films measured by ARPES. (b) Angle-
integrated valence band spectra from the same two films. (c)
Spectra at the hole-pocket kF for the same two films showing
the much greater intensity at EF for the 15 nm film.

the 15 nm film that is nearly absent for the 6 nm film (Fig. C.1c). This difference cannot

be ascribed to a dead-layer [222] effect in the thinner film because its thickness of 15 unit

cells remains much larger than typical dead layers. Furthermore, it is the thicker film that

is anomalous: showing a metallic spectrum despite its insulating resistivity (Fig. C.1a).

The striking difference between the two films can be examined in more detail through

the k-dependent electronic structure. The ARPES spectra in Fig. C.2a,c demonstrate two

distinct energy scales characterizing the near-EF electronic structure. This is most appar-

ent in the 6 nm film. We see vertically dispersing features for E < 0.5 eV that fail to reach

EF due to the insulating 0.1 eV gap, and a deep parabolic feature at E > 0.8 eV. These un-

usual spectra were confirmed on an additional 6 nm film (Fig. C.3). The 15 nm thick film

shows a low-energy feature as well, but it has now evolved into a well-defined parabolic

band crossing EF . In contrast, the high-energy parabolic feature from thinner films has

become only weakly k-dependent but still spans a similar E and k range. The opposite

evolution of these two features with thickness is strong evidence that we are imaging

two distinct but related components of the electronic structure. This is in contrast to the
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Figure C.2: (a) ARPES spectra from a 6 nm La2/3Sr1/3MnO3/LAO film
at kx = 0.58π/a after subtraction of a non-dispersive back-
ground. White lines show extracted dispersion from the
high-energy parabolic feature. (b) Iso-energy maps of spec-
tral intensity at EF and E = 0.9 eV for the same 6 nm
La2/3Sr1/3MnO3/LAO. (c,d) Same as in panels a,b but for a 15
nm La2/3Sr1/3MnO3/LAO film. White line in panel c shows
a parabolic fit to the extracted low-energy metallic band. All
data are normalized to the VB peak at 3.5 eV, but maps at EF

are enhanced by an additional factor of 15 to make the weak
metallic dispersion more evident.
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Figure C.3: ARPES measurement from a second 6 nm thick
La2/3Sr1/3MnO3/LAO film along the same k-space cut
shown in Fig. C.2a,c, after subtraction of a non-dispersive
background. Here again we see the apparent presence of a
low energy and high energy feature, but the gap at EF is more
apparent.

waterfall feature in the cuprates [223], where a single band transits between a large and

small energy scale due to many-body effects.

The iso-energy contours presented in Fig. C.2b,d demonstrate that a similar phe-

nomenology holds true across k-space. At EF , the 15 nm film shows a much more intense

FS than the thinner film and has a dispersion reminiscent of the FS from the metallic

La2/3Sr1/3MnO3 films of chapter 5. On the other hand, at 0.8 eV the 15 nm film shows only

weakly-k-resolved spectral weight that tracks the more sharply defined features of the 6

nm film.

Surprisingly, the low-energy feature seen in the 15 nm La2/3Sr1/3MnO3/LAO film

is quantitatively consistent with the bandstructure of the more weakly strained metal-

lic La2/3Sr1/3MnO3 films (chapter 6). The effective mass determined from MDC fits to
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the low energy bandstructure is 0.22 ± 0.03 me, in close agreement with that found for

metallic films and for our DFT calculation of cubic La2/3Sr1/3MnO3. Furthermore, in

La2/3Sr1/3MnO3/NSAT we observed a decreased hole pocket size and occupied band-

width due to compressive strain; both features are present in the La2/3Sr1/3MnO3/LAO

low-energy band, whose extrapolated band-bottom lies 0.1 eV closer to EF than that

found for the less-strained La2/3Sr1/3MnO3/NSAT.

C.2 Film microstructure

To address the disparity between La2/3Sr1/3MnO3/LAO films of varying thickness, addi-

tional film characterization tools are essential. X-ray diffraction measurements of 6 nm

to 20 nm thick La2/3Sr1/3MnO3/LAO films showed equal out-of-plane lattice constants

(c = 4.00 ± 0.01 Å), and film rocking curves were unfortunately unable to provide insight

into the quality of each film due to the broad rocking curves intrinsic to LAO substrates.

Using XPS measurements of the Sr 3d and La 4d peaks from the films presented in Fig.

C.2, I found x = 0.34 ± 0.02 and x = 0.33 ± 0.02 for the 6 nm and 15 nm films, respectively.

This demonstrates that both have the expected Sr concentration and that differences in x

cannot account for their differing electronic structure.

On the other hand, AFM measurements of La2/3Sr1/3MnO3/LAO films reveal a signif-

icant roughness that evolves with film thickness. The 6 nm thick La2/3Sr1/3MnO3/LAO

film from Fig. C.2 has a surface consisting predominantly of a step-terrace morphology

(Fig. C.4a). In addition, we can also resolve a low density of ≈ 5nm high islands that

are not present in La2/3Sr1/3MnO3 films on better lattice-matched substrates. As the film

thickness increases to 15 nm, the surface becomes densely packed with islands of similar

height (Fig. C.4b) and now lacks any appreciable atomically smooth regions.
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Figure C.4: (a,b) AFM images from 6 nm and 15 nm La2/3Sr1/3MnO3/LAO
films measured by ARPES. On increasing film thickness, the
density of islands dramatically increases. Bottom panels show
line cuts corresponding to the white dashed lines shown in the
top panels.

Qualitatively similar thickness-dependent transitions have been studied in La2/3Sr1/3MnO3

thin films grown on several substrates, and in many cases a transition from thin

atomically-smooth surfaces to island formation in thicker films has been observed

[224, 225, 226]. This phenomena is understood as a Stranski-Krastanov related growth

mode, wherein the film grows coherently strained and atomically smooth up to a criti-

cal thickness, but subsequent layers form isolated islands that allow a sudden or gradual

relaxation of the large substrate-induced strain [227]. In our case, island formation is ex-

pected to occur with the smallest critical thickness for La2/3Sr1/3MnO3/LAO films due to

the large biaxial strain (2.3%) in comparison to the other substrates we have used.
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Film Growth date Haynes wafer Thickness (nm) RMS (nm)
CA2111 11/12/2012 ARPES 6 0.3
CA2116 11/12/2012 ARPES 6 0.2
CA2119 11/12/2012 ARPES 6 0.5
CA2166 1/9/2013 ARPES 6 1.2
CA2168 1/9/2013 ARPES 6 0.7
CA2112 11/12/2012 #3 6 0.3
CA2165 1/9/2013 #7 6 0.2
EJM004 8/29/2013 #7 9 0.1
EJM051 10/6/2013 #25 9 0.2
EJM005 8/29/2013 #30 12 0.1
EJM052 10/6/2013 #7 12 0.2
CA2048 8/10/2012 ARPES 15 2.2
CA2169 1/9/2013 #7 20 3.0

Table C.1: Root-mean-square (RMS) surface roughness for several films
as measured by AFM. Also included are the film thicknesses,
growth dates, and whether each film was grown on a num-
bered Haynes wafer used for standard MBE growths or a cus-
tom Haynes wafer used for ARPES measurements. ARPES data
shown in Figs. C.1 and C.2 is from CA2168 and CA2048.

Figure C.5: RMS vs. film thickness, using the data of Table C.1.
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Figure C.6: AFM measurements for a 20 nm La2/3Sr1/3MnO3/NGO film
(a), a 6 nm La2/3Sr1/3MnO3/LAO film (b), and a 20 nm
La2/3Sr1/3MnO3/LAO film (c) all grown on the same day
using the same calibration. Bottom panels show line
cuts corresponding to the white dashed lines shown in
the top panels. Although the La2/3Sr1/3MnO3/NGO and
6 nm La2/3Sr1/3MnO3/LAO films show atomically smooth
surfaces with unit-cell or half unit-cell steps, the 20 nm
La2/3Sr1/3MnO3/LAO film is very rough.

To explore the reproducibility and thickness dependence of island formation within

our films, we grew several additional La2/3Sr1/3MnO3 films and measured their mi-

crostructure with AFM. A summary of the measured root mean square surface rough-

ness for each is provided in Table C.1 and displayed in Fig. C.5, which provides a

measure for the degree of island formation. We also note that a total of nine ≤ 15 nm

La2/3Sr1/3MnO3/LAO films were measured by resistivity and found to be insulating,

whereas the 20 nm film is metallic below 250 K, consistent with ref. [228]. Notably, we

see a large variation in the degree of island formation for films of nominally the same

thickness, and the more recently grown films with 9-12 nm thickness are smoother than

nearly all 6 nm thick films.
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One possible explanation for the variation in surface roughness between film growths

is a variation in film stoichiometry. Warusawithana [229] found a transition from unit

cell step-terrace surfaces to island formation as a function of the (La + Sr)/Mn ratio in 110

nm La2/3Sr1/3MnO3/STO films. Island formation occurs for (La + Sr)/Mn < 1.000 ± 0.002.

Similar phenomena were observed in films grown on other substrates including LAO. To

address the possibility of stoichiometry alone giving rise to the island formation observed

in our films, we grew three films using the same calibration on the same growth day: a

6 nm film on LAO, a 20 nm film on LAO, and a 20 nm film on nearly lattice-matched

[110] NdGaO3 (0.3% compressive strain). Fig. C.6 shows that the 6 nm film and weakly

strained 20 nm film both provide smooth surfaces, whereas the 20 nm film on LAO shows

severe islanding, providing strong evidence for the crucial roles played by epitaxial strain

and film thickness in island formation. Furthermore, we note that the islands observed

by Warusawithana [229] have much smaller heights (≈2 nm) than those found in our

La2/3Sr1/3MnO3/LAO films, which can be > 10nm.

Nevertheless, we cannot rule out the possibility that stoichiometry influences the crit-

ical thickness where island formation begins. In addition island formation can depend

sensitively on other growth parameters. Several groups using different growth conditions

find different critical thicknesses and island morphologies [225, 226, 228]. Our films were

grown using multiple sample holders for which variations in the absolute temperature of

the substrate surface can occur. It is clear that island formation in our films depends sen-

sitively on growth parameters, and reproducing specific results in the transition region

between flat and rough films remains a challenge.
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Smooth, coherently strained parts of the film providing insu-
lating spectra. Islands formed on the film surface are partially
relaxed and thus metallic, accounting for the metal-like spectra
seen in thicker films.

C.3 Relaxation induced metal-insulator transition

The impact of film microstructure on the strain-induced metal insulator transition was

discussed in the context of La0.67Ca0.33MnO3/LAO films by ref. [230]. Coherently strained

La0.67Ca0.33MnO3 shares a similar AF insulating phase to that of La2/3Sr1/3MnO3/LAO,

but resistivity and magnetization measurements indicated a significant fraction of each

film assumed a FM metallic phase. Corresponding AFM and magnetic-force microscopy

found locally inhomogeneous magnetism and island formation that occurred on the same

length scale. It was thus inferred that the relaxed islands assume the FM metallic phase

of bulk La0.67Ca0.33MnO3, whereas coherently strained regions of the film remain AF and

insulating. A more recent study of La2/3Sr1/3MnO3/LAO films provides further support

to this model [228]. Nuclear magnetic resonance measurements found locally FM com-

ponents within La2/3Sr1/3MnO3/LAO films that are absent for very thin films but rapidly
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increase with thickness starting at 12 nm. At the same thickness, the film resistivity begins

to drop, eventually becoming metallic for > 20 nm. This thickness dependent resistivity

is in good agreement with films grown by our group, and was attributed to percolation

of the FM metallic islands by Tebano et al. [228].

The observed microstructure provides a natural explanation for our ARPES data: thin

films have smooth highly strained surfaces that are insulating. Thicker films have a larger

degree of strain relaxation, giving rise to partially relaxed metallic islands. As we increase

the film thickness, we see a low-energy metallic bandstructure from the islands that be-

comes stronger and more coherent as more and larger islands are formed (Fig. C.7). Si-

multaneously, the high-energy insulating bandstructure becomes less well-defined. Our

ARPES results indicate that the metallic islands for 15 nm thick La2/3Sr1/3MnO3/LAO still

retain substantial residual strain, suggesting that the strain relief provided by island for-

mation occurs primarily through gradual elastic deformation rather than defect formation

at the interfaces [227].

In Fig. C.2, the evolution of the low energy and high energy features is more complex

than a simple change in intensity for each, being accompanied by complex changes to

the momentum-space structure as well. This likely indicates a crossover to incoherent

or localized states for the low-energy band on making the film thinner, and for the high-

energy band on making the film thicker. This will require a more detailed study of the

complicated relaxation-induced microstructure and possible role of interfaces between

metallic and insulating regions that is, however, beyond the scope of this thesis.

Future work to address the interplay between film microstructure and the electronic

structure should pursue magnetic force microscopy and magnetic impedance microscopy

[159] measurements on films that have also been measured by ARPES to circumvent film-

to-film variability and directly correlate real-space and momentum space structure.
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