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ABSTRACT OF THE DISSERTATION

Infrared study of exotic phases in matter

by

Kirk William Post

Doctor of Philosophy in Physics

University of California, San Diego, 2017

Professor Dimitri N. Basov, Chair

This dissertation reports on “infrared" measurements of exotic phases in con-
densed matter systems: topological insulators (TIs), rare earth nickelates (RENs), and
the Mn-pnictides. In the first part, I will discuss the experimental interrogation of TI
systems, where electrons are confined to two dimensional surface states (SS) and the
bulk is anticipated to be semiconducting. To elucidate the properties of TIs, we investi-
gated the variation of bulk properties in TIs as a function of growth parameters. Later,
mathematical constraints were placed on the maximum electronic response that could
be expected from the SS electrons in general T1 systems, with experimental work culmi-
nating in the measurement of an infrared absorption, consistent with these expectations.
Subsequent magneto-optical investigation clarified infrared response, and identified a

significant contribution from the exotic significant SS. In the second part, I will discuss

xXviii



the Mn-pnictide LaMnPO, which is a material highly similar to the recently discovered
family of Fe-pnictide, high temperature superconductors. Guided by theoretical predic-
tions, we used high pressures to induce a correlated metallic state, similar to the state
preceding high temperature superconductivity in the Fe-pnictides. The last part of this
thesis discusses recent, high resolution imaging experiments of the insulator-metal tran-
sition (IMT) in RENs. In these measurements, we revealed the discrete nature of the
IMT. Additionally, we uncovered a conducting boundary between insulating, and mag-
netically ordered domains, which undergoes a distinct phase transition from the rest of

the sample.
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Chapter 1

Introduction

1.1 Topological Insulators

1.1.1 Background

Over 30 years ago, physicists began describing materials in terms of the topo-
logical differences in the band structures [1]. Only recently has the importance of this
approach has been realized, as evidenced by the fact that the Nobel prize in physics of
2016, was awarded to three theorists who pioneered this idea. The key point is that a
material can be characterized by a single integer, in the same way that topology distin-
guishes different bodies by the number of holes that they possess. For instance, a coffee
cup and a donut have the same topological classification, whereas an apple is different,
since it lacks the hole. Additionally, at the boundary of two topologically distinct ma-
terials, their must be gapless free carriers, with suppressed backscattering arising from
coupled spin and momentum [2]. Typically, these electrons, which are confined to the
interface between the materials, are called surface states (SS). It is thought that these
electrons could be utilized in quantum computing, or simply to improve the efficiency
of contemporary computers [3]. Originally, the topological nature of matter could only
be realized under high magnetic fields and low temperatures. An early work posited a
scenario where these limitations may be overcome by strong spin orbit coupling in an
antiferromagnetic system [4]. An expansion of these early theories predicted numerous

materials would manifest topological states of matter, possibly in ambient conditions



[5, 6]. Subsequent experiments identified the presence of the topological SS in numer-
ous materials [7-10], coexisting with an insulating bulk, and thus brought the so-called
"topological insulators’ (TI) to the forefront of condensed matter physics. However,
a major obstacle to the realization of devices based on TIs has been the fact that the
surface states, are a relatively weak electromagnetic response when compared to the

intrinsic bulk doping that tends to plague the known topological insulators.

1.1.2 Thickness dependence of bulk electronic properties

Among the known TI materials Bi;Ses emerges as the most viable for device ap-
plications because of its large band gap (0.3 eV) and the simple, Dirac-like band struc-
ture of its surface state. Despite the intense effort directed at these materials, progress
has been plagued by issues with sample growth including inhomogeneous crystals, Se
vacancies, and surface doping. These problems shift the Fermi level into the bulk con-
duction band. Measurements of the relatively weak SS properties are then often masked
by the bulk dominated conductivity. Further studies of the bulk electronic properties of
this material are required in order to combat the problems in sample growth.

In Chapter 2 we report on optical spectroscopy measurements of epitaxial Bi;Ses
thin films ranging in thickness from 15 to 99 quintuple layers (QL). Using infrared spec-
troscopy, we are able to extract the optical conductivity of the thin films. By studying
the optical conductivity as a function of thickness, we can examine how extrinsic prop-
erties affect optical conductivity. This process reveals an increase in free carrier plasma
frequency and optical energy gap as thickness decreases. A comparison of the optical
conductivity to the band structure measured via photoemission reveals the existence of
an impurity band below the conduction band as well as Fermi level that systematically
changes with thickness. These results reveal systematic changes in the electronic prop-

erties of BipSe3 that must be addressed in the growth of future samples.

1.1.3 Bulk insulating response of topological insulator Alloys

In Chapter 3, we study the optical response, with and without external mag-

netic field, of two canonical bulk insulating topological insulators Bij 5Sbg 5Teq 7Se; 3



and BiSbSe,Te. To our knowledge, this is the first measurement of infrared optical
properties of these two alloys. We find that these two materials are highly insulating,
possessing some of the lowest bulk carrier densities reported for TI crystals. In addition,
our infrared measurements detect critical points, which are regions where the valence
and conduction band are parallel, in the Bi; 5Sbg s5Te 7Se; 3. This is the first observa-
tion of critical points in any topological insulator system measured so far. Importantly,
the presence of critical points suggests that Bij 5Sbg sTe; 7Se; 3 is a crystallographi-
cally ordered system, despite being an alloy, and may be a prime candidate for future
TI studies. Although this work shows the effectiveness of alloying in reducing the bulk
carrier concentration, it also reveals that eliminating the bulk carriers does not inherently
guarantee surface dominated conductance. We offer a few possible reasons for why the

surface conductance is suppressed.

1.1.4 Sum-Rule Constraints on the surface state response

An essential element of research in TI systems is distinguishing the SS response
from that of the bulk. In chapter 4 we show the results of combined Terahertz time-
domain and Fourier transform spectroscopies on the T1 (B1,Sb),Te3. These results reveal
a significantly reduced free carrier response, and therefore, the success of alloying in
reducing the bulk carrier concentration. Indeed the identified response was smaller than
any previous measurements reported in the literature. Additionally, there is a direct
relationship between the Fermi energy and the free carrier response within Dirac like
systems. Using this relationship, we identified the maximum response that could be
anticipated solely from the SS in both generic, and specific TI systems. The response
we measured in (Bi,Sb);Tes is consistent with that expected from SS, given the bulk
energy gap that we observed. This was the first published observation of a bulk sensitive

optical measurement that could be consistently ascribed to SS.



1.2 Insulator to Metal transitions

1.2.1 Background

Within the broad topic of condensed matter physics, the subject of the interac-
tions between electrons has been of intense interest since it was discovered that NiO
demonstrated strong insulating behavior, where conventional electron and orbital count-
ing suggested metallic ground state. Sir Neville Mott was able to explain this behavior in
terms of interactions between electrons, which adds an energy cost to putting two elec-
trons onto the same atomic orbital. It is this added energy cost that opens up a gap in
the band structure, leading to so called Mott insulators. Materials in which the electrons
are strongly interacting, as in Mott insulators, show a plethora of exotic phenomena,
including high temperature superconductivity (HTSC), colossal magnetoresistance, and
insulator-metal phase transitions (IMT), to name a few [11]. In the remainder of this

section, I will focus on the IMT within the context of two somewhat disparate systems.

1.2.2 Pnictides

The discovery of high temperature superconductivity (HTSC) was one of the
most transformational findings in contemporary physics [12, 13]. For almost twenty
years, the cuprates were the only family of material found to host this exotic phenom-
ena. However, there was a rapid paradigm shift when superconductivity was discovered
in the Fe-pnictide compounds [14-16], which have recently been found with critical
temperatures exceeding 100K [17]. A tremendous amount of research has been devoted
to indentifying the common feature between these two disparate materials that gives
rise to HTSC. One generic shared feature of these two materials is the presence of elec-
tronic correlations, which enhance the carrier mass when compared to the simple density
functional theory (DFT) picture [18, 19]. Interestingly, the Fe-based compounds have a
metallic ground state, whereas the cuprates parent compounds are insulating. Accord-
ingly, it may be instructive to look at compounds similar to the Fe-pnictide superconduc-
tors, where the ground state is insulating, and try to induce a correlated metallic state.
One such class of materials are the Mn-pnictides, which host structural and magnetic or-

dering similar to the pnictides, yet are strong insulators. In Chapter 5, we have probed



the electronic structure of LaMnPO_,F, using optical spectroscopy at high pressures
and high temperatures, in order to elucidate the character of the ground state.

From these measurements, we unambiguously establish the nature of the elec-
tron correlations in LaMnPO;_,F, by comparing pressure and temperature dependent
infrared measurements to density functional theory, augmented with dynamical mean
field theory (DFT+DMFT), which included the electron-electron interactions via Hub-
bard U and Hund’s coupling Jy. Second, our high-pressure measurements show a sys-
tematic collapse of the bulk energy gap with increasing pressure, yielding a metallic
state that is theoretically anticipated to host strong electron correlations. Moreover, the
insulator to metal transition observed at high pressure is decoupled from both the struc-
tural and magnetic transitions in this material and thus can be definitively attributed to
an increase in the electronic bandwidth. To our knowledge, this is the first work to 1)
directly compare DFT+DMFT predictions to experimental data at both high pressures
and high temperatures and 2) to show a pressure induced band gap collapse in a Mn-
pnictide. These results yield an accurate description of the electronic correlations in

LaMnPO;_,F, and identify the nature of the insulator to metal transition.

1.2.3 Rare Earth Nickelates

The rare earth nickelates (RN1O3) are a class of part of the broader class of per-
ovskite oxides, where the transition metal resides in the center of on oxygen octahedra,
which surround a rare earth cation. At high temperatures, the RNiO3 form in an or-
thorhombic structure undergo a monoclinic distortion at a temperature commensurate
with the IMT, indicating the connection between structural and electronic properties.
Additionally, the temperature at which the IMT occurs (77)/7) can be tuned by adjust-
ing the size of the rare earth ion (R), with smaller R leading to higher Tj);7 and larger
R reducing T7yr. In the case of R=La, the IMT is completely suppressed and LaNiOs
remains metallic at all temperatures. The connection is alternatively understood as a
modification to the orbital overlap of the Ni 3d and O 2p bonds, with smaller R reduc-
ing the overlap and thereby enhancing the insulating state. Accordingly, it was initially
thought that the IMT was simply a result of the structural transition, which reduced the

orbital overlap to such an extent that an insulating state was induced [20]. Additionally,



there is also an interesting, unit cell quadrupling, antiferromagnetic (AF) order, which
onsets at the IMT in the case of R=Ni,Pr, or at. Notably, when the IMT is commen-
surate with the AF order, the transition shows first order behavior, whereas it is second
order when they emerge seperately. Recent developements in epitaxial growth of RNiO3
thin films has revived research in this field. Among the contemporary discoveries, more
complex mechanisms behind the IMT have been posited, which involve strong electron
interactions [21, 22] and potentially new, and exotic phase transitions [23]. The inter-
play between between AF, and charge order in the IMT is also being explored [24].
Beyond the complexity inherent to the IMT, the RNiO3 system has been shown to be
highly tunable through heterostucturing, and epitaxial strain [25]. Theoretical models
have even suggested the possibility of tuning to a superconducting, or topologically
non-trivial state [26—28]

Despite the intense interest in this system, derived from the complex interplay
of electronic, magnetic and structural degrees of freedom, the nature of the low enegy
electronic structure amidst the phase transition has remained unresolved. Accordingly,
to resolve this omission in the literature, we have measured the electronic properties
of NdNiO3 with nanometer resolution using near field optical microscopy, as described
in Chapter 6. From the local information, we have established that the bulk IMT in
NdNdOs is ideally first order, in that the local electronic properties transition discretely
from the insulating state, to the metallic state, in contrast to other related oxides [29,
30]. Despite the discrete transition in the bulk o fthe material, conducting domain walls
(DW) were observed, which were found to undergo a continuous, second order type
IMT. These results were interpretted within the framework of a Landau free energy,
with coupled AF and CO. This analysis could consistently ascribe these DW arise to
boundaries between AF domains of different orientation. These results may help to
clarify the relevence of AF in the IMT of NdNiO3;. More importantly, this is only the
second realization of conducting DW existing in an AF insulating matrix, and the only
known observation of coexisting first and second order phase transitions within the same

material.



Chapter 2

Thickness dependent bulk electronic
properties in Bi,Se; thin films revealed

by infrared spectroscopy

Abstract

We have investigated the electronic structure of BipSes epitaxial thin films with
thicknesses between 15 and 99 quintuple layers (QL) on a Si substrate using a combi-
nation of variable angle spectroscopic ellipsometry (VASE) and infrared transmission
spectroscopy. The results we have obtained are consistent with a Fermi level that shifts
relative to the conduction band as a function of sample thickness. We also present evi-
dence that the bulk energy gap in these thin films is as much as 0.1 eV smaller than the
value of 0.3 eV predicted by band structure calculations and confirmed by photoemis-
sion experiments. The thickness dependence of material properties in Bi;Ses observed
in this work reveal thickness to be a parameter that can be tuned to control and possibly

optimize the bulk properties of BirSe3 thin films.



2.1 Introduction

Topological insulators (TIs) are materials that have spin polarized, topologically
protected surface states (TPSS) with Dirac-like dispersion yet are insulating in the bulk
[2, 5, 6, 31, 32]. A number of materials have been identified as TIs via photoemis-
sion and scanning tunneling microscopy experiments [7, 33-35]. Among the currently
known TI materials, Bi;Ses emerges as the most viable material for device applications.
It is a stoichiometric material and among all known TIs, it has the largest band gap
with a TPSS band structure that most closely resembles a simple Dirac cone with the
Dirac point lying directly above the valence band valley [2]. Furthermore, theory has
predicted that Bi>Ses is an insulator with the Fermi level (ur) lying directly at the Dirac
point [36]. In practice, these materials are n-doped with g positioned in the conduction
band likely because of anti-site doping via Se vacancies [37]. The net result is that the

exotic properties of the TPSS are masked by the bulk conduction.

2.2 Materials and Methods

Molecular beam epitaxy (MBE) is a promising method for improving sample
quality and resolving the issue of unintentional doping in TI candidate materials because
the growth process is precisely controlled [38—43]. However, even with the high level of
control attained in MBE growth, samples grown using this method have been plagued
by high carrier densities and impurity band conduction [40]. For instance, transport
measurements have found that the carrier density in Bi;Ses thin films (and crystals) is
inversely proportional to the square root of thickness [44]. To examine the electronic
structure and dynamics as thickness is tuned, we have spectroscopically investigated
Bi,Sej3 thin films with thicknesses ranging from 15 to 99 quintuple layers (QL) using a
combination of optical probes.

The Bi;Ses thin films of our study were grown in an ultrahigh vacuum (UHV)
system by MBE. Double-side-polished Si (111) wafers are first cleaned with the stan-
dard RCA method. Hydrofluoric acid wet etching is carried out in order to saturate the
surface dangling bonds and enhance the film quality. The growth is conducted under

a Se-rich environment; a nominal Se to Bi ratio of 10:1 is used so that the Se vacancy



defects are suppressed. In-situ growth dynamics are monitored by reflection high energy
electron diffraction (RHEED) measurements. Sharp streaky patterns, which indicate a
2D epitaxial structure, are observed during the growth. Meanwhile, RHEED oscilla-
tions of the intensity as well as the width of the specular dot as a function of time can be
observed. Each oscillation period corresponds to one QL layer of BiySes, as shown in
our previous works [40, 41]. Thus, by monitoring the RHEED oscillations, the growth
rate and thin film thickness can be accurately controlled. We prepared samples with
the thickness of 15, 22, 45 and 99 QL. Optical characterization of the thin films and
substrates was achieved using variable angle spectroscopic elipsometry (VASE) in the
range 5,000 cm~! to 50,000 cm~! and normal incidence transmission for the range 40

cm~! to 8,000 cm™!.

2.3 Results

Transmission spectra for the BipSe3 on Si substrate, are shown in Fig. 2.1. In
panel (a) the transmission at 20K is displayed for the samples of thicknesses 15 QL, 22
QL, 45 QL and 99 QL. We first describe the transmission spectrum of 99QL Bi,Ses.
The spectrum is dominated by three main features labeled in Fig. 2.1 (a) as £, B8, and 7.
¢ is the sharp dip in the transmission spectra at approximately 63 cm™!, due to absorp-
tion by an infrared active phonon. The phonon is superimposed on feature 3, which is
the broad absorption typical of free carriers, that extends above 1000 cm~!. Feature v is
the suppression of transmission at higher wavenumbers (@ > 1400cm 1), and is char-
acteristic of excitations across an energy gap. The onset energy of the y feature at E,
is indicated by the arrows in Fig. 2.1 (a) colored to match their respective spectra. The
method for determining the Ey is discussed later in the text. The transmission features
we observed have also been seen in bulk crystals [45].

We now examine the trends of the features described above with thickness. Both
B and v structures are less pronounced in thinner samples. Transmission (T) is expo-
nentially related to the thickness (#) and the absorption coefficient (&) of a medium via
T =< ¢~ % Thus, the reduced transmission in thicker samples is expected. However, we

observed that Ey is inversely related to ¢. This type of systematic shift in £, cannot be
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explained by simply changing ¢ in the exponential equation for transmisson. Rather, this
indicates o is changing with the sample thickness.

Fig. 2.1 (b) shows the transmission for the 99QL sample at four different tem-
peratures, offset from the 295K data by 0.03. Features {, B and y that were discussed
previously, are observed at all temperatures. The arrows indicate Ey for the 99QL sample
at 295 K and 20 K, revealing a blue shift between the highest and lowest temperatures.
In Fig. 2.1 (c), the temperature dependence of the phonon feature for the 99 QL sample
is highlighted. The phonon sharpens and red shifts with decreasing temperature, simi-
lar to what was seen in reflectivity measurements on Bi;Ses crystals [45, 46]. The low
wavenumber transmission for the 99 QL sample is shown without offset in Fig. 2.1 (d).
The transmission increases with cooling, indicating there is less absorption and there-
fore fewer free carriers. The temperature dependence of the transmission spectra for the
99 QL thin film, shown in Fig. 2.1 (b) through (d), is representative of the other samples.

Transmission measurements of our samples were limited to energies below the
onset of interband absorption in the Si substrate at 1.2 eV. However optical spectra were
extended into the visible and ultraviolet range by using the standard VASE technique in
a homebuilt UHV chamber to achieve cryogenic temperatures [47]. VASE is well suited
for these measurements because it is self referencing, and it is sensitive to thin films.
Furthermore, it yields information on both real and imaginary parts of the dielectric
constant [48]. In VASE experiments, the measured value is p, which is the ratio of the
complex reflectance values for light polarized in the p and § directions, i.e. p = rr—’:
Typically this value is converted into W, and A which are related to p by the equation
below:

p =" — tanpe®. 2.1)

rS
The measured values of ¥ and A for all samples at 20K are shown in Fig. 2.2. In the case
of an infinite, isotropic, homogeneous medium, p can be directly inverted to obtain the
complex dielectric function € = €| + i&;. However, we measured a multilayer system, so
it was necessary to model the data in order to extract the optical constants as described
in [49, 50].
To model the two layer system of BioSe3 on a Si substrate, the optical constants

of the Si substrate were obtained first. With the properties of the Si substrate established,
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Figure 2.1: (a) Transmission spectra of BipSe;3 thin films for all thicknesses at 20K. (b)
Transmission of 99QL Bi,Ses thin film at four temperatures with the spectra offset by
0.03 for clarity. In both plots, the modelled transmission spectra is the solid gray line
overlaid on the experimental spectra. Also, the colored arrows labeled E; indicate the
optical gap corresponding to like colored spectra. The Ey values were via 822 analysis
described later in the text. (c) Transmission spectra in the region of the phonon mode
for the 99 QL sample highlighting the temperature dependence of this feature. (d) The
transmission in the 99 QL sample for @ < 1000cm ™! without offset to more clearly
show the systematic change in low @ absorption with temperature.
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Figure 2.2: The experimental ellipsometry of the four BiySes sample with different
thickness at 20K are shown above. The open circles correspond to the measured value
of W (left axis) and the solid circles correspond to the measured values of A (right axis).
The model is the gray line on top of the experimental data

measurements of the Bi»Ses thin film on Si substrate were modeled with one additional
layer to capture the Bi;Ses properties. The models consisted of Kramers-Kronig (KK)
compatible oscillators that were simultaneously fit to reproduce both the transmission
and ellipsometry data. The values of Transmission, ¥ and A extracted from the KK
consistent model of &(w) are the gray lines on top of the experimental (colored) lines in
Fig. 2.1 and Fig. 2.2. The accuracy of & is evident from the close match between the
modeled values and the experimental data. The combination of VASE and transmission
measurements provided a complete characterization of the optical constants of our thin

films from 5 meV to 6,000 meV.
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Figure 2.3: The optical conductivity of four Bi;Ses thin film with varying thicknesses
at 20K. The solid arrows indicate the energy gap (Ey). The right panel shows the optical
conductivity of 99QL Bi;Se; at room temperature and 20K with the Ey indicated by the
arrows. The inset in the left panel shows the linear fit of 822 in the region near the band
gap for determination of the direct energy gap (Ey).

2.4 Discussion

The real part of the optical conductivity (o] (®)) was extracted from the models

of & via the relationship
(015)

T 60Q

o7 in particular is shown because it corresponds to dissipative processes in the material.

o] (2.2)

The conductivity spectra for the four samples at 20K are shown in Fig. 2.3 (a). Describ-
ing first the spectrum of the 99QL film, we see the manifestations of features ¢, 8, and y
that were observed in the raw transmission spectra and have labelled them accordingly.
At approximately 63 cm~! the prominent peak in conductivity corresponds to {. The
same sharp phonon resonance was also seen in reflectivity of bulk crystals [45, 46] and
time domain terahertz transmission of thin films [51, 52]. There is also a broad conduct-
ing region at low @ related to feature 8. The low @ optical conductivity is due to the
response of free carriers and in the case of a single charge carrier contribution, it can be
modelled by the equation [53]:

oy

= ax =it 2:3)

o(w)
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where ), is the plasma frequency and 1/7 is the scattering rate for the free carriers.
However, in complex materials it is often impossible to fit the low-frequency intraband
response with a single Drude oscillator. Instead, an effective a)l% can be extracted via
integration of o7 up to a cut off frequency (@,), above which there are interband contri-
butions to oy [53, 54]:

gwﬁzéwmmmw 2.4)

o), is particularly important because it is directly related to the ratio of the carrier density

(n) to the effective mass (m*) via the equation:

2N\ 1/2
%:(MM) . 2.5)

m*

We now discuss the sharp rise in optical conductivity above 1,000 cm™!. This
rise is a manifestion of the y feature seen in transmission and is attributed to interband
transitions. In the case of a direct band gap (Ak = 0), & o \/© — Ey where Ey is the
energy gap [55]. A linear extrapolation of 822 near the onset of feature y shows that
the interband absorption is due to a direct gap and yields the value of E,. The linear
extrapolation of the 822(0)) spectra is shown for the 15 and 99 QL samples in the inset to
Fig. 2.3. The value of Ey determined using this procedure varies between the smallest
value of 1927 em™! (0.239 eV) in the 99QL sample, to 2976 em™ ' (0.369 eV) in the 15
QL samples.

In Fig. 2.3 (b), the optical conductivity for the 99QL sample at 295K and 20K
is shown. Optical conductivity for the intermediate temperatures is not shown because
ellipsometry measurements were done only at the highest and lowest temperatures. With
decreasing temperature we see a few changes to the spectra. First the Drude conductivity
decreases while the { feature narrows and red shifts slightly. Also, the 7y feature becomes
more defined and Ey blue shifts. The behavior with cooling observed in these spectra is
representative of the other samples. Similar features in conductivity have been observed
in bulk crystals via infrared reflectance measurements [45, 46]

Since o7 is a material property that is generally independent of the sample di-
mensions, it is natural to expect the conductivity spectra to be nominally the same for
the various thicknesses of thin films that we measured. Instead we observe many signif-

icant modifications to the spectral features with thickness. To illustrate these changes,
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Figure 2.4: Oscillator parameters from Drude Lorentz fit of infrared spectra are shown
for the samples of various thickness. The top panel shows the experimental oscillator
strength for the Drude peak (a);:gvri 40) 1 red and the phonon w}% * 35 in blue
plotted against thickness. The dashed red line indicates the fit to (a)i:g‘;i Je assuming
that we are probing an average response of the sample as described in the text. The solid
red line is the actual value for a)g determined from the fit.

,phonon

some parameters extracted from the fitting are shown in Fig. 2.4. In Fig. 2.4 (a), the

oscillator strength of both the free carriers (a)la Drude) @nd the phonon (a); ) are

,phonon

shown. a)l% is multiplied by 35 to make it similar in magnitude to w;%, Drude SUCh

,phonon
that relative changes can be directly compared. Recently, analysis of a)g and 1/t with
thickness and In doping was used to reveal surface states via Terahertz spectroscopy in

Bi;Ses thin films [51, 52]. What is immediately obvious is that while a); remains

,phonon
relatively constant, whereas (01%7 Drude 18 1nversely related to the thickness. Likewise, the
scattering rate for both the Drude (1/7p,y4.) and phonon (35 1/ Tphonon) are plotted in
panel (b). Here we see that the scattering rate for both oscillators increases as thickness
decreases. The similarity of trends seen in the scattering rate and plasma frequency with
thickness indicates that the source of the free carriers is from impurity doping which is
strongest in thinner samples. In this scenario, if there are more carriers, there are more
defects, resulting in an enhanced scattering rate for both the phonon and the free carri-

ers, as we observe. These results are consistent with picture described in previous works

that have identified anti-site defects, i.e. Se vacancies, as being the primary source of
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doping in BiySe3 [37].

In our analysis, we considered the possibility that TPSS impact the optical re-
sponse. The presence of TPSS could be identified in optical conductivity as described in
[56]. In particular, since the TPSS bands are approximately linear, interband transitions
would occur near 2ur. Furthermore, theoretical analysis predicts that the conductiv-
ity resulting from transitions between the Dirac bands is 0.06 2’2—‘”2 [56]. However, the
minimum conductance we observed, for any sample, within the bulk gap region was
an order of magnitude greater than the predicted conductance for transitions between
the TPSS. Therefore, it was impossible to distinguish the surface states from the bulk
contribution in the optical conductivity spectra. TPSS could also be identified by their
unique magneto optic response that gives rise to Landau level dispersion curves [57] or
quantized Faraday rotation [58, 59]. However, neither of these features were observed
in magneto optic measurements of identically grown thin films on single side polished
Si substrate, confirming the notion that the TPSS are overwhelmed by bulk conduction
in our samples.

We also took into consideration the recently proposed possibility that there is
strong band bending in the Bi,Ses that shifts the conduction band (CB) relative to the
Fermi level [60-63]. The result of this shift would be a carrier density (n) that decreases
with distance into the sample. However, it was not possible to recover the systematic
behavior of the features we observe in the free carrier response with a distance dependent
n.

Prior measurements have established that the bulk energy gap (Ep,;x) lies be-
tweeen 0.25 and 0.35 eV depending on the Se vacancy concentration [46]. However, the
most recent optical spectroscopy and ARPES measurements have consistently found
that Ej,; is near 0.30 eV [7, 45, 46, 62, 64]. Under this framework, the expected op-
tical gap for BioSe3z would be at least equal to the minimum bulk energy gap of 0.25
eV plus the Fermi energy relative to the bottom of the band edge (ur), and commonly
Ey ~ Epr +2Ur (see Fig. 2.5). Instead Ey < 0.25 eV was observed in the 99 QL
sample. The low wavenumber conductivity reveals these samples to be conducting (i.e.
tr > 0) so that the Ey < Ep,; inequality is even more surprising since a non-zero [

would be expected to push Ey > Epx.
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Using a parabolic band approximation and the effective mass for the bulk band
structure extracted from photoemission in [63], it is possible to predict the value up

relative to the bottom of the conduction band via the integration [65]:

n= /OMF # (%)3/2151/%13 (2.6)
Since the transitions were identified as direct from the linear extrapolation of €7, we
determined the energy difference for the smallest possible transitions that conserve mo-
mentum (k) as depicted in Fig. 2.5 (b). The energy of these transitions predicted from
the extracted ur, and the band structure in [63], (E}’,J’Ed) are shown along with the mea-
sured value of Ey in Fig. 2.5 (a). The plot reveals a strong difference between Ef red
and Ey especially in the 99QL sample. A possible explanation for the discrepancy be-
tween E{;’ ed and Ey could be due to a variations in Ej,;x between samples. To explore
this possibilitiy, we have also plotted the value of Ep,;; required to explain our results
(assuming a constant effective mass) in Fig. 2.5 (a). The energy gaps required to match
our results were between 0.19 eV and 0.25 eV, depending on the sample. All of these
values were smaller than the typically measured value of 0.3 eV [7, 45, 46, 62, 64]. The
anamolously small energy gap seen in these samples could be explained by the pres-
ence of in-gap states, possibly an impurity band (IB), that lies slightly above the valence
band. Transport and optics have both hinted at the existence of an IB in BirSe3; and
related materials, but generally the IB has been close to the conduction band [40, 45, 46,

66-68], whereas our results indicate that the IB would lie near the valence band.

2.5 Conclusion

In conclusion, we have performed optical spectroscopy measurements from 5
meV to 6 eV on BiySes thin films of varying thickness. These measurements have re-
vealed unconventional thickness dependent behavior such as increasing @2, 1/7 with
decreasing thickness. The simultaneous increase in a)l% and 1/7 is consistent with im-
purity doping that is strongest in thinner samples. We also find that the bulk energy
gap is smaller in these thin films than the frequently cited value of 0.3 eV [7, 45, 46,

62, 64], possibly due to in-gap impurity states. These unexpected observations hint at
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Figure 2.5: The electronic structure corresponding to oscillator fits. The left panel
shows the value of Efw determined from the fit of a)l% and E{,) red that was determined
by combining optical data with photoemission studies. We also show the bulk energy
gap (Ep,r) that was determined by comparing the values of Ef *P and a)I% and E{,D red s
described in the text. The overall trend is that the energy gap decreases with increasing
thickness to a value substantially below the commonly measured value of 0.3 eV.

the complex behavior of the BipSesz band structure that must be controlled to isolate the
elusive surface states. Recent progress in thin film quality has been achieved using a
few nanometers of capping layer to reduce surface contamination [42, 43]. It would be
useful to repeat these measurements to see if the capping layer reduces the thickness

dependence of the material properties.
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Chapter 3

An infrared probe of the bulk
insulating response in Bi, ,Sb,Te;_,Se,

topological insulator alloys

Abstract

We have investigated the electronic structure and carrier dynamics of the topo-
logical insulator Bi; Sb,Te3,Sey, for x=0.5, y=1.3 and x=1, y=2, using infrared spec-
troscopy. Our results show that both of these BSTS alloys are highly insulating in the
bulk, with analysis of the infrared data indicating an upper limit to the carrier density of
4.4x10'7 cm~3. Furthermore, analysis of the interband transitions of Bi; 5Sbg 5Te| 7Seq 3
revealed distinct band structure critical points, which suggest high crystallographic or-
der of our crystals. Motivated by the low carrier density and crystallographic order
identified in these compounds, we searched for the Landau level transitions associated
with the surface states through magneto-optical measurements in the far infrared range.
We failed to observe any indications of the Landau level resonances at fields up to 8 T
in sharp contrast with our earlier finding for a related Bi;_,Sb, alloy [57]. We discuss
factors that may be responsible for suppressed magneto-optics response of these single

crystals.
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3.1 Introduction

The initial theoretical predictions [5, 6, 31, 36, 69, 70] and subsequent experi-
mental realization [7, 8, 10, 33, 71, 72] of Dirac-like surface states (SSs) in topological
insulators (TIs) has rapidly brought this new class of materials to the forefront of con-
densed matter physics [2, 73, 74]. The SSs in TIs are unique in that they host electrons
that are resistant to direct backscattering and localization [5, 6, 31]. Moreover, SSs pos-
sess unique magnetoelectric properties that are predicted to yield a number of exotic
effects, including an induced magnetic monopole, and quantized Kerr rotation [3, 58,
59, 74-76]. It has also been proposed that these numerous exotic properties of SSs could
be utilized in a plethora of technologies including quantum computing, spintronics, and
improving current computer technology [2].

The key to studying the exotic intrinsic properties of TIs, is isolating the SS
charge carriers from the bulk response, thereby achieving SS dominated conductivity.
However, SS dominated conductivity has remained elusive, being observed only in a
few cases [42, 77, 78] despite the large body of work focused on this issue. More com-
monly, vacancies and anti-site defects push the chemical potential (tr) into the bulk
bands [37] so that the relatively weak SS conduction is masked by bulk dopants. One
method for overcoming this issue is to combine n-type Tls (Bi;Ses and Bi;Tes) with
the p-type TI SbyTes in alloys of form Bi, Sb,Te3_,Se, [79-81], such that the p and
n type defects compensate each other, resulting in a bulk insulating TI. A systematic
transport study of Bi, ,Sb,Te3_,Se, alloys has found high low temperature resistiv-
ity values in BiSbTeSe; (BSTS1) and Bi; 5Sbg sTe; 7Se; 3 (BSTS2) of 5.5 and 4.5 Q
cm, respectively. These findings imply that bulk carriers are largely eliminated, and
are highly promising materials for studies of SSs and potential applications [79] Fur-
thermore, photoemission measurements of identically grown BSTS1 and BSTS2 alloys
have revealed that up is located within the bulk energy gap, at or near the SS Dirac
point, indicating that these materials are ideal for surface dominated conductance.

Here we report infrared (IR) spectroscopy measurements on bulk BSTS1 and
BSTS2 crystals grown as described in Ref. [79]. We initially characterized the bulk
electronic properties of these samples using IR techniques, in the absence of an exter-

nally applied magnetic field. Analysis of the optical constants extracted from these mea-
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surements, detailed later in the text, reveals that both BSTS1 and BSTS2 are strongly
insulating with effectively no signature of free carriers or impurity bands in the optical
conductivity. Additionally, the analysis reveals that BSTS2 has both an exceptionally
large energy gap of 0.35 eV, and shows characteristics IR features attributable to dis-
tinct critical points in the band structure. These band structure critical points (BSCP)
are indicative of a high degree of crystallographic order, which is unusual for an al-
loyed system. Furthermore, we have used our optical conductivity spectra to establish
upper limits on the bulk carrier density (n), revealing that the maximum value of n for
both alloys is relatively small, being at most 4.5 x 10'7 cm—3. To directly study the SS
properties, we performed infrared reflectivity measurements in high magnetic fields, a
technique which has been used to characterized SSs in other TI materials [57]. In spite
of the promising findings of the initial zero field infrared measurements, we did not ob-
serve the characteristic LL dispersion of SSs in these BSTS compounds. These data and

possible reasons for this null result are discussed later in the text.

3.2 Experimental Techniques and Discussion

3.2.1 Infrared spectroscopy and optical conductivity

We obtained the zero-field IR spectra of BSTS samples using a combination
of normal incidence reflectance and variable angle spectroscopic ellipsometry (VASE),
which is discussed in more detail in the appendix. The sample optical constants were
extracted by performing a Kramers-Kr onig (KK) inversion of the combined reflectance
(R(w)) and VASE datasets. The real part of the complex conductivity (o;(w)) was
extracted from the KK fitting of the infrared data at all measured temperatures and the
resulting spectra are shown in Fig. 3.1. These o](®) spectra can be divided into four
regions of interest, with the corresponding label indicated in parenthesis: the low ®
region (o), the phonon peak (f3), the intragap region () and the interband absorption
region (9), as indicated in Fig 3.1. The a region is related to the free charge carrier
dynamics, and in the case of a simple Drude metal is described by the formula [82]:
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Figure 3.1: Optical conductivity spectra of Biy_,Sb,Te3_,Se, for x=1,y=1(a) and
x=0.5,y=1.7 (b). The salient features of the spectra are the low ® region (), the phonon
peak (), the intergap region (y) and the onset of interband conductivity (6). The o and
B regions are detailed in the insets of (a) and (b), with the phonon center frequencies
indicated by the arrows. The measured DC conductivities of identically grown sam-
ples are indicated by the squares along the y-axis, colored to match the corresponding
temperature.

where m* is the effective mass and 7 is the scattering rate. However, the ¢ region of our
o1(w) spectra show no indication of a Drude lineshape; rather the optical conductivity
at low o is small and decreases towards the measured DC value of conductivity, in-
dicative of a band insulator. In the higher energy 3 region, there are two peaks in o1 (®)
corresponding to the IR active phonons that have been observed previously in other sim-
ilarly structured TT materials [45, 46]. These two phonons, indicated by the arrows in
the insets to Fig. 3.1a and 3.1b, are centered at 62 cm—! and 120 cm™! (63 cm~! and
117 cm™1) for BSTS1 (BSTS2), and sharpen with cooling. An inspection of the phonon
lineshapes reveals that the peaks are broader in BSTS1 than in BSTS2, implying lower
disorder in the latter alloy. The conductivity in the interband region, ¥, is small and fea-
tureless for both materials, as is typical of semiconductors. Importantly, we observed no
indication of the impurity band which was observed in the related compound Biy Te,Se

[67, 83], and in identically grown Bi,_Sb,Te3_,Se, alloys [77].
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3.2.2 Interband transitions

The onset of interband transitions, which occur in the higher energy region 9,
are indicated by the increase in 67 (®) near 2000 cm~! for both BSTS1 and BSTS2. The
energy gap (Egyp) of these systems is precisely determined by the x-axis intercept of a
linear fit to (€2(®))? as prescribed in [55], where @[s~!]- & (w[s~']) /47 = 61 (@)[s "]
[82]. We show the (& (®))?spectra for both BSTS1 and BSTS2 in Fig. 3.2a and Fig.
3.2b, respectively, along with the linear fit that was used to determine Eg,,. This analy-
sis reveals significant differences in the lineshape of the optical constants corresponding
to the interband transitions near 2000 cm~!. In BSTSI, cooling the sample from 300K
to 200K, shifts the linear region in (& (®))? to slightly higher ®. Decreasing the tem-
perature further produces two significant changes; the energy gap is shifted to lower
energies, and a second linear region appears in (& (®))?, indicating a the appearance of
a second interband transition, which persists down to 10K. The energy gap is plotted as
a function of temperature in Fig. 3.2c as the black squares, with the second interband
transition energy also indicated by the black circles. In contrast, there is only a single
linear region in the (& (®))? spectra of BSTS2, which monotonically increases in en-
ergy with decreasing temperature. Accordingly, the extracted value of Eg,), plotted in
Fig. 3.2c as the red squares, shifts from 2050 cm~! (0.27 eV) at 300K to the relatively
large value 2800 cm™! (0.35 eV) at 10K. One possible explanation for the two transi-
tions identified in BSTS1 is that they originate from slightly different regions in the band
structure. At high temperatures, the band structure may be slightly smeared out making
the two transitions indistinguishable. With cooling, the possible sharpening of the band
structure could reveal the two distinct interband transitions we observe. Unfortunately,
there are no temperature dependent measurements of the band structure that could con-
firm this speculation. An alternative possibility is that we are probing two regions of

distinct stoichiometry with our infrared light.

3.2.3 Band structure critical point: observation and analysis

An additional interesting feature is the step-like region in the optical conductiv-

ity of BSTS2, detailed in Fig. 3.3a. These features are reminiscent of the theoretically
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derived lineshape for the optical constants arising from regions in the band structure
where the conduction band (E¢ (%)) and valence band (Ey (75)) are parallel [55]. The par-
allel bands produce a BSCP, where there is a divergence in the joint density of states,
resulting in a unique dielectric constant lineshape in the optical response [55, 84].To
identify possible locations of these BSCP transitions, we examined the calculated band
structure of the related compound, Bi;Ses, which was taken from Ref. [36] and plot-
ted in Fig. 3.3d . From this band structure, we identified four different possible BSCP
transitions, which are indicated by the arrows in Fig. 3.3d. Two of the transitions have
almost identical energies, and are therefore likely to manifest as a single BSCP transi-
tion. Accordingly both of these transitions have been labeled as CP1 in the schematic,
with the remaining two are labeled CP2 and CP3. The BSCP that produce the step-like
features in the o} (®) spectra, are indicated in Fig. 3.3a. The solid lines in Fig. 3.3e
indicate the theoretical energies of the various BSCP transitions. To characterize the
measured optical conductivity in terms of BSCP, € = €| + ig; was fit using the standard

lineshape for a 3-dimensional BSCP [84]:
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The fitting parameters of this equation are: the amplitude (A) which is related to the re-
duced mass of the two bands, the energy difference between the bands at the BSCP (wy)
and broadening (&), which corresponds to the quasiparticle lifetime [49], and lastly, the
phase (¢), a value that is related to the band structure in the region near the critical point.
The experimentally obtained d?¢; /d®? and d*&, /dw?*are plotted in Fig. 3.3b and 3.3c,
respectively, along with the best fit lineshape (gray) which consisted of three BSCP.
Moreover, the BSCP that produced the resonances in the depsilon/d > spectra are in-
dicated in Fig. 3.3b and 3.3c. The parameter @y, which was extracted from the fitting of
the BSTS2 data, is plotted as a function of temperature in Fig. 3.3e alongside the transi-
tion energies determined from the calculated band structure. Comparing the theoretical
values of @y to those extracted from the experimental data reveals that the theoretical
energies of CP1 and CP2 differ significantly from the measured values. In contrast, the
expected energy of CP3 differed by less than 0.03 eV from the experimental values.
These results may indicate that band structure of this system is well understood at ener-

gies greater than the energy gap, but is strongly modified from theoretical calculations
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at lower energies. Currently, no band structure calculations on the Bi;_,Sb,Te;_,Se,
alloys have been published, but these critical points may serve as useful constraints for
future work.

Observation of BSCP requires two ingredients: conservation of momentum k),
which typically implies a structurally ordered material, and a location in the band struc-
ture where a band below EF is parallel to a band above Er. The lack of BSCP in BSTS1
indicates that this compound is missing one of the above elements. Our infrared mea-
surements reveal significant differences in the optical response of these two systems, es-
pecially near Eg,,. The modification to the band structure as the Bi:Sb and Se:Te ratios
change may then eliminate the critical points in the band structure. Unfortunately, since
photoemission measurements only probe below Er, experimentally measuring changes
to the conduction band with alloying, that could eliminate the CP are very difficult [85].
The crystallographic order, however, has been measured via x-ray diffraction in [79],
which demonstrated that the characteristic (1,0,7) and (0,0,12) peaks, indicative of or-
dering in the chalcogen layers, are present for both BSTS1 and BSTS2. Therefore, the
lack of CP in BSTSI1 is likely due to the inherent band structure, rather than a reduced

crystallographic order.

3.2.4 Discussion

Although our findings and complimentary photoemission measurements of iden-
tically grown samples suggest ur resides within the bulk energy gap [85], transport
measurements have indicated the presence of an impurity band, in addition to the SS
and a surface accumulation layer, that could contribute free carriers to bulk conduc-
tion [77]. To quantify the possible role of bulk carriers in these samples, it is useful
to independently quantify the free carrier concentration (7). While infrared data cannot
precisely measure the value of n, we can estimate n based on the R(w) spectra at low
®, using the procedure described in the appendix. Our analysis shows that the largest
carrier concentration that could be present in this system, yet still be consistent with our
experimental reflectance is 4.4 x 10!7 cm™3. This value, despite being an upper esti-
mate, places this system among the most insulating TI crystals that have been measured

so far [78, 83]. Furthermore, this estimate is based solely on reflectance data and is not
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anchored by the DC conductivity values measured in [79], which, if included, would
reduce this estimate even further.

The CP and spectral analysis discussed above is indicative of a few important as-
pects of the Bi, _,Sb,Te3_,Sey system. First, our measured optical constants show that
these alloys are insulators, with a band structure that is strongly modified with cooling.
For instance, in BSTS1, a second interband transition is revealed at lower temperatures
that is 50% larger in energy than lowest energy transition, Eg,,. In BSTS2, Egy), is
0.274 eV at room temperature, but increases by 35% to 0.35 eV with cooling, becom-
ing significantly larger than the 0.3 eV value that is often quoted for pure BirSes [7].
Second, the BSTS2 system confirmed to be a structurally ordered material, as CPs are
only observed in systems where kisa good quantum number [49, 84]. Since conven-
tional alloying wipes out critical points, the observation of sharply defined CPs in Figs.
3.3b and 3.3c are quite remarkable and suggest non-trivial ordering in the BSTS?2 alloy.
Third, the observation of critical points in BSTS2, which are consistent with transitions
at the I point, firmly establishes that ur is in the bulk energy gap, since any doping
into the conduction band would result in occupied states near the I" point, making them
unavailable to transitions from the valence band. Lastly, the upper limits we establish
on n place this system among the most insulating TI crystals reported, thereby confirm-
ing the effectiveness of alloying in reducing the carrier concentration. The picture that
emerges from these findings is that these crystals possess some of the key ingredients
thought necessary for observation of surface states, including crystallographic order-
ing, large energy gap, and low carrier density. Therefore, we tested for the presence
of surface states in these materials using magneto optical techniques, which have been

demonstrated to be effective tools for the measurement of SS [57, 86, 87].

3.2.5 Magneto-optical spectroscopy

Magneto-optical spectroscopy is an experimental technique that utilizes the fact
that electrons undergo cyclotron motion in the presence of crossed electric and magnetic
fields at a characteristic frequency w. = eB/m* [88]. Importantly, the cyclotron motion
results in the splitting of the energy bands into discrete Landau levels (LL), which are

distinguished by their index, /. These LL disperse with field depending on the effective
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mass of the charge carriers [57, 88, 89]. Using infrared spectroscopy, it is possible to
excite transitions between LL under the constraint that |Al| = 1, yielding absorption
features in optical spectra. To compare our magneto optical response, to that expected
for LL arising from SS, we calculated the expected LL dispersion using the theoretical
framework in [57, 89], and the SS bands described in [77].

In the case of BSTS1, EF resides at the Dirac point [85], thereby allowing inter-
LL transitions, i.e. transitions from /_, to [, 1, as illustrated in Fig. 3.4a. Accordingly
we measured the reflectance spectra of both BSTS1 and BSTS2 in the range from 10
meV to 80 meV, where these transitions are expected. The resulting zero-field nor-
malized (R(H)/R(H = OT)) spectra, are shown in Fig. 3.4b and 3.4c, for BSTS1 and
BSTS2, respectively. There is a noticeable modification to the reflectence with increas-
ing field near 200 cm ™!, corresponding to a dip in reflectance arising from the phonon.
At higher energies there is some additional noise with increasing H, but overall the
spectra are unaffected by the magnetic field. In previous measurements of Bi;_,Sby,
the LL transitions produced changes in the R(H)/R(H = 0T ) spectra on the order of
0.01, at fields as small as 3T [57]. Furthermore, these transitions were found to be much
more evident in the dR/dH spectra. To illustrate the expected behavior of the magneto-
optic features associated with the LL, the calculated energy of the 0 — 1, —1 — 2 and
—2 — 3 inter-LL transitions are indicated in Fig. 3.4b and 3.4c at each field by the gray
squares, circles and triangles, respectively. However, these data reveal no anomaly at
the expected inter-LL transition energy, nor any feature that shows the expected field
dependent behavior. To confirm this, we performed the same dR/dH analysis used in
[57] and found the dR/dH spectra to be effectively featureless, lacking any indication
of the LL transitions.

Alternatively, we considered the case of BSTS2, where EF is positioned well
above the Dirac point [85], and many of the inter-LL transitions are blocked. Instead,
the so called intra-LL transitions occur between adjacent LLs of the same sign, e.g. [,, —
ln+1, as 1llustrated in Fig. 3.4d. To test for the signatures of the intra-LL transitions, we
extended the magneto-reflectance measurements to lower energies (2.5 meV to 12 meV)
where they were expected to be most prominent. These low energy R(H)/R(H = 0T)
spectra, are shown in Fig. 3.4e and 3.4f, for BSTS1 and BSTS2, respectively. As in the
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discussion of inter-LL transition, the expected intra-LL transition energy at each field
is indicated by the gray diamond. Again, there is no feature in these spectra that is
consistent with the expected behavior of LL transitions.

The lack of either intra-LL or inter-LL transitions in our magneto optical mea-
surements was an unexpected finding and deserves some consideration. Prior STM
measurements of the LL dispersion in the related TI material, Bi,Ses, found LLs form
only with positive indices (/ > 0) because the lower LLs merge with the bulk valence
band [90]. Therefore, when Er is small, as in BSTS1, the missing LLL would inhibit
all transitions except for 0 — 1. Moreover, for this transition to be observeable, the
Er would have to be ideally position near the Dirac point, within the small range be-
tween the / = 0 and [ = 1 LL, which is approximately 70 meV, at 8T (see Fig. 3.4a).
Even though photoemission has indicated EF is at the Dirac point in BSTS1[85], aging
effects have been observed in similar samples [77], and Er may simply vary slightly
between crystals, possibly making this inter-LL transition unobservable. However, if
EFr was shifted upwards by 70 meV, we would still expect to see intra-LL transitions.
Since we see neither intra-LL or inter-LL transitions in either sample, there must be an
alternative explanation. Interestingly, the observation of critical points in the BSTS2
crystal suggests that it is structurally ordered in the bulk, with a low scattering rate.
This observation, in conjuction with the lack of observeable LL transitions implies that
the SS are more strongly disordered than the bulk states, with a correspondingly higher
scattering rate (1/7), which would result in the suppressesion of LL formation, as we
observe. Since there was no in-situ cleaving system available in our magneto-optic
setup, our samples were cleaved in ambient conditions, and then placed in vacuum for
magneto-optic measurements. Possibly, exposure to the environment for this brief time
was enough to degrade the BSTS surfaces and introduce strong disorder into the SS,
while the crystal bulk remained unaffected. There is support for the hypothesis that the
surface electrons are strongly scattered in transport measurements of identically grown
BSTS2 crystals [77]. These measurements revealed the scattering time (7) of the SS
electrons was 4.2 x 10~ !4s, corresponding to 1/ ~ 800cm ™' [91].

Another issue that compounds the difficulty of observing the SS LLs via magneto-

optical spectroscopy is the small surface carrier density (n2p) of these materials. In the
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case of identically grown BSTS2 crystals, 15 was found to be approximately 10'? cm 2

[77]. Such a small carrier density would also reduce the signature of cyclotron motion
in reflectance, even with relatively low scattering rates. Indeed Models of the magneto-
optical response, detailed later in the text, show that the cyclotron resonance signature in
reflectance would be below our measurable range with scattering rates near 200 cm™ .
A further discussion of how the scattering rate affects the reflectance measurement at
such low carrier densities is presented in the appendix. Likewise, the appendix also
contains an explanation for how the high mobility reported in [77], could coexist with

the large scattering rate.

3.3 Conclusions

Our comprehensive infrared measurements and corresponding analysis of BSTS1
and BSTS2 have revealed both materials to be highly insulating, with the upper limits
on the carrier concentration that are among the lowest measured values in crystalline
TIs. In addition, the observation of critical points in BSTS2 identifies this alloyed ma-
terial as crystallographically ordered, which may yield high mobility in the SSs, if the
current unknown issues hindering the SSs in Bi,_,Sb,Te;_,Se, are resolved. Together,
these results indicate that BSTS1 and especially BSTS2 are promising candidates for
surface dominated electronic response. However, no signs of SSs were observed in
magneto optical measurements, suggesting that Uy is positioned above the Dirac point,
or that the transitions are suppressed by a high scattering rate. Importantly, many of
the exotic properties predicted to emerge in TI systems require that tr be precisely at
the Dirac point, thereby allowing a gap can to be opened in the SSs with a magnetic
field [58, 59, 76, 92]. Furthermore, it is likely that these phenomena would require
high crystallographic order and a low scattering rate for SS electrons. The capability to
simultaneously probe each of these elements via IR spectroscopy makes this technique

indispensible for identification of ideal TI materials.
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3.4 Appendix

3.4.1 Raw reflectance data

The raw reflectance data of BSTS1 and BSTS2 is shown in Fig. 3.5a and 3.5b,
respectively. Like conductivity, the reflectance spectra exhibit four main regions of
interest, with their corresponding label indicated in parenthesis: the low ® region (),
the phonon peak-dip (), the intragap region () and the interband absorption region (9).
In region ., the reflectivity levels at R=0.76 (0.78) for BSTS1 (BSTS2) at 300K. When
cooling to 10K, there is a slight upturn in the reflectivity of BSTS1, and it approaches
0.82 at the lowest accessible frequencies, whereas in BSTS2, reflectivity remains nearly
constant with cooling at a level of 0.82. Our observation of R(®w) < 1 at the lowest
measured frequencies identifies these materials as non-metallic.

In both samples, we observe a peak dip structure in the 8 region of reflectivity,
indicative of a strong phonon. The peak-dip structure sharpens as temperature is re-
duced, revealing two slight shoulder features at 68 cm~! and 124 cm™! (63 cm™! and
117 cm~!) in BSTS1 (BSTS2). The phonon structure we observe has been seen in other
TI materials [45, 46, 67]. In the intragap region y of BSTS1, we observe an increasing
slope as the temperature is lowered from 200K to 100K. The intergap region 0 is iden-
tified by the peak in conductivity near 2,000 cm™!, which sharpens and blue shifts with
decreasing temperature.

In BSTS2, the reflectivity in the intra-gap region 7, remained flat and featureless
with decreasing temperature, typical of an insulating material. The higher energy region
0, can be clearly identified as the peak in reflectivity, corresponding to the onset of
interband absorption, which sharpens and blue shifts with decreasing temperature. A
second peak in reflectivity is noticeable at 5000 cm™! indicating a second interband
transition. This peak, in contrast to the lower energy feature, does not shift noticeably

with temperature.

3.4.2 Carrier density upper limit

In the presence of free carriers, R(®) will approach 1 as @ — 0, corresponding

to the so called Drude peak in optical conductivity. Conversely, in the absence of free
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carriers, R(@w)will remain constant at a value smaller than 1 (see Fig. 3.5). It is important
to note that within our experimental range of, there is no evidence to suggest that R(®)
approaches 1. However, we have considered the scenario that there are free carriers in
these materials, but the characteristic increase in R(@) towards 1 simply occurs below
our experimental range. Accordingly, we show the experimental reflectance at 10K for
BSTS1 and BSTS2, in Fig. 3.6a and 3.6b, along with two alternative low extrapolations.
The corresponding values of 6; (), obtained from the extrapolated R(®) spectra via KK
inversion, are plotted Fig. 3.6c and 3.6d. As expected, the low frequency extrapolation
to 1 results in a finite value of o1(w) as @ — 0, producing a weak Drude peak. On the
other hand the flat extrapolation results in o} (®) spectra that approaches 0 at low .
We modeled the extracted spectra of o7 (@) with a single Drude oscillator and a Lorentz
oscillator to capture the phonon peak. These fits are indicated in Fig. 3.6c¢ and 3.6d
by the dashed gray lines on top of the experimental data. Since the Drude oscillator

strength (®2) is directly related to the carrier density (n) via [91]:

7’162

2
w: = 3.3
b= e (33)

the carrier density arising from the Drude peak could be extracted assuming an ef-
fective mass of 0.11m, as measured in BiyTe;Se [83]. Theresulting maximum car-
rier concentrations (ny“"), indicated in Fig. 3.6¢ and 3.6d, are 1.57 x 10"¢m=3 and
4.36 x 107 em™3 for BSTS1 and BSTS2, respectively. These values, despite being up-
per limits, are among the lowest values of n reported for TI crystals [78, 83, 93]. Addi-
tionally, the maximum Fermi energy (Ez“"), within the bulk conduction band, could be
extracted from the carrier density, assuming parabolic bands [65]. The resulting values
of EF** are 9 meV (19 meV) for BSTS1 (BSTS2). Using these values of EZ, it was
possible to also estimate the maximumsurface carrier density (n55") in these crystals.
To make this estimations we assumed that the valence band edge is at the Dirac point,
as indicated by photoemission measurements [85]. Then, the Fermi energy of the SS

(ER), relative to the Dirac point, would be given simply by E7'** + E,, as illustrated in

Fig. 3.6e and 3.6f. Once E} is determined, n5}5" is then simply given by [94]:

2
e — (E—F> € (3.4)
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The resulting values of n4i4* are 7.7 x 10! em™2 (3.9 x 10'?cm™2) for BSTS1 (BSTS2).
The intra-LL dispersions, associated with these Fermi energies, are plotted in Fig. 3.6g.
These energy dispersion curves lie within our measurable range, as shown in Fig. 3.4,
yet wereunobservable. Importantly, the values of n}7;* should only be considered as
upper limits, rather than definite estimates. Likewise, the scattering rateassociated with
these values of nyp, 33 cm™! (41 cm™!) in BSTS1 (BSTS2) should be considered lower
limits. Indeed, the intra-LL dispersion associated with these values of ny5* should be
observable with such low scattering rates. Instead, the overall lack of measurable LL
features suggests the SS have a much higher scattering rate, with a correspondingly

smaller carrier density.

3.4.3 Mobility and scattering rate

The relatively high mobility of 9.8 x 10?> cm?/(V-s) reported for BSTS1 seems to
conflict with the large scattering rate of 800 cm~! [77]. However, this can be understood
by considering the relationship between mobility(u), carrier density (n) and scattering

rate (7) in Dirac electron systems [95]:

o etTvg
NC

While u is directly proportional to the scattering time, it is also inversely proportional to

(3.5)

the carrier density. Thus, a low carrier density will overcome the small scattering time to
yield a relatively high mobility. To illustrate the effects of a large scattering rate on our
experimental data, we have modeled the reflectance spectra using a 2D surface carrier
density of 10'?> cm™2, as was found in similarly grown crystals, with various scattering
rates. To illustrate the changes that would be expected assuming different scattering
rates, the modeled reflectance ratios R(H=8T,I')/ R(H=0T.,I') shown in Fig. 3.7. There
is a noticeable modification to the reflectance spectra when I'=20 cm~!, but when "
approaches more reasonable values of 200 cm ™!, the signature becomes much weaker,

and is likely undetectable, based on signal to noise limitations.
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Figure 3.2: The (82)2 spectra of Biy _Sb,Te3_,Se, are shown for x=1,y=1 in (a) and
and for x=0.5,y=1.7 in (b). The linear region of (&;)? indicates the direct band gap, and
the x-axis intercept of the linear fits, indicated by the dotted gray lines, gives a numerical
value for Eg,;,. The values of Eg,), extracted using this method are plotted as a function
of temperature in (c). With cooling, a second linear region emerges in BSTS1, which
was fit at 100K and 10K as indicated by the dashed gray lines. The energy corresponding
to this second interband transition is plotted in (c) as the black open circles.
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Figure 3.3: Critical point analysis of Bij sSegsTe;7Seg3. The step like features in
the optical conductivity of BSTS2 is shown in (a). The theoretical band structure of
BiySe3 in (d) contains four possible critical points with three different energies that
could generate the step like behavior of 61(®). The d?¢;/dw? and d*¢;/dw? spectra
of BSTS?2 are plotted in (b) and (c), respectively. The colored lines are the experimental
data, and the gray lines are fits to the critical point lineshape (Eq. 4). The critical
points corresponding to the step like features in the o7 (@) spectra, and the resonances
in the d?& /d? are indicated in a,b, and c. The energy of the critical points determined
from band structure calculations are indicated by horizontal lines, colored to match their
respective transition in (d).
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Figure 3.4: Magneto-Optic measurements of Bij 5SeysTe; 7Sep.3. The LL dispersion
of the SS is plotted in (a) along with the allowed transitions (red arrows) assuming Er
(dashed blue line) is at the Dirac point. The field normalized reflectance (R(H)/R(H =
0)), with increasing fields offset by 0.05, is plotted in (b) and (c) for BSTS1 and BSTS2,
respectively. The gray squares, circles and triangles on the experimental (colored) data
indicate the expected position of inter-LL transitions, based on the disperion shown in
(a). In (d) we schematically show the intra-LL transitions when Er is well above the
Dirac point, with the red arrows indicating transitions between adjacent LL. The low
energy R(H)/R(0) spectra for BSTS1 and BSTS2, is shown in (e) and (f), respectively,
offset by 0.05. The energy of the intra-LL transitions were calculated assuming Er =
100 meV, and are indicated by the gray diamonds on the experimental data.
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Figure 3.6: Low frequency extrapolation of extrapolation of the reflectance spectra of
Bi, _,Se,Te;_,Se, was modified to capture the possible existence of surface state carri-
ers. The measured reflectance of BSTS1 (a) and BSTS2 (b) are shown with the low two
types of low frequency extrapolations. The solid blue line assumes reflectance goes to
1 at low frequencies, as is typical for metals, whereas the dashed cyan line assumes a
flat reflectance, as expected for an insulator. The o (w) extracted via KK inversion for
either type of extrapolation is shown in (c) and (d) for BSTS1 and BSTS2, colored to
match the reflectance data. A simple Drude-Lorentz fit to o] () is also plotted as the
dashed gray line. The Drude oscillator strength (a)lz,) obtained from this fit, and indi-
cated in (c) and (d), was used to determine the maximum bulk carrier density (n;'“") in
each system. Likewise, the scattering rate associated with this Drude oscillator is also
indicated. The maximum value of the Fermi energy in the bulkconduction bands (EZ*")
was then determined from ng. And is indicated in (e) and (f) for BSTS1 and BSTS2,
respectively. The two dimensional surface carrier density (npp) corresponding to Eg
in both systems was then determined and is also shown in (e) and (f). The expected field
dispersion of the intra-LL transitions, corresponding to the carrier densities obtained in
(e) and (f) are plotted in (g).
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Chapter 4

Sum rule constraints on the surface
state conductance of

topological insulators

Abstract

We report the Drude oscillator strength (D) and the magnitude of the bulk band
gap (E,) of the epitaxially grown, topological insulator (Bi,Sb),Te;. The magnitude
of Eg, in conjunction with the model independent f-sum rule, allowed us to establish
an upper bound for the magnitude of D expected in a typical Dirac like system com-
posed of linear bands. The experimentally observed D is found to be at or below this
theoretical upper bound, demonstrating the effectiveness of alloying in eliminating bulk
charge carriers. Moreover, direct comparison of the measured D to magneto-resistance
measurements of the same sample support assignment of the observed low-energy con-

duction to topological surface states.

4.1 Introduction

The prediction and discovery of Dirac-like gapless surface states (SSs) (see

Fig.4.1) at the interface between a topological insulator (TI) and trivial insulator have

40
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vaulted TTs to the vanguard of condensed matter physics [2]. Surface probes such as an-
gle resolved photoemission spectroscopy (ARPES) and scanning tunneling spectroscopy
(STS) have been extremely successful in verifying and discovering novel phenomena as-
sociated with the SSs (e.g. Refs. [7, 8, 34, 96]). However, progress in the field has been
plagued by native defects, resulting in significant concentrations of bulk charge carriers.
These bulk dopants inhibit isolation and utilization of SS phenomena [97]. In order
to realize many of the novel scientific and technological advances that could blossom
from the unique electronic, spin, and optical properties of SS in TIs, it is paramount to
eliminate the bulk dopants.

Two archetypal strong TIs (topological invariant vo=1 [2]) that are known to
suffer from materials issues related to bulk dopants are Bi;Tes and SbyTe;. However,
epitaxial films of Bi;Te; can be n-type bulk conductors [97, 98], whereas SbyTes films
are p-type bulk conductors [99]. Based on this observation, TI materials have been
grown where the ratio of Bi:Sb in (Bi,Sb),Te; (BST) is tuned to produce a compensated
material with bulk insulating properties[67, 100, 101]. Here we prove, using optical
spectroscopy, the acute effectiveness of alloying in reducing or eliminating bulk charge
carriers. The advantage of our optical experiments is that they give direct access to the
frequency dependent electrodynamic response of free carriers in a metal via the Drude
peak. In our (Bi,Sb),;Tes film we find the Drude oscillator strength D sufficiently low
as to lie at or below the upper bound that theoretically anticipated for an isolated Dirac
SS Drude response (i.e. a Drude response with no bulk contribution) (see Table 4.2).
These infrared data are complemented by charge carrier density » and mobility y from
Hall effect measurements, as well as magnetoresistance, which are all consistent with

low-energy conduction arising from the topological SS.

4.2 Simplified Model of Conductance

We begin by describing the optical response of Dirac electrons in a strong TI,
neglecting potential interband bulk—SS transitions (or vice versa). The simplest Dirac
electron system is composed of linear bands (LB), without spin or valley degener-

acy, where the dispersion is given by E(k) = kvp, as illustrated schematically in Fig.
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Figure 4.1: Sum rule constraints on the infra-red response of a TI from a schematic
band structure. Panel (a) and (b) show the band structure of a model TI, where the SS
is composed of simple linear bands. The bulk band structure is also indicated by the
dotted blue lines, consisting of two hole bands and an electron band. In (a) Ef is at
the Dirac point, while in (b), Er is 0.20 eV below the Dirac point, where the arrows in
both panels schematically show the allowed transitions. In (a), interband transitions are
allowed at all energies, giving rise to the conductance spectra shown in (c). When Er
is shifted below the Dirac point, transitions cannot occur from the depopulated region.
Thus, transitions are suppressed below 2|Ep|, giving rise to the conductance spectra
shown in (e).

4.1a, and 4.1b. In this system, the total conductance (GL2) is the sum of an intraband

(Gﬁfm(w)) and an interband (Gﬁfer(co)) component. When the Fermi energy (Er) is at

the Dirac point, theory predicts SS interband transitions give rise to a frequency inde-

2 . .
pendent conductance of G{ﬁ?er = %”Te [56]. However, the area of the Fermi surface is

zero yielding G{;E‘ra

= 0. When EF is shifted away from the Dirac point, empty states
suppress interband transitions at energies below 2|Er|, as illustrated in Fig. 4.1b, result-
ing in GLB, (®) = 0 for ® < 2|EF|. Importantly, the f-sum rule [54] demands that the
total spectral weight of the Dirac electrons ( J;° G{;)]?d ) is conserved [102, 103]. There-
fore, the loss of spectral weight in G-B, () must be compensated by a gain in G-, (@),

nter ntra

leading to:

ntra

G%fer'2|EF\=/O G-B hdw. (4.1)
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It is customary to express the relationship between intraband spectral weight and Drude
oscillator strength (Dj z) as:

T

/O Ginra18(©)d© = <7D, 4.2)

which implies the simple relationship between Er and Dj 5:
60Q

—GB
T

DiB = 1nter’EF|' (4.3)

The conductivity of the TI is dominated by the surface states, provide EF is
located outside of the bulk bands. It is customary to measure Er relative to the Dirac
point. Then, for p-type conductivity, Er, defined relative to the Dirac point, cannot
lie within the bulk bands. Therefore, for p-type (n-type) SS conduction, the maximum
value of Dj 5, occurs when the Dirac point is at the conduction band minimum (valence
band maximum), and Ef is at the valence band maximum (conduction band minimum
). Then, the energy that corresponds to the maximum value of EF is simply Ej, with the
maximum value of Dj g (Dyg ) given by Dip .. = (NS)%GTIE&,, where N is the
number of probed interfaces between systems with different topological indices. Here,
Ns = 2 since optical transmission probes two topological surfaces, i.e. the interface
between the film and the vacuum, and the film and the substrate.

The straightforward relationship between Drp and Er in Eqn. 4.3 is useful for
estimating the Drude spectral weight that could arise from SS, and for intuitively un-
derstanding the spectral weight transfer in TI systems. Importantly, the resilience of the
f-sum rule to external parameters has been experimentally verified numerous times in
a prototypical surface state conductor: graphene. Even with gating, where additional
charge carriers are introduced, the f-sum rule is found to be correct within the exper-
imental error bars [94]. The reason for this is that the dominant effect of gating is a
redistribution of spectral weight, while the increase in carriers is a relatively small per-
turbation. Importantly, TI materials are often not well modeled by linear bands. Instead,
significant hexagonal warping effects are observed in Bi,Te; and (Bi,Sb),Tes as well
as asymmetry between the upper and lower portions of the Dirac cone [8, 100]. These
combined effects modify the conductance from the constant value shown in Fig. 4.1c,
and therefore change the value of D® for a given Er [56]. To more accurately estimate

Dj x> We have considered the optical response of a more realistic SS dispersion of a
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similarly doped sample [56, 100]. This additional analysis suggests that D;,, could be

enhanced by approximately 25%, depending on the sample in question Sec. 4.5.

4.3 Results and Discussion

In light of the constraints on D imposed by the f-sum rules, we experimen-
tally determined D and E, of (Bi,Sb),Tes through a combination of terahertz time-
domain spectroscopy (THz-TDS) and Fourier transform infrared spectroscopy (FTIR).
Details of the sample growth and experimental techniques are included in Sec. 4.5.
In Fig. 4.2a, we plot the frequency dependent conductance spectra G(@®) (real part of
6 () x thickness) of our (Bi,Sb),Tes film from 2—18 meV, the relevant energy scale for
the Drude response. The most prominent feature at all temperatures is the narrow res-
onance centered near 6 meV, which is attributed to a phonon. There is another, weaker
phonon resonance, slightly higher in energy, at roughly 8 meV. The assignment of these
phonon modes is discussed in Sec. 4.5 At energies below these features, we observe a
relatively flat but finite G(®) related to the Drude response.

To quantify the Drude oscillator strength D, we construct a Drude-Lorentz model
to describe the conductance of the BST system:

1 Dt d Al

G(0) = 55717 (@) +j; @03t TP (4.4)

where the first term describes the Drude response and the second term corresponds to
Lorentzian resonances with amplitude A, width I', and center frequency @y. A rep-
resentative Drude-Lorentz model fit is shown in Fig. 4.2b for the 6 K spectrum. The
Drude-Lorentz models and the corresponding data at higher temperatures are shown in
Sec. 4.5. To independently confirm the values of D obtained from the model, we also
considered a multilayer model where the BST system consisted of two conducting sur-
face layers and an insulating bulk Sec. 4.5. The Drude oscillator strength attributed to
these conducting surface layers was consistent with the value of D extracted from the
measured G(®) spectra.

Above 150 K, both D and 1/t for (Bi,Sb),Te3 (black points Fig. 4.2¢ and 4.2d)

decrease as temperature is reduced. Since D o \/n, for 2D Dirac states, the reduction in
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D indicates a reduction in charge carriers, consistent with thermal activation at higher
temperatures. The charge carrier density (n) extracted from Hall effect measurements
on this film indicate p-type conduction, as is typical of (Bij_,Sby),Tes systems [100,
101], with thermal activation at T>150K (open red squares Fig. 4.2c). Moreover, the
magneto-resistance data at 200K and 300K, shown in the inset to Fig. 4.2a, show a
nonlinear trend with magnetic field B, suggesting multi-band transport, also consistent
with the notion of thermally activated bulk states coexisting with SS. Furthermore, since
thermally activated charge carriers are not topologically protected, it is likely that their
presence would yield a lower mobility (larger 1/7). Therefore, the simultaneous de-
crease in D and 1/7 as the temperature is lowered, supports the notion that thermally
activated charge carriers are frozen out, leaving only high mobility carriers. The Hall
parameters n and u for these high temperature data in Fig. 4.2 were fit only in the linear
regime (-1 T<B<1 T).

Below 150 K, D and 1/7 remain relatively constant near 0.13 meV and 2 THz,
respectively. Importantly, our low temperature D value lies right at the threshold of
Dy g max£10% for (Bi,Sb),Tes, indicated by the light gray bar in Fig. 4.2c. This latter
fact indicates that the measured Drude spectral weight is consistent with a SS dominated
response. Moreover, the low temperature value of D is roughly 5 to 10 times lower than
most of those previously reported for other representative TIs (see Table 4.2), with the
exception of a recent report in Cu-doped Bi;Ses [105]. The next lowest experimentally
measured D come from BiySe3 [52], in which the D values suggest EF is in the bulk
conduction band. However in this latter case, corrections to the Bi;Se; SS band struc-
ture mentioned earlier [52] and the persistence of 2D topological SSs to well above the
conduction band minimum [63], do imply D is consistent with a significant SS transport
component in BiySes.

To verify that the measured parameters D**P=0.13 meV and ngg’:l 3x103cm~2
are consistent with surface dominated transport, we can compare our results to that
expected from experimentally obtained SS dispersion of TI materials with a similar
(B1,Sb); Tes composition [100, 101]. For this comparison we will utilize Eqn. 4.3, and

the relationship between Er and and the carrier density of a single surface (ngs) [94]:

Er = hV()\/ 471'1’155, (45)
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to directly relate Er, ngg and D via:

602
DiB = (NS)TGTIFWOV 47ngs. (4.6)

For direct comparison between transport and optics, we use ngs = ngg /2, assuming
the carriers were divided between two surfaces and vyp=3.8x 10°m/s, consistent with
both photoemission and transport measurements of p-type SS carriers [77, 101]. These
values yield Dj z=0.13 meV, exactly reproducing our measured value. Moreover, this
analysis corresponds to EF=0.22 eV, in close agreement with the measured E¢; of 0.206
eV, suggesting the optical response is close to the constraints imposed by the sum rule
analysis. If the additional contribution to D from the bulk bands is taken into account, in
the regime where Er ~ Eg, we recover our experimentally measured value of D when
Er = 0.211eV. This analysis, which is detailed in Sec. 4.5, suggests Er penetrates
only up to 5 meV into the bulk bands, and bulk carriers constitute only 2% of the total
nyp. Hexagonal warping, and other modifications to the SS dispersion, discussed more
in Sec. 4.5, suggest that even smaller values of Er, where Er < Eg, may reproduce
the measured D and n%’ values. Alternatively, we considered the case that the optical
response arises from the bulk valence bands. Prior work has shown that the bulk valence
band structure in the (Bi,Sb),Te3 system consist of of a light hole band (LHB) and heavy
hole band (HHB) [34, 106, 107]. The effective masses of LHB and the HHB are 0.11m,
and 1.0 m, respectively, and the top of the HHB is approximately 30 meV below the
LHB [106, 107]. To recover the correct value of D for this sample, Ef would be 30
meV below the top of the LHB, However, this would yield an nop of 5 x 102cm™2,
over a factor of two smaller than what was measured.

Prior experiments have also pointed out that conventional SS may coexist with
the topologically protected SS of a TI [63]. Typically, the conventional SS appear as
a result of band bending, and are close in energy to the bulk bands, and contribute to
conductivity when Er ~ Eg. Therefore, the large magnitude Er required to access the
conventional SS, combined with their additional metallic response, would likely push D
well above the limit imposed by f-sum rule analysis. It is therefore unlikely that our
measured response has a significant component from the conventional SS.

Further evidence of a dominant topological SS contribution to the response of

the (B1,Sb),Tes system is identified in magneto-resistance measurements, plotted in the
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inset to Fig. 4.2. At low temperature, the magneto-resistance data show linear behavior
with B, indicative of single band transport. Moreover, the figure reveals weak antilocal-
ization in (symmetrized) magnetoresistance measurements (i.e. the cusp at low-B field
in the 2K data), which has been thought to be a hallmark signature topological SS trans-
port [6]. However, theoretical work has shown that antilocalization may occur even in
systems with bulk dominated transport, and therefore, anti localization by itself, cannot
be considered conclusive evidence for surface states [108]. Despite this stipulation, the
magneto-resistance data, in conjuction with the low value of D revealed from optics, are
consistent with low temperature transport that is dominated by topologically protected
SS.

The picture that emerges from the comparison of transport, optics and previously
measured photoemission is that tdhe Dirac point is near the bottom of the conduction
band, with Er near the top of the valence band, as is illustrated in Fig. 4.1b. Like-
wise, we illustrate the bulk band structure consisting of two hole bands offset from the
I" point, with an electron band at the I" point, as measured previously [100, 101, 107].
The relative positioning of Ef, the Dirac point, and bulk bands that we propose has been
observed in similar, albeit more highly doped, (Bi;_,Sby)>Tes thin films [101]. Indeed,
the distance from the Dirac point to the top of the Valence Band, as well as the vy in
this latter work is consistent with our measurements. It is important to note that pho-
toemission measurements of similarly doped samples often show that the Dirac point is
below Er [100], in contrast to our measurement of p-type carriers. This discrepancy can
be understood in light of the aging effects, often observed TI systems, which generally
shift the Dirac point downward relative to Er. It is then likely that the capping layer of
Se prevents the band bending, and the resulting accumulation layers, observed in other
samples [63, 77] yielding a response dominated by p-type SS carriers. Unfortunately,
this same capping layer prevents direct verification of this hypothesis in our particular

sample via photoemission.
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4.4 Conclusion

The totality of our data clearly show that (Bi,Sb),Te3 alloys are a promising ve-
hicle for advancing the field of TIs. In particular, the Drude oscillator strength lies at the
threshold of the SS response upper bound, demonstrating the effectiveness of the alloy
in reducing or eliminating bulk charge carriers. Furthermore, comparison of Drude pa-
rameters from optics to transport parameters from the Hall effect, coupled with weak an-
tilocalization observed in low-temperature magneto-transport, shows consistency with
surface transport with vy ~ 4 x 10° m/s, in accord with ARPES results [101]. Therefore,
our data imply (Bi1,Sb),Tes is an optimal candidate for isolating SS properties in further
studies of keen interest, such as magneto-optical measurements [57-59] and electrostatic

modification of SS charge carrier density in electric field effect devices [109-111].

4.5 Supplementary Information

4.5.1 Optical conductivity of surface states

Optical conductivity in Dirac like systems, when EF is at the Dirac point, arises
from interband transitions, as illustrated in Fig. 1 of the main text. The standard Kubo

formalism for calculating optical conductivity is given by [82]:

. 1 5 -
(7]((0,(]) - m/‘ <S|]x‘sl> ’25(hw_hws.,s’)dk (SD)

fx = evOoy (S2)

where s and 5" are the final and initial states, respectively, @y ¢, is the difference in en-
ergy between the initial and final states, and J, is the current operator. Importantly,
(s| Jx|s') is related to the derivative of the overlap between s and s/, with respect to
energy. For the case of our modeled topological insulator (TI) system, the hexagonal
warping and non-linearity increases the rate at which s and s’ change as a function of
momentum, therefore increasing the overlap of (s| j |s'), and the corresponding conduc-
tivity at higher wavenumbers.

Within the framework of Kubo formalism, and taking into account the spin and

momentum locking in TIs [89], we calculated the optical conductivity, assuming a sur-
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face state dispersion of:

E(k,6) = BK> 4 \/vk2 + A2k cos’ (36). (S3)

The parameters § and v are the quadratic and linear component of the dispersion, re-
spectively, while A is related to the hexagonal warping. Eqn. S3 is similar to that used
in [56], with the addition of a quadratic correction. Utilizing the relationship between
momentum and spin of SS carriers [89], the wavefunction of the SS charge carriers can
be determined and evaluated in the Kubo framework, described by Eqn. S1. Moreover,
when Ep is at the Dirac point (Er = 0), interband transitions are allowed at all energies.

The resulting conductivity is then given by:

22 /2ﬂ 5 2 @*/4—2A%k5cos?(30) +9A%kS
0

- do S4
Rnre’ Jo O @2 /4 +2A2k8 cos3(30) ’ 54)

Gl((x))

where £ is a function of 6, and is obtained by solving the equation
>

vgk? 4+ A%k0 cos® (30) = - (S5)

A closed form of o] (@) can then be obtained by expanding about small A. This deriva-
tion was guided in large part by prior theoretical work on the optical response of Dirac

electron systems [56, 112].

4.5.2 Extended sum rule analysis of surface states

The modifications to the optical conductance described in the previous section
are useful for extending the sum rule constraint, described in the main text, to systems
characterized by hexagonal warping and band asymmetry. Accordingly, we have con-
sidered the optical conductance arising from three different SS dispersions, shown in
Fig. 4.3a, 4.3b and 4.3c. The dispersion shown in Fig. 4.3a is the same as that used
in the main text for establishing the sum rules. In Fig. 4.3b, the dispersion is modified
to include minor hexagonal warping, and a smaller vy. Lastly, in Fig. 4.3c, we show
the surface state dispersion of an n-type (Biy 5Sbg 5)2 Tes crystal, extracted from photoe-
mission data in [100], which was characterized by significant hexagonal warping and

band asymmetry. Although not comprehensive, examining these dispersions and their
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corresponding optical response may provide some intuition as to how features of the SS
dispersion influence the optical conductance.

In these schematics, we have also indicated the bulk band dispersion with the
blue dotted lines. The bulk band structure we show is based on combined photoemission
and transport [100, 106, 107]. These data indicate the presence of a light and heavy hole
band that are both offset from the I'-point, and an electron band centered in the Brillouin
zone. The relative positioning of Er, the Dirac point, and the bulk bands in Fig. 4.3a and
4.3b illustrate scenarios consistent with our experimental observation of p-type carriers.
The alternative n-type picture that was measured in [100] is illustrated in Fig. 4.3c.

The conductance spectra, calculated when Er = 0, corresponding to the SS dis-
persions shown in Fig. 4.3a,4.3b and 4.3c are plotted as the dotted line in Fig. 4.3d, 4.3e
and 4.3f, respectively. However, the schematic shown in Fig. 4.3a-c shows Efr shifted
away from the Dirac point, yielding a system where hole (electron) states are depopu-
lated (populated), as in Fig. 4.3a and 4.3b (Fig. 4.3c). For interband transitions to occur
in these systems, it must be possible to excite an electron from a populated hole state, to
a depopulated electron state, while conserving momentum (k). Thus, the populated or
depopulated states block interband transitions below a threshold energy (w;;,). For sym-
metric bands, @y, = 2|Er|. In an asymmetric SS dispersion, @, must be determined
on a case by case basis. The blocked interband transitions below @, suppresses the
optical conductance. However, the f-sum rule, described in the main text demands that
spectral weight cannot be lost, but is instead transferred into the Drude oscillator. The
conductance spectra corresponding to the schematics in Fig. 4.3a-c, where |E|F = E,,
are indicated by the solid lines in Fig. 4.3d-f, respectively.

A salient feature in these conductance spectra is that increasing the hexagonal
warping, increases the upturn in Conductance as ® increases. Accordingly, a higher
hexagonal warping corresponds to a larger area of suppressed spectral weight, resulting
in a larger Drude spectral weight (D), which is indicated in Fig. 4.3d-f. In addition, for
comparison with our experimental data, we can extract the SS carrier density (ngs) from
the extracted SS dispersion via:

1 21 )
nSS:@/O K2(0)d6.

Since we are probing two surfaces, the total two dimensional carrier density (n;p) is
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given by nyp = 2 - ngg, and is indicated in Fig. 4.3d-f. The experimentally obtained
values were D? = 0.13meV and n5}} = 1.3 x 1013cm™2. The schematic shown in
Fig. 4.3a predicts D and nyp values that closely match what was measured, however,
for an exact match Er would have to be within the bulk valence band. In contrast,
slight modifications to the SS dispersion as in Fig. 4.3b overestimates the values of
D and nyp when |Ep| = Eg. Instead, our experimental values are reproduced when
|EF| = 0.19¢V, a value smaller than Eg, suggesting our measurements are consistent
with a completely surface dominated response, without bulk contributions. Interestingly,
the n-type schematic shown in Fig. 4.3c corresponds to a D even larger than what we

measured, but significantly underestimates n,p, due to the reduced area of the Fermi

surface. Thus, this picture is inconsistent with our measurements.

4.5.3 Comparison of D and n;p for linear SS bands

In the main text, our analysis of D and nyp, implied an |Er| of 221 meV, thereby
suggesting Er resides 16 meV in the bulk valence band (BVB). However, this estimate
is incomplete since it neglects contributions to D and n,p from the bulk bands, which are
significant when EF is at the edge of the (BVB). To illustrate this latter effect, we have
seperately calculated D and nyp, as a function of Er for the three elements comprising
the composite system: SS bands, the light hole band (LHB), and the heavy hole band
(HHB). The effective masses of the LHB and the HHB, as well as their relative position,
were taken from [106, 107] and used to assemble the schematic band structure shown
in Fig. 4.4a. To calculate D and nyp from this schematic band structure, we utilized the
well known relationships between m*, Er, nyp and D for bulk bands [54, 65, 98], and
the analagous relationships for linear bands detailed in the main text. The resulting EF
dependent values of D and nyp are plotted in Fig. 4.4b and 4.4c, respectively. The black,
red, and green lines indicate the individual contribution from the SS, the LHB and the
HHB, respectively. The value of D or n,p that we would expect to measure is the sum of
these these latter three contributions, which is indicated by the dotted gray line. Lastly,
the blue line indicates our experimentally obtained value. Therefore, a more realistic
value of Er, where the combined bulk and surface contributions are taken into account

corresponds to the point where the dotted gray line intersects the blue line. In the case
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of the D, the intersection occurs at Ep=211 meV, which is only 5 meV into the LHB.

2 in close

The total carrier density corresponding to this value Er is 1.16x103cm™
agreement with our experimentally measured value of 1.28 x 10'3cm~2. Moreover, the
surface carriers in this scenario account for approximately 98% of the total carriers,
suggesting a highly surface dominated response.

Alternatively, we considered the possibility that the carriers we measure arise
solely from the bulk bands, where the resulting Er dependent D and n,p spectra are
plotted in Fig. 4.4d and 4.4e, respectively. Again, the red and green lines indicate the
contributions from the LHB and the HHB, and the sum of these two bulk contributions
is the dotted gray line. In these plots, the dotted gray line intersects the measured D at
Er =30meV. However, this value of Er would imply an nyp of 5 X 102cm™2, less than
half of what was measured. In fact, it was found that neither of the bulk valence bands,
in isolation, could consistently reproduce our measured D and nyp values. Even so, it
was possible to adjust the relative positioning of these bands to produce a multi-band
response that matches our measurements. However, such a multi-band system would
contradict the linear behavior of the Hall resistance, discussed in the main text, which

indicates a single carrier species. This analysis emphasizes the notion that our data can

be consistently described by assuming a SS dominated response, but not bulk.

4.5.4 Drude-Lorentz fitting of the conductance spectra

In the main text, only the Drude-Lorentz fitting of the 8K conductance data was
shown. The same fitting procedure was employed to extracte the value of D and scat-
tering time T for all data sets that are shown in Fig. 2c and 2d of the main text. For
completeness, the Drude-Lorentz fits to the conductance spectra at all measured temper-
atures are shown in Fig. 4.5

The most prominent features of these spectra are the two phonons at 6 meV and
8 meV. The lower energy resonance has a center frequency in close agreement with
the E! phonon mode of BiyTe; [113], while the weaker higher energy mode has two
possibilities. The center frequency of this latter mode suggests assignment to either the
E; mode of Sb,Tes, or the A% p mode, which is at similar energies in both stoichiometric

compounds [113]. The A% 2 mode is typically only Raman active, however, this mode
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may become IR active in the (Bi,Sb);Tes alloy due to the broken translational symmetry

introduced via Bi:Sb substitution.

4.5.5 Sample Growth

The (B1,Sb), Tes films in this study were prepared using molecular beam epitaxy,
with a composition of approximately 54% Sb to 46% Bi. These films were grown along
the c-axis with a thicknes of 58nm on an insulating InP (111) substrate, where the InP
oxide was desorbed under a flux of As to retain a smooth surface for the TI growth.
Our films were grown under a Te overpressure, with a Te/(Bi+Sb) beam equivalent pres-
sure ratio of about 7. These growth conditions were determined to yield samples that
could be gated through the Dirac point, and possessed insulating resistance vs. temper-
ature curves. The film was capped with a 10nm insulating amorphous Se layer at room
temperature, which prevents oxidation and has negligible effects on low energy optical
spectroscopy measurements, as demonstrated in [52]. We confirmed the opticaly inert
nature of the Se capping layer by also measuring an InP substrate with a thin layer of
Se, and comparing it to bare InP. Further characterization of the film was done using
x-ray diffraction, and low temperature magneto-transport. Likewise, the film thickness
was determined by X-ray reflectivity, and the composition by secondary ion mass spec-

troscopy measurements on similar samples.

4.5.6 Spectroscopic Technique

The energy range covered by the Terahertz-Time domain spectroscopy (THz-
TDS) and fourier transform infrared (FTIR) experiments are roughly 2-10 and 5-900
meV, respectively. The complex, frequency dependent optical constants of the film
(¢(w),7(w),6(w), which are all algebraically related [82]), were determined seperately
for the THz-TDS and FTIR experiments, and then merged together. To obtain the optical
constant of the film for this two layer system (film+substrate), it was necessary to first
precisely determine the optical constants of the InP substrate at each temperature. For
the FTIR data, we constructed a multi-layer, multi-oscillator, Kramers-Kronig consistet

model fit of the raw transimssion data, yielding the optical constants of the film [114].
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In the THz-TDS experiment, we measure the time-resolved transmitted electric field,

from which the optical constants are calculated directly [115].

4.5.7 Energy Gap

Establishing the maximum Drude spectral weight required a value for E, which
can be readily determined from our data. In Fig. 4.6a we plot (&(®))? from 75-900
meV, where & (®) is the imaginary part of the complex, frequency dependent dielectric
function, &(w) = €(®) +ig;(w). Eg is found from the x-intercept of a linear fit to
(&(w))? in the linear onset regime, ~ 200 — 250 meV [55]. The resulting value of Eg is
plotted as a function of temperature in Fig. 4.6b. The data show a relatively temperature
independent Eg of 206.5+3.4 meV, in contrast to the significant temperature depen-
dence of E¢ observed in other works [116]. Also noticeable in the (&;(®))? spectra are
distinct resonant features at @ > Eg, which are suggestive of Van Hove singularities in

the (B1,Sb),Tes band structure, but are not discussed in detail in this work [55].

4.5.8 Three layer model of the TI system

Our method of extracting the optical constants, and thus D, are consisten with
silimar analysis in the literature [52, 87, 104]. However, an assertion of SS conductance
requires a 3-layer model for the TI film, i.e. two conductive surfaces and one insu-
lating bulk layer, whereas in the main text, the value of D is extracted using a model
consisting of one layer and a single Drude, where a single layer accounts for the effect
of both surfaces. Thus, to confirm the plausibility that theDrude conductance is due to
SS electrons, the THz-TDS transmission was alternatively modeled assuming 3-layers
+ substrate: (1) 1 nm surface layer, (2) 58 nm bulk layer, (3) 1 nm surface layer, and (4)
0.5 mm InP substrate, as illustrated schematically in Fig. 4.7. The Se capping layer was
neglected since, as stated earlier, it was found to have a negligible effect on the optical
response of the system. We ascribe single (identical) Drude oscillators to layers (1) and
(3), with the bulk layer (2) having two lorentzian oscillators to describe the phonons.
The choice of 1nm for the surface layers is based on theoretical predictions [36], though

the choice in SS thickness has negligible effect, as long as it is much less than the optical
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penetration depth [67]. Under this 3-layer modeling, the D extracted for each surface of
the 6K THz-TDS transmission is 0.07 meV, for a total (D5, ay o) of 0.14 meV. This is in
good agreement with D=0.13 meV extracted from the conductance that was calculated
directly from the THz-TDS data. The agreement between these two methods, and the
proximity to the threshold of D;, ., confirms the plausibility that the Drude conductance

observed is dombinated by the topological SSs.

4.5.9 Boltzmann derivation of the Drude spectral weight

The f-sum rule analysis, detailed in the main text, offers an intuitive way to
understand limits on the Drude spectral weight in Dirac systems. However, the value of
D can be alternatively derived using the Boltzmann equation, which requires only that
the shape of the Fermi surface is known, rather than the entire band structure. With this

knowledge of the Fermi surface, o, is given by the Boltzmann equation:

e / LU (S6)
io—1/t Y |dE / k|
where D is given by:
93
D= 2/ 2 My S7

With this equation, D can be calculated simply from the SS dispersion, given by Eqn. S3.
We therefore extracted the SS dispersion of a number of TI systems from photoemission
data, which are shown in Fig. 4.8b, with the corresponding Fermi surface at Er =
Eg shown in Fig. 4.8c. The resulting values of D are plotted as a function of Ep
in Fig. 4.8c, with the energy gap of the different materials indicated by the arrows,
colored to match their respective system. Using the same reasoning as in the main text,
the estimated maximum value of D without bulk contributions is achieved when Ep =
Eg. The maximum values of D obtained from the Boltzmann derivation (Dy oltz.m o) are
shown next to the experimentally obtained values of D in Table 4.2, a modified verion

of the table shown in the text. The results of this complementary analysis of D are

consistent with our previous conclusions.
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Table 4.1: Comparison of experimental Drude oscillator to sum rule limit. Bulk band
gap E, experimental Drude oscillator strength D from transmission based experiments,
modeled Drude oscillator strength D‘glayer where conductance is assumed to be from
2 topological surfaces with an insulating bulk, and theoretical upper bound of the free
Dirac SS Drude oscillator strength Dj 5 . of prototypical strong TIs obtained using the
bulk energy gap, and assuming bands with linear dispersion. Values of D are all taken
from low-temperature data (6-20 K). All units are meV. TThe results of Ref.[67] are
from reflection based experiments, and thus only one topological surface is considered.

TI material ‘ E, D DS D} p ax Refs.

3layer
BiySes 300 0.5-0.70 - 0.17 [7,52]
BiyTes 142 1.26 - 0.08 [98]
Bi1_5Sb0.5T€1.8Sel.2 340 1.42 - 0.20 [104]
Bi,Te,Se’ 290 - 0.83 0.08 [67]
Bio,ngbl,ogTe3 207 0.13 0.14 0.12 This work
Bi,Ses3 300 0.09 - 0.17 [105]

Table 4.2: Comparison of experimental Drude oscillator to limit from Boltzmann de-
rived conductivity. The Bulk band gap Eg, experimental Drude oscillator strength D“*P
from transmission based experiments, modeled Drude oscillator strength D§1ayer where
conductance is assumed to be from 2 topological surfaces with an insulating bulk, and
theoretical upper bound of the Drude oscillator strength Dy .. ... of prototypical strong
TIs obtained using the Boltzmann derived conductivity, the bulk energy gap, and the SS
dispersion shown in Fig. 4.8a. Values of D are all taken from low-temperature data (6—
20 K). All units are meV. " The results of Ref.[67] are from reflection based experiments,

and thus only one topological surface is considered.

TI material E, Dexp D%layer Dy oltz.max Refs.
BiySej 300 0.09-0.70 - 0.17 [7, 52, 87, 105]
Bi,Tes 142 1.26 - 0.09 [98]

Bi; 5SbgsTe; gSeq o | 340 1.42 - 0.34 [104]

Bi,Te,Se’ 290 — 0.83 0.14 [67]

Bio.gzsbl.ogTeg, 207 0.13 0.14 0.15 This work




58

Photon frequency (THz)

0.7 1.4 2.2 2.9 3.6 4.3
I I I |
9@ 6K 2K 200K .
— T 30K 300K
G 77 K ]
b L
a4 _—
n 1 n 1 n 1 n ]
o3 I - 5 0 5 10 |
S B
O n n T 1
T T T T T T T T T T
T'G 9 r(b) Exp. data 7
D I e it
=) 6 Drude or Lorentzian 7
O

3 6 9 12 15

18
Photon energy (meV)
0.4—— LI b 6 ———T1— 13 v
() .m- 15+ ~(d) o >
S | g N4 / 12 e
D 0.2 U/ '_10@0 T 0 e S
£ -0-0-9- 15 S E2L o0 {1
ot s N
O LB max, | = h U | SL
0.0——1 ML g R = N —— ol =
0 100 200 300 0 100 200 300
T (K) T (K)

Figure 4.2: Measured conductance spectra and extracted oscillator parameters from a
TI thin film. a) Temperature dependent spectrum of the conductance of (Bi,Sb),Te3
obtained from THz-TDS and FTIR. The inset shows (symmetrized) DC magneto-
resistivity data for this film. The “cusp” at low-B field in the 2 K data is indicative
of weak antilocalization. b) Drude-Lorentz model fit (Eq. 4.4) (gray) of the 6 K experi-
mental conductance (blue). Individual Drude or Lorentzian oscillators are displayed as
thin black lines. c¢) Temperature dependence of the Drude oscillator strength D (black
points) corresponding the the left axis, and square root of the charge carrier density n
(open red squares) extracted from Hall effect measurements, corresponding the the right
axis. The upper bounds for the Drude response of the linear SS (Dj g ... £10%), and
more realistic estimate of the SS contribution including hexagonal wafping (D%ST’maX)
in (B1,Sb),Tes, are indicated by the light gray and dark gray bars, respectively. d) Tem-
perature dependence of the free carrier scattering rate 1/7 from optics (black points, left
axis) and charge mobility u from Hall effect measurements (open red squares, right
axis).
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Figure 4.3: Sum rule constraints on surface state response for three modeled band struc-
tures. Panels (a), (b) and (c) schematically show the SS dispersion and bulk band struc-
ture corresponding to different experimental scenarios. (a) shows a SS dispersion with-
out hexagonal warping, where the Dirac point is at the bottom of the bulk conduction
band. (b) shows a dispersion similar to (a), with the addition of minor hexagonal warp-
ing and a slightly smaller vg. (c) shows the SS dispersion, extracted from [100], where
the Dirac point as at the same energy as the bulk valence band, and EF is at the bot-
tom of the bulk conduction band. The optical conductance corresponding to each of the
schematics (a), (b) and (c), are shown in (d), (e) and (f), respectively. In (d),(e) and (f),
the dotted line shows the predicted conductance when EF is at the Dirac point, whereas
the solid line indicates the conductance expected when |Er| = Eg, as indicated in the
corresponding schematics.
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Figure 4.4: A schematic band structure of the measured (Bi,Sb),Te3 thin film is shown
in (a). The surface state band, the conduction band, the light hole band and the heavy
hole band are indicated by the black, cyan, red and green lines, respectively. The Er
dependent values of D and n,p that would be expected to arise from the composite bulk
and surface response of this system are plotted in (b) and (c), respectively. In (b) and
(c), EF is defined relative to the Dirac point. Alternatively, the Er dependent D and njp
that would be expected in the absence of the SSs are plotted in (d) and (e), respectively.
In these latter two panels, Er is defined relative to the top of the light hole band. In
panels (b-e) the blue line indicates the experimentally measured value, while the black,
red and green lines indicate the isolated contribution to the D or nyp spectra from the
SS, the light hole band and the heavy hole band respectively while the dotted gray line
indicates the sum of these latter three contributions, and the value that we would expect
to measure.
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Figure 4.5: The experimental conductance spectra of (Bi,Sb),Tes (colored lines) are
shown for all measured temperatures, along with the Drude-Lorentz fit (gray lines).



62

1200 |

(0]
o
o

SN
o
o

(e,(w)e,)*

200 400 600 800
Photon energy (meV)
30— ————————————

[ (b)

20l—— 99— 90— 90— 9

E (meV)

0 50 100 150 200 250 300
T (K)

Figure 4.6: The energy gap of (Bi,Sb);Tes thin film determined from (&,/&)?. Panel
(a) shows the (&;/ 80)2 spectra at all measured temperatures, where the lienar region near
200 meV indicates the onset of interband transitions. The magnitude of E is extracted
from these spectra using a linear fit to (&, /&y)? where teh x-axis intercept corresponds to
the value of Eg. Eg extracted using this procedure is plotted as a function of temperature
in (b).
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Bulk SS

InP Substrate

Figure 4.7: A schematic of the 3 layer BST+Substrate model that was used for extract-
ing D. The top Se capping layer is optically inert, and was thus not considered in the
model. The BST SS layers consisted ofa single Drude oscillator, with identical values
of D and 7. The model for the BST bulk included only two lorentzian oscillators to cap-
ture the phonon modes. The InP substrate was measured and characterized separately,
without the BST system.
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Figure 4.8: The SS dispersion above the Dirac point, which was extracted from photoe-
mission data for four different TI systems[7, 8, 34, 80, 85, 100], is shown in (a). The
lines, colored to match their respective system, indicate the bulk energy gap, with the
Fermi surface corresponding to Er = Eg plotted in (b). The value of D, extracted from
the SS dispersion using Eqn. S7, is plotted as a function of Er in (c), with the bulk
energy gap indicated by the arrows, colored to match their respective system.



Chapter 5

On electronic correlations and pressure
induced metallicity in
LaMnPO,_,F, revealed via infrared

spectroscopy

Abstract

We spectroscopically investigated the energy gap of the correlated antiferromag-
netic insulator LaMnPO|_,F, (x=0.0 and 0.04) as a function of temperature and pres-
sure, separately, in conjunction with many body electronic structure calculations. These
results show that the electronic structure in all measured regimes is well described by a
model that includes both Mott-Hubbard interactions and Hund’s rule coupling. More-
over, we find that by appying external pressure, thereby reducing the effective Mott-
Hubbard interaction and Hund’s coupling, the energy gap in LaMnPO;_,F, can be fully

closed, yielding a metallic state.

65



66

5.1 Introduction

Progress in the physics of correlated electron systems is often initiated by the
discovery of new materials that feature complex interplay between charge, spin and or-
bital degrees of freedom. One such class of materials are the recently synthesized Mn-
pnictides. Initial reports on the insulating materials BaMn,As;, CaMn;Sb,, LaMnPO,
LaMnAsO and LiMnAs suggests that these compounds possess rich phase diagrams,
highlighting the importance of electronic correlations [117-125]. Typically, these sys-
tems form as antiferromagnetically (AF) ordered insulators with many bands residing in
the vicinity of the Fermi energy. The electronic correlations of such multi-band systems
are often not well described solely with the Hubbard interaction (U), which only con-
siders Coulomb repulsion of interacting carriers. Rather, the interaction of the carriers
through the spin channel, via Hund’s coupling (Ji7) may also be necessary [126]. In the
case of LaMnPO, recent work has suggested that it is a Mott-Hund’s insulator, meaning
both U and Jy act in concert to reproduce the observed insulating ground state[127,
128]. Accordingly, this new system warrants detailed examination, as many exotic phe-
nomena, such as quantum criticality, phase separation, and high temperature supercon-
ductivity often appear when correlated antiferromagnetic systems are metallized.

In this work, we have spectroscopically probed the energy gap (Eg,p) of the AF
insulator LaMnPO in the high pressure (HP) and high temperature (HT) regimes. The
power of infrared spectroscopy, in the context of unresolved issues related to LaMnPO,
is that it is the only experimental technique that can directly probe the electronic band
structure at both high pressures and elevated temperatures. These measurements were
also carried out on LaMnPOy 96F.04, as doping in other correlated AF systems has fre-
quently led to exotic phenomena [53]. Our results reveal that Eg,), in both undoped and
doped LaMnPO, is reduced from 1.0 eV in the AF state, to 0.85 eV in the para-magnetic
(PM) state at 725K, a reduction of only 15%. In contrast, by applying pressure, Eg,,
in LaMnPO;_,F, (x=0.0, 0.04) is systematically reduced, yielding a full gap collapse
above 20 GPa. The combined high pressure and high temperature measurements show
that the band collapse is not caused by the elimination of AF order or the pressure in-
duced structural transition near 16.2 GPa. The optical data, combined with DFT+DMFT

calculations establish a realistic description of the LaMnPO ground state, and provide
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quantitative estimates of the U and Jy that govern the electronic structure. Additionally,
we can unambiguously show that the emergent charge carriers at high pressures arise
from a collapsed band within the bulk, thereby excluding alternative interpretations of
the metallic state [121, 129].

5.2 Experimental Techniques and Discussion

5.2.1 Sample Growth.

Single crystals of LaMnPO_,F, were grown from a NaCl-KCl eutectic flux.
The crystals formed as thin plates of dark luster with typical dimensions of Imm X
Imm x Sum. The sample thickness of Sum was confirmed both by modelling the
raw transmittance spectra while matching the periodicity of the interference fringes and
by inspection. Doping with fluorine was accomplished by introducing MnF; powder
to the samples prior to the crystal growth process. The F concentration of the synthe-
sized crystals was determined via potentiometric measurements, as described previously

[121], and the crystal structure was confirmed by single crystal x-ray diffraction.

5.2.2 High Temperature Measurements

Transmittance spectra of undoped and doped LaMnPO were measured from 0.01
to 1.5 eV, at temperatures ranging from 295K to 450K. The measurements of undoped
LaMnPO, in the spectral range near Eg,, (0.8 eV < @ < 1.1 eV) were extended up to
725K using a custom elevated temperature sample stage. The raw transmittance data
for undoped and doped LaMnPO, at 295K, are shown in Fig. 5.1a and 5.1b, respec-
tively. The magnitude of Eg,), is extracted from the absorbance (o), where « is the
absorption coefficient of the material, and ¢ is the sample thickness. Assuming inco-
herent transmittance, as appropriate in the case of limited experimental resolution or
non-parallel crystal surfaces, absorbance is related to the absolute transmittance 7'(®)

and reflectance R(w) via [130]:

(1 R(@)?e
1 —R(w)2e 20"

T(w)= (5.1
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Near the energy gap, where R(®) is a nearly frequency independent value of
Ro [82], the lineshape of o is approximately given by —In(7(®)). The (1 — Rp)?
correction to the (ot)? spectra, which accounts for the reflectivity at the interface be-
tween the sample and the high pressure medium, is within the error bars of Eg,), as
discussed in section5.5. Likewise, since o is large near the band gap, the denominator
1 — R(w)?e™2% = 1. In the case of a direct gap material, the x-axis intercept of a linear
fit to (ot /@)? yields Eggp [55]. The (at)? spectra (colored lines), corresponding to the
measured values of transmittance, are plotted in Fig. 5.1c and 5.1d, along with the linear
fits to (ot /w)? (dashed gray lines).

The values of Eg,), obtained from the absorption spectra are plotted as a function
of temperature in Fig. 5.1e. The shadowed region in the inset of Fig. 5.1e highlights an
area in the vicinity of the bulk Neél temperature (Ty) of 375K+5K. There is no abrupt
change in Eg,), upon crossing the bulk AF to paramagnetic (PM) transition in either the
undoped or doped samples. Additionally, Eg,), of the doped samples follows a trajectory
very similar to the undoped sample, albeit at a slightly lower energy.

The resilience of Eg,), to temperature suggests that long-range AF correlations
do not play a major role in defining the electronic structure of LaMnPO. However, prior
work has demonstrated that short range AF correlations persist up to 700K [127]. We
explored the effect of these remaining AF correlations on Eg,;, by measuring the trans-
mittance of undoped LaMnPO, at temperatures up to 725K. There is a slight discontinu-
ity in the temperature dependence of Eg,;, between 450K and 500K, which we attribute
to changes in the experimental setup, necessary to accommodate temperatures above
450K. In this extended temperature range, Eg,, of undoped LaMnPO monotonically
decreases with increasing temperature. Upon reaching the completely PM state at 725K
[127], the energy gap is only 0.85 eV, which is 0.15 eV lower than Eg,, at 295K.

The value of Eg,), predicted from DFT+DMFT calculations in the AF (PM) state
is indicated by the blue triangles at 300K (700K) with the corresponding band structure
calculations shown in Fig. 5.1f (5.1g). These calculations predicted that the elimination
of AF order reduces Eg,, by 0.12 €V, closely matching our experimentally measured
values in the PM state. Therefore, while it is likely that the short-range AF correlations

contribute to the 1.0 eV energy gap in LaMnPO,;_,F,, they cannot produce it alone.
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Rather, the energy gap is stabilized primarily by the Hubbard U in concert with the
Hund’s Jy. This stands in stark contrast to theoretical work on the cuprates, where it has
been suggested that the energy gap of the insulating parent compounds would not exist
without the AF order [131].
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Figure 5.1: High temperature transmittance spectra of LaMnPO;_,F, for x = 0.0 and
x = 0.04 are plotted in panels (a) and (b), respectively. The corresponding absorption
spectra (ait)? are plotted in (c) for x=0 and (d) for x=0.04. The dashed gray lines plotted
on top of the experimental (colored) lines show the linear fit to the (ot/®)?* form at
the highest and lowest temperatures for each sample. The colored in (d) indicates the
measurement temperature of the correspondingly colored spectra for both samples. The
x-axis intercept of these linear fits were used to determine the value of the optical gap,
EGap. The value of Eg,), extracted from the linear fit is plotted as a function of temper-
ature in (¢). We do not observe any anomalies in Eg,, upon crossing Ty (shadowed in
the inset). The energy gap obtained from transmittance measurements at temperatures
greater than 450 K are indicated by the open squares. Band structure calculations are
shown for the AF (f) and PM (g) state, revealing a reduced direct energy gap at the I
point in the PM state. The Eg,;, values calculated for LaMnPO in the AF and PM states
are indicated in (e) by the blue triangles at 300K and 700K, respectively.

5.2.3 High Pressure Measurements

To further explore the role of electron interactions in producing the optical gap,
we examined the pressure dependence of the absorption edge in both the undoped and
doped LaMnPO samples. In general, the application of pressure increases the electron

kinetic energy, and may be expected to reduce the effect of electron correlations [132].
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Of additional interest is the tetragonal to orthorhombic structural transition in LaMnPO
near 16.2 GPa, and its affect on the electronic structure, which we are able to explore
with these high pressure measurements [120]

The high pressure data were obtained using an FTIR spectrometer, coupled to
a diamond anvil cell (DAC) in which cryogenically loaded nitrogen was used as the
pressure medium [133]. The limited size of the DAC required sample dimensions that
were less than 40x40x15 um?>. Due to limitations imposed by the low energy cut-
off of the detector, and the diffraction limit related to the small sample size, energy
gap values below 0.12 eV could not be measured. Furthermore, accurate measurement
of transmittance was not possible in the region near 0.25 eV, due to absorption in the
diamond anvil.

Transmittance spectra near Eg,,, were obtained at a series of increasing pressures
(P). The corresponding (at)? spectra are plotted in Fig. 5.2a and 5.2b, for x = 0.0 and
x = 0.04, respectively, where the increase in (ait)? indicates the onset of interband tran-
sitions. The absorption edge is systematically and rapidly suppressed with increasing P.
The maximum P, at which a well defined absorption edge is still observable, defined as
PY_y (Pi_(.04)» 1s 18.8 GPa (15.1 GPa) for the undoped (doped) sample. These pressures
are indicated in Fig. 5.2f, 5.2g and 5.2h. At P above P*, the well defined absorption edge
is obscured by the appearance of intra-gap absorption features, which will be discussed
later in the text. Accordingly, we only extracted a numerical value of Eg,, for P < P*.

To determine Eg,, of the LaMnPO,_,F, samples under high pressure, we uti-
lized the same method employed for the high temperature data, with linear fits to (o /®)?
indicated by the dashed gray lines in Fig. 5.2a (5.2b) for x=0.0 (x=0.04). The extracted
values of Eg,, for both undoped and doped samples are plotted as a function of pressure
in Fig. 5.2c. For P < P*, the reduction of Eg,;, obeys an approximately linear relation-
ship with pressure. Assuming this trend continues for P > P*, we performed a linear fit
of the lower pressure Eg,;, values to estimate the pressure at which the gap closes, i.e.
EGap=0. These linear fits, indicated for the undoped (doped) sample by the black (red)
dotted line in Fig. 5.2a, suggest that gap closure would occur at P=28 GPa (P=25 GPa).

For comparison, DFT+DMFT calculations were carried out for undoped LaM-

nPO at a series of pressures, with details of the calculations detailed in section 5.4. The
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Figure 5.2: Absorption spectra and energy gap extraction of LaMnPO;_,F, at high
pressures. In (a) and (b) we plot the (at)2 spectra of LaMnPO_F,, for x=0.0 and
x=0.04 respectively, at a series of increasing pressures. The dashed gray lines indicate
the linear fits to (at)?/®? which are used to determine the value of Eg,p,. Above 18.8
GPa in (a), and above 15.1 GPa in (b) peaks appear in the (oct)2 spectra, which are
detailed in (f) and (g). In (c) the value of Eg,), that we extracted for undoped (doped)
LaMnPO are plotted as the black filled squares (red open squares). The black (red)
lined rectangles indicate the pressure over which we metallicity emerges in the undoped
(doped) sample. Complementary high pressure resistance data for the undoped sample
(x=0.00) are plotted in blue, corresponding to the right axis, which was taken from
[129]. The green, open circles, indicate the smallest direct energy gap determined from
DFT+DMEFT electronic structure calculations. The green dotted line shows the linear
relationship between the theoretical Eg,, and pressure for P< 14 GPa. The low @ region
of the (ot )? spectra, of both undoped and doped LaMnPO are highlighted in (f) and (g),
where P? is indicated in the legend. In the undoped (ait)? spectra, where the applied
pressure was 21.7 GPa, there appears to be a small peak at 0.15 eV, indicated by the pink
arrow. Likewise, in the (ait)? spectra of the doped sample, there is a pronounced peak
at 0.35 eV when P=17.2 GPa (indicated by the pink arrow), and increasing the pressure
to 19.5 GPa yields a small peak at 0.19 eV (yellow arrow). The Further application of
pressure results in the suppression of these intra-gap features. For further comparison
between theory and experiment, in (f) we have plotted the (ct)? spectra, extracted from
DFT+DMEFT electronic structure calculations. The 16 GPa and 30 GPa (ait)? spectra
have been scaled by 0.05 and 0.02, respectively, so that they can be seen alongside the
lower pressure spectra.
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smallest direct energy gap in the calculated band structure is plotted as the green circles
in Fig. 5.2¢c. Below 16.2 GPa, the pressure dependence of the theoretical Eg,), 1s well
captured by a linear fit, indicated by the green dotted line in Fig. 5.2c. Increasing the
pressure to 16.2 GPa produces a more rapid decrease in Eg,,, which deviates from the
linear trend found at P<14 GPa, similar to behavior of the experimentally determined
EGap. Full gap closure is theoretically anticipated to occur by 30 GPa [128], where
the corresponding metallic band structure, calculated via DFT+DMFT, is shown in Fig.
5.3c. For direct comparison between the experimental data and theoretical results, the
optical conductivity (o] (w)) spectra were extracted from the DFT+DMFT calculations.
The o1 (@) spectra were then converted to (at)? (plotted in Fig. 5.2i) via the relationship

[82]:
_4ro

= W’ (5.2)

where a Kramers-Kronig inversion of o) was used to obtain n(®), and r = 5um.
These spectra show a systematic suppression of the absorption edge, similar to the exper-
imentally obtained absorbance spectra shown in Fig. 5.2a and 5.2b. Moreover, absorp-
tion peaks in the theoretical (ct)? spectra appear above the tetragonal to orthorhombic
phase transition at 16.2 GPa. These peaks are due to interband transitions at the M-
point, which become allowed in the orthorhombic phase as can be seen in Fig. 5.3b,
and qualitatively resemble the absorptionfeatures that are experimentally observed, and
highlighted in Fig. 5.2d and 5.2e. Also, it is this structural transition that produces the
deviation from linearity in the theoretically predicted values of Eg,), at 16.2 GPa, de-
scribed earlier in the text. Interestingly, the intra-gap absorption peaks that indicate the
tetragonal to orthorhombic transition in the theoretical absorption spectra at 16.2 GPa,
do not appear in our experimental data until pressures greater than 18.8 GPa. We at-
tribute this to differences in the level of uniaxial pressure between the pressure medium
used in the x-ray diffraction measurements, and our transmittance measurements. This
latter fact, in conjunction with the error bars inherent in high pressure measurements,
can account for the difference in the pressures at which the intra-gap peaks emerge.

As stated earlier in the text, the band edge at high pressures is obscured by the
intra-gap absorption peaks, which make it difficult to precisely determine the pressure

at which the gap collapses. One method to estimate the pressure where the energy gap is
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fully closed is to compare our measured absorption spectra, to that obtained for a known
metallic sample. Accordingly, we measured the absorbance of an iron (Fe) flake in
the same experimental setup used for the high pressure measurements. The absorbance
spectra of Fe is plotted alongside the high pressure absorbance spectra of LaMnPO in
Fig. 5.2d and 5.2e as the gray solid line. The Fe sample that we used was smaller than
either the undoped or doped LaMnPO sample. Thus, it’s absorption was notably smaller
at low m due to diffraction of light around the small sample. Regardless, the absorbance
of Fe is plotted alongside that of undoped (doped) LaMnPO in Fig. 5.2d and 5.2e, mul-
tiplied by an arbitrary factor to make direct comparison the spectra easier. Notably, the
Fe absorbance spectrum at low @ linearly increases with @, as expected when the wave-
length of the incident light shifts away from the diffraction limit. Besides this increase,
there is no significant feature in the (out)? spectra of Fe sample, as would be expected
for a metallic, and opaque, material. Accordingly, we consider the LaMnPO;_,F, sam-
ple to be opaque, and Eg,,=0, when its lineshape resembles that of the Fe flake, and
the spectral features are suppressed. Using this criterion, we conclude that the pressure
at which undoped LaMnPO becomes opaque (P{_ ) is above 21.7 GPa, where the
spectral feature is still visible, but below 24.7 GPa. Likewise, the pressure of opacity
for LaMnPOy 96F0.04 (P{_ 4) lies between 19.5 GPa and 21.1 GPa. The decrease in
P? with doping suggests that higher dopings could reduce P further, and more highly
doped LaMnPO, _,F, samples could be metallized with relatively small pressures.
Complementary high pressure resistance (R) measurements of LaMnPO were
carried out, and reported in [129]. They found that R of undoped LaMnPO is reduced
with increasing pressure, until it saturates at pressures above 20 GPa, consistent with
the pressure at which we identify Eg,,=0. The measured R values are plotted alongside
our experimentally determined Eg,, in Fig. 5.2c. Generally, opacity at low energies
arises from free carriers. Thus the observation of opacity, the saturation in resistance
at pressures above 20 GPa, and the systematic reduction in Eg,, at lower pressures all

suggest a metallic state has been induced via collapse of the band gap.
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5.2.4 On the Nature of the High Pressure Metallic State

The calculated band structure is plotted in Fig. 5.3a,b, and c for pressures of 1
bar, 16 GPa, and 30 GPa. At 1 bar, the smallest direct energy gap is at the I" point, and
is 1.0 eV. At 16 GPa, the direct band gap at the I" point is reduced in energy. However,
LaMnPO also undergoes a tetragonal to orthorhombic structural transition which allows
interband transitions at the M point, which are smaller in energy than those at the I" point.
These newly allowed interband transitions at the M point produce the intra-gap features
observed in the absorption spectra, and highlighted in Fig. 5.2d and 5.2e. Increasing the
pressure to 30GPa results in a fully closed gap, with many bands cross the Fermi energy,

yielding a metallic system.

1

r X ™M Iz R A Z

Figure 5.3: The band structure of LaMnPO at 1 bar (a), 16.2 GPa (b) and 30 GPa (c),
calculated using DFT+DMFT

Further insight into the correlations in this system can be revealed by examining
the partial density of states (PDOS) calculated when correlations are both neglected,
and when they are included. Thus, in Fig. 5.4a, 5.4b, and 5.4c, we show the PDOS
calculated using DFT. At 1 bar (Fig. 5.4a), the system is strongly metallic, with all or-
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bitals possessing a non-zero PDOS at Er (Energy=0). Increasing the pressure to 16.2
GPa (Fig. 5.4b) reduces the PDOS of most orbitals in the vicinity of Er, with the ex-
ception of the xz and yz orbitals, which develop a sharp peak just below Er. By 30
GPa (Fig. 5.4c), the PDOS is suppressed for all orbitals, most notably the x>-y? and xy
orbitals, which in fact become gapped. The PDOS calculated via DFT+DMFT reveals
a significantly different trend. At 1 bar (Fig. 5.4d), DFT+DMFT predicts the PDOS of
all orbitals is zero at Er yielding an insulating system, as verified by experiments in the
main text, and in Refs. [120, 121]. The calculation at 16.2 GPa (Fig. 5.4e) indicates
that most of the orbitals in LaMnPO develop a significant peak in the PDOS immedi-
ately below, and at approximately 0.1 eV above Er. However, the electron correlations,
though reduced by pressure, are still strong enough to sustain the energy gap. Finally, at
30 GPa (Fig. 5.4f), DFT+DMFT finds that the system is highly metallic, where all but
the xy orbital has a non-zero PDOS at Er.

It is particularly interesting to compare the PDOS obtained from DFT at 30 GPa,
to the complementary DFT+DMFT PDOS at the same pressure. At this pressure, these
two methods of calculation seem to produce qualitatively similar PDOS spectra for all
orbitals. Typically, when DFT produces similar results to calculations where correla-
tions are included, it indicates that the effect of the correlations on the electronic system
have been largely reduced. However, the electronic bandwidth, corresponding to the
width of the peak in PDOS near Energy = 0.0 eV, is still smaller in the DFT+DMFT
calculations than those obtained from DFT, indicating correlations are still present. In
the case of LaMnPO, this would mean that increasing the pressure from 16.2 GPa, to
30 GPa, tunes the system from a Mott-Hund’s insulator to a correlated metal. The
intermediate region between these two pressures warrants further study, as moderate
correlations often herald a complex and exciting phase diagram, the most salient exam-
ples of this being the cuprates and Fe-pnictides [54, 134, 135]. However, this region
remains largely unexplored, and the transmission is effectively zero in the metallic state,
thus no useful data on the free carrier dynamics can be obtained using the spectroscopic
transmission techniques utilized in this work. Future studies, both theoretical and ex-
perimental, are required to ascertain the landscape of this moderately correlated region

of the phase diagram. One very likely outcome would be the revelation of an orbitally
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selective Mott transition, which can be expected when Mott-Hubbard interaction and
Hund’s coupling are both present, and substantial crystal field splitting differentiates the
Mn 3d orbitals, as in this class of material [134, 136—138].

DFT DFT+DMFT
a 1 Bar d z 1 Bar
1 Xy’
Xz
\,\\ yz
0 —— i . _,gé
b 16.2 GPa e 16.2 GPa

;
r
L
z
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Energy (eV)

Figure 5.4: The PDOS in LaMnPO is calculated using DFT at 1 bar (a) 16.2 GPa (b)
and 30 GPa (c). Likewise, the PDOS extracted from DFT+DMFT at 1 bar (d), 16 GPa
(e) and 30 GPa (f) is also shown

5.3 Conclusion

Our data reveal that by applying pressure to LaMnPO, we are able to induce
a bulk metallic state, which is not directly caused by the elimination of AF order, or
the structural transition. Furthermore, our results can be consistently described using
DFT+DMEFT, assuming the presence of AF ordering, a Mott-Hubbard U and Hund’s
rule Jy. The coexistence of these correlations suggest this system resembles the Fe-
pnictides, albeit with an insulating ground state. These results also imply that the
insulator-metal phase transition is shifted to lower pressures with F-doping. Our find-
ings identify LaMnPO; _,F, as an exciting playground in which the parameters of pres-
sure and doping may be tuned to reveal a complex phase diagram, as is often found in

strongly correlated systems.
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Table 5.1: Crystal parameters used in the electronic structure calculations

| P(GPa) | Spacegroup  [a()  [bO  [cO | za zp |
0 P4/nmm (#129) | 4.05786 | 4.05786 | 8.84341 | 0.13879 | 0.6569
3 P4/nmm (#129) | 4.0350 | 4.0350 | 8712 | 0.1415 | 0.6526
6 P4/nmm (#129) | 40122 | 4.0122 | 8.581 | 0.1443 | 0.6512
9 P4/nmm (#129) | 3.9945 |3.9945 | 8451 | 0.1425 | 0.6428
12 P4/nmm (#129) | 3.9768 | 3.9768 | 8.322 | 0.1407 | 0.6345
14 P4/nmm (#129) | 3.95344 | 3.95344 | 8.34822 | 0.1416 | 0.6260
16 Cmma (#67) | 5.5937 | 5.6664 | 8.169 | 0.1485 | 0.612
30 Cmma (#67) | 5.20408 | 5.37473 | 7.42454 | 0.1091 | 0.5676

5.4 Appendix A: Theoretical Calculations

Density functional theory (DFT) band structure calculations were done using the
full-potential linear augmented plane wave method implemented in [139] in conjunction
with a generalized gradient approximation [140] of the exchange correlation functional.
To take into account strong correlation effect, we further carried out first-principles cal-
culations using DFT+DMFT [141] which was implemented on top of WIEN2K and doc-
umented in Ref. [142]. In the DFT+DMFT calculations, the electronic charge was com-
puted self-consistently on DFT+DMFT density matrix. The quantum impurity problem
was solved by the continuous time quantum Monte Carlo method [143, 144], using
Slater form of the Coulomb repulsion in its fully rotational invariant form. We used a
Hubbard U=8.0 eV and Hund’s rule coupling J=0.9 eV for all the DFT+DMFT calcula-
tions at all pressures, consistent with previous publication [127]. The Hamiltonian used
for these calculations is:

H= Z(_“Ni‘f’ﬁint[d’?\/]) + Z nﬁvcfjv,

! (ij)v
A /»;« 3 A 1 1 A A '\2
Hint[div] =-JNi+=-|(U—-=J N,'(Nl' — 1) —JSi .
4 2 2

In this Hamiltonian, djv is the creation operator on site i for an electron of type v, where
v = (mo), with o and m indicating the electron spin and orbital, respectively[145].
Further details on the Hamiltonian and the theoretical methods can be found in [145]

We used the experimentally determined lattice structures [128], including the

internal positions of the atoms as shown in Table 5.1
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5.5 Appendix B: Alternative Determination of E¢,,,

If one has access to the complex dielectric constant (€ = €] + i&;), the magni-
tude of Eg,, can be precisely determined from the x-axis intercept of a linear fit to
(£2)? [55]. Accordingly, we measured the transmittance spectra over a broad range
(100 cm™~! to 12,000 cm~!) during some of the high temperature measurements, and
modelled these spectra to obtain €. Moreover, by simultaneously fitting the periodicity
of the interference fringes, along with the transmittance amplitude, we accurately de-
termined the thickness of these crystals to be 5 (£0.3)um. An example transmittance
spectra, obtained at 295K, is shown in the inset to Fig. 5.5a (black line), along with the
corresponding model (gray line). The resulting (&) spectra, which were obtained at
temperatures from 295K to 450K, are plotted in Fig. S2a (colored lines), along with the
linear extrapolation at each temperature (gray lines). The values of Eg,, corresponding
to this alternative analysis are plotted in Fig. 5.5b (filled black squares), along with the
values of Eg,;, obtained from the (ot / ®)? analysis (open black squares), described in
the main text [55]. An inspection of Fig. 5.5a, reveals that the (ot /®)? analysis tends
to underestimate the value of Eg,, by approximately 300 cm~!, and thus establishes the
size of the error bars. Importantly, this difference is small when compared to the mag-
nitude of the Eg,p,. In addition, the (ar/ ®)? analysis captures the overall behavior of
EGap. Both of these latter facts confirm the validity of this method for extracting Eggp,

and analyzing trends, particularly when one lacks the full & spectra.
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Figure 5.5: Energy gap extraction from (&)2. (a) The (&;)? spectra, obtained for un-
doped LaMnPO at a series of temperatures. The linear fits, which were used to deter-
mine Eg,, are indicated by the gray lines. (b) An example broadband transmittance
spectra at 295K (black line), and the corresponding model fit (gray line) are shown.
(c) The energy gap extracted using the linear fit to (&)? is plotted vs temperature
(filled black squares), along with Eg,,, obtained from the (ctt/®)? analysis (open black
squares).



Chapter 6

Coexisting first and second order

electronic phase transitions in NdNiQO;

Abstract

Understanding phase transitions is a cornerstone of contemporary physics. A
landmark insight of Landau was that the Free energy (F') of a system could be described
with the addition of an order parameter (®). This framework yielded a global classifi-
cation of phase transitions into first and second order, where the latter corresponds to
a continuous evolution of @ away from zero, whereas in the former, evolves discontin-
uously. Here we show that the temperature-driven insulator-to-metal transition (IMT)
in the prototypical correlated electron system NdNiO3 defies this established classifica-
tion. By harnessing a nano-scale optical probe of the local electronic conductivity, we
observed two physically distinct, yet concurrent phase transitions in different regions
of epitaxial films. In the bulk of the material, we observe a discrete, first order phase
transition between the paramagnetic metal and the antiferromagnetic (AF) insulator.
Additionally, in the AF state we visualized nanoscale domain walls that undergo a con-
tinuous IMT with hallmarks of the second order transitions, distinct from the behavior
in the rest of our specimens. We examined possible microscopic origins of this unprece-
dented coexistance using a free energy model consisting of interacting charge and spin

orders, which accurately describes both phase transitions, and supports the notion that

80
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AF order drives the first order transition.

6.1 Introduction

The study of correlated electron systems, and the cooperating or competing de-
grees of freedom that produce phase transitions is an area at the forefront of condensed
matter physics[11, 20]. The rare earth nickelates (RNiO3) are a system that exemplifies
the complexity of phase transitions, where structural, electronic, and magnetic degrees
of freedom all contribute to the insulator to metal phase transition IMT[146, 147]. Re-
cently, the importance of both charge ordering (CO) and the Mott interactions within this
system have been uncovered [21, 22, 148, 149], although it has also been proposed that
antiferromagnetic ordering drives the first order IMT for certain R [24]. Thus far, inves-
tigations into the IMT of RNi1O3 have primarily been bulk sensitive, where the modified
interplay of the charge and magnetic order parameters, arising from local variations,
is masked by the bulk response. Clarification of the intrinsic behavior of the IMT re-
quires probing the electronic structure across the IMT at the relevant, nanometer length
scale. Accordingly, we measured the near-field response of NdNiOj3 film on an NdGaOs3
substrate (NNO/NGO) across the IMT with nanometer resolution using a cryogenically
enabled scattering-type scanning near-field optical microscope (s-SNOM), detailed in
Ref. [29]. In these measurements, we have found that the bulk IMT is archetypically
first order, in that NNO transitions directly between insulating and metallic end phases
without accessing any intermediate phases. Additionally, we observed metallic domain
walls (DW) in a temperature range proximal to the IMT, which possessed a near-field
response that evolves continuously from insulating to metallic. We consistently attribute
these DW to the boundary beween different AF domains, where suppressed AF order
yields a 2nd order IMT within in an antiferromagnetic insulating matrix. Here, we lever-
age the observation of these two phase transitions to show the primacy of AF order in the
IMT of NdNiOs3. These results also highlight the importance of high spatial resolution

for unveiling the fundamental character of phase transitions.
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6.2 Results

Insulating < Metallic

Insulating P Metallic

Figure 6.1: Images acquired while cooling ( warming) through the IMT are shown in
the top (bottom) row. The 100K and 295K images were acquired in a different location
than the rest of the images.

Fig. 6.1 presents large area SNOM images that were acquired at 295K, upon
cooling through the transition and down to 115K, as well as those acquired while warm-
ing through the IMT. The sharpness of the IMT, as evident from p(7'), necessitated a
unique method for acquiring the images of coexisting phases, detailed in [SI]. Several
features are evident from these images. First, at high temperatures (295K) the sample is
almost entirely metallic and uniform within the FOV. However, within this image there
are small puddles with a near field response slightly reduced from the bulk metallic state,
which are discussed later in the text. Upon cooling to 159. 7 K, insulating domains ap-
pear both in the middle of the FOV, and the upper left corner. After cooling to 159.4
K, the insulating domains expand from the initial insulating puddles. The apparent ex-
pansion of the insulating domains continues to 158.7 K leaving a persistent metallic
ribbon within the image, which eventually disappears at 158.4 K, although many small
metallic puddles are still visible. Some of these are visible, albeit with reduced signal,
down to 115 K [SI]. Upon warming from the lowest temperature to 172.0 K, metallic
signal is first observed in the puddles that were evident in the cooling image acquired at
158.4 K. Metallic domains expand from these puddles at 172.6 K, eventually coalesc-
ing into a continuous ribbon at 172.7 K, like that observed on cooling. Possible origins

for these puddles, and their relationship to the ribbon are discussed in [SI]. During the
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warming sequence, two DW appeared within the FOV at 172.0K, which became more
pronounced at 172.6K and 172.7K. Concurrently, additional metallic domains continue
to appear and expand at 172.7K, 172.8K and 172.9K until the NdNiO3 sample is metal-
lic within the FOV at 173.0K. During the phase transition, there was no structure or
patterning of the insulating/metallic domains that would indicate a broken symmetry
arising from, for instance, strain in the underlying lattice. In contrast, previous measure-
ments of vanadates associated stripe-like metallic and insulating domains with an IMT
that was closely related to long range strain interactions arising at the filmaASsubstrate
interface[29, 150, 151]. Accordingly, long-range strain interactions amidst the IMT in
NdNiOs are likely unimportant compared to short-range interactions in governing the
morphology of emergent domain patterns in these NdNiO3 films.

For quantitative analysis of near field optical response (S), a series of images
through the IMT were acquired with an Au reference in the field of view. Using the Au
as a reference, the near field response of the NNO (SNN 0) could be normalized, line-
by-line, to that of gold (S¥VO/$4). In the inset to Figs. 6.2a and 6.2b, Au-normalized
images with an approximately 50% insulating 4AS 50% metallic (50/50) pf are shown,
which were acquired on the cooling and warming IMT, respectively. The entire se-
quence of images, shown in [SI], from which these two were selected, confirmed the
gross trends associated with the images shown in Fig. 6.1c. To elucidate the evolution
of the near field signal, histograms of Au-normalized SNOM image are plotted at three
temperatures corresponding to primarily insulating, 50/50, and metallic phases, from
both the cooling (Fig. 6.2a) and warming (Fig. 6.2b) transitions, with the complete set
of histograms shown in [SI]. These histograms count the number of pixels in the image

SNNO /gAu and serve as a useful visualization of how the near field

with a given range of
response evolves across the IMT. It is immediately obvious that S¥VO /§4% on both the
cooling and warming IMT are centered in two distinct peaks. We determined the mean
signal associated with both the insulating (@) and metallic (W) peaks from the two
minima in the second derivative of the histograms. During the cooling transition, the
value of S and SM¢’ are centered at 0.12 and 0.4, respectively. On warming, SIns s
centered at 0.11, similar to the value found on cooling. However, SMet is at a slightly

lower value of 0.35. Importantly, even at temperatures where there is significant coex-
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istence of metallic and insulating phases, there are very few pixels with a signal that
resides at values between the two primary peaks. Accordingly, we identify the IMT in
NdNiO3 as a binary transition, where the bulk of the sample does not access any states
intermediate between the insulating and metallic end states, but rather, switches dis-
cretely between them. The binary nature of the transition suggests that the domain for-
mation may be interpreted using the framework of critical endpoints in an Ising model,
where a ferromagnetic, nearest neighbor interaction accounts for the tendency of neigh-
boring domains to take the same ordering [152, 153]. Within this framework, there are
critical points that give rise to universal, power-law scaling behavior. Accordingly, we
have extracted two relevant parameters, the radius of gyration (R,) and domain size (s),
from all the domains within a given image (inset to Fig. 6.2c). Plotting the logarithm of
these two quantities reveals power-law scaling, extending across four decades; perhaps
the largest range of critical scaling measured in any correlated oxide and strongly in-
dicative of universal first order phase transition behavior, with an essential contribution
from electron interactions[152—154].

The binary transition observed in the bulk of the film is strongly contrasted by
the behavior observed in the DWs. Before describing this behavior in more detail, it is
important to note that the DWs were not pinned to defects, or any topographic features,
since they appeared in different positions after repeated thermal cycling, as made appar-
ent from the comparison of Fig. 6.3a with 6.3, which were acquired within the same
FOV. However, within a single thermal cycle, the DW remained fixed. Furthermore,
these DWs appeared only appeared while warming through the IMT. To elucidate the
electronic character associated with these DW, line profiles of a DW within the Au nor-
malized images were extracted at a series of temperatures, with the average line profiles
shown in Fig. 6.3c. From these profiles, it is immediately obvious that the signal along
the DWs continuously increases from ~ 0.14 to ~ 0.35, as temperature increases, in
contrast to the discrete behavior observed in the bulk of the sample. For comparison,
we acquired the average line profile at the boundary between insulating and metallic
domains (IMDW) for temperatures between 171.6K, and 172.4K. The variation of the
IMDW line profile within this temperature window is indicated by the gray line in Fig.
6.3c. These line profiles were fit with a tanh(x/{) lineshape, where { = 300nm captures
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the width of the boundary. Notably, over the same temperature range where the DW
showed significant evolution, little change is observed in the IMDW. This latter point
is affirmed by comparing the mean signal along the DW (SPW), to the S/ and SMet,
as in Fig. 3g, where continuous evolution of SDW is evident, and in sharp contrast to
the remarkably constant metallic and insulating signal in the bulk of the material. The
continuous variation of near field signal along the DW is a hallmark of second order
phase transitions, whereas first order phase transitions show discrete behavior, such as
the jump between SIns and SMet observed in the bulk of the material.

To understand the origin of these DW, it is import to keep in mind the close
relationship between the IMT, charge and AF order within the RNiO3 system. The
IMT is thought to arise from charge order which is associated with orthorhombic to
monoclinic transition, and a bond disproportionation in the Ni-O octahedra, with the
propation vector (in pseudocubic notation): kEO = (%, %, %) [149]. The AF also orders
along the [111] direction, however, it is unit cell quadrupling, with the momentum vector
given by kap = (%, zlw %). In the generic RNiO3 phase diagram, the IMT is first order
when AF and CO occur simultaneously, but second order when they emerge seperately
[146]. In the case of our NdNiO3; sample, RXS measurements of this sample showed
hysteresis in the peak intensity associated with bulk AF order, resistivity [SI], indicating
that both IMT and AF transitions are first order. It is possible to switch from a first to
second order transition by changing the rare-earth cation, or alternatively the O 2p-Ni 3d
orbital overlap. To clarify the interplay between AF and CO, we considered the Landau

free energy description of this system in local order parameters related to AF (y,r) and

charge (@cp), as well as their mutual coupling [24]:

T—Ty

T WAE + Vir — A Wip - co
N

F(War,9co) =r-

T-T, C2 2
T CO'¢3o+¢éo+%(v¢60)2+%(VWAF)Z' (6.1)
Cco

In this equation r parametrizes the energy of AF order, 7y indicates the AF ordering
temperature, and { corresponds to the energy cost associated with changes in AF or-
dering, such as at the boundary between different domains. Likewise, 7, Tco, and f

are associated with the energy of CO, the temperature of CO, and the energy cost as-
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sociated with changing CO, respectively. Importantly, coupling between the two order
parameters (¢co and Yur) is governed by the coefficient A, which is symmetry allowed
in systems where kco = 2 -kap, as in RNiO3, yielding a cubic term in the free energy
expansion[155]. Thus, a finite A dictates that AF order necessarily induces a local min-
imum in free energy at ¢co through a first order phase transition [24]. Alternatively, if
Tco > Ty, CO emerges in the absence of AF through a second order phase transition;
a situation that is physically realized in the RNiO3 materials where the rare-earth ion
is smaller than Nd. Frustration or modification of magnetic order is naturally expected
at the boundary between domains of different AF propagation, in the form of domain
walls [156], where the kgo =2 k/:p condition may be broken. In this latter case, CO
may emerge through a second order phase transition. We have explored this possibil-
ity by minimizing the free energy expansion of this system (Eqn. 6.1) with respect to
Yar(x) and ¢cp(x), assuming that yup goes to zero at x = 0. The temperature depen-
dence along the boundary was captured by considering a range of T, where r = 7 = 8,
Teo = Ty = 170K, and { = & = 300nm, where { was extracted from the IMDW pro-
files. Since @cp = 0 is associated with the metallic state, where S is maximized, we
can infer an inverse relationship between ¢cp and S. Thus, for qualitative comparison,
we considered 1 — ¢cp, which may be expected to show trends similar to the near field
response. The lineshapes of 1 — @cp, resulting from the minimization of free energy
across the boundary between AF domains, are plotted in Fig. 6.3d. At x =0, yur =0,
and there is a concurrent enhancement of 1 — ¢cp, which becomes larger and wider as
T increases, in close agreement with the experimentally acquired line profiles of Fig.
6.3c. Consistently, in the absence of DW, solving Eqn. 6.1 when Ty is sufficiently
smaller than T yields a continuous evolution of ¢cp away from zero,whereas setting
Ty = Tco produces discontinuities in @cp.

Thus, a likely explanation for these DW is that they arise at boundaries between
AF domains, where AF ordering is suppressed, yielding a second order IMT, manifest-
ing as a continuous variation in the observable SNOM signal. Additionally, since second
order transitions are not hysteretic, the temperature at which this phase transition occurs
would not be expected to be different upon warming and cooling cycles. Therefore, the

absence of these channels on cooling can be explained by the fact that the bulk of the
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material is PM and metallic, and there are no regions of frustrated AF at the temperature
associated with the emergence of the DW (= 173K). Accordingly, these DW can be
ascribed to regions of frustrated AF order arising at the boundary between two distinct
AF domains. These results confirm the primacy of AF ordering in the IMT of NdNiOs3,
and it’s stabilization of the charge ordered insulating state described in Ref. [24].
Recently, numerous studies have explored the exotic phases that emerge when
broken symmetry is imposed by the interface of two different materials [157-160].
However, this work, in addition recent to reports, have shown that the broken symmetry
within a material is a similarly fertile arena for the observation of exotic phases [161,
162]. For instance, mobile domain walls observed in the pyrochlore iridates, which
were also associated boundaries between AF domains [161], and are likely topological
in origin [163, 164]. Here we have shown that the complex interplay of charge and AF
ordering in NdNiOs3 induces a novel DW confined, second order, temperature driven
IMT, coexisting with the bulk phase transition. Possibly, similar phases may be a com-
mon feature within correlated oxides, where there are often numerous active degrees
of freedom related to the phase transion. Notably, complimentary nanoscale probes
of NdNiO3 samples found that the IMT morphology was dictated by topographic fea-
tures [165], which likely masked the emergent DW. Here, the observed scaling behavior
associated with the insulating and metallic domains indicates that we are probing fun-

damental physics of the phase transition within NdNiOs.

6.3 Conclusions

The SNOM images acquired in this study have identified that the IMT in NdNiO3
is ideally first-order. Additionally, within the near field images, we identified the emer-
gence of DW, associated with boundaries between AF domains. These DW undergo a
host 2nd order IMT, which coexists with the 1st order transition to the metallic phase of
NdNiOs. The accurate description of this coexistence with Landau free energy analysis
implies the importance of AF order in this IMT. By itself, the IMT bound to a domain
wall is a novel finding within the broad field of insulator to metal transitions. However,

this is perhaps the first observation of simultaneously occurring first and second order
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phase transitions within the same material; an observation which should motivate future
theoretical investigations into phase transitions. Importantly, the macroscopic measure-
ments of both the AC and DC conductivity for this material, which are representative
of those for correlated oxides in general, masked the exotic behavior revealed in this
work. Thus, these results show the necessity of microscopic information for clarifying
electronic behavior, in the broader class of correlated oxides, especially amidst phase

transitions.

Materials and Methods

A schematic of the nano-optical imaging setup is shown in Fig. 6.4a. Focused
infrared light is incident upon, and scattered from the metallic tip of an atomic force
microscope (AFM) probe, oscillating at frequency , near the sample surface. The back-
scattered radiation from the probe encodes information about the complex optical con-
stants of a sample at the frequency of the laser source . In the first approximation, the
detected amplitude of back-scattered radiation modulated at high harmonics (n>2) of
the cantilever oscillation frequency provides a measure of the local AAIInear-fieldaAl
optical response of the sample and, by implication, its optical conductivity resolved at
the 20-nm scale [29]. Throughout this work, we utilized this nano-scale optical probe
to evaluate the low energy (@ = 900cm ') optical response associated with free carriers
(Drude conductivity) in the metallic state of the NNO film, or the bulk energy gap of the
insulating state. The ex-situ resistivity across the IMT is plotted in Fig. 6.4b, where the

sharpness of these curves attests to the quality of these epitaxial samples.
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Figure 6.2: Histogram analysis of Au-normalized near field images. (a), (b) Near field
images were acquired with an Au strip in the field of view on cooling (warming), with
example images shown in insets. Histograms of these Au normalized images at a subset
of temperatures on cooling and warming are plotted in (a) and (b), respectively. The
logarithmically binned radius of gyration is plotted against the domain size in (c), re-
vealing critical scaling, with a linear fit indicated by the black line. The inset shows
the binarized image from which the scaling was extracted. In all images, the scale bar
indicates 10um
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Figure 6.3: Analysis of the domain walls observed within the near field images. Panels
(a) and (b) show large area images of NNO in the same spatial location, but during
different thermal cycles at T=173.1K. The domain walls (DW) manifest within these
images as the lines of enhanced contrast. Panel c: the average line profile along a DW
was extracted at a series of increasing temperatures. The gray line indicates the range
of signal values acquired from average profiles along the boundary between insulating
and metallic domains. Panels (d): the form of charge ordering amplitude (1 — ¢) that
minimizes the free energy F across a boundary between domains with different AF
orderings is plotted at a series of increasing values of temperature 7 . Panel e: the
average signal value corresponding to the insulating (blue), and metallic (red) domains
from the entire FOV are plotted as a function of temperature along with the average
value of the signal along the DW acquired from the same images. The crosses in (e)
are colored to match their corresponding average line profile in (c). The black arrow
indicates the range of signal values that separate the average insulating and metallic
signals in bulk NNO.
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Figure 6.4: A schematic of the near field setup is shown in (a). In (b) the temperature
dependence of the resistivity is plotted as a function of temperature across the IMT.
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