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ABSTRACT

QUANTUM COHERENT TRANSPORT PHENOMENA IN EPITAXIAL HALIDE
PEROVSKITE THIN FILMS

By
Liangji Zhang

The subject of this dissertation is the experimental study of quantum coherent transport phenomena
in epitaxial single-crystal halide perovskite thin films. The experiments consist of low-temperature
(down to 10 mK) magnetotransport measurements at high magnetic field (up to 14 T).

The recent advent of epitaxial thin film growth of inorganic halide perovskites has made it
possible to investigate the quantum behavior of charge carriers in these materials in low-dimensional
form. We present results on epitaxial single-domain cesium tin iodide (CsSnl3) thin films that
clearly demonstrate quantum transport in this material for the first time. The observed low-
field magnetoresistance shows signatures of weak anti-localization (WAL) that reveals coherent
quantum interference effects and spin-orbit coupling. A micron-scale (=5 pum) low-temperature
phase coherence length for charge carriers in the system is extracted from these WAL measurements.

Additionally, we present low-temperature quantum magnetotransport measurements on thin
film devices made of epitaxial single-crystal CsSnBr3, which exhibit two-dimensional Mott vari-
able range hopping (VRH) and a large negative magnetoresistance. These findings are described
by the Nguyen-Spivak-Shkovskii (NSS) model for quantum interference between different directed
hopping paths, and we extract the temperature-dependent hopping length of charge carriers, their
localization length, and a lower bound for their phase coherence length of ~100 nm at low tempera-
tures. These results from CsSnl3 and CsSnBr3 devices demonstrate that epitaxial halide perovskite
devices are emerging as a material class for low-dimensional quantum coherent transport devices.

In addition to the works that are described above, I have also been involved in several additional
projects, such as experiments on low-dimensional electron systems and superconducting qubit

experiments, which will not be described in this dissertation.
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analysis shows that a value of /4 either above or below several microns does

not accurately describe thedata. . . . . . . ... ... ... L.

HLN fits (Equation 4.25) to magnetoconductivity data of epitaxial CsSnl3 at
17 mK. The red line shows the best fit in which both @ and /4 are free fitting
parameters. The orange, green and purple curve are fits in which we fixed
a = —0.1, -0.2 and —0.5 respectively while allowing /4 to remain a free fitting
parameter. This analysis shows that a value of @ other than @ = —0.0781 does

not accurately describe thedata. . . . . . . . ... ... ... ... ... ..

HLN fits (Equation 4.25) to magnetoconductivity data of epitaxial CsSnl3 at
17 mK. The red solid lines are fit to HLN. The blue data are the original data
without considering contact resistance. The pink, orange and green data are
data assuming the overall contact resistance R, to be 5 Q, 10 Q and 12 Q
respectively. The analysis shows if we assume the charge carriers in epitaxial
CsSnlj are in strong SOC regime, the contact resistance should be 11.75 Q.

Charge carriers phase coherence /4 as a functon of inverse temperature. The
phase coherence length /4 and % are approximately in linear relationship.

Note that l¢ = /D7y, which produces Tp # ................

Schematic diagram showing the difference between NNH and VRH. Note
that NNH happens when the system is at relatively high temperatures and
VRH occurs only at low temperatures. In VRH, the charge carriers hop to
distant empty localized sites that have a small energy difference relative to its
initially occupied state. The blue dashed line shows the Fermi level p [112].

Density of states diagram of a narrow energy interval containing states whose
energies are separated from the Fermi level by less than €). The occupied
states reside in the shaded region. The solid red line is DOS which is set to

be constantin thismodel. . . . . . . . . . . ...
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Figure 5.3:

Figure 5.4:

Figure 5.5:

Figure 5.6:

Figure 5.7:

Figure 5.8:

Schematic diagram of a more realistic DOS of a doped semiconductor accord-
ing to computer simulations [113]. The simulation result shows DOS varies

as the ratio K = & varies. (@) K < 1, ()1 = K > 1, (¢) K = 0.5. The area
shaded with red dashed lines shows occupied states. The blue dashed lines

are Fermi levels. . . . . . . . . . .

The Coulomb Gap in the DOS of a low carrier density material in 2D (linear
red line) and in 3D (parabolic yellow curve). The red shaded area corresponds

tooccupied States. . . . . ... . e e e e e

Application of the Zabrodskii method to transport measurements performed
on GaGdN layers grown on semi-insulating 6H-SiC(0001) substrates by
Bedoya-Pinto et al. [5]. (a) Temperature dependence of the resistivity
of GaGdN on 6H-SiC. (b) Transition from E-S VRH to Mott VRH as deter-
mined by Zabrodskii method (m and m, correspond to two different values
of the exponent x shown in Equation 5.24). Note that data plotted on Figure
(b) are on a logarithmic scale for both axes, which is equivalent to plotting

In(w) versus In(T). . . . . . . . . e

The diagram depicting the NSS model. Three (out of many possible) zigzag
hopping paths are shown. All of these paths contribute to the probability
amplitude of an electron hop from localized site 1 to 2 (having energy €
and €)). The grey shaded area is the enclosed area St for the hopping path

I". When an external magnetic field (normal to the plane of the 2D material)

is applied, an additional phase term ¢r = Zn(g(fp will be introduced to the

hopping path I', and the interference between different hopping paths leads
to negative magnetoresistance. The short horizontal lines are localized states
(impurities) where elastic scattering occurs during the electron’s transit from

110 2. . o e

Data from [52], semilogarithmic plot of the magnetoresistance as a function
1

of H2 at a fixed temperature of T=300 mK for a low-dimensional electron
systems in a molecular-beam-epitaxy grown GaAs/AlGaAs heterostructure
at three different localization lengths (controlled a by gate voltage to tune the

charge carrier density) of & = 250, 550, and 1050 Ao

(a) Resistance versus temperature of CsSnBr3 device. (b) Additional CsSnBrj
device for comparison. Insets: Data zoomed in near 215 K, highlighting the
observed kink in R(T), which is indicative of a structural phase transition

upon cooling. . . . ... e
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Figure 5.9:

Figure 5.10:

Figure 5.11:

Figure 5.12:

Figure 5.13:

Figure 5.14:

In situ RHEED data of rough CsSnBr3 grown epitaxially on NaCl (left)
and cooled from room temperature (top, right) to just above liquid nitrogen

temperature (bottom, right). . . . . . ... ... L L L o

Logarithm of the low-temperature (15 K to 125 mK) resistance a function

1
of T 3 for CsSnBrj epitaxial thin films. (a) data from CsSnBr3 device A,
(b) CsSnBr3 device B. The red dashed lines are fits to the data based on the

temperature dependence of 2D Mott VRH transport. . . . . . . .. ... ...

Power law temperature dependence of CsSnBr3 device outside the 2D Mott
VRH regime. (a) and (b) data are from CsSnBrj3 device A. (c) and (d) data are
from CsSnBr3 device B. (a) and (c) At high temperatures (35 K to 15 K), the
CsSnBrj3 devices show thermally activated transport (NNH, and its charac-
teristic temperature dependence of resistance is In[R(T)] o T-!, converted
from Equation 5.7). (b) and (d) At low temperatures (15 K to 125 mK), the
devices show 2D Mott VRH transport as described in the main manuscript.
Below 125 mK we find that the device resistance saturates, a phenomenon
that is likely associated with thermal decoupling of the device from the cryo-
stat. The data is from CsSnBr3 sample A, and CsSnBr3 sample B shows

similar behavior. . . . . . . . ...

Checking of the temperature-dependence power law of CsSnBr3 devices out-
side the VRH-regime at low temperatures (15 K to 100 mK) (a), (b), (c) are
data from CsSnBr3 device A. (d), (e), (f) are data from CsSnBr3 device B. (a)
and (d) are for checking NNI-II (In[R(T)] T-1), (b) and (e) are for checking

E-S VRH (In[R(T)] « T 2), (c) and (f) are for checking 3D Mott VRH
1
(In[R(T)] < T 4 ). Note that data from both samples do not fit to NNH and

E-SVRHmodel. . . . . . . . . .

Magnetoresistance of two CsSnBrj3 epitaxial thin films at different low tem-
peratures. (a) data from CsSnBrj3 device A. (b) data from CsSnBr3 device B.
Both devices show giant negative magnetoresistance with no sign of satura-
tion. The applied magnetic field is normal to the CsSnBr3 film. The peak of
the magnetoresistance weakens as the temperature increases, indicating that
the length scale associated with phase-coherent hopping is reduced. Note that

at 7 = 0.5 K the ratio of % > 2 for both samples, which is significantly

exceeding Unity. . . . . . . . ... e e e e

Logarithm of the normalized magnetoresistance In [%] as a function of the
1
square root of the magnetic field B2 at different temperatures as indicated.

(a) Data from CsSnBr3 device A. (b) Data from CsSnBr3 device B. Inset:

-1
temperature-dependent hopping length r(7) as a functionof 7 3.. . . . . . .
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Figure 5.15:

Figure 6.1:

Figure 6.2:

Figure 6.3:

Figure A.1:

Figure A.2:

Figure A.3:

Qualitative picture of two modes of quantum coherent transport in 2D systems.
The gray dots represent impurities (sites of elastic scatterings). Three differ-
ent length scales, the phase coherence length [y, the temperature-dependent
hopping length r(T), and the localization length &, are indicated. (a): Model
of WL (WAL) in a conductor. Blue (red) arrows show clockwise (counter-
clockwise (time-reversed)) diffusive trajectories. The electron spin is only
considered in WAL. (b) NSS model based on 2D Mott VRH in an insulator.
A charge carrier tunnels from site 1 to an energetically favorable site 2. The
red path and the blue path represent two possible tunneling trajectories, which

contribute to the overall hopping amplitude from site 1to2. . . . . . ... ..

(b) Magnetoresistance of one CsSnl3 epitaxial thin film at 7 = 250 mK
showing WAL. (b) Measurement on another CsSnl3 epitaxial thin film at

T=10mKshowing WL. . . ... ... ... ... .. ... ... ... ...

(a) Photo of a MAPDI3 thin film in a four-terminal measurement. (b)
Schematic figure of a halide perovskite device with van der Pauw device

QEOMECHIY. . . . v v v et e e e e e e e e e

Schematic figure of a proposed “flip-chip” device. The top layer is a piezo-
electric material, where interdigitated transducers (IDTs) are fabricated onto
the bottom side. A surface acoustic wave (SAW) can be generated from either
pair of IDTs. The bottom layer is a halide perovskite thin film device with

four gold contacts. . . . . . . ...

Schematic representation of two BLG crystal structures, orange and blue
indicate top and bottom layers of MLG. (a) Twisted bi-layer graphene (tBLG):
Two graphene layers are rotated relative to each other by angle 6. (b) Bernal-
stacked bi-layer graphene (AB-BLG): Atoms A1(A2) and B1(B2) on the

top(bottom) layer are shown as empty and solid circles. . . . . ... ... ..

(a) Schematic of a high-quality graphene heterostructure fabricated using van
der Waals assembly technique, where the graphene (MLG, BLG, etc.) layer
is encapsulated by dual graphite and hexagonal boron nitride (hBN) crystals.
In the final device structure, the graphite crystals serve as top and bottom gate
electrodes with hBN as the gate dielectric. (b) Schematic drawing of the cross
section of an encapsulated tBLG device. D and D pg are the displacement
fields in top and bottom hBN layers. Notice that in general, the capacitance

Cr and Cp have different values. . . . . ... .. ... ... .. .......

The optical microscope photo of the tBLG device. The tBLG is beneath the
top graphite gate. The contact gate and multiple electrodes are also indicated

inthis figure. . . . . . . . L
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Figure A .4:

Figure A.S:

Figure A.6:

Figure A.7:

Figure A.8:

Figure A.9:

(a) Ry of the tBLG device as a function of V7 at 3 K, Vp is fixed at 0 V.
(b) Partial displacement field map of Ry, of tBLG device, the horizontal and
vertial axes shows V7 and V. The value of Ry, in the white regions in this

maparecloseto 0. . . . . . . ...

(a) Data from tBLG, Ry, is measured as a function of top gate voltage Vr
at different fixed bottom gate voltage Vp. (b) For comparison, data from

Ref. [73]isshownfor AB-BLG . . . . . . . .. ... ... ... .......

A map of oy, versus filling factor v and displacement field D. The data is
taken from a tBLG device at 7 = 13 mK and B = 13.2 T. The contact gate

voltage Veisat-4V. . . . . . . L

(a) Left: In an external magnetic field, electrons with differing spin are
separated by the Zeeman energy, resulting in an ensemble of two level systems.
Middle: When microwave photons match this Zeeman splitting, electrons in
the lower energy branch can absorb a photon and hop into the higher energy
branch, creating a resonance detectable in transport measurements. Right:
Similar resonances can also be induced when the photon energy matches
an energy gap associated with a different quantum number, such as valley
isospin K and K’ (b) Example of resistive detected ESR measurement on CVD
graphene. The data is from Ref. [8§1]. The measurement showed AR,y (which
is the difference in Ry, with microwaves on and off) for different microwave
frequencies at the CNP, with offsets to emphasize ESR peak shift due to a
g-factor equals to 2. The traces are offset to make the peak value in resistance
coincide with the microwave frequency at which the magnetoresistance curve

wasrecorded. . . . . . L L L

(a) Schematic of the measurement setup for performing low-frequency trans-
port in the presence of microwave radiation in a tBLG device. (b) Photo of the
tBLG device on a chip carrier with microwave antenna attached independently

ontheright. . . . . . . . ..

Quantum Hall (QH) measurements on the tBLG device with microwaves ap-
plied. The four QH plateaus disappear when high microwave power is applied,
which indicates the electron heating effect. (a) oy data with offset in unit of

% versus top gate voltage (—1.5 V < Vr < —0.1 V) with different microwave
powers applied. The measurement is performed at applied magnetic field
B = 5 T, microwave frequency f = 1 GHz, mixing chamber temperature
T =20 mK and contact gate voltage V. = —4 V. (b) Same o7, data as shown

in (a) without offsetat v =+2.. . . . . . . .. ... ... ... ...
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Figure A.10:

Figure A.11:

Figure C.1:

Figure C.2:

Landau fan diagram of the magnetoresistance Ry, as a function of Landau
filling factor v and magnetic field B. Data is measured from a tBLG device
at 7 = 13 mK. The contact gate voltage V. = —4 V. (a) Ryx without applying
microwave. (b) Ry, shows negative resistance features (in blue color) when
—20 dBm microwave is applied. These features followed with Landau filling

factors indicated in this figure. . . . . .. ...

(a)Measurement of R,y on tBLG device (Drag074) as a function of microwave
frequency and total charge carrier density nyo. Microwave frequency is from
8 GHz to 40 GHz in 2 GHz increments with power of -30 dBm. Measurement
is performed at 7 = 13 mK and B = —0.1 T. (b) ARy, measurement on a AB-
BLG device (BL002) as a function of microwave frequency and B. ARy =
Ry (microwave power=+15 dBm) — Ry, (microwave power=-30 dBm). Mi-
crowave frequency is from 6 GHz to 20 GHz in 2 GHz increments. Measure-

ment is performedat7 =13 mK. . . . . ... ... ... oL

(a) CP2800 Administrative Application Control Panel V3.0. We need to put
compressor hours and CPU series number (1422050143) in this panel to get
the instructions about unlock the compressor. (b) The front panel of a locked

compressor where the malfunctioned buttons are indicated. . . . . . ... ..

(a) Cryomech Virtual Panel (serial) V2.1, where the ComPort# is 3, Baud
Rate is 115200 and Slave Address is 16. The virtual buttons can be seen from

this panel. (b) A null modem cable and the adaptercable. . . . . .. ... ..
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CHAPTER 1

INTRODUCTION: TRANSPORT IN TWO-DIMENSIONAL ELECTRON SYSTEMS

1.1 Motivation of this Dissertation

The systematic study of electrons in low-dimensional systems and their collective behavior
is one of the most active and interesting topics in condensed matter physics. Two-dimensional
electron systems (2DESs), in which electrons are free to move in two spatial dimensions but tightly
confined in the third, have been realized in a wide variety of different high-quality materials.
Examples of these materials include gallium arsenide/aluminum gallium arsenide (GaAs/AlGaAs)
heterostructures [85], zinc oxide (ZnO/ZnMgO) heterostructures [63], metal-oxide-semiconductor
field-effect transistors (MOSFET) in silicon [100], graphene [35] and electrons floating on the
surface of liquid helium [2]. Numerous intriguing physical phenomena have been realized in
these 2DESs when a large magnetic field is applied to these systems at low temperatures. These
phenomena include quantum interference driven localization [37], quantum oscillations [26], as
well as various quantum Hall effects (QHE) [19]. Ultimately these phenomena and their classic
signatures in electrical and magnetotransport experiments are keys to understanding the underlying
quantum-mechanical behavior of electrons confined to these low-dimensional systems.

Halide perovskites, which have emerged over the past decade as a fundamentally intriguing class
of semiconductors, with a wide variety of potential applications, offer a new material platform
for the study of 2DESs. However most work to-date has been performed with bulk crystals or
polycrystalline thin film halide perovskite samples. Extending these studies to the low-temperature
quantum properties of halide perovskite 2DESs has been limited by the ability to grow high
quality thin films. Additionally, as we know from the case of graphene, which consists of a
single layer of carbon atoms that come from exfoliating graphite, “high-quality" two-dimensional
layers often show exotic physics different from their parent materials. To overcome the limitation of

material imperfections such as grain boundaries and ionic defects common in conventional solution-



processed polycrystalline halide perovskites, single-crystal epitaxial growth of halide perovskites
has been recently introduced [130, 129] and opens the door to investigate 2DES in this material
class for the first time.

This dissertation focuses on low-temperature and high-magnetic field electrical transport mea-
surements on these new types of epitaxial halide perovskite devices. The measurements reveal
clear signatures of quantum coherent charge carrier transport in these materials at low temperature,
and open the door to future quantum experiments and devices based on epitaxial halide perovskite

and their potential as next generation 2DES materials.

1.2 Organization of this Dissertation

Chapter 1 (this chapter) gives a brief road map of the fundamental physical concepts associated
with quantum transport and serves to provide motivation for the work described in the following
chapters. This chapter describes the most striking phenomena observed in our halide perovskite
devices, namely the coherent diffusive and hopping transport of charge carriers in these materials.
Additionally this chapter will introduce the integer quantum Hall effect (IQHE) and the fractional
quantum Hall effect (FQHE), which serve to motivate possible future 2DES physics that may one
day be investigated in halide perovskite as material quality continues to improve.

Chapter 2 focuses on the epitaxial growth, crystal structure and air-sensitive nature of epitaxial
single-crystal halide perovskites thin film devices used in our experiments. Additionally, various
characterization methods for the thin film samples will be described.

Chapter 3 describes the measurement setup and experimental techniques used to perform
low-temperature magnetotransport measurements on the thin film devices. These include low-
frequency lock-in-based AC transport measurements, halide perovskite device wire-up and how
to keep halide perovskite devices from structurally degrading in air under ambient conditions. A
general introduction to dilution refrigeration, needed to achieve milli-Kelvin (mK) temperatures,
as well as the operation of a superconducting high-field magnet will also be presented.

Chapter 4 details results demonstrating quantum interference and quantum diffusive transport



of charges in quasi-2D halide perovskites. Specifically, a comprehensive discussion of weak
localization (WL) and weak anti-localization (WAL) will be given in this chapter to explain the
quantum coherent transport observed in thin film epitaxial single-crystal cesium tin iodide (CsSnl3)
devices. Much of this chapter is based on the results presented in the following paper, Extraordinary
phase coherence length in epitaxial halide perovskites, iScience, 24, 102912 (2021) [94].

Chapter 5 focuses on results of coherent transport in another halide perovskite compound.
In particular this chapter will discuss variable range hopping (VRH) transport and the Nguyen-
Spivak-Shkovskii (NSS) model to explain the observed giant negative magnetoresistance in thin
film epitaxial single-crystal cesium tin bromide (CsSnBr3) devices. Much of this chapter will cover
the results presented in the following article, Coherent Hopping Transport and Giant Negative
Magnetoresistance in Epitaxial CsSnBr3, ACS Applied Electronic Materials, 3, 2948 (2021) [135].

Finally, Chapter 6 will summarize the main results of this thesis work and emphasize their
context in the landscape of quantum coherent transport measurements on 2DESs. Additionally,

several potential future directions of research on epitaxial halide perovskites will be provided.

1.3 Fundamental Concepts

This section reviews some fundamental concepts associated with low-dimensional semicon-
ductors and electrical transport in the presence of a magnetic field. Understanding these concepts
and the related physics will be key for providing context for our present and future experiments
with halide perovskites. Moreover, knowledge of these concepts will also lay the ground work for

understanding the low-dimensional systems based on halide perovskites in this dissertation.

1.3.1 Band Structure and Doping

In this subsection, we will briefly describe the electronic band structure of solids and doping of
semiconductors, and then focus on some properties unique to 2D semiconductors. This is motivated
by the fact that the epitaxial single-crystal halide perovskite thin films we work with are intrinsic

semiconductors that can be doped with charge carriers to reveal a variety of transport phenomena.



Going beyond this brief introduction, a more detailed discussion of the physics of semiconductors
can be found in Refs. [19, 59].

We will first start with one of the most important concepts in semiconductors, which is Fermi
level, denoted as p. This quantity describes the top of the collection of electron energy levels in a
solid. Because the Pauli exclusion principle for fermions restricts the occupation number of a state
to be either zero or one, then the average occupation for a state with energy E is governed by the

Fermi-Dirac distribution function f(E), which is given by [59]:

1

f(E) = (1.1)

1 +exp (%)

where kp is the Boltzmann constant and 7 is the temperature.

In the band theory of solids, the conductor, semiconductor, and insulator are often distinguished
from each other by plotting the available, or unavailable, energy bands for electrons in these
materials [59]. These energy bands are separated by gaps in energy for which no wave-like electron
orbitals exist. Such forbidden regions are referred to as band gaps. At 7 = 0 K in a semiconductor
(or an insulator), the Fermi level resides in such a band gap (see Figure 1.1 (a)). The difference
between a semiconductor, an insulator, and a metal is that a semiconductor has a relatively small
band gap compared with an insulator, whereas a metal has no band gap at all.

In an undoped semiconductor at absolute zero, the band below the band gap (and Fermi level)
is called the valence band, and all the states in this band are filled with charge carriers, and the
top of the valence band is denoted E, in Figure 1.1 (a). The band of electron states above band
gap is called the conduction band and, in the absence of charge doping, it is completely vacant.
The bottom of the conduction band will be denoted E. and therefore the magnitude of band gap is
Eg =E.-E, [59].

Of particular interest to our work with halide perovskites is the behavior of the semiconductor,
because in their pure form these materials are intrinsic (or undoped) semiconductors. The elec-
trical properties of an intrinsic semiconductor can be greatly modified with the incorporation of

impurities or vacancies into their crystal structure via a process called doping, which is used to
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Figure 1.1: (a) Schematic band structures of a metal, semiconductor, and insulator in the absence
of doping. (b) Band structure of n-type semiconductor. (c) Band structure of p-type
semiconductor. E., Ey, u, E; and E, are the bottom of the conduction band, the top of the
valence band, the Fermi level, the energy level of the donor dopants E; and the energy level of the
acceptor dopants E, respectively.

change the concentration of free charge carriers in the system. Adding, either intentionally or not,
different types of dopants can produce different effects on the electrical behavior of semiconductors.
Specifically, so-called “donor” impurities or dopants are elements which give additional electrons
to the material. In this case, electrical current carriers are negatively charged and the semiconductor
is called an n-type semiconductor (see Figure 1.1 (b)). Common examples of the donor dopants in
the semiconductor silicon are phosphorus, arsenic, antimony, and lithium. A second class of dopant
acts as an “acceptor’” and removes electrons from the material. Semiconductors with acceptors

as dopants are called p-type and charge carriers in these materials are positively charged holes



(see Figure 1.1 (c)). The common examples of acceptor dopants in silicon are boron, aluminum,
gallium, and indium. A schematic figure of the band structures of doped semiconductors is shown
in Figure 1.1 (b) and (c), which show that in n-type materials there are electron energy levels of
the donor dopants E; near the top of the band gap that can be relatively easily excited into the
conduction band, for example, by thermal energy or light [19]. In a p-type material on the other
hand, excess “holes” can be excited into the valence band (from the energy level of the acceptor
dopants E,) to create mobile positive charge carriers in the material [19].

The properties of semiconductors are also strongly affected by their dimensionality and because
the halide perovskite materials we will be discussing in this dissertation are thin films we will now
introduce some relevant properties of two-dimensional (2D) semiconductors. We will begin by
describing the density of states (DOS) g,p (E) of the 2D semiconductor, which we will model as
an infinite quantum well in the direction normal to the 2D plane. In this model the DOS is given

by [111]:

m*

7 (1.2)

gp(E) =

where m* is the electron effective mass and 7 is the reduced Planck’s constant. Equation 1.2
shows that the DOS in 2D is independent of the energy. Additionally, the Fermi level y in a 2D
semiconductor can be controlled by varying the areal charge carrier density (e.g. via doping or
electrostatic gating). In particular, the density dependence of the Fermi level is given by [111]:

Wrn

uim =" (1.3)

where n is the 2D charge carrier density. As we will see, these quantities will be of relevance
when discussing the QHE in Subsection 2.2.3 as well as for understanding the role of charge carrier

doping in our halide perovskite semiconducting samples.

1.3.2 Conductivity and Resistivity in Two Dimensions

Before discussing the quantum mechanical transport behavior of 2DESs in a magnetic field, it

is important to briefly discuss the classical current flow in a 2DES. According to the Drude



model![23], in classical magnetotransport, Ohm’s law is:
j=0E, (1.4)

where the electrical conductivity 6- in Ohm’s law is a tensor in the most general case, f and E are
current density and electric field. In a 2D system in the xy-plane with a magnetic field B along the

z-axis, the conductivity tensor 6 of the system is [19]:

a O—xx o-xy _ 0‘0 1 CL)BT (1 5)
7= 1+ Wit . '
_O-xy O-xx B _a)BT 1

nez‘r
m*

In Equation 1.5, oy =

is the DC Drude conductivity in the absence of the magnetic field,
wp = ;—B; is the classical cyclotron frequency, n is the number of charge carriers per unit area, 7 is
their average scattering relaxation time and e is the elementary charge. The resistivity tensor is the

inverse of the conductivity tensor, so it can be written as:

pool= pxx Pxy| 1 I wpt ' (16)

~pxy pxx| T0\-wpr 1
In Equation 1.5 and 1.6, oxx and oy are respectively, the longitudinal and transverse (or Hall)
conductivities. Similarly, pxy and pyy are referred to as longitudinal and transverse (or Hall)
resistivities. To obtain all of these tensor components from measurements, 2DES samples are often

fabricated in a Hall bar geometry (see Figure 1.2). The resistivity components pxx and pxy can be

derived from measured values of the longitudinal and transverse voltages Vyx and Vyy:

W\ V v
e = [T 5 R =2 1)
%
Pxy = ny = %’ (1.8)

where Ry and Ry, are the longitudinal and transverse (Hall) resistances, and L and W are the

length and width of the sample, and [ is the current that flows through the sample. As can be seen

IFor a detailed description of the Drude model and its limitations, see Section 4.2



from the expressions above, in two dimensions, the resistance R and resistivity p both have units
of Q. The tensor components of the conductivity can then be derived from the resistivities as:

Pxx . Pxy

S5 Oxy= —5—5» (1.9)
Phy + O3y Piy + P2y

Oxx =

where o and oy have units of 1/Q.

Figure 1.2: A 2D device in a Hall bar geometry of length L and width W. The applied external
magnetic field B is normal to sample surface (grey area). Vyyx and Vyy are the longitudinal and
transverse (or Hall) voltages which develop when a current / is passed through the sample
between contacts (gold areas). I is the current that passes through the device.

1.4 Quantum Effects in Two-Dimensional Electron Systems (2DESs)

In high-quality 2DESs, as the amount of disorder and impurities is reduced, a wide variety
of quantum coherent and electron-electron interaction induced effects begin to reveal themselves.
Below we have listed some of these that we have observed in our halide perovskite thin film devices

as well as some that we hope to observe in the future as material quality continues to improve.

1.4.1 Coherent Transport in the Quantum Diffusive Regime

In a 2D system with a relatively high level of disorder, electrons (or holes) move semi-classically and

the system is in the quantum diffusive transport regime. In this regime the phase coherence length



of the electron wavefunction is greater than the mean free path of the electron between elastic
scattering events. The electrons travel and collide elastically with randomly located impurities
within the crystal and due to the quantum mechanical nature of phase coherence, the probability
of the electron which returns to its origin essentially gets double-counted in a phenomenon known
as weak localization (WL) [10]. If spin-orbit coupling is present in the system, the interference is
destructive in nature and leads to a phenomenon referred to as weak anti-localization (WAL). The
physics of these quantum coherent localization effects will be discussed in more detail in Chapter

4 where we will present results demonstrating WAL in epitaxial single-crystal CsSnl3 thin films.

1.4.2 Coherent Hopping Transport

By decreasing the overall charge carrier concentration one can transition from 2D quantum diffusive
transport to a regime in which electrons move via quantum mechanical tunneling between otherwise
disconnected and localized impurity states. This type of transport is typically referred to as
“hopping” transport. When electron-electron interactions can be ignored systems in this regime of
transport show so-called 2D Mott variable range hopping (VRH) where the electron is transported by
phonon-assisted hopping (tunneling) between localized states. When the electron’s phase coherence
length is comparable with the hopping length, coherent hopping transport along different hopping
trajectories can be revealed in the form of a large negative magnetoresistance. The physics of this
type of coherent hopping transport will be discussed in more detail in Chapter 5 where we will
present results demonstrating clear signatures of its presence in epitaxial single-crystal CsSnBrj

thin films.

1.4.3 Integer Quantum Hall Effect

As material quality and device control continues to improve, additional phenomena can be expected
at low temperatures and high magnetic fields. Among these phenomena the Integer Quantum Hall
Effect IQHE) draws our attention because the IQHE was one of the initial drivers of our interest

in researching 2DES based on epitaxial single-crystal halide perovskites thin films. While the



appearance of quantum oscillations and the formation of Landau levels has yet to be observed in
the these materials it remains and interesting prospect for future research. In this section, we will
give an introduction to the IQHE and how it can be realized in system with sufficiently low disorder

level.

1.4.3.1 Landau Quantization

In the following, we will discuss Landau quantization, which is the quantization of the energy and
cyclotron orbits of charge carriers in high-quality 2DES at low temperatures and when the system is
subjected to a large external magnetic field. Landau quantization is the key to explain the observed
quantized Hall resistance in the IQHE.

If we do not consider the spin of the charge carrier, the Hamiltonian of a single electron confined

to 2D in a perpendicular magnetic field is:

., A=Byz, (1.10)

where A is the vector potential in the Landau gauge [66], and the magnetic field B = V x A. If we

choose an in-plane momentum state k, we can construct the electron wavefunction as:

U (x,y) = exp(ikxx)Y (y). (1.11)

If we apply Equation 1.11 and Equation 1.10 to the Schrodinger equation Hy = Eyr, we obtain:

1

Y=FLY. (1.12)
2m

d2 Tk, \2
2L e[y e
a2 (eB) (y eB)

Equation 1.12 represents the Schrodinger equation for a one-dimensional harmonic oscillator having

a frequency w. and center yg = %. The DOS of the electron system collapses from a constant
versus energy (see Equation 1.2) to a series of Dirac d-functions corresponding to Landau levels.

The eigenenergies of these Landau levels are [66]:

1
En:hwc(n+§), n=1,2,3---. (1.13)
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The frequency of the orbital motion w, is the cyclotron frequency:

We = —, (1.14)
m

and the center y( is related to the magnetic length /g (see Equation 1.15), which is the characteristic

length scale associated with the electron in this model.

hkx 2
y():E:kxlB, Ip=+l—7% - (1.15)

1.4.3.2 Localized States and Extended States

In the previous subsection we did not take into account the effect of disorder on the formation
of Landau levels or on the 2DES in general. However, as we will see throughout this thesis,
disorder is present, to one extent or another, in all of the real physical systems used to realize
2DESs. We will start with a discussion of “localized” states because disorder can lead to spatial
fluctuations in the electron density and the formation of a spatially varying potential landscape
throughout the area of the 2DES. The localized states, which were originally introduced by Philip
W. Anderson [1] are states whose wave functions are mostly located in a confined region of space
that is produced by a short-range potential. Outside of this region, the envelope of the wave function
decays exponentially, and adjacent localized states are not overlapping with each other. In contrast,
“extended” states are states in which charge carriers may be found anywhere within a relatively
large region in a material and the charge carrier wavefunctions are largely delocalized.

In a real 2DES material system one will typically have a coexistence of localized and extended
states whose spatial distribution is determined by the disorder potential. The general idea is if we
apply magnetic field to spin-less 2DES, the continuum of states that exists in zero field quantizes
into Landau levels. In the presence of disorder, these Landau levels are broadened and they can be
divided into two categories. The states close to the center of the Landau levels are extended states,
and they can carry electrical current macroscopically across the 2DES. The states that are on the

tails of the Landau levels are localized states (see Figure 1.3). These localized states do not carry
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Energy

Extended states

Density of states

Figure 1.3: The disorder broadened DOS of a 2DES in a strong magnetic field. The extended
states are depicted in red at the center of the Landau levels which can carry current, and the
localized states are shown in gray which cannot carry current.

current across the sample at zero temperature and correspond to electrons that are spatially trapped

due to the underlying disorder potential.

1.4.3.3 Edge States and the Integer Quantum Hall Effect

In this section, we will discuss how the formation of Landau levels can be observed in the IQHE,
and the role of localized states (produced by disorder) on this effect. The discussion of the IQHE
in this section is based on measurements from a gallium arsenide/aluminum gallium arsenide
(GaAs/AlGaAs) heterostructure and a bi-layer graphene (BLG) device 2.

Integer Quantum Hall Effect (IQHE) is a “single electron” phenomenon, i.e. electron-electron
interactions do not, in principle, play a role. As discussed previously, when the externally applied
magnetic field is normal to the plane of the 2DES, the DOS of the 2DES becomes quantized.

Semi-classically one can think of the electrons in the 2DES as moving in circles around the field

2The GaAs/AlGaAs heterostructure and BLG device data presented here are from early experi-
ments in this Ph.D. to characterize the experimental system and techniques as well as experiments
investigating the role of high-frequency and microwave absorption in BLG. A more detailed de-
scription of the experiments on BLG are presented in Appendix A.
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direction. Close to the edge of the sample, the electrons collide with the boundary (see Figure 1.4).
The confinement provided by the edge of the 2DES in the y-direction (here the y-direction is normal
to the current flow which is along the x-direction, as shown in 1.4) can be treated as a hard wall
potential V(y). If we present the Landau levels as a function of the y-position across the sample as
shown in Figure 1.5, the potential V() raises the energy of the Landau level steeply at the 2DES’s
edge since the electrons cannot leave the sample. The Landau level energy near the edge will be
E, = howe (n + %) + V(y). Depending on the density of electrons and the magnetic field, some
Landau levels will cross the Fermi energy leading to current carrying edge channels. The bulk of
the 2DES, in contrast, will be an insulator because all the states in the interior band are filled and

the Fermi level is in a gap between well separated Landau levels.

Figure 1.4: Semi-classical illustration of the IQHE edge states in a 2DES. The applied magnetic
field B is normal to 2DES. At each edge, two current carrying edge channels (red lines) originate
from the crossing of the Fermi level and two Landau levels as shown in Figure 1.5.

Furthermore, these edge states carry current in a chiral fashion. If we inspect the direction of
the electron flow shown in Figure 1.4, the motion of each electron is counterclockwise as dictated
by the field. When an electron hits the edge of the sample, it produces a skipping motion in which
it moves along the edge in only a single direction. These skipping trajectories are the edge channels
described above. The number of edge channels is determined by the number of crossings between
the Landau levels and Fermi level at each edge (see Figure 1.5). The bulk of the 2DES is an

insulator as the electrons in it will perform cyclotron motion without in a particular direction along
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the sample. Additionally, the electrons have opposite direction on the two edges of the sample
because they have the same chirality. This ensures the net current through the system is zero when

no external electric field applied.

Energy

r

Fermi energy

] l
Left edge Right edge

» y distance

Figure 1.5: Illustration of Landau level energy versus distance in y-direction of the sample. The
energy of the Landau levels rises due to the confinement at the edges of the sample. Red circles
indicate the crossings between the Fermi level and the Landau levels, which produces current
carrying chiral edge states (two edge states are present in this example).

The formation of Landau levels and edge states in the 2DES leads to the IQHE and a quantized
value of the Hall resistance. In Figure 1.6 (a), we present data of the longitudinal resistance Ry
and Hall resistance Ryy of a GaAs/AlGaAs 2DES as a function of the applied magnetic field at

T = 12 mK. In this figure, Ry takes on quantized values:

h (1
ny:_z(_), ol a243 . (1.16)
e 4

The Landau level filling factor v counts the number of conducting edge states and it has been
measured to be integer values with extraordinary accuracy (one part in 10°) [61, 122]. The
quantity e% is called the quantum of resistance, and it is now used as the metrological standard of
resistance [61]. The centers of the plateaus in Ry occur at the following values of the magnetic
field:

B:E(ﬁ) - "o,, (1.17)
v i\e 4

=

where n the electron density and @ = = is the flux quantum. We also observe the dissipationless

e

transport of electricity by the edge states in the system when Ryy = 0 and Ry, indicates integer
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Landau level filling. As shown in Figure 1.6 (a), there is a marked increase of Ry, as the magnetic
field moves a Landau level through the Fermi level as shown in Figure 1.6 (b) and (c). When
Ryy corresponds to a quantized plateau, electrons prefer to travel along closed equipotential lines
that enclose small potential valleys produced by disorder corresponding to localized states in the
bulk of the 2DES. These bulk regions are not connected to the edge and do not contribute to the
measured current. Consequently, Ry remains zero and Ry, remains unchanged despite the change
of the magnetic field B. If we keep decreasing the magnetic field to the region labeled A shown in
Figure 1.6 (b), the size of potential valley increases as the Fermi level y enters an extended state
(see Figure 1.6 (b)). At some point, a potential valley connects both edges of the 2DES, as shown
in Figure 1.6 (d), and an electron injected from the left may travel across the sample along an edge
state [36]. Due to the chirality of the transport, the electron will backscatter to the left contact,
causing an increase in the longitudinal resistance. Meanwhile, the Hall resistance Ry, will no
longer be quantized but “jump” to the next (lower) plateau, a situation called a plateau transition.
An additional example of the IQHE is presented in Figure 1.7 (a) for the case of bi-layer
graphene (BLG) (see Appendix A). In this figure, we plot the longitudinal conductivity oy, and
the Hall conductivity oy (in units of e%) as a function of gate voltage V7 at a fixed magnetic field
of B = 13.2 T. Two integer plateaus v = —1 and v = —2 can be observed by controlling V7, which
is equivalent to controlling the overall electron density n in the 2DES (see Equation 1.17), which

is equivalent to controlling the Fermi level u (see Equation 1.3).

1.4.4 Fractional Quantum Hall Effect and Composite Fermions

As the material quality reaches its highest level, with the least amount of defects and impurities,
the potentials introduced by disorder no longer dominate the behavior of electrons in the 2DES and
one can hope to observe the collective phenomena induced by Coulomb interactions between the
charge carriers in the 2D system. One of these phenomena, which we will discuss in the following,
is the fractional quantum Hall effect (FQHE), which in certain situations can be explained by the

formation of quasi-particles called composite fermions (CFs).
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Figure 1.6: (a) IQHE data from a GaAs/AlGaAs heterostructure at 7 = 12 mK. Each plateau
(indicated by Landau filling factors) in the Hall resistance Ry is accompanied by a vanishing

longitudinal resistance Ry (blue). The values of Ryy (red) in this figure are in units of ﬁ, where
e

% ~ 25812 Q. (b) and (c) DOS diagram corresponding to regions A and B in panel (a) of this

ﬁgure. (d) The direction of electron flow in the 2DES.

Our discussion of the FQHE will be presented in the context of our early measurements on
high-quality BLG devices (for additional details see Appendix A). The IQHE discussed in the
previous subsection can be used to explain the origin of integer plateaus such as those shown at
v = —1, -2 in Figure 1.7 (a). However, the features near Vr = —0.4 V (see 1.7 (b)) cannot be easily
understood in the context of the IQHE. In Figure 1.7 (b) we see small plateaus at fractional values
of v(ie. v = —%, —%, —%, —% and so on) centered around v = —%. All of the features are examples
of the FQHE, which was first observed in GaAs heterostructure by Stormer and Tsui [124] and
theoretically explained by Laughlin [70]. As discussed previously, the IQHE can be understood

by considering free electrons. In contrast, to explain the FQHE, one need to take interactions

between electrons into account. This makes the problem much more challenging but also much
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Figure 1.7: IQHE and FQHE data of tBLG device. Both oy and oy data are in % units (see
Equation 1.9). The data is taken when the device temperature is at 13 mK. The contact gate
voltage V. = —4V reduces the contact resistance. Bottom gate voltage Vg = 0V. (a)

=2V < Vr < -0.25V, the IQHE is observed. (b) Same data trace as in (a) but zoomed in at
—0.6V < Vr < -0.2V, where the FQHE is observed.

more intriguing.

A |
e A A

Electrons in B field ‘ Attachment of flux quanta - Composite Fermions

Figure 1.8: Transformation of electrons in a magnetic field into CFs in an effective field [123].

The fractional filling factors in the FQHE can be explained using the composite fermion (CF)
model, developed by Jainendra Jain [51]. The premise of this model is the concept of the CF,
in which electrons combine with flux quanta to create quasiparticles. The FQHE can largely be
understood as the IQHE of CFs. Figure 1.8 is a set of schematic diagrams to show conceptually
how CFs are formed. In a 2DES subject to an external magnetic field, as the field moves the Fermi
level below the lowest Landau level v = 1, each electron (blue dot) will “absorb” two flux quanta
(up arrows) and form a CF (red dot). Due to the flux attachment, the effective magnetic field

experienced by each CF is reduced to one flux quanta, which corresponds to a effective magnetic
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field % of the original value. In this case the filling factor for the electron is v = % or v* =1 for the
CF [122]:

v

mlv¥|+1°

lv| = (1.18)

where m here is an even number and v* is the integer filling factor for CFs and v is the filling factor
for electrons. The plus (minus) sign in Equation 1.18 shows the integer Hall sequence sitting to
the right (left) side of |v| = % This equation fits the data we observed in Figure 1.7 (b). The CF
model is also in good agreement with the numerical studies made by Laughlin [70] and it provides
a useful, and unified way, to model different classes of quantum Hall states.

As we will discuss in Chapter 6, as the quality of the halide perovskite 2DESs continues to
improve, we can hope to ultimately reveal signatures of the IQHE and FQHE in this new class of

quantum electronic materials.

18



CHAPTER 2

EPITAXITAL SINGLE-CRYSTAL HALIDE PEROVSKITES: A NOVEL PLATFORM FOR
QUANTUM PHYSICS

2.1 Introduction

In the past 10 years, hybrid organic-inorganic halide perovskites have attracted immense atten-
tion as an exceptional new class of semiconductors for solar harvesting [62], light emission [48],
quantum dots [106] and thin film electronics [21]. Although efficiencies of solar cells based on
hybrid organic-inorganic perovskites have exceeded 22%, the toxicity of lead devices and lead
manufacturing, in addition to the instability of organic components, have been the two key barriers
to their wide application [7, 38]. In recent years, tin-based inorganic halide perovskites CsSnX3
(where X=I, Br, Cl) have been considered promising materials to replace the hybrid organic-
inorganic halide perovskites, since tin is nearly one thousand times less toxic than lead, plus CsX
has similar toxicity to NaCl and KCI. These materials are semiconductors when undoped as shown
in Table 2.1 for CsSnl3, [40], CsSnBr3 and [101] CsSnCls3. In fact, CsSnX3 has been used recently
for lasers [129] and light-emitting diodes [53], given its high-quality and flexible crystal structure.
However, we also note that the photovoltaic and electronic applications of typical solution-grown
CsSnX3 have been less encouraging and demonstrated relatively low efficiency [15]. The limited
applications of these materials is partially be due to the relatively low material quality caused by
the presence of structural defects. Even though progress has been made using inorganic halide
perovskites, which are considered as “defect-tolerant” when grown from solution, there is still a
need to transition these materials from polycrystalline layers to epitaxial single-crystal layers for
improved device quality and performance.

These material improvement also open the door to the possibility to study delicate and emergent
quantum many-electron phenomena, such as those described in the previous chapter, in epitaxial

halide perovskite devices. In fact, perovskite films have previously been shown to exhibit various
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quantum phenomena at low temperatures, such as superconductivity [107] and ferroelectricity [17].
These observations indicate the potential of these materials to host other quantum coherent transport
phenomena if the devices are made of sufficiently disorder-free materials. The group lead by our
collaborator Professor Richard Lunt, here at MSU in the Department of Chemical Engineering and
Materials Science, is actively working on making single-crystalline thin film devices with enhanced
performance and quality. In particular one avenue of their research is to reduce the defect levels
in halide perovskites to enhance inorganic perovskite properties for electronic applications. More-
over, the heteroepitaxy of these perovskite films allows for devices with precise film thicknesses,
controllable structure, phase and orientation, integration into quantum wells, and opens the door to
more complicated quantum devices such as nanowires. Professor Lunt’s group has demonstrated
the ability to precisely grow epitaxial single-crystal halide perovskite thin films using a vapor
phase epitaxial growth method [127], which opens the door to new materials for low-dimensional
quantum electronic devices. To explore this research direction we have performed low-temperature
magnetotransport measurements using devices made from these epitaxial single-crystal halide per-
ovskite thin films. Before discussing the low-temperature quantum coherent transport phenomena
we have observed in epitaxial single-crystal halide perovskites thin films in Chapters 4 and 5,
this chapter focuses on introducing the essential physical and electrical properties of this class of

semiconducting materials.

2.2 Epitaxial Single-Crystal Halide Perovskites Thin Films

High-quality epitaxial thin film growth of halide perovskites, as well as halide perovskite
quantum wells has recently been studied in [130, 129, 127, 126]. “Epitaxial” growth of one
crystalline material on another is a type of growth in which the crystal being grown mimics the
orientation of the substrate, i.e. the two crystals attempt “lattice-matching”. More specifically, the
vapor phase epitaxy [14] of the CsSnl;3 and CsSnBrj thin film devices studied in this dissertation was
achieved on lattice-matched metal halide crystals with a congruent ionic bonding technique. Vapor

phase epitaxy is a physical vapor deposition process where multiple source materials are heated in
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baffled tungsten boats producing a high vapor pressure stream in a thermal evaporator. Then, the
evaporated materials traverse a vacuum chamber and coat a single-crystal halide substrate. This
epitaxial growth is monitored in situ using a Reflection High-Energy Electron Diffraction (RHEED)
system to study the evolution of surface structures and to confirm a desired growth result. The
resulting CsSnl3 and CsSnBrj thin films have similar crystal structures as their substrates [127].
More detailed discussion about the vapor phase epitaxy of our halide perovskites thin film devices
can be found in the following dissertation [14].

In this section, several important aspects of the epitaxial single-crystal halide perovskites thin
films grown by Professor Lunt’s group are discussed. These include the procedures for thin film
growth, the crystal structures of the materials, which can be analyzed via x-ray scattering and
transmission electron microscopy (TEM). These characterizations demonstrate the high quality of
the epitaxial single-crystal thin film device produced, which were then used in studying quantum

coherent transport phenomena at low-temperature and high magnetic field.

2.2.1 Crystal Growth and Crystal Structures

In this subsection, we will briefly describe some of the most important steps used by our collaborator
in growing epitaxial layers of single-crystal CsSnl3 and CsSnBr3 used in this dissertation, as well

as the crystal structures of the thin films.
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(a) (b) PERES KCl [110]

Epitaxial single-crystal CsSnl;

Figure 2.1: (a) Crystal structure of epitaxial CsSnl3 on a single-crystal potassium chloride (KCI)
substrate (cyan is Cs, gray is Sn, red is I, green is K, blue is CI) [39]. (b) RHEED pattern of the
KCl substrate (top panels) and CsSnl3 thin film showing well-defined crystalline streaks in both
the KClI and epitaxially grown CsSnlj3.

Epitaxial single-crystal CsSnls thin films: The epitaxial CsSnl3 crystalline film samples
were grown in a custom Angstrom Engineering thermal evaporator by co-evaporation from two
tungsten boats containing precursor materials (CsI and Snl,, in a ratio of 1:1), with each source
having an independently calibrated quartz-crystal-microbalance rate monitor and source shutter.
A 50 nm thick CsSnlj3 film was deposited stoichiometrically at a rate of 0.007 nm/s on a cleaved
[100] surface of a potassium chloride (KCI) single-crystal substrate. The growth was performed at
pressures less than some 3 X 1070 Torr and a temperature of 22°C. Crystal analysis was performed
using in situ real-time RHEED [49] to determine structure and film quality (see Figure 2.1). The
RHEED scans were performed at 30.0 kV and an emission current of less than 50 nA to reduce
damage and charging on the perovskite film during growth. With these measurement conditions, no
damage was observed over typical deposition times of up to 1-2 hr. Gold contacts (50 nm thick) for
the electrical transport measurements were deposited on the perovskite layers using electron-beam
evaporation at a rate of 0.02 nm/s through a mechanical shadow mask located in the same deposition
chamber, with the same temperature and base pressure.

The resulting CsSnl3 epitaxial film is pseudomorphic to the KCI substrate as shown in Figure 2.1
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Table 2.1: Crystallographic data of various phases of CsSnl3. Modified from [126] and [39].
Simulated bandgaps were calculated in Materials Studio 7.0 using the CASTEP module with the
B3LYP functional. At room temperature, only the orthorhombic and epi-tetragonal phases have
been observed for CsSnl3, along with a large bandgap orthorhombic phase (not included).

Phase Cubic Tetragonal Orthorhombic Epi-tetragonal
(High 7) (High 7) (Room 7) (Room 7, this work)
Crystal Structure
" 0090 G
8 Cs q
T
€@ ©09
Lattice Parameters 20,6206 a=b=0.8718, Zz?iggz’ a=b=0.622+0.007,
(nm) c=0.6191 =0.8638 ¢=0.612+0.002
Experimental
Bandgap (¢V) 1.31 1.85
Simulated Bandgap ;¢ 0.41 1.40 2.07
(eV)

(a). This is confirmed by rotation-dependent RHEED patterns (Figure 2.1 (b)), since the crystalline
streaks in CsSnlj3 greatly resembles those of single-crystal KCI. Moreover, the streaky patterns
observed are indicative of smooth growth compared with spotty patterns seen in rougher films
(which will be discussed further in Subsection 2.2.3). The crystal structure of our epitaxial CsSnl3
thin film at room temperature is similar to the high temperature cubic phase but tetragonally
distorted to epitaxial tetragonal (epi-tetragronal) phase due to the in-plane tensile strain produced
by the lattice mismatch. The lattice mismatch between the epi-tetragronal phase of our CsSnlj
and face-centered-cubic (FCC) of KCI substrate is 2% [126]. The RHEED data (Figure 2.1 (b))
also show a clear change in the symmetry from FCC substrate to a primitive perovskite cell by the
emergence of (01) streaks between the (02) streaks of the substrate. More information about the
epi-tetragonal phase (and other phases) of CsSnl3 used in this work is shown in Table 2.1. Epi-
tetragronal CsSnlj3 is a direct band gap semiconductor when it is undoped, with an experimentally
determined bandgap of 1.85 eV, and its calculated band structure is shown in Figure 2.2.

Epitaxial single-crystal CsSnBrj thin films: For epitaxial single-crystal CsSnBr3 thin film
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Figure 2.2: Calculated electronic band structures of CsSnlz. Calculated band structures for the (a)
orthorhombic and (b) epi-tetragonal phases of CsSnl3. The data were calculated in Materials
Studio 7.0 using the B3LYP DFT functional in the CASTEP module.

(a) ()B Nacl [100] NaCl [110]

Epitaxial single-crystal CsSnBr;
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Qcl AN

Figure 2.3: (a) Crystal structure of CsSnBr3 on NaCl (cyan is Cs, gray is Sn, dark purple is Br,
green is Na, purple is Cl). (b) RHEED pattern of the NaCl substrate (top panels) and CsSnBrj
thin film showing crystalline streaks in both the NaCl and epitaxially grown CsSnBr3 that vary as
expected with rotation.

samples, a 20 nm thick epitaxial film of CsSnBr3y was deposited stoichiometrically on a cleaved
[100] surface of a sodium chloride (NaCl) single-crystal substrate. The growth of the epitaxial
layer was performed at pressures less than 3 X 1070 Torr and a temperature of 22°C. The schematic

structure of the epilayer and in situ real-time RHEED of the grown epilayer are shown in Figure 2.3
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(b), and the crystal structure of the thin film is shown in Figure 2.3 (a). The CsSnBrj3 epitaxial
film is also pseudomorphic to the substrate (NaCl) as we have seen from CsSnly (KCl). The
additional (01) streaks (see Figure 2.3 (b)) emerge for CsSnBr3 due to the primitive cell versus
the face-centered cubic cell of the substrate. The lattice mismatch between the cubic phase of our
CsSnBr3 to NaCl substrate is 2.8% [127]. In addition, the undoped cubic phase of CsSnBr3 at
room-temperature is a also a direct band gap semiconductor with a experimentally determined band

gap of 1.75 eV [40].

2.2.2 Transmission Electron Microscopes Images and X-ray Characterization

Figure 2.4: TEM image of CsSnl3 epilayer on KCI. The dashed red line indicates the interface
between the CsSnl3 epilayer and the KCl substrate. Note that the areas of differing brightness
likely arise from local variations in the thickness of the TEM slice.

To provide further evidence that the films made by the methods discussed in the previous
subsection are both epitaxial and pseudomorphic, several additional characterizations of the CsSnl3
devices have been made. Figure 2.4 is the widest view Transmission Electron Microscopes (TEM)
image of the CsSnlz and KCI interface. This figure shows highly crystalline CsSnl; adlayer
growth upon a terraced substrate surface without clear grain boundaries. The presence of the slight
lattice mismatch at the step edges is due to the 2% tetragonal distortion of the lattice constant
(c-parameter). This distortion creates a local strain around the step edge that has been shown to
induce a slight tilt of the film across the substrate, which is common and has been observed in

other epitaxial systems [93]. Thus, these steps in the interface are not sources of grains but rather
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an inhomogeneous strain localized around the step edges. This is consistent with our observation

of slight anisotropic alpha-angle shifts in x-ray pole figure scans, which will be discussed below

(see Figure 2.5).
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Figure 2.5: Pole figure data and epitaxial tilt. A simulated pole figure (a) of the CsSnlz adlayer
compared to experimental pole figure scans of the substrate (b) and perovskite (c). The red arrows
indicate the direction of the pole shift (lengths exaggerated).

Before describing Figure 2.5, we will give a brief introduction to the pole figure measurement.
Unlike x-ray diffraction (XRD), which determines atomic and molecular structure of a crystal, pole
figure measurement is used to study the orientation distribution of crystallographic lattice planes
and textures. Each pole figure corresponds to a unique orientation of a sample plane. The way to
collect a pole figure is to perform a stereographic projection, in which the the crystal structure of
the sample needs to be well known so that the diffraction angle of the x-ray corresponding to the
lattice plane can be set for the scan. The diffracted intensity is collected by varying two geometrical
parameters: the tilt angle from the sample surface normal direction (@) and the rotation angle
around the sample surface normal direction (8). The collected data is plotted as a function of @ and
B [14]. For our CsSnlz sample the pole figure scans in Figure 2.5 contain poles that are shifted away
from their ordinarily radially-symmetric positions, as seen in both the simulated and experimental

pole figures. This tilt is not observed in the pole figure of the underlying KCl substrate, indicating
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that the tilt is indeed caused by an angled surface of the film and not from a tilted substrate.

Figure 2.6: TEM images and associated FFT analysis for the CsSnl3 adlayer ((a) and (b)). TEM
images and associated FFT analysis of the KC1 substrate ((c) and (d)). Selected Area Electron
Diffraction (SAED) for the CsSnl3 epilayer (e).

Figure 2.6 illustrates the TEM analysis and Selected Area Electron Diffraction (SAED) of a
CsSnlj epilayer. We note that tetragonal distortion of the CsSnl3 layer should be observed in the
Fast Fourier Transform (FFT) images but is difficult to see from the pattern due to the relatively
small amount of tetragonal distortion. In fact, the tetragonal distortion can be more clearly extracted
from the TEM image by counting rows of atoms horizontally versus vertically. Layer shown in
panel (e) clearly show the tetragonal distortion that leads to the tensile reduction in the crystal

c-direction.

2.2.3 Growth Ratio and Rate

This subsection describes how the precursor growth ratio and growth rate can influence the resulting
epitaxial thin films, and to provide more evidence supporting the high-quality of our epitaxial thin
films. We will start by discussing the impact of different growth precursor ratios. As described in
section 2.2.1, the Cs:Sn ratio used for growing epitaxial single-crystal CsSnl3 thin film on KCl is
nominally 1:1. The successful epitaxial growth with this ratio has been confirmed by the RHEED

pattern in Figure 2.1 (b). If growth is performed with a different ratio of Cs:Sn, we do not get
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KCl substrate

Cs:Sn=2:1 Cs:Sn=1:2

Figure 2.7: RHEED scans of CsSnl3 on KCI with varying precursor ratios of Csl:Snl, showing
changes in crystal structure and quality as growth leaves the stoichiometric ratio of 1:1. The scans
show the KCI substrate (top) and the epitaxial film at several hundred angstroms (bottom).

the desired result, which is confirmed in Figure 2.7. A 2:1 growth ratio results in an essentially
amorphous film, and can be seen in the complete lack of clear streaks or spots in the RHEED
pattern due to the presence of a large number of Sn vacancies in the resulting material. A 1:2
growth favors the incorporation of Cs vacancies and results in a rough crystalline film that is likely
CsSnjl5, analogous to a similar bromide compound (CsSn,Brs) seen in Ref. [127].

In addition, the growth rate of the thin film is another important factor for producing epitaxial
thin films. Figure 2.8 shows the RHEED scan of a CsSnlj thin film whose growth is performed
at a higher growth rate (0.1 nm/sec) compare with the film (0.007 nm/sec) shown in Figure 2.1.
The bottom images are different rotations of the final film, showing spotty (rough) patterns. The
low growth quality at high rates likely stems from imbalance of the lower reaction rate with high
deposition rate that leads to an accumulation of vacancies and non-uniform (island) growth. The
presence of half order spots indicates a larger unit cell that may result from the presence of Cs

vacancies similar to the 1:2 growth shown in Figure 2.7.

28



KCl substrate

CsSnl; growth performed at a h‘igh grothh rate (0.1 nm/sec)

Figure 2.8: RHEED scans of KClI (top image) with the CsSnlz growth (bottom images) performed
at a high growth rate (0.1 nm/sec). The bottom images are different rotations of the final film,
showing spotty (rough) patterns. The low growth quality at high rates likely stems from imbalance
of the lower reaction rate with high deposition rate that leads to an accumulation of vacancies and
non-uniform (island) growth. The presence of half order spots indicates a larger unit cell that may
result from the presence of Cs vacancies similar to the 1:2 growth shown in Figure 2.7.

2.3 Air-Stability of Halide Perovskites

This section discusses the stability of the halide perovskites in air. It is well known that upon
exposure to air CsSnlj transforms into CsySnlg, and this transformation would prevent us from
studying the low-temperature quantum coherent transport of CsSnl3 unless careful precautions are
taken (see Section 3.5). Therefore, knowing how quickly the material degrades after exposure to
air is important for developing protocols for device handling, transferring and wiring up. Below
we describe several methods we have used to characterize the air sensitivity of our devices.

First, we characterized the air sensitivity of our epitaxial devices CsSnl3 using XRD (see Fig-
ure 2.10 (a)) to monitor the changes in crystal structure. The first observation of change in the
XRD peaks (indicating the transition of CsSnl3 to Cs,Snlg) begins to occur after approximately
3 hours in air. Additionally, simply monitoring the CsSnlz device color as we expose it to the air
is an effective characterization of the device degradation. As shown in Figure 2.10 (b), there is a

clear color change (from brown CsSnl3 to transparent Cs,Snlg) of the sample after several hours
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Figure 2.9: (a) XRD scans of a 50 nm epitaxial CsSnl3 film degrading over time while exposed to
air. At 3 hours, the perovskite peaks begin to disappear and the degradation product, Cs;Snlg,
appears. (b) Optical images of the degrading perovskite sample, showing the transformation from
the brown CsSnlj to the transparent Cs,Snlg. (c) Resistance R versus time of an epitaxial CsSnlj
film device exposed to the air. Changes in the resistance begin to occur after ~ 20 min, likely due
to the degradation at the interface first and a greater sensitivity in the resistance measurement
overall. After several hours the resistance of the device becomes > 50 MQ.

of exposure to air.

Furthermore, the results of room-temperature resistance measurements (see Figure 2.10 (c¢))
of the CsSnlj epitaxial layers are a precise measure of material degradation in air. During the
first 15-20 minutes, the device resistance does not change significantly. With continued exposure
we clearly observe an increase in the device resistance as time increases, which continues until it
1s > 50 MQ. We attribute this behavior to the known transformation of CsSnl3 into CspSnlg upon
exposure to the air [79]. These results demonstrate that the device resistance serves as non-invasive

probe for monitoring the stability of the epitaxial layer and for confirming that it has not transformed
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to CspSnlg.
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Figure 2.10: Upon exposure to air, CsSnBr3 undergoes a chemical transformation leading to
marked change in color (brown to transparent). The rate of this air-driven material change with
increased temperature as shown in the figure.

Similar to CsSnl3, transformation from CsSnBr3 to CspSnBrg caused by exposure to air can
also been observed using similar methods as described above. In Figure 2.10, we present data
showing the color change of several CsSnBrj3 films in air with various amount of heating, which

also shows that heating speeds up the process of film degradation, as one might expect.
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CHAPTER 3

MEASUREMENT SETUP AND PROCEDURES

This chapter details the experimental setups and equipment used for the low-temperature magne-
totransport measurements in this dissertation. Important measurement techniques and procedures

are also discussed.

3.1 Dilution Refrigerator

A dilution refrigerator (DR) is essential to a modern low-temperature physics lab, as it brings
the target system to low temperature where quantum phenomena can be observed. Thus, in this
section we will discuss the basic principle of the dilution refrigeration process, and introduce the

DR system used for the low-temperature transport measurements.

3.1.1 General Introduction

(b)

Figure 3.1: Photos of the Bluefors LD400 cryogen-free dilution refrigerator (DR) system. (a) The
cryostat and its supporting frame. (b) The control unit.

All the cryogenic temperature measurements in this dissertation were performed using a Blue-

Fors LD400 cryogen-free DR system. The four basic components of this system are described
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below:

The cryostat: The cryostat (supported by a tripod, see Figure 3.1(a)) contains helium pumping
(returning) lines, heat exchangers, thermometers, electrical wiring and flanges at different temper-
ature stages, etc. Devices are mounted and tested at the coldest stage of the cryostat called the
mixing chamber, which can achieve 7 ~ 10 mK.

The control unit: The control unit (Figure 3.1(b)) contains all the electronics to control the DR
system. Different from a traditional DR with manual valves located in a gas handling system (GHS),
in our Bluefors LD400 DR, pneumatic valves in the GHS can be controlled remotely through the
control unit. The status of the GHS and cryostat are also displayed in the control unit, which can
itself be operated remotely via a computer interface.

The gas handling system (GHS): The GHS (Figure 3.2 (a)) is contained in a single cabinet.
It contains turbo pumps, scroll pumps, pumping lines, valves, pressure gauges and mixture tanks,
etc, which are necessary to the operation of the DR system.

The pulse tube compressor: The pulse tube and compressor (Cryomech CP1000 series PT415)
are essential for pre-cooling the DR to a temperature at which liquid helium liquefies, so that no
external supply of cryogenic liquids is needed. Because of the vibrations they produced, the GHS

and pulse tube compressor are placed in a separate room away from the cryostat and control unit.

3.1.2 Dilution Refrigerator Operation Principles

Next, we will describe the fundamental principles of the DR’s cooling cycle, which is the only
system that can provide continuous cooling power at 7 < 300 mK. The DR in our lab can achieve a
lowest temperature ~7 mK at the mixing chamber stage. The cooling power of the DR is provided
by the dilution of a mixture of Helium-3 (3He) and Helium-4 (4He) isotopes [104].

To run the dilution refrigerator cooling cycle, we first pre-cool the system to a temperature at
which liquid helium liquefies (below 4.2 K) using the pulse tube. At this temperature, the mixture
of 3He and *He is introduced into the DR to cool down the system even further. The general idea of

this process is the following: at saturated vapor pressure, pure “He undergoes a phase transition at

33



Figure 3.2: (a) Gas handling system (GHS) of the Bluefors LD400 cryogen-free DR with cold trap
attached. (b) Cryomech CP1000 series PT415 pulse tube compressor with a fan and water booster
pump, which help cool the compressor during the operation.

2.17 K from a normal fluid into a superfluid. If we dilute the “4He with 3He, the superfluid transition
temperature of the 4He in this mixture will also decrease (see Figure 3.3). When the temperature
is below 0.8 K, the mixture of *He and “He undergoes spontaneous phase separation into a 3He
rich phase (concentrated phase) and 3He poor phase (dilute phase). At very low temperatures, the
concentrated phase is almost pure 3He, while the dilute phase contains about 6.6% 3He, and they
are separated by a phase boundary [104]. The enthalpy of 3He in the dilute phase is larger than
that in the concentrated phase. As a consequence, energy (heat) is required if 3He is taken from
the concentrated to the dilute phase. The place where the heat exchange between these two phases
happens is called mixing chamber (MXC), it is the coldest stage of the DR system.

To show how to realize the refrigeration process, we present a schematic diagram of our cryogen-
free DR (Figure 3.4 (a)), along with a photo showing what is inside the cryostat (Figure 3.4 (b)).
After pre-cooling, the system is below 4.2 K. The mixture of 3He and *He is condensed into the
system via the 3He condensing line, and we fill the entire MXC with the mixture. After that, the

DR cooling cycle is started by pumping the mixture from the MXC via the still pumping line (the
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Figure 3.3: Phase diagram of liquid 3He/*He mixtures [104].

mixture pumped out will return to the MXC through condensing line), and the system will be cooled
down below 0.8 K by evaporative cooling. Once the phase separation starts to show up in the MXC,
the dilute phase of the mixture sinks below the concentrated phase because it is more dense.
When the MXC temperature goes below 0.8 K, the helium pumped from the dilute phase is
almost pure 3He. This is because the vapor pressure of 3He is at least two orders of magnitude
higher than vapor pressure of “He [104]. As the DR runs continuously, the 3He pumped from
the MXC will be re-condensed (with the help of, (i) heat exchangers connected to the still and
condensing line, and (ii) heat exchange between condensing line and refrigeration part of the DR
driven pulse-tube) and return to MXC. This closed loop of 3He circulation brings the MXC to its
lowest temperature (~10 mK). The cooling power of the system therefore strongly depends on the
3He circulation rate across the phase boundary in the MXC. The circulation rate can be increased
by applying heat to the still, increasing the 3He vapor pressure, resulting in a higher throughput of

3He through the circulation pumping system.
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Figure 3.4: (a) Schematic diagram of a cryogen-free (“dry") DR. (b) Photo shows the inside of the
Bluefors LD400 DR cryostat. Note that the still pumping line and 3He condensing line contain
heat exchangers to help thermal contact.

3.2 Superconducting Magnet

To reveal the collective behavior and quantum coherent transport of charge carriers at low
temperatures in a 2DES, it is necessary to apply a strong magnetic field to the system. In this
section we describe the magnet used in our experiment to apply the necessary field.

Our magnet system is an integrated cryogen-free superconducting magnet system (see Fig-
ure 3.5) manufactured by American Magnetics Inc. Compared with traditional liquid helium
cooled magnet systems (i.e. “wet” magnets), the cryogen-free magnet (“dry” magnet) does not
involve external cryogenic liquid for cooling. The magnet (see Figure 3.5 (a)) consists of com-
pensated solenoids, and it is manufactured in a configuration to accommodate the requirements of
our measurements and the size of Bluefors LD400 DR. The cryogen-free magnet in this system
connects to the 4K stage of the DR. Once the cool-down cycle of the DR is complete, the solenoid

made of Nb3Sn wire is below its superconducting transition temperature (18.3 K), and will carry
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Power Supply Programmer

Figure 3.5: Photos of the AMI 14T integrated cryogen-free superconducting magnet system. (a)
cryogen-free superconducting magnet. (b) From top to bottom are the power supply programmer,
power supply and Agilent HP 34401 A multimeter. The multimeter is used to measure the voltage
drop across a resistor (R = 5]%31;{ = 0.33 mQ) in series with the magnet winding to calculate the

current flow through the magnet solenoid. The field-to-current factor of this magnet is 0.1313 T/A.

current without resistance.

The superconducting magnet can also be operated in persistent mode, without connection to the
external power supply providing the current to the solenoids. This is achieved via a short section of
superconducting wire connected in parallel to the solenoid, i.e. the so-called “persistence switch”.
When the switch is heated via a connected heater it will become a resistive normal conductor.
When the appropriate operating current in the magnet is achieved, the heater can be turned off
and the persistent switch is allowed to cool until it becomes superconducting. At this point, the
power source to the magnet is no longer needed and a constant magnetic field is created via current
flowing through the magnet windings and the persistence switch.

The magnet can create up to 14 T magnetic field in a bore with a diameter of ~2 inches with
field-to-current factor is 0.1313 T/A. Appendix D provide additional details about how to properly

operate the magnet and avoid a quench.
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3.3 Cold-Finger and Sample Stages

Before mounting a device to the DR and performing low-temperature magnetotransport mea-
surements, we must consider two important points. First, we need to thermally connect our device
to the MXC, so that the device can be cooled down to mK temperatures. Second, we must make
sure that the device is in a specific location along the central axis of the solenoid, thus ensuring
that the magnitude of the magnetic field applied to the device corresponds to the correct value. To
address these two points, a “cold-finger” is specifically designed (see Figure 3.6 (a)) [67]. The
silver rods in this cold-finger are used to transfer heat from the sample to the MXC, and they are
annealed to reduce crystal defects. Six alumina rods mechanically support the cold-finger and
reduce eddy currents induced as we change the magnetic field. The brass connections at the bottom
of the alumina rods are spring loaded to provide stability and account for thermal contractions.
Additionally, the length of the rods and the height of the sample stages (shown in Figure 3.6 (c) and
(d)) are carefully designed so that the device to be measured sits exactly 41.5 cm below the MXC,

where the magnetic field of the solenoid is calibrated.
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Figure 3.6: (a) Photo of the thermal cold-finger. Notice that the 16-pin socket connector is not
connected to the cold-finger and each of the 16 pins is connected in series with a 10 kQ resistor.
Two SMA connectors are connected with coaxial cable, and they run all the way to the top of the
cryostat. They enable the ability to apply radio-frequency (RF) signals to the sample. (b) Photo of
the breakout box, which is connected to the 16 pin socket connector in (a). (c¢) Customized sample
stage for measuring the critical temperature of a thin superconducting Nb wire. The mylar
capacitors are indicated. (d) Another customized sample stage for the GaAs/AlGaAs
heterostructures transport measurement discussed in this dissertation.

Customized sample stages can be made for different measurements and mounted to the lower
end of the cold-finger. The sample stage shown in Figure 3.6 (c) was used to measure the critical
temperature of thin superconducting Nb wires where the plane of the Nb wire device was aligned
parallel to the magnetic field. This sample stage can be also modified, as shown in Figure 3.6 (d),
to perform quantum Hall measurements on GaAs/AlGaAs heterostructures, in which the 2DES
sample is placed perpendicular to the applied magnetic field. The body of the sample stage is made
of Oxygen Free High Conductivity (OFHC) copper. There are 16 leads to the sample stage, each of
these 16 leads is physically connected to thermal ground with an in-line thin film mylar capacitor
(see Figure 3.6 (c)). This 470 pF mylar capacitor, along with a 10 k€ resistor in series with each

measurement line, functions as a low-pass filter that attenuates high frequency (200 kHz) noise.
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The device to be measured can be electrically connected to the 16 leads on the sample stage that are
connected to a breakout box at the top of the cryostat (see Figure 3.6 (b)). This breakout box has
switches to control the open/ground configuration of individual measurement leads in the cryostat.

Moreover, we connect measurement instruments to the samples through the breakout box.

3.4 Low-Frequency Lock-In Measurement

This section describes how the low-frequency lock-in transport measurements presented in this
dissertation are performed at low temperatures. The typical lock-in used is the Stanford Research
Systems lock-in amplifier SR830. An internal oscillator in the lock-in generates a sinusoidal voltage
at a certain frequency f. Due to the orthogonality of sine and cosine functions, a multiplier inside
the lock-in will only detect the signal at this frequency f without measuring contributions from
other signals with different frequencies. This means if a measurement is performed in an extremely

noisy environment, a small signal can be amplified and detected.

(a) (IV) Reference wave out (at the rear side, not shown in this photo

TR O o SeT " STANFORD BESEARGH SvaTEoSY
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Figure 3.7: (a) Stanford Research Systems lock-in amplifier SR830. The five most important ports
and readout X Channel are marked by the blue arrows. (b) Keithley Series 2400 source meter.
This source meter functions as a highly accurate voltage source to control the density of charge
carriers in 2DES. It can also function as a voltage (or current) meter.
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Here we will briefly describe the most commonly used features/ports of the SR830 (see Fig-
ure 3.7 (a)). Each of these ports serves a unique function in the process of low-temperature
transport measurement. (I) Sine wave output. This port can source a variable amplitude voltage
at a fixed frequency and phase. (II) Current input I (or voltage input A). This port is used to
measure a current from the sample. It can also be used to measure a voltage relative to ground.
(IIT) Voltage input B. This port can be used with voltage input A to measure differential (A-B)
voltage drop. (IV) & (V) Reference wave out and reference wave in. Both of these ports are
important for measurement that involves multiple lock-ins. The reference wave out port can source
a reference signal, which has the same waveform as the signal coming from the sine wave output.
The reference wave in port can receive a reference signal from another lock-in, so that two lock-ins
are synchronized. A more complete description of the operation of a lock-in amplifier can be found

in the thesis of Dr. Heejun Byeon in Ref. [12].

3.4.1 Four-Terminal Lock-In Measurement on Hall Bar

Subsection 1.3.2 describes the Hall bar device geometry for a 2DES (see Figure 1.2). In this device
geometry, if a current is sourced along the sample, the measured longitudinal voltage Vyx and
transverse (Hall) voltage Vi, can be used to obtain the resistivity and conductivity of the device.
In this subsection, we discuss how to perform four-terminal transport measurements on a Hall
bar 2DES device, such as the bi-layer graphene (BLG) device discussed in Subsection 1.4.4 and
Appendix A, as well as methylammonium lead iodide (MAPbI3) device discussed in Chapter 6.
In Figure 3.8, lock-in A sources a voltage V at frequency f and measures the current / at
frequency f flowing from contact 1 to 2 through the sample. Lock-in B is used to measure
the voltage drop Vi, across contacts 4 and 6 of the sample. Additionally, in this setup we can
also perform a Hall measurement of Vi, across the 2DES using lock-in C, which corresponds
to the voltage drop across contacts 5 and 6. To perform this measurement, all three lock-ins are
referenced to the same measurement frequency f. Both measurements of Vi, and Vi, are four-

terminal measurements since they separate pairs of current-carrying and voltage-sensing wires.
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In some transport measurements on a 2DES, one or several Keithley 2400 source meters (shown
in Figure 3.7 (b) and Figure 3.8) are used to supply gate voltages to the sample. This allows for

controlling of the charge carrier density in the sample (see Appendix A for more details).
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Figure 3.8: Illustration of a four-terminal transport measurement on a 2DES having a Hall bar
device geometry. Lock-in A is used to source a voltage and measure the current 7 (typically
between 10 nA to 100 nA at ~13 Hz) through the 2DES. Lock-in B and C measure Vyy and Vyy. A
voltage divider and (or) a large resistor can be attached inline with the output port of lock-in A
(illustrated by the dashed circle) to control the current flow through the 2DES. The green shaded
area represents the gate electrode of the device, which can be connected to a voltage source, and
used to tune the electron density.

The most important benefit of four-terminal measurements is that it allows for the measurement
of the electrical resistance of the device separate from that of the Ohmic contacts. This is an
extremely valuable feature, given that the contact resistances to a 2DES can dominate the resistance
of the 2DES itself. Additionally, the four-terminal measurement eliminates the lead resistances
from the measurement. Four-terminal measurements on a Hall bar geometry device can also be
used to determine the charge mobility and the charge density of the device. When performing
four-terminal measurement at cryogenic temperatures, small excitation signals (between 10 nA to

100 nA) are often used to prevent heating of the electrons in the sample out of thermal equilibrium
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with their surrounding lattice and cryostat. This small signal is typically sourced at a low frequency
(~13 Hz) to eliminate parasitic capacitive electrical signals from the measurement [16]. A common
way to produce such a small excitation signal is to use a voltage divider in series with the lock-in
output. This will reduce the amplitude of the voltage sourced by the lock-in !. When the resistance
of the device to be measured is unknown, we often connect a large (~ MQ) resistor, which sets an

upper limit on the current passing through the device and prevents unexpected heating of the MXC.

3.4.2 Two-Terminal Measurements of Epitaxial Single-Crystal Halide Perovskites Devices

In the previous subsection, we discussed the advantages of performing four-terminal measure-
ments. However, there are sometimes constraints regarding the sample that prevent four-terminal
measurement from being feasible. In these cases, we can only make limited number connec-
tions to the surface of the sample and must perform two-terminal measurements with one pair of
current-carrying and voltage-sensing electrodes.

This is the case for the quantum coherent transport measurements performed on the halide
perovskites devices described in this dissertation. Here we briefly discuss how to perform these
two-terminal measurements, and how we can derive the electrical conductivity and resistance of
samples measured in this fashion. Figure 3.9 (a) and (b) show two schematics of the experimental
setups for two-terminal transport measurements of CsSnlz and CsSnBrj thin film devices from
Refs. [94, 135]. The equivalent circuit diagram representing the experimental setups in Figure 3.9
(a) and (b) is shown in Figure 3.9 (c). Here, Vg ive 1s the voltage sourced from the lock-in and
this lock-in simultaneously measures the current / flowing through the sample. The voltage drop
across the gold contacts on the sample is V,,;, which corresponds to the total device resistance R;
including the contact resistance R between a gold pad and the thin film as well as the resistance of
the sample between the two god pads Rj.

Device geometry: Our CsSnly and CsSnBr3 samples have similar geometry. The overall

sample size is 5 mm X 3 mm consisting of a halide (KCI for CsSnl3 and NaCl for CsSnBr3) single

IThe SR830 lock-in can output a voltage from 0.04 Vto 5V
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Figure 3.9: Two-terminal transport measurement of epitaxial CsSnlj thin film devices (a) and
epitaxial CsSnBrj3 thin film devices (b). The current measured flows through the two gold
contacts (yellow regions). (c) Equivalent electrical diagram of (a) and (b). Ry represents the
resistance of an external current limiting resistor series with the total sample resistance.

crystal substrate. The thickness of epitaxial film grown on top of this substrate was 50 nm for
CsSnl3 and 30 nm for CsSnBr3. Two gold contacts (0.5 mm X 2 mm with 50 ym separation) were
e-beam evaporated to the top of the epitaxial film and these contacts had a thickness of 100 nm.
Two-terminal measurements of CsSnl3 devices: The epitaxial CsSnl3 devices studied showed
relatively low resistance (< 200 €2) at temperatures < 300 K. In the two-terminal measurements,
we typically sourced a voltage Vyrive = 0.1 V and used a series resistor R, = 10 MQ to create a
current / which flows through the two gold pads. This current can be treated as a constant due to
the small resistance of our CsSnj3 device relative to Ry. In this setup, I ~ % =9.98 nA,
consistent with what is measured independently via the lock-in amplifier. Then the total sample
resistance is given by R; = V,;; /1. The conductance which corresponds to this resistance can then
be derived from the known geometry of the device and an assumption of uniform current flow

through the sample between the rectangular gold contacts.

Two-terminal measurements of CsSnBr3 devices: In contrast to the CsSnlz samples, the
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epitaxial CsSnBr3 devices studied in this dissertation are highly resistive at temperatures < 10 K.
As a consequence, for the low-temperature transport measurements, a large ballast resistor Ry is no
longer needed. Additionally, the epitaxial single-crystal CsSnBr3 devices showed a large negative
magnetoresistance (see Chapter 5), so the current / varies dramatically as we increase or decrease
the magnetic field. Thus, in the two-point measurements of the CsSnBr3 devices, we independently
measure the current / flowing through the circuit directly with a lock-in amplifier. The total device

resistance is then given by R; = V,,, /1.

3.5 Preparation and Handling of Epitaxial Single-Crystal Halide Perovskite
Devices

As described in Section 2.3, epitaxial single-crystal CsSnlz and CsSnBr3 thin film devices
are sensitive to air, and will decompose when exposed to ambient conditions. To prevent the
decomposition of the devices in an oxygen-rich environment, we developed protocols to keep the
CsSnl; and CsSnBr3 devices in a high-vacuum or dry-nitrogen filled environment, from start to

finish, during sample fabrication, transferring, and measurement.

3.5.1 Wiring-Up Samples in Glove Bag

Halide perovskite samples are properly sealed and transferred from growth chamber to our lab in a
container that is completely isolated from air. This container includes two KF vacuum end blanks, a
KF o-ring and a KF clamp (see Figure 3.10 (c)). To perform wire-up of the halide perovskite device
on a chip carrier, we place our sample container into a glove bag (see Figure 3.10 (a)) containing
an optical microscope and supplies needed for making electrical contact to the devices. The glove
bag is purged with dry nitrogen gas before opening the sample containers. The level of humidity
and oxygen in the bag are continuously monitored via commercial sensors.

When the oxygen level of the glove bag is sufficiently low, we open the sample container and
transfer the samples to a 16 pin chip carrier (see Figure 3.10 (b)). This chip carrier is manufactured

by Spectrum Semiconductor Materials (part number: CSB01652). It can be mounted to the
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Figure 3.10: (a) Photo of the sample preparation glove bag. The location of optical microscope,
soldering iron, oxygen level sensor, dipstick and dry nitrogen supply line are labeled. A nearby
probe station can be placed into the glove bag when needed. (b) Top and side photos of the 16 pin
chip carrier. (c) Photo of the sample container used to transport samples between labs.

common 18 pin sockets shown in Figure 3.11 (b) and 3.12 (a). The gold contacts on our halide
perovskite samples are connected to the pads on chip carrier via gold wires. The typical solder
joint between gold wire and contact pad is made of an indium-tin alloy. The soldering is performed
using a Weller soldering station that can precisely control the temperature of the fine soldering
tip. In addition, a probe station can be placed into the glove bag for checking sample and contact

viability before low-temperature transport measurements.

3.5.2 Measurement at Liquid Nitrogen Temperature

Before performing measurement on halide perovskite devices at millikelvin temperatures, we first
check the low-temperature viability of a device and its electrical contacts. To do this, we perform
transport measurements at liquid nitrogen temperature 7 = 77 K by using a “dipstick” (see Fig-
ure 3.11 (a)). The dipsitck consists of a breakout box similar to the one in Figure 3.6 (b) and an
18-pin socket connector (see Figure 3.11 (b)). At the end of the dipstick, both the chip carrier

and a brass cap with a silicon diode temperature sensor (see Figure 3.11 (c)) are connected. This
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Figure 3.11: (a) Dipstick and nitrogen dewar for temperature dependent characterization of halide
perovskite thin film devices down to 77 K. (b) 18-pin socket at the end of the dipstick for
mounting the halide perovskites device. (C) A brass cap with diode temperature sensor. The cap
can be connected to the end of the dipstick electrically and mechanically.

temperature sensor is made by Cryocon (part number: S950-A-BB), and has a wide temperature
range (1.4 K to 370 K). We use a Keithley Series 2400 source meter (in 4-wire mode) to record the
voltage across the temperature sensor and convert the voltage to temperature using the manufacturer
provided calibration. The dipstick is also outfitted with a connection for flowing dry nitrogen during
cool-down and warm-up of the device to prevent exposure to moisture in the air. Before the liquid
nitrogen measurement, the lower end of the dipstick is kept inside the glove bag and the sample can

be loaded onto the dipstick without exposing it to air (see Figure 3.10 (a)).

3.5.3 Hermetically Sealed Sample Cell

A hermetically sealed sample cell is used for low-temperature (10 mK) and high-magnetic field
(14 T) measurements. The body of the cell is made of OFHC copper and the sample is attached
to an 18-pin chip carrier within the cell. The device is loaded into this cell within a dry nitrogen
environment in the glove bag and the cell is sealed with a conventional indium O-ring compatible

with cryogenic measurements. The sample cell is then mounted onto the cold finger of the DR. To
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Figure 3.12: Hermetically sealed sample cell for low-temperature halide perovskites
measurements in the LD400 DR.

check if the cell is hermetically sealed, after loading the cell onto the DR, we perform a resistance
versus time measurement of the halide perovskite device to make sure the device is not in the

process of degrading due to an air leak into the cell.
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CHAPTER 4

QUANTUM INTERFERENCE AND WEAK ANTI-LOCALIZATION IN EPITAXIAL
CSSnI3

4.1 Introduction

In this chapter, measurement results of quantum coherent transport and localization of charges
in epitaxial single-crystal CsSnl3 thin films will be presented. A comprehensive discussion of
weak localization (WL) and weak anti-localization (WAL) will be given in this chapter to interpret
the measured data and discuss the experimental results. The observation of WAL and long charge
carrier phase coherence length in an epitaxial CsSnl3 devices will be presented, along with a
possible explanation regarding the origin of the spin-orbit interaction in this material. These results
represent the first observation of long charge carrier phase coherence length in epitaxial halide

perovskites. Much of this chapter will cover the results presented in Ref. [94].

4.2 Electrical Conductivity in the Drude Model

The electrical conductivity o is one of the most important physical parameters of a low-
dimensional system. The way to obtain it is using Ohm’s law. The vector form of Ohm’s law
is:

i=0cE, .1
where f is the current density and E is the electric field. Ohm’s law shows that if there is an electric
field applied across a low-dimensional system, a current density will flow through the system, and
this current density is dictated by the conductivity of the material, which will be a tensor in its
general form (see Subsection 1.3.2).

The Drude model proposed by Paul Drude [23], is a classical model to explain how electrons
move inside materials. It is an application of the kinetic theory of gases to systems in which charged

particles can move. The most fundamental idea of this model is to treat the microscopic behavior
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of electrons in a classical way. The Drude model assumes that electrons are constantly bouncing
between impurities or defects in a material while propagating in a straight line between scattering
centers, and the electrons do not interfere with each other. The time between each collision is
identical and independent of electron’s velocity and position. The conductivity in the Drude model
can be derived using the following method. Consider an electron with velocity v and charge —e.

Then, a system with charge density n, will have current density:
j=—-nev. (4.2)

The electron velocity v will be zero if there is no applied electric field. When the electric field is

applied, the electron will pick up the following velocity:

, 4.3)

. . eEr
V=v)— —
m
where ¢ is the time passed since the last collision and v is the electron velocity after the last
collision. If we average Equation 4.1 over time we can eliminate v(. By taking the time average,
we can also replace time ¢ with the average scattering time between collisions, i.e. the relaxation
time 7. If we then consider Equations 4.1, 4.2, and 4.3, we get the following relationship between
the current density f and the electric field E:

- ne’r
J =

-

E. (4.4)

m

The conductivity ”fnj here is called the Drude conductivity. This model has been applied to a
variety of electrically conducting systems such as metals. However, one can see shortcomings
of this model. One of the shortcomings is that the electrons will not interact with the electric
field created by other moving electrons, i.e. electron-electron interactions are not included in this
model. Also, whether electrons can be treated as classical particles is often questionable. The de
Broglie wavelengths of electrons are on the nanometer scale at low temperatures. This means that
electrons cannot be treated as classical particles at low temperatures (since they have substantial
wave character) under the conditions of the Drude model [46]. In particular, quantum interference

will need to be added to the model to accurately describe many low-temperature phenomena.
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4.3 Quantum Transport in Solids

4.3.1 Characteristic Length Scales in Different Transport Regimes

We want to first start by describing the different characteristic lengths associated with electronic
transport in solids in the quantum regime. Due to interference effects, the transport behavior of
charge carriers can be strongly influenced by these length scales in the quantum regime. These

relevant characteristic lengths are the followings [80]:

* The macroscopic scale of the sample L: L can be either the length or the width of a thin

film sample.

* The mean free path I: The mean free path [ is the average distance over which a moving
charge carrier propagates before substantially changing its momentum due to potential scat-
tering with scattering centers in the material. The mean free path is related to the concept
of the relaxation time 7, which is the average time over which the momentum of the charge
carrier is reversed through a series of scattering events in the material. The relation between

the mean free path and relaxation time 7 is [ = vp7, where v is the Fermi velocity [58].

* The phase coherence length [;: The phase coherence length [ is the average distance that
a charge carrier can travel before losing its phase coherence. The average time that elapses
between dephasing events 7y is also associated with the quantum phase coherence, and is
called phase coherence time. In the quantum diffusive transport regime /4 = \/ﬁ , where

D is the charge carrier diffusion constant [10].

Due to rapid advances in the high-quality growth and fabrication of mesoscopic and nanoscale
structures, it is possible to study different materials in which the average impurity spacing is about
the same as the sample dimensions. Thus, it is important to distinguish different transport regimes
so that we can clearly understand the observed phenomena and the relation between different length

scales relevant to quantum transport.
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Figure 4.1: Schematic illustration of different electronic transport regimes in solids [80]. The blue
dots represent impurities (scattering centers) and arrows mark the trajectories that charge carrier
travel. (a) Ballistic transport regime. (b) Semi-classical diffusive transport regime. (c) Quantum
diffusive transport regime. Notice that both (b) and (c) belong to diffusive transport regime.

Ballistic transport happens when [ is much greater than the sample dimension. In this regime,
there will be no scattering when the charge carriers transport through the sample (see Figure 4.1
(a)) due to a low amount of impurities. In contrast, when [ is much less than L, the sample will
be in a diffusive transport regime, as shown in Figure 4.1 (b) and (c). In the diffusive transport
regime, the disorder scattering of charge carriers will dominate the sample’s transport behavior. In
Figure 4.1 (b), the charge carrier’s phase coherence length [y is less that /, and quantum effects
are negligible. This is the regime that can be explained by Drude’s electrical conductivity theory
and it is called the semi-classical diffusion regime. In Figure 4.1 (c), when [y is greater that [,
electrons will maintain their wavefunction phase coherence even after being scattered many times.
The scattering events in each electron’s diffusive trajectories are elastic and this regime is called
quantum diffusive regime. As we will see, it is this regime which will be most relevant to our

experiments on CsSnls.

4.3.2 Phase Coherence in Quantum Diffusion

In the quantum diffusive regime shown in Figure 4.1 (c), the phase coherence of the electron

wavefunction is important. This wave function can be described by the following expression:

(X, t) =|Ag|exp (zk X- ZE#) . 4.5)
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In the equation above, a change of phase can be caused by any change of the position, momentum or
energy in the electron’s wavefunction. The phase coherence length /4 is a measure of the distance
that the electron propagates phase coherently before its phase is randomized by inelastic scattering.
During an elastic scattering event at an impurity, the phase of an electron is not randomized, it is
only shifted by well-defined amount. If a second electron propagates along the identical path, the
phase accumulation will be exactly the same, i.e. phase coherent with the first electron. Quantum
diffusion will occur when electrons can on average keep their phase coherence over a relatively long
distance so that [, > [. This is in strong contrast to inelastic scattering events, where the scattering
produces changes in the energy of the electrons over time. In this case, the phase shift that the
electrons acquire is different each time and produces loss of phase coherence [132]. The phase
coherence in the quantum diffusive regime opens the door for the coherent interference between
different electron’s trajectories and thus leads to the observation of a variety of physical phenomena,
including localization of charges, Aharonov-Bohm oscillations [103] and Universal Conductance

Fluctuations (UCF) [72].

4.4 Weak Localization in Two-dimensional Electron Systems

4.4.1 Weak Localization

Constructive interference between the trajectories of charge carriers results in weak localization
(WL) in the quantum diffusive regime at sufficiently low temperatures. In Figure 4.2, where an
electron moves in a conductor from point A to B, the transport can happen along different paths
which are shown as yellow arrows. In this case, we assume the electron’s mean free path [ is
less than AB so there will be multiple elastic scattering events in the electron’s diffusive transport
trajectories Additionally, we assume [y > [, which means the phase coherence length is longer
than AB, so the electron’s phase is preserved after many scattering events. In this situation, there
is a possibility that the electron can scatter elastically in a clockwise loop trajectory starting at
point M with (gray arrows in Figure 4.2). This loop trajectory can constructively interfere with its

time-reversed counterclockwise partner (red arrows in Figure 4.2) and the interference between the
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two trajectories leads to an overall increase of the device’s resistance, which is known as WL (also

sometimes called coherent backscattering).

ly > AB > 1 Impurity
(scattering site)

Q _
9/:) o i ¢ B

o
A& Q" .o
J

Figure 4.2: Qualitative picture of WL showing possible electrons trajectories from point A to B.
The grey dots are impurities (sites of elastic scattering). Grey (red) arrows show clockwise
(counterclockwise (time-reversed)) diffusive trajectories. The hierarchy of different length scales
is shown in this figure.

To quantitatively describe WL, we will start the derivation using the theory of the Feynman
path [31], and each path will be indexed by i. An electron keeps its phase coherence along an
individual path i when it is transported from point A to B. We can write the Feynman path’s
amplitude for trajectory i as:

A;j =a;exp(i¢;), (4.6)

where ¢; is the total phase that the electron accumulates along path i, and a; is a complex coeflicient.

The phase ¢; is defined in the following way:

¢i = Si/h
B } “4.7)
Si 2/ dt L(F,7,1) ,
A

where the integral S; is the non-relativistic action and L(7, 7, t) is the Lagrangian function of the

freely propagating electron. The times 74 and tp are when the electron starts at point A and stops
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at point B. Then the total amplitude for the electron traveling from A to B will be the sum of each
individual path, and the total probability of the electron travelling from A to B will be:
2
Pap=|> Al = A7+ ) ReAiA. (4.8)
i i i£j

In Equation 4.8, A7 is the complex conjugate of A;. In the case of WL, the electron’s diffusive
trajectory and its time-reversed partner will interfere constructively with each other as shown in
Figure 4.2, and we can denote the two trajectories as A = ajexp(i¢) and Ay = ajexp(igy),
where a; = aj and ¢| = ¢,. If we calculate the total probability of the carriers returning to the

starting point M, then we can find:
Pyas = |A1 + Aol? = [A| P + Ao + [A[ AL + A AT] = 4]A4|? 4.9
MM = A1+ As|7 = A"+ |A2]” + [A1A5 + AQAT] =4 [Aq 7. (4.9)

The result given in Equation 4.9 is distinct from the result one would obtain for the classical diffusive
case. In the classical diffusive case, we do not need to consider the quantum interference terms
in the calculation of Pysps and thus Py = |Ag |2 + |A2|2 =2|A4 |2. Therefore the interference
in the quantum diffusive case causes an increase in the probability of finding the electron at the
starting point M relative to the classical prediction. It is important to note here that constructive
interference occurs for all possible closed loops in the conductor, and is therefore not averaged out.

As a result, the total resistance is increased compared to the classical case.

4.4.2 Spin-orbit Interaction and Weak Anti-localization

In the discussion of the previous subsection, we have ignored the effect of the electron’s spin on the
interference between electron trajectories. The effect of spin can be ignored in some materials if
the spin is conserved (i.e. not changed) along the electron’s diffusive trajectory. In materials with
strong spin-orbit coupling (SOC), the effect of the spin cannot be ignored and can lead to destructive
interference, also known as weak anti-localization (WAL) and was originality demonstrated and
explained by Bergmann [9]. A general explanation of the SOC effect can be described as the

following. When an electron propagates in a closed loop, the electrons sees its nearby ion cores as
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Figure 4.3: Probability distribution of electron diffusion in two-dimension. The electron starts at
point M in Figure 4.2 where 7 = 0. The black trace represents the classical diffusive case, where

the probability has the form p(7,t) = [1/(4nDt)] exp(—l? 12/ 4Dt). The blue dashed trace

represents the quantum diffusive case in WL and its probability is twice that of the classical case.
The red dashed trace represents the quantum diffusive case in WAL and its probability is half of
the classical result.

moving charges. The moving charges create a local magnetic field that rotates the electron’s spin

as shown in Figure 4.4 [9].

Impurity

&% (scattermg site)
”
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Figure 4.4: Qualitative picture of WAL. An electron’s spin state is shown in this figure. Notice
that as the electron propagates along the loop trajectory, the its spin is rotated due to the strong
SOC of the system.

We will discuss the detailed underlying mechanism of the spin rotation and SOC later in
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Section 4.5. Here we will simply define change of the spin state due to different scattering sites
in the loop trajectory using a generic rotation matrix R [32]. This rotation matrix R is shown
in Equation 4.10 and can act on the spin of the electron and help us to derive the destructive

interference observed in WAL,

cos(g) exp[i(ﬁﬂ)] isin(g) exp[_,‘(ﬁ‘_V)]

R = ? ’ ’ 2 (4.10)
isin($) exp|i(P70)| - cos($) exp|-i(5)]

In Equation 4.10, a, B,y are Euler’s angles that define the orientation of a coordinate frame x’, y’,

7’ relative to another frame x, y, z. One can easily check that the matrix R here is a unitary matrix

that has the following properties:
R'R=1
(4.11)
R =RT,
where R' is the Hermitian conjugate (or adjoint) matrix of R, and R~ is the inverse matrix of R.
Let us define the initial spin state of an electron as |s). Then we can define the final spin state of
the electron propagating in a clockwise trajectory as |s;) and the final spin state of the electron

propagating in a counterclockwise trajectory as |sp). After the scattering events, the two resultant

electron spin states and their original spin state |s) have the following relation:

s1) = R|s)
(4.12)
[52) = R71s).
In Equation 4.12, we have used the fact that the R7! physically corresponds to rotation in the

opposite sense. The interference between the two trajectories becomes,
(s2ls1) = (sI(R™)RIs) = (sIR?]s), (4.13)
where R2 in Equation 4.13 has the following form:

2 [ epliB+y)] ~sin*(§)  fsin(a)[exp(~i) +exp(iy)] s
L sin(@)[exp(iB) + exp(—iy)]  cos?(%) exp[—i(B+7)] - sin*(%)
The Equation 4.14 can be classified into two different categories, one without SOC, another with

strong SOC.
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(I) System without SOC.

When the system lacks SOC the electron’s spin will not be rotated, so @ = 8 =y = 0. In this case,
R? will be an identity matrix / and there will be no spin-orbit correction to Equation 4.9. This is
simply the case for WL where Py =4 A} |2.

(IT) System with SOC.

In the system with strong SOC, the electron’s spin will be rotated during the electron propagation
along the loop trajectory. If we consider all the possible diffusive trajectories for electrons along
loops in a conducting material, we find an overall destructive interference. This overall destructive
interference is equivalent to an average over all the matrix elements of R? since the rotation
angles can take on any values. After taking average values of matrix elements at all angles,
we get R? = (-1/2) - 1. If we apply this quantum correction to Equation 4.9, we can find
Pym =21A11% = (1/2)-2]A1|? = |A;|? which is distinct from WL. Specifically, Pysps in WAL is
half of the classical diffusive case, which is shown in Figure 4.3. This means in the case of WAL,
the electron is more likely to move away from its starting location M after time ¢ passed, which

leads to an overall decrease in the resistance of the material.

4.4.3 Effect of Magnetic Field on Weak (Anti-)Localization

It turns out that a magnetic field can be used to reveal and investigate localization in the quantum
diffusive regime. In the classical theory, if we apply magnetic field to the metal, the change in
resistance will be proportional to (wcr)z, where w. = eB/m* is the cyclotron frequency, and m*
is the electron’s effective mass [58]. In the case of a thin metal film, the sample’s resistance should
be almost magnetic field independent. For example, consider a copper (Cu) thin film with 10 nm
thickness. Since the mean free path / for the electrons in this Cu film are on the order of the
film thickness, we can assume / = 10 nm [10], and m™ is almost equal to free electron mass. By
calculation we can find (a)CT)2 ~107%atB =10 T, which is negligibly small, and shows we do not
classically expect to see magnetoresistance in thin metal films even at large magnetic field [10]. In

contrast, the magnetoresistance data of a Cu thin film at low temperatures (see Figure 4.5) shows a
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significant discrepancy with what is expected from this simple calculation [10]. The observation

of this discrepancy arises from quantum interference and lead to the discovery of WL (WAL).
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Figure 4.5: The magnetoresistance of a thin Cu-film (thickness of 10 nm) at low
temperatures [10]. All data traces show features of WL. Starting from 9.5 K, a WAL feature is
also observed, which is manifest as the local minimum in resistance near zero magnetic field.

To understand the observation of WL (WAL) and the role of magnetic field, let us first start with
the electron’s Lagrangian function in Equation 4.7 [132]. If an external magnetic field is applied
normal to the plane of a thin film sample containing electrons with charge —e, the Lagrangian

function will be of the following form:
L(F,7,1) = smi? — eF - A, (4.15)

where A is the vector potential and B =VxA is the magnetic field. The first term on the right
hand side of Equation 4.15 will produce a fixed phase ¢; in Equation 4.7 for a given loop trajectory.
The second term on the right hand side of Equation 4.15 will produce an additional phase to the

electron’s Feynman path amplitude caused by the external magnetic field. If we consider that the
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electron travels in a clockwise loop, this additional phase term ¢, will be given by:

e > - e > e > eBs
b hjf d h/(x)ds h// a5=% (4.16)

In Equation 4.16, s is the area enclosed by the loop trajectory. In WL (WAL), we can assume
a; =ap=aand ¢; = ¢ = ¢, and the two different Feynman path amplitudes for the electron will

be:
A = ae'®e'?p
(4.17)
Ay = ae'Pe™¢p.

When we apply these amplitudes to Equation 4.9 and consider the effect of SOC, we arrive at:
WL: Py = 2a° [1+cos(2¢p)] (a)
) 1 (4.18)

WAL: Py =2a [1 - Ecos(2¢p)] . (b)

We will consider WL as an example to discuss what we can observe if we apply an external magnetic
field B to the system at low temperatures. In Equation 4.18(a), if B = 0, Py will be 442, similar
to Equation 4.9. With the application of an increasing B we find a gradually decreasing device
resistance. This decreasing resistance arises from the breaking of the constructive interference
of the diffusive loop trajectories of electrons. If we continue to increase B, one would expect an
oscillatory resistance from Equation 4.18(a). However, the measured data in Figure 4.5 show no
oscillation, but rather a continuously decreasing resistance, see Figure 4.6 (a). This is because
the value of ¢, in Equation 4.18 is associated with the area of single loop trajectory. In reality,
there will be multiple loops in the device and an increasing B will first break the constructive
interference of large loops and then subsequently smaller and smaller loops. In this fashion the
measurement will average over these oscillations and only a decreasing resistance will remain. In
the case of WAL, the additional phase associated with the rotation of electron spin will lead to a
gradually increasing device resistance with applied field due to destructive interference, as shown

in Figure 4.6(b).
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Figure 4.6: Schematic magnetoresistance of devices showing (a) WL, (b) WAL features. The
saturation of the device resistance at relatively large field is caused by the averaging of different
loop trajectories of electrons.

4.5 Spin-Orbit Coupling and Origins of Inversion Symmetry Breaking

In this section, we will first describe the relation between SOC in a system lacking inversion
symmetry. Then, we will illustrate possible origins of the inversion symmetry breaking that are
associated with the systems we study.

When the relatively slow electron ((%)2 < 1, where v is the speed of the electron and c is the
speed of light) moves in an electric field E, it will experience a effective magnetic field in its rest

frame that is given by the standard Lorentz transformation:

b , (4.19)

where p is the electron momentum and m is its mass. This effective magnetic field can induce
a momentum-dependent Zeeman effect, which is referred as SOC and described by the following

Hamiltonian:
(ExXp)- -0

4.20
s (4.20)

Hgso = up Eeff'a' ~ UB
In crystals, the electric crystal field is given by E = —VV, where V is the gradient of the crystal

potential. This leads to a spin-orbit field in the system which is given by:

(VV x p)

. 4.21)

W(p) = —ug
mc
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Rashba and Dresselhaus spin-orbit couplings
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Figure 4.7: Typical clockwise scattering trajectory of an electron with spin scatterings at the
impurities. Change of spin state can be caused by Rashba and Dresselhaus effects. The electron
spin precesses around the internal effective magnetic fields, and spin’s direction may change after
each scattering event.

Spin precession

Since SOC preserves time-reversal symmetry, we have W(73) - & = =W (=) - &. So the spin-orbit

field must be an odd function in electron momentum p:
W(=p) = -W(p). (4.22)

The above equation shows that SOC will appear in systems with inversion asymmetry [83] and that
SOC will remove spin-degeneracy. Different origins of inversion asymmetry can lead to different
SOC effects. Inversion asymmetry can be produced by the application of a homogeneous external
electric field normal to the plane of a 2DES heterostructure. This type of inversion symmetry
breaking is called the Rashba SOC effect [136]. Bulk inversion asymmetry can also arise in some
materials such as zinc-blende semiconductors and leads to Dresselhaus SOC [54].
The Rashba SOC:
The Rashba SOC Hamiltonian Hg has the following form when the interfacial confining electric

field E is along the z-direction (E =E;?):

Hg = (“—R) (4% P)- &, (4.23)
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Figure 4.8: (a) The SOC from inversion asymmetry of material breaks up the spin-degenerate
states which are indicated by the orange and green curve.s The gray dashed curve shows the
spin-degenerate states in a material that has inversion symmetry. Momentum space spin textures
in case of (b) the Rashba effect and (c) a linear Dresselhaus effect with strain applied along (001)
direction [83].

where ap is the Rashba parameter, which can be tuned by the applied confining voltage when a
metal gate is present.

The Dresselhaus SOC:
When the Dresselhaus effect is applied to a 2D system in which the growth direction is along the

(001) direction, the Dresselhaus SOC Hamiltonian H is linear in form:

P2
Hp = 7f)@ﬂH—PﬂU% (4.24)
where vy is the Dresselhaus coefficient which depends on the material and cannot be tuned.

As we can see from Equation 4.23 and 4.24, both Rashba and Dresselhaus effects lock the spin
to the linear momentum and split the spin sub-bands in energy. Additionally, each of them shows

unique spin textures at the Fermi surface (see Figure 4.8) [83]. The Dresselhaus and Rashba effects

lead to a effective magnetic field B, 7 ¢ ( p) which is determined by the electron’s momentum at
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different scattering centers. This B, ¢ ¢ will act and exerts a torque on the spin, so that the spin will

precess around it at the Larmor precession frequency Q(p) (see Figure 4.7).

4.6 Long Phase Coherence Length and Weak Anti-localization in CsSnl;

Up to here, we have described the quantum nature of WL (WAL) in a material in the quantum
diffusive regime. Next, we will show the first realization of WAL in epitaxial single-crystal halide

perovskite thin films.

4.6.1 Temperature-Dependent Electrical Properties of Epitaxial CsSnl;
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Figure 4.9: (a) Electrical conductivity o of an epitaxial CsSnl3 thin film as a function of
temperature with magnetic field B = 0. Inset: the corresponding device resistance R versus
temperature. (b) and (c) Two additional epitaxial CsSnl3 thin film show similar
temperature-dependent resistance behavior.

In this subsection, we will present the temperature-dependent resistance behavior of our eptiaxial
CsSnl; device, which reveals the relatively large charge carrier density in this material. Figure 4.9
(a) shows the conductivity o of a CsSnlj epitaxial film as the sample was cooled from room
temperature down to 7 = 16 mK (we present measurements on additional two CsSnl3 devices
which are cooled down to liquid nitrogen temperature (T=77 K) in Figure 4.9 (b) and (c), which

show similar behavior). These measurements were performed using standard low-frequency lock-
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in techniques (see Subsection 3.4.2 for more detail). The overall low measured device resistance
indicates that the gold makes good Ohmic contact to the CsSnl3.

The conductivity of the device increases with decreasing temperature, indicating that the pres-
ence of mobile charge carriers do not freeze out upon cooling to low temperature. This increase
in the conductivity is consistent with a reduction in phonon density upon lowering the temperature
of the device. The existence of charge carriers in the material is likely the result of intrinsic
doping in the epitaxial CsSnl3, which is a direct bandgap semiconductor in its epi-tetragonal phase
(see Figure 2.2 and Table 2.1). It turns out that previous electrical conductivity measurements
on orthorhombic CsSnl3 have also reported metal-like conduction attributable to hole-doping as-
sociated with Sn vacancies [127]. Furthermore, we see no evidence in the resistance for phase

transformations in the temperature dependent resistance measurements over multiple devices.

4.6.2 The Observation of Weak Anti-localization in CsSnl3

(a)
0

o(B) - 5(0) (°/h)

Figure 4.10: (a) Magnetoconductivity of the epitaxial CsSnlj thin film as a function of magnetic
field at T = 16 mK. The vertical axis is the magnetoconductivity o-(B) minus the value of the
conductivity at zero magnetic field o-(0). Inset of (a): low field magnetoconductivity showing a
clear weak anti-localization peak at B = 0 and the WAL curvature extends to B = £0.3 T. (b) Low
field magnetoresistance data that shows the WAL peak only varies the overall resistance by 0.5%.
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In the previous subsection, we discussed the temperature-dependent conductivity of epitaxial
CsSnl3 film device without applying magnetic field, and the result shows charge carriers do not
freeze out upon cooling to low temperature. At low-temperatures, the application of a magnetic
field normal to the plane of the CsSnl3 layer strongly modifies the transport of these charge carriers.
Figure 4.10 (a) presents the conductivity of a CsSnlj3 epitaxial film device as a function of magnetic
field up to B = +13.5 T. Above several Tesla, there is a non-saturating magnetoconductivity
which is approximately linear to the applied field. This apparent reduction in the conductivity
with increasing magnetic field likely arises from a convolution of the longitudinal conductivity
measurement by the Hall voltage across the sample due to the two-terminal geometry of our device
(see Subsection 3.4.2 for details). The fact that the gold pads (voltage probes) on our CsSnl3 sample
are comparable to the sample size leads to the formation of so-called “hot-spot” near corners of the
pads [60, 109, 116]. This effect is common in magnetotransport measurements and often observed
in 2DESs in semiconductors [30, 109] and graphene [116]. More importantly, the low-field
magnetoconductivity can be used to reveal signatures of coherent quantum phenomena. The inset
of Figure 4.10 (a) shows the change in the magnetoconductivity o-(B) — 0 (0) near zero magnetic
field at T = 16 mK. The upward cusp in o (B) — 0-(0) in the vicinity of B = 0 is the characteristic
signature of charge carrier WAL in quantum diffusive magnetotransport. The observation of WAL
in transport measurements is a hallmark of quantum coherence of the charge carriers in a material
in the presence of spin-orbit coupling as we described previously. The measured data can also be
used to quantitatively assess the spatial extent of this electronic coherence.

In Figure 4.11 we show the evolution of the WAL cusp with increasing temperature, which
broadens and weakens as the temperature is increased due to increased inelastic scattering of
charge carriers at higher temperatures. WAL is a characteristic fingerprint of spin-orbit coupling in
2DESs, therefore these results demonstrate that the charge carriers in epitaxial CsSnl3 experience
significant spin-orbit coupling and open the door to the possibility of future spintronic or spin-

orbitronic devices based on halide perovskites.
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Figure 4.11: As the temperature is increased the WAL peak broadens and weakens as /4 decreases
due to increased inelastic scattering of charge carriers. The red solid line is a fit to the WAL
theory (HLN formula, Equation 4.25) described in the text, from which we can extract a and the
charge carrier coherence length [ at different temperatures, which are shown in the right hand
side of each data trace.

4.6.3 Hikami-Larkin-Nagaoka Formula

To analyze the magnetoconductance data of epitaxial single-crystal CsSnlj thin films at low tem-
peratures, we use the Hikami-Larkin-Nagaoka (HLN) formula [45, 8]. This formula describes 2D
systems and quantitatively describes the relation between the change of the device’s sheet conduc-
tivity with increasing magnetic field. It has the following form when one considers strong and weak

SOC cases, and it is the so-called simplified empirical HLN formula: [45, 43]

1 h h
—+ —In
2 4eBl¢2) (4eBl¢2)

The conductance in Equation 4.25 is in quantized conductance units % ,and therelation / = /D7y has

b d

Ao = o(B) — o(0) = % . (4.25)

been taken into account. The W(x) is the Digamma function. This equation contains two fit pa-
rameters /4 and @, which can accurately capture the physics of WAL in our data without the need
to know the diffusion coeflicient of the device, since the two-terminal geometry of our device does

not allow us to independently determine the charge carrier mobility. The sign of the coefficient «
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T (K) Average @ Averagely | T (K) Average@ Averagely
0.016  -0.0780 4.90 2.65 -0.0693 1.38
0.1 -0.0788 491 3 -0.0638 1.59
0.2 -0.0761 5.03 4 -0.0578 1.27
0.3 -0.0685 5.44 5 -0.0478 1.05
0.4 -0.0679 5.09 7 -0.0500 0.63
0.5 -0.0696 4.67 8 -0.0403 0.65
0.7 -0.0682 4.73 10 -0.0394 0.48
0.85 -0.0697 3.67 15 -0.0462 0.27
1 -0.0670 4.13 20 -0.0297 0.20
2.5 -0.0601 2.38

Table 4.1: HLN parameters using Equation 4.25 of the magnetoconductivity data of epitaxial
CsSnlj at different temperatures. Values of /4 and @ correspond to the average value obtained
from multiple measurements at a given temperature.

indicates the type of localization. Specifically, @ > 0 is associated with WL (a = 1 is the weak
spin-orbit interaction limit), while @ < O indicates WAL (a = —% is the strong spin-orbit interaction

limit).

4.6.4 Data Fitting and Long Phase Coherence Length in CsSnl3

In this subsection, we will show the fitting results (different @ and /4 values) of the magnetocon-
ductance data obtained from our eptiaxial single-crystal CsSnl3 thin film device measurements at
different temperatures. The fitting formula we used is the simplified HLN formula (Equation 4.25)
described in previous subsection.

To fit the magnetoconductivity data, such as the four data traces shown in Figure 4.11, we need to
carefully choose the appropriate fitting range of the magnetic field B. The HLN formula is valid so
long as the elastic mean free path / is smaller than the magnetic length /g = \/g [27,71, 25]. This
condition leads to a significantly larger field range over which WAL is manifest in our measurements
and accurately captured by the HLN formulation. While we do not know the precise value of /,
it is reasonable to assume that it can be no larger than the CsSnly thin film thickness (i.e. 50
nm). If we use 50 nm as an upper bound for the /, this will imply that the HLN formula would be

valid below + 0.3 T, which is the magnetic field range we use to fit the data. Also, the observed
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correction (i.e. curvature) to the magnetoconductivity is an average effect over different electron
loop trajectories in the CsSnlz device. The interference of different loop trajectories that have small
enclosed area will only be destroyed at larger field. In our measurement, we qualitatively observe
a WAL correction in a field range up to + 0.3 T (see inset of Figure 4.10), which is the same field
range as our previous estimation based in condition / < /5. Moreover, there are copious examples
in the literature showing fits to WL or WAL over quantitatively similar (or much larger) ranges
in magnetic field, a non-exhaustive list includes [78, 133, 69]. In Figure 4.12, we can observe a

relative small decrease of [y (less than a factor of 2) while we shrink the fitting range by an order

of magnitude.
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Figure 4.12: HLN fits (Equation 4.25) to the magnetoconductivity data of epitaxial CsSnl3 at 17
mK. at different magnetic field ranges. Orange, green, yellow, pink and red curve are fits in which
the fitting range are +25 mT, £50 mT, £100 mT, £200 mT and +£300 mT respectively. This
analysis shows that the value of /s decreases only modestly as we shrink the fitting range.

The temperature dependence of the phase coherence length /4 extracted from our measurements
is shown in Figure 4.13 along with value of /4 for other low-dimensional quantum electronic
materials in the quantum diffusive transport regime. For our data on epitaxial CsSnl3 each value of
l4 corresponds to the average value obtained from multiple measurements at each temperature and

the error bars are the standard deviation. The value of the charge carrier phase coherence length
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we find in epitaxial CsSnl3 can be compared to other high-quality low-dimensional electronic
materials in the quantum diffusive regime where localization measurements are possible such as
Si [6], GaAs [6], GaAs microstrips [82], Graphene (blue cross) [56], Graphene (pink star) [4],
Epi-graphene [27], Graphene flakes [121], and La-doped CdO [133]. We note that longer phase
coherence exists in extremely high-mobility GaAs 2DESs and graphene but are not reported due to
the absence of localization effects in sufficiently disorder free samples. In fact, in graphene ballistic
transport has been observed over longer than 15 um [128]. For completeness, the different values
of @ we obtained from HLN fitting at different temperatures are presented in Table 4.1. For the
entire range over which we observe phase coherent transport (T<15 K) we find a negative value of
a (see Table 4.1), which demonstrates the presence of spin-orbit coupling in the epitaxial CsSnl3

film.
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Figure 4.13: Temperature dependence of the charge carrier phase coherence length [ in the
epitaxial CsSnlj thin film. Each value of /4 corresponds to the average value obtained from
multiple measurements at a given temperature and the error bars are the standard deviation. For
comparison, we also show results from the literature for other electronic materials, which are

Si [6], GaAs [6], GaAs microstrips [82], Graphene (blue cross) [56], Graphene (pink star) [4],
Epi-graphene [27], Graphene flakes [121], La-doped CdO [133].
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4.6.5 Reliability of Measurement and Data Fitting Results

There are several points which must be addressed to ensure that the fits produce reliable measures
of Iy and a. Since the measurement electrodes are at the center of the CsSnl3 film and not
along the edge of the film, it is somewhat difficult to determine the pattern of the current flow
from one electrode to another, which would affect the measurement of the absolute conductivity.
Additionally, the measurements were performed using a two-terminal configuration rather than a
four-terminal configuration, so one must consider the role of the contact resistance in data fitting.
Furthermore, the relation between /4 and @ should be discussed. In this subsection, we will
answer these questions by giving more details and examples about the HLN fitting procedure of the

magnetoconductivity data for the epitaxial CsSnl3 thin film device.

Original data Original data x 1000 Original data x 0.001
0.00 T T 1 T T 0 T T | T T 0 T T T T T
lp = 4.82 pm lo = 4.82 pm lp=4.82 pm
= (a) o = 0.0751 (b) =781 (c) a = -0.0000781
o~ -0.05 -50
L
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Figure 4.14: HLN fits (Equation 4.25) to the magnetoconductivity data of epitaxial CsSnlz at 17
mK. The red solid lines are fits to HLN. (a) Original magnetoconductivity data. (b) Scaled
magnetoconductivity data by a factor of 1000. (c) Divided magnetoconductivity data by a factor
of 1000. This change of scaling (i.e. the magnitude of the conductivity) is completely captured by
a scaling of « and in each case /4 is unchanged

(I) The absolute conductivity:
Despite the fact that the two-terminal conductivity measured is not the absolute conductivity of
the epitaxial CsSnl3 device, we can still determine the phase coherence length accurately by doing
HLN fitting. This is because the phase coherence length is determined by the width and curvature
(i.e. the shape) of the WAL cusp as a function of magnetic field and not the overall scaling (i.e. not

the absolute magnitude of the conductivity). The scaling factor that normalizes our measurement
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to the absolute conductivity is the multiplicative prefactor @, which is determined from the fit.
This can be seen from Equation 4.25, where @ cannot be subsumed into both the digamma and
log functions to simply rescale /y. To make it more clear, we have shown the magnetotransport
data scaled and divided by a factor of 1000 and then refit in Figure 4.14. In each case there is a
corresponding change in « by the same scaling factor but /5 remains unchanged. In other words,
a serves as a simple scaling factor that takes into account the fact that the measurement does not

capture the absolute conductivity, but this has negligible bearing on the value of /4.

0.00 T T T T
— Best Fit

lo=4.82um
a=-0.0781

Fixed l4=0.482um
a=-0.320
-0.05}- — Fixed l,=48.2um |
a=-0.0424

Figure 4.15: HLN fits (Equation 4.25) to magnetoconductivity data of epitaxial CsSnlz at 17 mK.
The red line shows the best fit in which both @ and [ are free fitting parameters. The orange and
curve are fits in which we fixed [ = 0.482 ym and /5 = 48.2 um while allowing « to remain a
free fitting parameter. This analysis shows that a value of /4 either above or below several microns
does not accurately describe the data.

(IT) The dependence between /4 and «:
Fitting parameters « and /, show strong dependence in the data fitting if we use our original data
without scaling and dividing. Both a and [, are critical for getting the best fitting result because
we will not get a good fitting if we fix one of parameters to a non-optimal value. For example, in
Figure 4.15 we can see a significantly different value of /4 does not accurately describe our data. In

this figure we show three fits to our data at 7 = 17 mK. The best fit to the data is shown as the red
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Figure 4.16: HLN fits (Equation 4.25) to magnetoconductivity data of epitaxial CsSnl3 at 17 mK.
The red line shows the best fit in which both @ and /4 are free fitting parameters. The orange,
green and purple curve are fits in which we fixed @ = —0.1, —0.2 and —0.5 respectively while
allowing /4 to remain a free fitting parameter. This analysis shows that a value of a other than

a = —0.0781 does not accurately describe the data.

curve. For the other two fits we have fixed /4 and allowed « to be a free parameter. In particular,
for [y = 0.482 pm (orange) and [y = 48.2 pum (green), there is no value of @ that will give a
reasonable representation of the data. This fact can also be seen from the fittings in Figure 4.16,
where we fixed the @ and allowed /4 to be a free parameter.

(IIT) Contact resistance R.:
The total measured resistance of our device is given by R; = R+ Ry, where Rj is the intrinsic sample
resistance and R, is the total contact resistance from the two gold contacts. At low temperatures,
from Figure 4.9, the total resistance of the device is approximately 20 €. This places an upper
bound of R, < 20 on the contact resistance between the gold pads and the CsSnl3 layer. The
HLN fitting does not take into account the contact resistance. However, as we shall show this only
affects the value of @ and has negligible effect on /.

Since the resistance of the epitaxial CsSnl3 device is small at low temperatures and we have

connected two 10 kQ resistors and a 1 MQ resistor inline with the sample (see Figure 3.9 (a) and
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Figure 4.17: HLN fits (Equation 4.25) to magnetoconductivity data of epitaxial CsSnl3 at 17 mK.
The red solid lines are fit to HLN. The blue data are the original data without considering contact
resistance. The pink, orange and green data are data assuming the overall contact resistance R, to
be 5 Q, 10 Q and 12 Q respectively. The analysis shows if we assume the charge carriers in
epitaxial CsSnlj are in strong SOC regime, the contact resistance should be 11.75 €.

(c)), the current / flow from one gold contact to another can be treated as a constant independent

of B. Therefore the total measured resistance at a particular value of magnetic field will be:

Vin(B)

R:(B) = = R. + Rs(B), (4.26)

where Vj,, is the measured voltage across the two gold pads. From the above equation, we can

derive the intrinsic voltage Vs developed across the sample, which is:
Vs(B) = I[R:(B) — R¢] . (4.27)
The intrinsic sample conductivity og will be the following:

B) = Ke 4.28
O's()—ma (4.28)

where K is the geometric factor between the two gold pads. If there is no contact resistance (i.e.
R = 0), the change of the device conductivity as we apply magnetic field will be:

R:(0) — R/(B)

~ TR (BIR(0) @2

05, Re=0(B) — 05 p.=0(0)
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where R;(0) is the intrinsic device resistance without applied magnetic field. If there is a contact

resistance (i.e. 0 < R < R;), the change of the device conductivity will be:

R:(0) - Ry(B)

Ri(B) - RJ[R(0) —R]” (#:30)

Os.Re>0(B) — 05 r.>0(0) = Kg [

Since the magnetoresistance only varies by 0.5% in the field range between B = +0.3 T (see

Figure 4.10 (b)), we can assume R;(B) ~ R;(0) = X, and obtain the following ratio:

Ts,Re>0(B) — 05 R>0(0) _ Ri(B)R:(0) = ( X )2. (4.31)

T, Re=0(B) = T5.Re=0(0) ~ [Ri(B) = RJ[R(0) =Rc]  \X -Rc

When R, is much smaller than X, we can treat (X_LRC)Z as a constant. That means introducing R,
into the HLN fitting procedure is equivalent to scaling the original data by a factor of (X_LRC)Z.
From Figure 4.14, we have already shown that fitting the scaled data will only change « but not
l4. Here we will give another example to show that the fitted /4 will not change if we take R, into
account. In Figure 4.17, we present HLN fittings of different data traces, and each trace corresponds
to a certain assumed value of R.. The fitting results show that the different value of R, will not
dramatically change the value obtained for /4, and will only increase the value obtained for « (scale
factor) as we increase R..

Moreover, since our data shows no sign of the crossover between WL and WAL in the low magnetic
field regime (see Figure 4.10 (b) and Figure 4.11), we assume that the charge carriers in epitaixal
CsSnlj thin film are in the strong SOC regime (in Equation 4.25, @ = —% indicates the strong SOC
limit). From HLN fitting with different values of assumed R., we find that R, = 11.75Q is the

contact resistance if our device is in strong SOC limit (« = —%).

4.6.6 Possible Origins of Spin-Orbit Coupling in CsSnl;

From the previous discussion in Section 4.5, the magnitude of spin-orbit coupling in a material is
dictated by whether the crystal lacks inversion symmetry. The origin of the inversion asymmetry
can lead to different types of SOC. Inversion symmetry is broken if a compound is intrinsically

non-centrosymmetric and results in Dresselhaus SOC [22]. It is not known whether the epitaxial
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phase of CsSnlj intrinsically lacks an inversion center as it is nearly impossible to perform precise
atomic refinement on an epitaxial thin film. Regardless, the presence of the interface between the
KCl substrate and the CsSnl; epitaxial film breaks inversion symmetry and could lead to a Rashba
spin-orbit field [11] along the growth direction of the heterostructure. In fact, it has been shown
that the large Rashba splitting observed in tetragonal MAPbI;3 is likely not a bulk but rather a
surface-induced phenomenon [33].

Alternatively, it is possible that the spin-orbit coupling in CsSnlz that we observe arises from the
relatively large mass of the constituent atoms in the crystal (Atomic mass, Cs: 132.9, Sn: 118.7,
I: 126.9). The larger mass atoms produce larger magnetic fields relativistically and thus the orbiting
electrons gain larger spin-orbit splitting energy [44], which could be the origin of the strong SOC

we infer from our measurement.

4.6.7 Possible Dephasing Mechanisms in Epitaxial CsSnl; Thin Film

There are three possible scattering processes which can cause dephasing of conducting electrons
(or charge carriers). They are electron-electron (e-e) scattering, electron-phonon (e-ph) scattering,
and spin-flip interactions.

Electron-electron scattering:
Electron-electron scattering is an energy transfer process which is strongly influenced by the
temperature of the system. It arises from the fluctuating electromagnetic field created by other
surrounding electrons in the system. The thermal energy kg7 can cause thermal fluctuations which
can change the electron’s density and create electric field (Johnson noise). Due to the statistical
nature of these fluctuations, such a scattering is different for each electron, thus the electronic
ensemble loses it coherence [77].

Electron-phonon scattering:
Electron-phonon scattering is a energy transfer process between the electrons and crystal lattice
since the vibrations of the positive ions in the crystal lattice can scatter the negatively charged

electrons. The phonons (excited lattice vibration modes, which can be treated as a quasi-particle)
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can be adsorbed or radiated by electrons in this scattering process. The strength of the scattering
process is also highly related with the temperature of the system. As the temperature is lowered,
the vibration amplitude of the ions become smaller, so the number of available phonons to absorb
and emit will decrease. The decreased phonon numbers can lead to an increase of the electron’s
phase coherence time 7.

Spin-flip interaction:
Additionally random spin-flip scattering is phase-breaking. Spin-flip interactions happen when the
system has magnetic impurities. The magnetic moments of these impurities creates a local magnetic
field that interacts with the conduction electron’s spin. The interaction can cause a spin-flip of the
electron and hence dephasing. The concentration of magnetic impurity in a material dictates the
intensity of the spin-flip interaction [77].

Each individual effect listed above has a characteristic rate, they are Te__le for electron-electron

scattering, Te__lp , for electron-phonon scattering and =1 for spin-flip interaction. The phase

s—f
coherence time Ty can be determined for these characteristic rates via Matthiessen’s Rule:
1 1 1 1

— = + + . (4.32)
T¢ Te—e Te_ph Ts_f

In Figure 4.13, as the temperature is increased we observe a reduction in /4 due to increased
inelastic scattering of charge carriers in the epitaxial CsSnl3 thin film. Despite the fact that we do
not purposefully introduce magnetic defects/impurities (e.g. Fe, Mn, etc.), magnetic scattering is
not impossible in our devices, despite it is somewhat unlikely. The purity of the source materials
is high (CsI 99.9% (Sigma-Aldrich), Snl, 99+% (Alfa Aesar), Snl; 99% (Strem)), though it is
possible for a small residual amount of magnetic impurities to be incorporated during growth from
the source materials. Additionally, we cannot completely rule out the role of spin-flip interaction
in dephasing since it has recently been demonstrated that vacancy-induced magnetism can arise in
solution processed lead halide perovskite [119].

In the quantum diffusive regime, the temperature dependence of 7 also carries information
regarding which of the scattering mechanisms dominates; however multiple competing mechanisms

(as described above) often lead to mixed temperature dependences that are difficult to completely
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Figure 4.18: Charge carriers phase coherence /4 as a functon of inverse temperature. The phase
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disentangle [77]. We find that 7 scales as TLP with p = 2 (see Figure 4.18), which is consistent
with phonon scattering as the dominant contributor to dephasing with increasing temperature. In
fact, previous studies on semiconductors and metals have reported electron-phonon scattering as
leading to p ~ 2—4[77]. Regardless of the underlying inelastic scattering mechanism, /4 increases
with decreasing temperature and reaches 5 um below roughly 350 mK, below which it saturates,

possibly due to thermal decoupling of the charge carriers at low temperatures.
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CHAPTER 5

COHERENT HOPPING TRANSPORT AND GIANT NEGATIVE
MAGNETORESISTANCE IN CsSnBrj3

5.1 Introduction

In the previous chapter, we have reported on the observation of phase coherent transport of
charge carriers in the presence of spin-orbit coupling manifesting in weak anti-localization (WAL)
in epitaxial CsSnl3 thin films [94]. Phase coherent quantum interference effects in the form of
weak localization have also been recently reported in quasi-epitaxial CsPbBr3 [131]. Additionally,
hybrid organic-inorganic halide perovskites of single-crystal MAPbls and MAPbBr3; have been
shown to exhibit a variety of low-temperature and high-magnetic field transport phenomena under
illumination [55]. In this chapter we will show that coherent transport effects can be realized in
another high-quality halide perovskite epitaxial material, namely epitaxial single-crystal CsSnBr3
thin films, at low-temperature and high magnetic field. Our CsSnBrj devices show 2D Mott
variable range hopping (VRH) and giant negative magnetoresistance at low temperatures. As
we will describe below, the giant negative magnetoresistance can be explained by the Nguyen-
Spivak-Shkovskii (NSS) model for quantum interference between different directed hopping paths.
Using this model, we can extract the temperature-dependent hopping length of charge carriers
in this material, their localization length, and a lower bound for their phase coherence length,
which we find to be =100 nm at low temperatures. These observations add to a growing body
of evidence that demonstrates that epitaxial halide perovskite devices are emerging as a material
class for low-dimensional quantum coherent transport devices. Much of this chapter will cover the
results presented in [135]. Since we observe quantum coherent transport and hopping effects in
our epitaxial halide perovskite (CsSnl3 and CsSnBr3) thin film devices, a brief discussion about
the potential future prospect of the epitaxial single-crystal halide perovskite films will be given at

the very end of this chapter.
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5.2 Hopping Conduction in Disordered Systems

In Chapter 4, we described the quantum coherent transport physics, more specifically WL (WAL),
of a system in the quantum diffusive transport regime with high charge carrier density. For systems
with a low charge carrier density quantum effects can also manifest. In this section, we will describe
low carrier density systems exhibiting hopping transport. This section will help us to understand

the quantum coherent transport discussed in the next section.

5.2.1 Miller-Abrahams Conductivity

In this section we will introduce Miller-Abrahams conductivity as it serves as a key to understand
nearest-neighbor hopping (NNH) and Mott variable range hopping (VRH), which we observed in
CsSnBr3 devices. We will first evaluate the current through a pair of localized electron states.
If we assume no correlation between the occupation probability of different localized states, the

steady-state current can be given by the following [105]:
Lij = fi(l = fpwij = fi(1 = fwji, (5.1)

where f; and f; are the occupation probabilities of a localized state i and j, and w;; is the electron
or hole transition rate from occupied state i to empty state j. The occupation probability f; is given

by the Fermi-Dirac distribution function (see Equation 1.1):

1

fi= —>
1+exp(Ek‘B;’)

(5.2)

where p; and E; are the chemical potential (Fermi level) and energy of the state 7, and 7 is the system
temperature. The Miller-Abrahams hopping rate [88, 105] is related with the hopping process that
originates from tunneling events and thermal activation, so we can write the transition rate from

site i to site j where E; > E; as:

2,«.. E _E.
A ) (5.3)
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where the r;; = |r; — rj| is the hopping length between site i and j, & is the Bohr radius of the
localized states, which is also referred to as the localization length. If we then apply Equation 5.3

and 5.2 into Equation 5.1, we can get [105]:

L (HjHi
21‘,']') sinh ( 2kgT ) (5.4)

Ei—pj Ej—nj\ . o [1Ei-E)l
cosh ( 2kBT) cosh (W sinh W

In the case of low electric field, resulting in a small voltage drop over a single hopping distance

ljj o« exp(—

(Ap = pj — pj < kgT), and p ~ p; ~ pj (u is the Fermi level of the system), the following

conductivity is obtained [105]:

1 2ri; AE
aij o Mo exp |- vo_2 ), (5.5)
A,Lt .f kBT
where the difference in energy AE is:
1
AE:§(|Ei—/~l|+|Ej—ﬂ|+|Ei—Ej|)- (5.6)

Equation 5.5 and 5.6 were derived by Miller and Abrahams in their calculation of the individual
conductivity oy; in the resistor network, and it is often referred as the Miller-Abrahams conduc-
tivity [88, 29, 41]. More detailed derivations are provided by Abrahams and Miller’s original

paper [88].

5.2.2 Nearest-Neighbor Hopping

The Miller-Abrahams conductance can be applied to systems over a wide temperature range. When
the system is at relatively high temperature, a charge carrier can be excited by a phonon and hop
to an empty nearest-neighbor localized state via the shortest hopping path. The overall effect of a
series of hoppings of this type by many charge carriers in the system creates the conduction, and
it is refered as Nearest-Neighbor Hopping (NNH) conduction. We can derive NNH conduction
from the Equation 5.5. The first exponential term exp (—Zr%) of Equation 5.5 shows the tunneling

rate between the two localized states. It depends on overlap between the exponential tails of the
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wavefunctions of the sites but is not related to the temperature. The second exponential term
exp (_kAITET) of Equation 5.5 describes the rate of activation over the barrier, based on the available
thermal energy kpT and the relative depths of the potential wells at the localized sites [102]. At
high temperatures where NNH dominates, we can treat the first exponential term exp (_Zr%) asa
constant since the hopping length r;; will always be the shortest, which leads to the conductivity

of NNH transport:

AE ) , 5.7

o T)=ocpexp|—-———
NNH(T) = o exp ( kgl
where o g 1s the conductivity of the NNH, oy is a temperature independent pre-exponential

factor and the difference in energy AE given in Equation 5.6.

5.2.3 Mott Variable Range Hopping

We will now introduce the physics of Mott Variable Range Hopping (VRH). The NNH in Sub-
section 5.2.2 occurs when the system is at relatively high temperature. However, if we cool down
the system to very low temperatures, the NNH process is unlikely to happen, which can be seen
from Equation 5.5. In this equation, at low temperatures, the contribution of the term exp (_kA,TET)
is greater than at high temperature. Thus, to achieve the maximum conductivity in a single hop
at low temperatures, the charge carrier is more likely to hop a long distance (associated with a
larger value of r;;) to an empty state that has a small energy difference AE compared to its original
state. This energetically favorable hopping process is the fundamental idea associated with Mott
VRH. Figure 5.1 shows a schematic diagram of both NNH and VRH. When the system is at high
temperature, the charge carrier can hop from a filled state to a nearest-neighbor empty state since
thermal phonons provide the needed energy for the process. However, at lower temperatures, the
phonon density is low and electrons are more likely to quantum mechanically tunnel to an empty
state further away but closer in energy to the original state [112].

Now we will give a quantitative derivation of Mott’s Law, which is the mathematical expression

for the resistance of a disorder low carrier density system in the Mott VRH regime. This derivation is

based on the treatment presented in the text by Efros and Shklovskii [113]. The hopping probability
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Figure 5.1: Schematic diagram showing the difference between NNH and VRH. Note that NNH
happens when the system is at relatively high temperatures and VRH occurs only at low
temperatures. In VRH, the charge carriers hop to distant empty localized sites that have a small
energy difference relative to its initially occupied state. The blue dashed line shows the Fermi
level u [112].

presented in Equation 5.5 implies that the resistance R;; associated with hopping from site i to j is

given by:

(5.8)

2ri;  AE
Rl-j:Rl{’jexp( e ) .

¢ kgl

Consider a system with localized electronic states near the Fermi level. From the above
expression, it is clear that at sufficiently low temperatures only hopping paths having very small
values of AE will contribute to the conduction of the system (i.e. hopping is dominated by
energetically favorable paths). From Equation 5.6, this means energies E; and E; should lie in
a narrow band of energy near the Fermi level whose width decreases as T reaches absolute zero
(see Figure 5.2). Since the system is at low temperature, the DOS in this narrow interval, which
we will denote as 2¢, can be set as a constant (see the red solid line in Figure 5.2). This small
energy interval 2¢q is important in Mott VRH and Efros-Shklovskii (E-S) VRH because charge
carrier transport and hopping at low temperatures happens in this region near the Fermi level, and
the system does not have thermal energy to excite from states that are far below the Fermi level.

The localization length £ in this case is independent of energy. Additionally, we will assume that
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Figure 5.2: Density of states diagram of a narrow energy interval containing states whose energies
are separated from the Fermi level by less than ;. The occupied states reside in the shaded
region. The solid red line is DOS which is set to be constant in this model.

on average AE = € [113]. The number of localized states per unit volume N in this narrow energy

interval 2¢ is:
N =2g(peo, (5.9)

where we use g(u) as the constant DOS in Figure 5.2. Then, the hopping length r;; (in 3D) can be

set as the average separation between two sites:

1 1
1\3 1 3
= (L) = (——) (5.10)
o= (5) = bl
If we apply Equation 5.10 and the assumption AE = ¢ to Equation 5.8, we arrive at:
1
R R? [ ] : _% + ( ! ) (5.11)
i7 = I eXp €0 — € ( > .
T 2> kgT

which describes the resistance associated with a hop from site i to j. Additionally, in the above
equation, one can identify the competition between the overlap of the wavefunction (first term) and
the activation energy (second term) in then hopping process, and changing the value of €y (which
is equivalent to changing r;;, see Equation 5.10) has a different effect on each term. If we take the

derivative of the terms inside the curly brackets in Equation 5.11 with respect to €, and set this
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derivative to be equal to zero, then we can find the minimum of the resistance R;; at:

1
7

kT3
€ = (5.12)
£ (1)
If we apply Equation 5.12 to Equation 5.11 and 5.10, we arrive at the following results:
ot ot
o(T) = po exp (—0) and r(T)=¢ (—0) ., where: Ty = % . (5.13)
r r kpg(pm)é

Equation 5.13 represents Mott’s Law for VRH in 3D. In these expressions, we have assumed
that the overall temperature-dependent device resistivity p(7) is proportional to the individual
resistances R;j. The temperature-dependent hopping length (T) represents the average of r;; at
a certain temperature 7. The temperature 7 is the characteristic temperature for 3D Mott VRH
and 34 1s a numerical factor which can be derived using the Monte Carlo method and percolation
theory. Its value is estimated to be 534 = 21.2 [113, 117].

Mott’s Law for VRH in 2D can be derived in a similar way, and here we present only the final

result:

1 1

To\3 T\ 3
o(T) = po exp (?O) and r(7T) :f(?o) ,  where: Ty = Pad

kpg(p)E?’ G149

The temperature 7 is the characteristic temperature for 2D Mott VRH, and ,, = 13.8 [113, 117].

It is important to note that the above discussion about Mott VRH is restricted to the linear
response regime. In general the low temperature current-voltage (I-V) relationship will be highly
non-linear, and the conduction will not be thermally activated but rather dominated only by the
driving strength of the applied electric field. In this regime, we can derive the electric field
dependent hopping resistivity p(F), where F is the electric field [57, 108, 92]. A simple way
to obtain p(F) is the following manner. First, we set the narrow energy interval €y = eFr;;
(on average) since €y cannot be smaller than the work done by an electron’s hop. Then using
Equation 5.10, we can obtain r; j in the 3D case:

_ —1 % 5.15
7ij = (Zg(ﬂ)eF) | 619
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If we ignore numerical factors and apply Equation 5.15 to Equation 5.8 and ignore the term
associated with thermally activated transport, we arrive at a set of equations describing the low-

temperature, non-linear field driven transport:

Fy

1
d+1
and r(F) :5(7) * , where: F(y = Ar

estg@ 10

1
Fo\d+1
p(F) = po exp (FO)
where d = 2 for 2D and d = 3 for 3D, and SF is a numerical factor which is different for 2D and

3D.

5.2.4 The Coulomb Gap and Efros-Shklovskii Variable Range Hopping

In the derivation of Mott VRH in Subsection 5.2.3, we made the assumption that the DOS g(¢) is a
constant within the narrow energy interval, and that electron-electron interactions could be ignored.
However, this statement is not always true in the general case. According to computer simulation
results from Efros and Shklovskii [113], the shape of DOS in a doped semiconductor near Fermi
level varies as the ratio of the concentration of acceptors (N,4) to the concentration of donors
(Np) varies, i.e. K = ]]\\;—g, and by definition 0 < K < 1. This simulation takes electron-electron
interactions into account, and the result shows at both K << 1 and 1 — K > 1, the DOS near the
Fermi level become bell-shaped. The Fermi level in both cases is at one of the wings of the DOS
distribution (see Figure 5.3 (a) and (b)) [34]. But when K is an intermediate number between 0 and
1, the location of the Fermi level is not near the maximum of the DOS distribution as one might
expect. For example, if we set K = 0.5 the DOS is minimal at the Fermi level (see Figure 5.3
(c)) [113]. The gap in the DOS in Figure 5.3 (c) around the Fermi level is called the “Coulomb
gap”. This gap is generally caused by the Coulomb interaction between electrons and results in a
diminished DOS at the Fermi surface. The result from Efros and Shklovskii [113] demonstrate
that in general we cannot treat the DOS g(€) as a constant as we did in the case of Mott VRH.
Next, we will present a method to construct the DOS function of the Coulomb gap and describe

Efros-Shklovskii (E-S) VRH.
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Figure 5.3: Schematic diagram of a more realistic DOS of a doped semiconductor according to

computer simulations [113]. The simulation result shows DOS varies as the ratio K = ﬁ varies.

(a) K < 1,(b)l =K > 1, (c) K =0.5. The area shaded with red dashed lines shows occupied
states. The blue dashed lines are Fermi levels.

We begin by considering that at sufficiently low temperatures, all electron states below the
Fermi level u are occupied while all the states above u are empty. In a narrow energy interval
(1 — €, u + €p) around the Fermi level, the work associated with transferring an electron from
occupied state E; to empty state E; can be written as [24]:

22

AW,'_,]' = Ej -E; - > 0, (5.17)

Krij
where r;; is the hopping length between the two states and « is the electrical permittivity of the
material environment containing the electrons. This equation can be obtained in two steps. In the
first step, we take an electron from a filled donor site i to infinity where the potential energy is taken
to be zero. The amount of work done in this step is —E;. In the second step, the amount of required
work to move the electron to site j is E; if the occupation of a donor corresponded to the ground
state of the system. However, the donor site i is empty and should be treated as positive charge.
Therefore, in the calculation, the attraction between the positive charged site i and the electron will
diminish the required work by the amount of —% [113]. The total work AW;_, ; should be greater
than zero otherwise the alternative configuration in which the state j is occupied and the state i is

empty would be preferable. From Equation 5.17 and the condition E; — E; < 2¢,, we can derive
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Figure 5.4: The Coulomb Gap in the DOS of a low carrier density material in 2D (linear red line)
and in 3D (parabolic yellow curve). The red shaded area corresponds to occupied states.

the constraint for the total number of impurity states N in a d-dimensional (d=2 or 3) system:

1 2ke d
N(GO) = 7 < ez . (518)
ij

Since €( can be arbitrarily small, we can replace the inequality in Equation 5.18 with an equality [34].
The corresponding DOS function for this small interval of energy around Fermi level will be:

ON (&)

2K d d—1
ocd(—z) e L. (5.19)
e

g(€o) =‘

Additionally, we can replace the small parameter €y by |e — u|. In this case, the DOS function near

the Fermi level becomes:
d
2K _
g(e) oc d (e_2) le — |41, (5.20)

The DOS g(€) that results from taking into account the Coulomb interaction is not a constant as in
the case of Mott VRH. In a disordered 2D system with a low carrier concentration, g(€) is linear
in |€ — u|, and in a disordered 3D system g(€) is parabolic in |€ — u|, as shown in Figure 5.4.
From Equation 5.18 and the previous arguments, we find that the hopping length r;; = % This
hopping length can be inserted into Equation 5.8, where we can assume on average AE = ¢, and

obtain:

Rii e e + 50 (5.21)
i ¢ eX . .
" P ZfEOK kBT
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Equation 5.21 above shows that there is a minimal value of R;; when:

1
eszT 2
EO:( 2ex ) . (5.22)

Then, if we apply this value of €, to Equation 5.21, we obtain the mathematical expressions for the

E-S VRH model:
1 1

Trs\2 Trs\2 2
p(T) = pg exp (%S) and r(T)=§(%S) . where: Tyg = SPES | (5.23)

kpké&

The temperature-dependent resistivity p(7) and hopping length r(7') in the E-S VRH model are
valid for both 2D and 3D, and B is a numerical factor which was calculated (using the theory of

percolation) to be 6.2 in 2D [99] and 2.8 in 3D [113].

5.2.5 Zabrodskii Method

In this section, we will describe a common method used to analyze the temperature dependence of
the resistance of a device or system developed by Zabrodskii and Zinov’ewa [134], often referred
as the “Zabrodskii method” (or the resistance curve derivative analysis (RCDA) method.) This
method can help to determine the dominant transport mechanism of a system. As we shall see, the
temperature-dependent resistivity p(7’) in most systems (such as in our CsSnBrj3 thin film devices)

can take the following general phenomenological form:

o(T) = BT % exp [(%)x] , (5.24)

where B, a, Ty and x are all constants. The exponent x carriers information about which transport

regime is dominant in a measured device. In the Zabrodskii method we define a quantity w(7):

dln p
T)=- . 5.25
w(T) olnT (5-25)
By combining Equations 5.24 and 5.25, we get:
T x
w(T)=a+x (?0) , (5.26)
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X
When the system has an exponential (activated) p(7) dependence, we have w(T) = x (TTO) , by

taking the logarithm on both sides we have:
In(w) = In (ng ) —xIn(T). (5.27)

The first term of the above equation is a constant, which means we can find the value of x by fitting
a plot of In(w) versus In(7). We now provide a example to show how the Zabrodskii method
works in practice based on measurement of GaGdN layers grown on semi-insulating 6H-SiC(0001)
substrates [5]. By determing the value of x in different temperature ranges, one can determine the

transition from E-S VRH to Mott VRH as the device’s temperature is reduced.

a b
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Figure 5.5: Application of the Zabrodskii method to transport measurements performed on
GaGdN layers grown on semi-insulating 6H-SiC(0001) substrates by Bedoya-Pinto et al. [5]. (a)
Temperature dependence of the resistivity of GaGdN on 6H-SiC. (b) Transition from E-S VRH to
Mott VRH as determined by Zabrodskii method (1 and m, correspond to two different values of
the exponent x shown in Equation 5.24). Note that data plotted on Figure (b) are on a logarithmic
scale for both axes, which is equivalent to plotting In(w) versus In(7’).

The successful analysis of the transport data using Zabrodskii method requires precise control
and measurement of the device temperature, which is not possible over a wide range of temperature

in our system. Thus, we are not able to apply Zabrodskii method in our data analysis.
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5.3 Nguyen-Spivak-Shkovskii Model

In this section, we will discuss the role of quantum interference in 2D Mott VRH based on the
so-called NSS theory developed by Nguyen Spivak and Shkovskii [97]. The contents of this section
are based on the treatment in [114, 97, 50, 137]. The general idea of NSS theory is the following:
Typically, each electron hop is accompanied by a phonon emission or absorption event and thus an
electron loses phase information after each hop. However, as we will see below, interference can
occur between different hopping (tunneling) trajectories connecting two fixed sites. Furthermore,
this interference can be altered by the presence of a magnetic field which manifests as a giant
negative magnetoresistance. This phenomena will be described below and we will see that it

actually describes our data on epitaxial CsSnBrj3 thin films.

Energy €

A

Fermi energy u

» Distance 7"

Figure 5.6: The diagram depicting the NSS model. Three (out of many possible) zigzag hopping
paths are shown. All of these paths contribute to the probability amplitude of an electron hop
from localized site 1 to 2 (having energy € and €;). The grey shaded area is the enclosed area St
for the hopping path I". When an external magnetic field (normal to the plane of the 2D material)

is applied, an additional phase term ¢r = Zﬂggr will be introduced to the hopping path I', and the

interference between different hopping paths leads to negative magnetoresistance. The short
horizontal lines are localized states (impurities) where elastic scattering occurs during the
electron’s transit from 1 to 2.

From Equation 5.14, for 2D Mott VRH, the hopping length r(7’) is much greater than the average
distance between nearest impurity sites (i.e. the localization length &). This provides the possibility

for electrons to take multiple hopping paths between localized sites (see Figure 5.6). Along each

91



hopping path, there are many elastic scattering events that can affect the overall probability of
electrons hopping from localized site 1 to 2. During these scattering events the electron maintains
its phase coherence. Additionally, the phases of electrons on different hopping paths are different
in general and can interfere. Electrons ultimately lose their phase information after arriving at site
2 once the hopping process is done.

If there is are impurities between site 1 and 2, the wavefunction describing an electron tunneling

from site 1 to 2 takes the form [114]:

—

( |7 =71l
exp |-

3

R 1
WI(F) o« =——
7 -

) . (5.28)
11

Each impurity along a typical hopping path produces scattering, and scattering by impurity i (having

energy ¢;, see Figure 5.6) results in a wavefunction of the form [76]:

-

|F — 8née;

b
€] — €

ril

Wscat = WO (7) —H— exp | - where: ;= (5.29)
4r|r — ril

where y; is the scattering amplitude associated with impurity i. Along the hopping path from site
1 to 2, the electron can be scattered elastically many times. All these waves contribute to the wave

function ¢ (73) at site 2,

WG (e
D7) = 0(5) + Z“ 4 m@ﬂ—@)

/> = ril '3
|7 —ril Hi
+Zw1” il ( ¢ )w—m -39
7 — 12|
xexp( E ) ZlﬁF(”Z)
{r}

The above expression includes all the contributions of possible hopping paths I" connecting site
1 and 2. Since the scattering wavefunctions decay exponentially with increasing distance from an
impurity and only forward scattering is relevant, the scattering paths are concentrated inside the
cigar-shaped domain. An important aspect of Equation 5.30 is that all terms in this equation are
real and can in general have either sign since the scattering amplitude y; can be positive or negative.

It will be beneficial to recast the effect of scattering and interference on the transport in terms of a
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new factor J:

. B, _ 2
i) =), J=) Jr . Rp=J"Rg exp(?r) : (5.31)
{r}

The factor J represents the total amplitude of the tunneling wavefunction and it is the sum of
amplitudes of the individual paths Jr. In the NSS model, J is a random real number that depends
on €1, €p and the hopping length r (r = r3), and it depends on the random coordinates and energies
of all impurities that are located in the system. The resistance R, is that between site 1 and 2 and
it is associated with value of J and not with the temperature of the system [114] at sufficiently low
temperatures. In the presence of a small magnetic field normal to the 2D system, the wavefunction
between two scattering centers introduce a phase factor exp(i¢r) to each path I'" and results in a
complex J [114]:
2nBST

J = {ZF;JF exp(ior) where: ¢r = oy (5.32)

In Equation 5.32, ® is the flux quantum and ST is the area enclosed by a scattering path and a

straight line connecting site 1 and 2 (see grey shaded area in Figure 5.6).

The next part of the question is how can transport in the 2D Mott VRH regime be understood
in the context of the NSS model of coherent hopping. Methods developed from percolation theory
can be used to answer this quesition [113, 114]. Percolation theory (which is beyond the scope of
this dissertation) describes the behavior of a network when additional nodes or links are added [28].
In physics, it is often used to calculate the electrical conductivity of a system by building a resistor
network model that reflects a material with certain lattice structure and impurity concentration (for
more detail see [113, 114]). From percolation theory, the magnetoconductance is determined by a

logarithmic average L over realizations of the impurity distribution [113, 137]:

_Je® ] [ [eiiB)]\
b=l [m] - <1“ [a,-j«»b - <1“

By building up a percolating network in the hopping transport regime with various concentration of

2

'J(B)
J(0)

> . (5.33)

impurities and distribution of scattering amplitude y;, and using Equation 5.33, the authors in [137]

found the following formula for L, which as we shall see below, leads to negative magnetoresistance
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[137, 87]:

L=y r;? . (5.34)

Nl—

Note that both side of this equation is unitless, g = (%) is the magnetic length and 7y is a universal

numerical coefficient and it is estimated to be y =~ % [137]. The quantum interference between
multiple hopping paths between two localized states creates fluctuation in hopping probability, and
a large negative magnetoresistance can be achieved by averaging these fluctuations over different

hopping processes in the system [98]. If we consider Equation 5.33 and 5.34, and the magnetic

length /g, we obtain:

R(B)| _ evs 1
ln[m]——yr(T) (£) B2. (5.35)

Equation 5.35 clearly shows the dependence of the logarithm of normalized magnetoresistance
In [%] as a function of B%. More details regarding this equation will be provided when we
present the negative magnetoresistance data from our CsSnBrj3 thin films in Subsection 5.4.3.
NSS physics has been realized in various systems in the 2D VRH regime including GaAs
field-effect transistors [65], fluorinated graphene [47], Ge films [90], In,O3_, films [89] and
GaAs/AlGaAs heterostructures [52]. All of these systems show large negative magnetoresis-
tance when the systems are at low temperatures, and Figure 5.7 shows an example from [52] on

GaAs/AlGaAs heterostructures. The magnetoresistance of this sample shows the characteristic

1
linear dependence versus B2 predicted by Equation 5.35.

5.4 Coherent Hopping Transport in CsSnBr;

5.4.1 Temperature-Dependent Electrical Properties of Epitaxial CsSnBr;

Before presenting the result on hopping transport, in this subsection we will first discuss the

temperature-dependent resistance observed in epitaxial CsSnBr3 devices. Evidence for a structural

phase transition observed in the temperature-dependent resistance data will also be discussed.
Figure 5.8 shows the resistance of CsSnBr3 epitaxial thin film devices versus temperature as

they are cooled from room temperature to 2.4 K in the absence of a magnetic field. In each of
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Figure 5.7: Data from [52], semilogarithmic plot of the magnetoresistance as a function of H % at
a fixed temperature of T=300 mK for a low-dimensional electron systems in a
molecular-beam-epitaxy grown GaAs/AlGaAs heterostructure at three different localization
lgangths (controlled a by gate voltage to tune the charge carrier density) of & = 250, 550, and 1050
A.

the two devices, we observe that the resistance increases as the temperature decreases and reaches
many tens of k€ at the lowest temperatures. While previous work has reported Ohmic contact
between CsSnBr3 and gold at room temperature [127], our two-terminal resistance measurements
cannot preclude a contribution from a contact resistance between the evaporated gold contacts and
the CsSnBrj3 epilayer. Nevertheless, we emphasize that such a contact resistance would not change
the conclusions we draw regarding coherent hopping transport. We also note that recent theoretical
work has indicated the potential role of electrode induced impurities in CsSnBr3 [75], which could
be investigated with future four-terminal devices. Finally, we note that all measurements reported
here were performed in a regime of linear response, which was ensured by performing device IV

characteristics at the lowest temperatures.
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Figure 5.8: (a) Resistance versus temperature of CsSnBr3 device. (b) Additional CsSnBr3 device
for comparison. Insets: Data zoomed in near 215 K, highlighting the observed kink in R(T),
which is indicative of a structural phase transition upon cooling.

Rough/Island Growth
NaCl/ CsSnBr;  RT

NaCl/ CsSnBr,

Figure 5.9: In situ RHEED data of rough CsSnBr3 grown epitaxially on NaCl (left) and cooled
from room temperature (top, right) to just above liquid nitrogen temperature (bottom, right).

In the resistance data, we observe a repeatable small kink that appears at 215 K in all of the
samples we have measured (see insert of Figure 5.8 (a) and (b)). The kink is likely associated with
a structural phase transition in the epilayer. In fact, structural phase transitions have been reported

previously in bulk CsSnBr3 [91]. Moreover, our in situ RHEED diffraction measurements on
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rough CsSnBr3 show an increase in the c/a lattice ratio of 7 + 2% (based on the change in the spot
spacing in the dz/dx directions) as the sample is cooled from room temperature to 83 K, confirming

the presence of a cubic to tetragonal phase transition (see Figure 5.9).

5.4.2 2D Mott Variable Range Hopping in CsSnBrj

In the previous section, we have showed that the CsSnBr3 device we have is consistent with that of
a lightly doped semiconductor (see Figure 5.8). Moreover, the data at low-temperature range (15
K to 125 mK, see Figure 5.10) is consistent with the 2D Mott VRH,
1
In[R(T)] =1n(Rp) + (%) : (5.36)
The above equation (derived from Equation 5.14) gives a clear picture regarding the temperature
dependence of the measured resistance in our devices and 2D Mott VRH. The characteristic
temperature 7 = 32 K and 7jy = 44 K for device A and B (A and B has same geometry which can
be found in Subsection 3.4.2) are obtained from fits to R(T). The fact that we observe 2D Mott
VRH in epitaxial CsSnBrj3 thin film devices implies that the electrons in CsSnBr3 undergo phonon-
assisted tunneling between different localized states and that the tunneling distance of electron is
much larger than the distance between impurities at low temperatures, as depicted in Figure 5.1.
As describe above, the regime of variable range hopping (VRH) will only appear at a suffi-
ciently low temperature. As the temperature increases, thermally activated NNH will onset and
dominate the hopping transport between localized sites. NNH here is characterized by a dependence
In[R(T)] %, as shown by Equation 5.7. In Figure 5.11 (a) and (c) we present measurements
of the resistance of two devices at higher temperature (35 K to 15 K), showing this expected %
dependence for our epitaxial CsSnBr3 devices. Additionally we observe a saturation of the device
resistance roughly below 125 mK as shown in Figure 5.11 (b) and (d). This deviation is likely
associated with a thermal decoupling of the device from the mixing chamber as the primary source
of electronic heat exchange between the sample and the cryostat decreases with increasing device

resistance leaving the device at an elevated temperature relative to the mixing chamber.
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Figure 5.10: Logarithm of the low-temperature (15 K to 125 mK) resistance a function of 7 3 for
CsSnBrj3 epitaxial thin films. (a) data from CsSnBr3 device A, (b) CsSnBrj3 device B. The red
dashed lines are fits to the data based on the temperature dependence of 2D Mott VRH transport.

Additionally, in Figure 5.12, we plot the temperature-dependent resistance data of our CsSnBr3
devices at low temperatures (15 K to 100 mK) for various power laws to compare with other models.
Figure 5.12 (a) and (d) are for NNH (T‘l), (b) and (e) compare with E-S VRH (In[R(T)] o« T_%,
derived from Equation 5.23), and (c) and (f) are for 3D Mott VRH (In[R(T)] « T_é_ll, derived
from Equation 5.13). These plots show that our low-temperature resistance data do not match the
NNH and E-S VRH models since these data show non-linear dependences. In contrast, transport
in our devices could be interpreted in the context of 3D Mott VRH (see Figure 5.12 (c¢) and (f)).
The possibility of 3D Mott VRH can be ultimately ruled out by our observation of a large negative
magnetoresistance as well as clear signatures of NSS physics from the CsSnBr3 samples as will be

discussed in Subsection 5.4.3 and 5.4.4.

5.4.3 Giant Negative Magnetoresistance in CsSnBr;

To further reveal the coherent hopping transport of the charge carriers in our epitaxial single-
crystal CsSnBrj3 thin film devices, we performed magnetoresistance measurements at different low

temperatures up to large magnetic fields (i.e. up to +£13.5 T). In these measurements the applied
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Figure 5.11: Power law temperature dependence of CsSnBr3 device outside the 2D Mott VRH
regime. (a) and (b) data are from CsSnBrj3 device A. (¢) and (d) data are from CsSnBr3 device B.
(a) and (c) At high temperatures (35 K to 15 K), the CsSnBr3 devices show thermally activated
transport (NNH, and its characteristic temperature dependence of resistance is In[R(T)] o« 771,
converted from Equation 5.7). (b) and (d) At low temperatures (15 K to 125 mK), the devices
show 2D Mott VRH transport as described in the main manuscript. Below 125 mK we find that
the device resistance saturates, a phenomenon that is likely associated with thermal decoupling of
the device from the cryostat. The data is from CsSnBr3 sample A, and CsSnBr3 sample B shows
similar behavior.

magnetic field is normal to the epitaxial film. The result of the magnetoresistance for both devices
are shown in Figure 5.13. We find a giant negative magnetoresistance with no sign of saturation over
the full field range at low temperatures, and at 7 = 0.5 K, the ratio of % > 2. This is in contrast
to WL (WAL) where the magnetoresistance only decreases by a few percent [10]. This is consistent
with results shown in reports for GaAs/AlGaAs heterojunctions (see Figure 5.7 [52]) and InpO3_,,
films in the 2D VRH regime [89] and is consistent with the predictions of the NSS model. We

find that the negative magnetoresistance peak is weakened as the device temperature is increased

indicating a possible reduction in the length scale associated with phase-coherent hopping, which
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Figure 5.12: Checking of the temperature-dependence power law of CsSnBr3 devices outside the

VRH-regime at low temperatures (15 K to 100 mK) (a), (b), (c) are data from CsSnBr3 device A.

(d), (e), (f) are data from CsSnBr3 device B. (a) and (d) are for checking NNH (In[R(T)] oc 7! ),
1

(b) and (e) are for checking E-S VRH (In[R(T)] < T 2), (¢) and (f) are for checking 3D Mott
1

VRH (In[R(T)] o< T 4). Note that data from both samples do not fit to NNH and E-S VRH
model.

could be caused by increased inelastic scattering from phonons or charge carriers. The weakening
of the peak may also potentially result from a contribution from positive orbital magnetoresistance

as the device temperature is increased.

5.4.4 Analysis of Different Length Scales in CsSnBr;

We have plotted the magnetoresistance data in the form of natural logarithm of normalized magne-
1

toresistance In [%] as a function of B2 in Figure 5.14, which clearly demonstrates the expected

functional dependence as we discussed in NSS model (see Equation 5.35). The observation of the

NSS physics further proves that our devices exhibit 2D rather than 3D Mott VRH behavior. The
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Figure 5.13: Magnetoresistance of two CsSnBrj epitaxial thin films at different low temperatures.
(a) data from CsSnBr3 device A. (b) data from CsSnBr3 device B. Both devices show giant
negative magnetoresistance with no sign of saturation. The applied magnetic field is normal to the
CsSnBrj3 film. The peak of the magnetoresistance weakens as the temperature increases,
indicating that the length scale associated with phase-coherent hopping is reduced. Note that at

T = 0.5 K the ratio of % > 2 for both samples, which is significantly exceeding unity.

temperature-dependent hopping length r(7) can be obtained from the slope of the linear regime
in Figure 5.14, which yields r(T) = 94, 81, 67, 59 and 46 nm at 0.5, 0.75, 1, 1.5 and 2.5 K for
CsSnBrj3 device A (128, 107, 87, 72 and 61 nm at 0.5, 0.75, 1, 1.5 and 2.5 K for CsSnBr3 device
B). According to Equation 5.14, in low—temperaw{e 2D Mott VRH regime, r(T) should have the
following temperature dependence r(7T) = & ( %) 3 In the insets of Figure 5.14, we plot r(T) as
a function of T_%, which show good agreement with this expected behavior for 2D Mott VRH
and is independently consistent with our temperature-dependent resistance measurements at zero
magnetic field. We also note that the corresponding localization length for charge carriers & can
be determined from the slope of r(7T'), from which we find ¢ ~ 30 nm for CsSnBr3 device A
(¢ = 37 nm for device B).

Our measurements and analysis also allow us to place a lower bound on the phase coherence length
for charge carriers in CsSnBr3 In particular, the NSS model is applicable when the phase coherence
length [ is longer than 7(T). In this limit the hopping paths retain phase coherence. Equation 5.35

also requires that the magnetic length /g be shorter than the hopping length r(7'), so that there
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Figure 5.14: Logarithm of the normalized magnetoresistance In [%] as a function of the square

1
root of the magnetic field B2 at different temperatures as indicated. (a) Data from CsSnBr3
device A. (b) Data from CsSnBr3 device B. Inset: temperature-dependent hopping length (T) as

1

a function of 7~ 3.

are multiple quanta of magnetic flux through a typical closed-loop hopping path, and the magnetic
field strongly alters the phase of the charge carrier trajectories. Our observations in aggregate
indicate good agreement with the NSS model suggesting that both conditions are fulfilled, and the
hierarchy of length scales /g < r(T) < ly is achieved. In Figure 5.14 at T = 0.5 K, from both
devices, we observe linear dependence of In [%g))] on B% for all values of B% > 0.6 T% with a
weaker dependence at smaller fields. This high-field regime corresponds to [z < 40 nm, and the
condition /g < r(T = 0.5 K) is satisfied. While we cannot directly measure the phase coherence
length /4 in the VRH regime, the requirement that /4 is greater than r(7 = 0.5 K) implies a phase
coherence length significantly larger than at least ~ 100 nm for both of CsSnBr3 devices. This is

consistent with the notably high phase coherence length measured in our epitaxial CsSnl3 thin film

device [94].
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5.5 The Resemblance of Nguyen Spivak and Shkovskii Model and Weak
(Anti-) Localization in Epitaxial Halide Perovskites

This section serves as a summary of the NSS model discussed in 5.3 and discusses its similarities
and differences to the theory of WL (WAL) discussed in Section 4.4.

In Figure 5.15 we present a qualitative picture of these two modes of quantum coherent transport,
where WL (WAL) is observed in our epitaxial CsSnlz device and NSS is observed in our epitaxial
CsSnBr3 device. A schematic of the corresponding transport regimes for both models are shown,
along with the different scattering paths and scattering centers. The various relevant length scales,
including the temperature-dependent typical hopping length r(7'), the charge carrier localization
length at zero magnetic field £, and the phase coherence length /4, are also shown in Figure 5.15
along with their sizes relative to each other.

In the quantum diffusive transport regime, which arises at a higher charge carrier density relative
to the VRH regime, the coherence among multiple elastic scattering paths of a single electron can
lead to an enhancement of backscattering, as shown in Figure 5.15 (a). An externally applied
magnetic field introduces relative phase shifts between different scattering paths and thus leads to
relatively small negative magnetoresistance, which is the hallmark of WL [10]. WAL has the same
physical nature as WL, but with the additional phase imparted on the electron spin via spin-orbit
interaction. This spin-orbit effect in WAL leads to relative small positive magnetoresistance near
B = 0. In analogy to WL (WAL), coherent transport can also appear at significantly lower charge
carrier density in the Mott VRH regime and can also be modified by an externally applied magnetic
field. To understand the magnetoresistance in the hopping regime, the NSS model considers the
overall hopping amplitude between localized sites as the sum of amplitudes of different tunneling
trajectories, each of which involves an electron or hole passing virtually through multiple localized
impurity states, as depicted in Figure 5.15 (b). When an external magnetic field is applied, a
phase shift is introduced that can coherently modify the overall hopping amplitude and lead to
a large negative magnetoresistance [137, 115]. So, in a nutshell the NSS physics we observe

in epitaxial CsSnBr3 films is a analog of WL (WAL) in the Mott 2D VRH regime. The fact

103



(a) Weak (Anti-) Localization ~ (b) Nguyen-Spivak-Shkovskii Model

from epitaxial single-crystal CsSnl, from epitaxial single-crystal CsSnBr;
PhESE coherence length ~1 g Temperature-dependent hopping Ienlgth r(T)
I* - g
r(T) l¢,
. P ;.-L s . .
"“4;’ . \‘
10 o @2
\. @
P -~ .
Impurity / ’\‘/ ® B
o \'\‘ ."r 1 @
> R 4
Clockwise traject Counter-clockwise traject _’
ocrwie trRiecon a;—::::etvg:isxi‘:aj:a:orgv i . Two of the possible tunneling trajectories
High charge carrier density Low charge carrier density
Quantum diffusive transport regime 2D Mott VRH regime

Figure 5.15: Qualitative picture of two modes of quantum coherent transport in 2D systems. The
gray dots represent impurities (sites of elastic scatterings). Three different length scales, the phase
coherence length /4, the temperature-dependent hopping length r(7'), and the localization length
&, are indicated. (a): Model of WL (WAL) in a conductor. Blue (red) arrows show clockwise
(counterclockwise (time-reversed)) diffusive trajectories. The electron spin is only considered in
WAL. (b) NSS model based on 2D Mott VRH in an insulator. A charge carrier tunnels from site 1
to an energetically favorable site 2. The red path and the blue path represent two possible
tunneling trajectories, which contribute to the overall hopping amplitude from site 1 to 2.

that we can observe different coherent transport effects in our halide perovskite devices adds to
the growing body of evidence demonstrating that epitaxial halide perovskite thin film devices are
emerging as an exciting new class of low-dimensional quantum electronic materials. As the quality
of epitaxial halide perovskite materials continues to improve via advances in growth, doping, and
strain engineering, one can expect the emergence of ever more subtle and exotic electronic states
of matter (such as the quantum Hall and fractional quantum Hall states discussed in Chapter 1)
in these materials at low temperatures. Additionally, leveraging the advances of halide perovskite
epitaxy opens the door for developing high-quality devices exhibiting symmetry-broken collective

states.
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CHAPTER 6

CONCLUSIONS AND FUTURE DIRECTIONS

In conclusion, we have presented quantum coherent transport in epitaxial single-crystal halide
perovskites thin films. In particular, we have observed WAL in CsSnlj3 in the quantum diffusive
regime, and a large negative magnetoresistance in CsSnBr3 which can be explain using NSS
model for 2D coherent Mott VRH. These coherent quantum transport phenomena demonstrate the
great potential that halide perovskites have as a new class of materials for making future quantum
electronic devices. The following are several future directions that could be explored with these
materials.
Effects of Doping and Thickness

In magnetoresistance measurements on epitaxial single-crystal CsSnlz samples, we found that
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Figure 6.1: (b) Magnetoresistance of one CsSnl3 epitaxial thin film at 7 = 250 mK showing
WAL. (b) Measurement on another CsSnlj epitaxial thin film at 7 = 10 mK showing WL.

most samples show WAL and have relatively low resistance at low temperatures as shown in
Figure 6.1 (a). However, some CsSnl3 samples exhibited high resistance at low-temperatures and
showed behavior resembling WL, as shown in Figure 6.1 (b). These differences could be caused by
difference in sample thickness and variations in doping. Thus, the systematic investigation of the

transport properties on halide perovskite with varying film thickness could be performed to explore
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the transition from 2D-to-3D quantum transport as a function of vertical confinement. Additionally,
systematic studies with variable doping could be performed to investigate the conducting properties
of these semiconductor materials.

Four-Terminal Measurements on van der Pauw Device

Another future direction would be to develop four-point quantum transport measurements on

(b)

Halide substrate

Four-terminal Measurement on MAPbl;  Van der Pauw device geometry

Figure 6.2: (a) Photo of a MAPbDIj3 thin film in a four-terminal measurement. (b) Schematic figure
of a halide perovskite device with van der Pauw device geometry.

halide perovskite thin films and van der Pauw and Hall bar device geometries (see Figure 6.2 (b)).
Four-point measurements would enable measurements to systematically characterize the charge
mobility, density, and carrier type in these materials over an wide range of growth parameters
including doping and disorder. Additionally, we have already made progress in this direction and
have realized conventional four-terminal measurements on methylammonium lead iodine (MAPbI3)
thin films (see Figure 6.2 (a)).
Surface Acoustic Wave Measurements on Halide Perovskites Thin Films

Inspired by our previous work, in which we demonstrated that the charge carriers in graphene can be
driven by surface acoustic waves (SAWs) [68], one could perform acoustoelectric measurements on
halide perovskites, especially single-crystal CsSnlz devices which have demonstrated high charge
carrier density. A SAW is an elastic wave that propagates along the surface of a piezoelectric

material, and have been used to studying 2DESs. SAWSs can be generated (and detected) using
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Figure 6.3: Schematic figure of a proposed “flip-chip” device. The top layer is a piezoelectric
material, where interdigitated transducers (IDTs) are fabricated onto the bottom side. A surface
acoustic wave (SAW) can be generated from either pair of IDTs. The bottom layer is a halide
perovskite thin film device with four gold contacts.

interdigitated transducers (IDTs) fabricated on the piezoelectric substrate. A new halide perovskite
device based on a “flip-chip” geometry is shown in Figure 6.3.

High Magnetic Field (45 T) Magnetotransport Measurements
As discussed in Chapter 1, an exciting possibility would be to observe the IQHE or even the FQHE
in epitaxial halide perovskite 2DES. As device quality increases, samples could be taken to the US
National High Magnetic Field Laboratory to perform magnetoresistance measurement up to 45 T.
This significantly larger field could reveal the presence of quantum oscillation (i.e. Shubnikov—de

Haas effect), which is a precursor to the quantum Hall effects introduced in Chapter 1.
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APPENDIX A

STUDYING BI-LAYER GRAPHENE USING RESISTIVELY DETECTED MICROWAVE
METHODS

In this appendix, we will first give a brief introduction to 2DESs based on bi-layer graphene (BLG).
Then we will discuss the van der Waals assembling technique, and how to reveal unique properties
of different types of BLG systems subject to an electric displacement field. Finally, we will present
our preliminary experimental efforts to study resistively detected microwave absorption on BLG
heterostructures. The data presented in this section is based on experiments on a high-quality
twisted bi-layer graphene (tBLG) device, which was fabricated by collaborators in the group of

Professor Jia Li at Brown University.

Twisted and A-B Stacked Bi-Layer Graphene

Monolayer graphene (MLG) consists of a single layer of carbon atoms with a honeycomb
crystal structure. BLG consists of two layers of MLG. The electrical properties of different BLGs
are distinct from each other due to the orientation of the stacking of the two MLG layers. Here,
we will describe two of the common stackings, namely tBLG and Bernal-stacked or A-B stacked
bi-layer graphene (AB-BLG).

The crystal structure of tBLG is shown in Figure A.1 (a), where two MLGs are stacked onto
each other with a relative twist angle 6 between the layers. In momentum space, this angle 6
causes a decoupling of the Dirac cones of each layer of MLG, which leads to many of the unique
properties of the tBLG [42]. When 6 ~ 1.1°, tBLG tends to exhibit an intrinsic superconductivity
and the system is referred to as magic angle tBLG [13]. We note that, our tBLG is not magic angle
graphene.

In MLG, each unit cell contains two carbon atoms and the positions of the two atoms are not
equivalent. The unit cell of AB-BLG contains four atoms, which are labeled as A1, B1 on the top

layer and A2, B2 on the bottom layer (see Figure A.1). The two layers are arranged so that the the
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Figure A.1: Schematic representation of two BLG crystal structures, orange and blue indicate top
and bottom layers of MLG. (a) Twisted bi-layer graphene (tBLG): Two graphene layers are rotated
relative to each other by angle 6. (b) Bernal-stacked bi-layer graphene (AB-BLG): Atoms A1(A2)
and B1(B2) on the top(bottom) layer are shown as empty and solid circles.

atom Al in the top layer is directly above the atom B2 in the bottom layer. These two atomic sites
are often referred as “dimer” sites because the electronic orbitals on them are coupled together by
a relatively strong interlayer coupling. The other two atoms, B1 and A2, do not have a counterpart
on the other layer that is directly above or below, and these atomic sites are often referred to as

‘non-dimer’ sites [86].

Van der Waals Assembing Technique and Device Geometry

Here we will briefly discusse the fabrication techniques used to produce tBLG device studied
in this dissertation. Without special fabrication, the electrons in a graphene device are exposed
to disturbances and fluctuations that come from the surrounding substrate onto which a device is
produced. Consequently, experimental efforts to study electron states in graphene 2DESs can be
limited by poor device quality. The van der Waals heterostructure has emerged as a successful
technique that provides the flexibility in assembling more complex structures, which help the
resulting devices to achieve higher quality and allow for more intricate device functions [128, 20].

Recently it has been demonstrated that the van der Waals assembly technique can be used
to create high device quality 2D electron layers in graphene (MLG, BLG, etc.) and other 2D

materials by isolating the 2DESs from outside influences with hexagonal boron nitride (hBN) and
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Figure A.2: (a) Schematic of a high-quality graphene heterostructure fabricated using van der
Waals assembly technique, where the graphene (MLG, BLG, etc.) layer is encapsulated by dual
graphite and hexagonal boron nitride (hBN) crystals. In the final device structure, the graphite
crystals serve as top and bottom gate electrodes with hBN as the gate dielectric. (b) Schematic
drawing of the cross section of an encapsulated tBLG device. D7 and D p are the displacement
fields in top and bottom hBN layers. Notice that in general, the capacitance C7 and Cp have
different values.

graphite encapsulation. The layout of the encapsulation is shown in Figure A.2. With similar
lattice structure as graphene and most other 2D materials, hBN serves as an ideal lattice matched
substrate and the graphite layers are an atomically flat gate electrode capable of tuning charge
carrier with high homogeneity [20]. This van der Waals technique has enabled in the discovery
of exotic even-denominator fractional quantum Hall (QH) states in bilayer graphene [73], which is
regarded as one of the most fragile collective electron states in 2D systems.

The tBLG discussed in this appendix was fabricated using the van der Waals technique and its
device geometry is shown in an optical microscope image in Figure A.3. The Hall bar geometry
of this device allows for four-terminal measurements. In Figure A.3 the top graphite gate and
bottom graphite gate (not shown) are used to control the total charge carrier density and apply a
displacement field to the tBLG layer. A contact gate surrounds the tBLG and is not physically
connected to any other electrodes. This contact gate is used to induce a large carrier density in the

contact to reduce its contact resistance.

Displacement Field on Bi-Layer Graphene

In the following, we will discuss the charge neutrality point (CNP) of MLG and the effect of the
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Figure A.3: The optical microscope photo of the tBLG device. The tBLG is beneath the top
graphite gate. The contact gate and multiple electrodes are also indicated in this figure.

displacement field that can be applied to our tBLG device. At low temperatures, the electronic band
structure of MLG at the vertices of the hexagonal Brillouin zone form linearly dispersing Dirac
cones. Without the application of the external electric field, the Fermi level will reside at the CNP
(also called the Dirac point) where the MLG device will have the largest resistance. In an ideal
device, neither the holes nor electrons will be present as charge carriers [96] at the CNP, and the
MGL device will have its lowest charge carrier density. Similar behavior can be observed from a
tBLG device as shown in Figure A.4 (a). As discussed earlier, the tBLG device was assembled using
van der Waals technique and allows for independent control of V7 and Vp. In the initial resistance
characterization measurement of the tBLG device, we fix the voltage of the bottom graphite gate
Vp = 0 V and sweep the voltage applied to the top graphite gate V. This measurement leads to
a similar result to that from MLG. The maximum resistance occurs at V7 = 0 V where the Fermi
level is at the CNP. The narrow Dirac peak also demonstrates the high quality of the tBLG device.
The next measurement we performed on the tBLG device was to sweep V7 and Vg independently
and to create a map of Ry (see Figure A.4 (b)). This measurement reveals more features of electrical
transport in the tBLG device and helps to characterize device parameters. In this map, the high

resistance regions in bright colors is due to the CNP. In the ideal case, this region should go from
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Figure A.4: (a) Ry, of the tBLG device as a function of V7 at 3 K, Vp is fixed at 0 V. (b) Partial
displacement field map of Ry, of tBLG device, the horizontal and vertial axes shows V7 and Vp.
The value of Ry in the white regions in this map are close to O.

Vr =-1V,Vg=1V)to(Vr =1V,Vg = —1V). The discrepancy between the data in Figure A.4 (b)
and the expectation from an ideal device is caused by the difference in capacitance of top and bottom
layer of hBN (see Figure A.2 (b)). Additionally, the total displacement field D applied to the tBLG

and total charge carrier density n of the tBLG can be calculated as the follows:

D = CrVr - CpVi (A.1)
2¢
CrVr +CgV,
Rtot = % —nyg, (A.2)

where €) and e are the vacuum permittivity and elementary charge. Cr (Cp) is the geometric
capacitance between the top (bottom) graphite gate and the tBLG. The parameter n is the intrinsic
doping of the tBLG, and D is the total displacement field. From Equation A.2 and the charge
neutrality line in Figure A.4 (b), we can easily determine the ratio of g_ITB = 1.28 for our tBLG
device. The value of C7 and Cp can be obtained by properly aligning the Landau filling factor to
the quantum Hall (QH) features in Figure A.6, which results in C7 = 0.63 mF and Cp = 0.49 mF.

Another notable feature in Figure A.4 (b) is the variation in the Dirac peak as a function of gate
voltage. To show this variation more clearly, we fix Vg at different values while sweeping V7, as

shown in Figure A.5 (a). In this figure, the top horizontal axis shows the total displacement field

113



D (mV/nm) D (mV/nm)
(a) 0 30 60 (b) -50 -25 0 25

250 T T T T
tBLG |  Vo=0.5V AB-BLG
200 | |f '\ -
] \
\
= ~ 150 F \ -
£ g \
5 . = 3
o o 100 | ‘\ e
~ \\ ’
V=10V 50 F \ V=06V s | |
JL \ V=00V /
\ /7
Ay UUUUR et
— — O i ~ —
1.0 05 0.0 05 1.0 0.2 0.0 0.2 0.4
V1 (V) Vi (V)

Figure A.5: (a) Data from tBLG, Ry, is measured as a function of top gate voltage V7 at different
fixed bottom gate voltage V. (b) For comparison, data from Ref. [73] is shown for AB-BLG

which is calculated from V7 and Vg using Equation A.1. Different colors correspond to different
values of Vg. As one can see, the peak of R, at different values of Vg decreases as |D| increases.
This observation can be explained by the following: tBLG remains overall charge neutral at CNP,
but as |D| increases, electrons start to populate one graphene layer and holes start to populate the
other layer. As a consequence, the device becomes less resistive at CNP. This unique behavior
reflects the interlayer coupling of the tBLG. For comparison, data from a AB-BLG sample is shown
on Figure A.5 (b) [73], in which a large value of |D| breaks the inversion symmetry between the
layers and opens a gap near CNP [96], leading to an increase in resistance with increasing |D|.

By independently controlling V7 and Vg and calculating D and the Landau filling factor v using
Equation A.1, A.2 and 1.17, we can obtain a map of oy, as a function of D and v, as shown in

Figure A.6. Multiple IQHE and FQHE features are observed, such as the fractional states at v = —‘3—1

and —% near v = —%, and v = —% and —% centered around v = —%.
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Figure A.6: A map of o versus filling factor v and displacement field D. The data is taken from
atBLG device at 7 = 13 mK and B = 13.2 T. The contact gate voltage V. is at -4V.

Electron Spin Resonance in Graphene Heterostructures and Attempt to Measure Microwave
Electron Spin Resonance in Bi-layer Graphene

In this section, we discuss an attempted measurement of resistively detected electron spin
resonance (ESR) in high quality tBLG devices and show the preliminary results.

tBLG has multiple electronic degrees of freedom (DOF). Application of microwave radiation
onto tBLG can induce transitions with resonant DOFs. In particular, applying a magnetic field to

graphene, the energy level of electrons will split due to the Zeeman effect.
AE =E,p—E_j)p=gupB (A.3)

The equation above describes the energy difference between the spin-up and down states. In this
equation, g is the Lande g-factor, up = % =9.274 x 10724 J.T~! is the Bohr magneton, and m,
is the electron mass.

hf

AE = hf, g=—— (A4)
upB
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Figure A.7: (a) Left: In an external magnetic field, electrons with differing spin are separated by
the Zeeman energy, resulting in an ensemble of two level systems. Middle: When microwave
photons match this Zeeman splitting, electrons in the lower energy branch can absorb a photon
and hop into the higher energy branch, creating a resonance detectable in transport measurements.
Right: Similar resonances can also be induced when the photon energy matches an energy gap
associated with a different quantum number, such as valley isospin K and K’ (b) Example of
resistive detected ESR measurement on CVD graphene. The data is from Ref. [81]. The
measurement showed AR, (which is the difference in R, with microwaves on and off) for
different microwave frequencies at the CNP, with offsets to emphasize ESR peak shift due to a
g-factor equals to 2. The traces are offset to make the peak value in resistance coincide with the
microwave frequency at which the magnetoresistance curve was recorded.
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Microwave
radiation

Figure A.8: (a) Schematic of the measurement setup for performing low-frequency transport in
the presence of microwave radiation in a tBLG device. (b) Photo of the tBLG device on a chip
carrier with microwave antenna attached independently on the right.

As shown in Equation A.4, relative population between different spin orientations can be re-
versed under the influence of microwave radiation, when the energy of a microwave photon (with
frequency f) matches the energy cost to flip an electron spin (shown in Figure A.7 (a)). Such
population reversal is potentially detectable as changes in the sample resistance. Figure A.7 (b)
is an example of resistively detected ESR measurements performed on chemical vapor deposition
(CVD) grown graphene. Similar effects have also been reported from monolayer and trilayer
epitaxial graphene [84]. From these measurements, one can derive the Lande-g factor (shown in
Equation A.4). The measurements in Ref. [81, 84] were performed using relatively disordered
graphene samples, where the resonance frequency and external magnetic field correspond to a
gyromagnetic ratio of g ~ 2. This value of the g factor is consistent with non-interacting free
electrons in graphene. Similar measurements performed on high-quality tBLG could unveil infor-

mation about interactions and spin textures.

Measurements and Preliminary Results

Figure A.8 shows how we performed the microwave ESR measurements on a high-quality
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tBLG device. The measurements performed are four-terminal lock-in measurements of the device
resistance with a microwave antenna attached independently near the device so that microwave
irradiation can be applied. We first tested if we could couple microwave power to the tBLG at
a temperature 7 = 20 mK. As shown in Figure A.9, we observed microwave induced electron
heating, since the QH plateaus disappeared as we increased the microwave power from -20 dBm
to +4 dBm. There was no noticeable change of the mixing chamber temperature during this
measurement, which indicates the transfer of the microwave energy to the electrons in the device,
and the disappear of the QH plateaus is caused by the electron-electron scattering due to the heating

effect.

Vr (V)

Figure A.9: Quantum Hall (QH) measurements on the tBLG device with microwaves applied.
The four QH plateaus disappear when high microwave power is applied, which indicates the

electron heating effect. (a) oy, data with offset in unit of % versus top gate voltage (—-1.5V <

Vr < -0.1 V) with different microwave powers applied. The measurement is performed at applied
magnetic field B = 5 T, microwave frequency f = 1 GHz, mixing chamber temperature 7" = 20
mK and contact gate voltage V. = —4 V. (b) Same oy data as shown in (a) without offset at

v =42,

Next, we performed a Landau fan measurement on the tBLG while sweeping the magnetic

field B and top gate voltage V7, and simultaneously measuring the longitudinal resistance Ryy.
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Figure A.10: Landau fan diagram of the magnetoresistance Ry as a function of Landau filling
factor v and magnetic field B. Data is measured from a tBLG device at 7 = 13 mK. The contact
gate voltage V. = —4 V. (a) Ry without applying microwave. (b) Ry, shows negative resistance
features (in blue color) when —20 dBm microwave is applied. These features followed with
Landau filling factors indicated in this figure.

Figure A.10 (a) is the resulting Landau fan without application of microwaves, multiple vertical
stripes correspond to different Landau filling factors can be seen distinctly. When we applied
microwaves, in Figure A.10 (b), negative resistance features (in blue color) appeared and near
different Landau filling factors. The origin of the negative resistance features has not been identified,
but they may be produced by changes in the contact resistance produced by heating.

We attempted to see evidence of microwave ESR in two different BLG devices. Figure A.11
(a) is a measurement of R,y from one tBLG device (called Drag074), in which we adjusted the
total charge carrier density ny¢ and microwave frequency as two variables. Furthermore, we
performed a measurement on another high quality encapsulated AB-BLG device (called BL002).
The measurement result from this AB-BLG is shown in Figure A.11 (b), which is a map of

ARxx (ARxx = Ryx(microwave power=+15 dBm) — R (microwave power=-30 dBm)) with B and

119



—
o
—
I~
(]

Frequency(GHz)
[
=
1

R A ..

B 2
-100  -80 -60 -40 -20 0 20 40 60 80 ™"
Ny (1fem®)

(b)

Frequency(GHz)

B(T)

Figure A.11: (a)Measurement of Ry, on tBLG device (Drag074) as a function of microwave
frequency and total charge carrier density ngt. Microwave frequency is from 8 GHz to 40 GHz in
2 GHz increments with power of -30 dBm. Measurement is performed at 7 = 13 mK and

B =-0.1T. (b) AR, measurement on a AB-BLG device (BL002) as a function of microwave
frequency and B. AR,y = Ry (microwave power=+15 dBm) — Ry (microwave power=-30 dBm).
Microwave frequency is from 6 GHz to 20 GHz in 2 GHz increments. Measurement is performed
at7 = 13 mK.

microwave frequency as the two adjustable variables. This measurement is similar to what is shown
in Figure A.7 (b) from Ref. [81]. The results from these two BLG devices show no noticeable
sign of microwave ESR, this may indicate that the ESR features previously seen in other graphene

devices might arise from different sources, as discussed in Ref. [81].
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APPENDIX B

WEAK ANTI-LOCALIZATION FITTING

In this appendix, we present codes for obtaining the phase coherence length [/ and @ from fitting low-
temperature magnetotransport measurements on epitaxial single-crystal CsSnl3 thin film devices.
The fitting function is the simplified empirical HLN formula, as shown in Equation 4.25. These
codes are executed in Wolfram Mathematica. The input data are the measured voltage drop across
the two gold contacts on the CsSnl3 thin film, and the measured voltage drop across a resistor
in series with the magnet winding. The output file includes fitted /y, fitted @, original data trace
(magnetic field B versus difference in device conductivity o-(B) — 0(0)) and the fitted data trace.

Other important comments are listed alongside the following codes.
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- e=1.6x10"1%;
h=6.62607004x1073*;
hbar=h/2 m;
W=2-1073 3 (*Length and width of the gap between two gold pads*)
L=5-10"°;
(*Function for processing raw data and convert it to unfitted [B; a(B) - o(B=0)]*)
normdata[data_,wfndou;]:=Modu1e[{output,dataB,DataSigma,m,dataz,Sigmae},
m=Length[data] ; (*Convert measured voltage to magnetic field B*)
dataB= data[[All y 2]]%1000%3%0.1313; (*Convert measured voltage to conductivity o*)
DataSigma=(4.6x10"° Jdata[[AlLl, 3]1])=(L/W)*(h/e?);
data2 = Table[{ dataB[[i]],DataSigma[[i]]},{i, 1,m}];
Sigma®=Max[Select[data2,-0.01<#[[1]]<0.01&] [[AlLl, 2]]]; (*Findthe o(B=0)")
output= Select[Thread[{ dataB,DataSigma-Sigma@}],
Abs[#[[1]]1]<window&] ; ("Cutput: unfitted [B; o(B)- o(B=0)]*)
output];

SetDirectory|[

"/Users/liangjizhang/Desktop/Data/Halide perovskites/CsSnI3/CsSnI3

new fitting/Fitting 16mk different contact resistance/"];

Clear[datal,data,data2,str,data0,datad4];
allFiles=FileNames["x.txt"];
mm=Length[allFiles]; (*Remove the header and description from raw data*)
allData=Import[#,"Table" ,HeaderLines-15]&/@allFiles;
ListPlot[normdata[allData[[1]], ©.30],PlotRange-~Automatic]
datal=Table[0,{ii,1,mm}, {1, 1, 3}]; (‘Callnormdata function and plot[B; o(B) - o(B=0)] *)

For[ii=1,1i<mm+1,9++,
str=FileBaseName[allFiles[[1i]]1];

data2=normdata[allData[[ii]], ©.29];
model= (*HLN fitting function®)

1
al[PolyGamma[E+hbar/(4 e Abs[bb] Lfiz)]-Log[hbar/(4 e Abs[bb]Lfiz)])+

offset;

sol=FindFit[data2,model, {{Lfi, 107°}, {al, -0.2},{offset, -0.1}},
bb,MaxIterations-»10000, Methoda"QuasiNewton"];

datal[[ii,1]]=str;

datal[[ii,2]]=Lfi/.s01;

datal[[i1,3]]=(alxx)/.sol;

Print[offset/.sol];

newfile=Stringloin[str,"_fita.txt"];

FitData=Map[ (model/.sol) /. bb-u&,data2 [ [ALL, 11115 |1\ i omcion )

outputdata=Thread[{data2[[All,1]],data2[[All,2]], FitData}];

Export[newfile, outputdata, "Table"]]; (*Output: Unfitted [B; a(B} - o(E=0)]
Fitted [B; o(B) - o(B=0)]

Export["fitdata.txt",datal, "Table"] L_®; a*)
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APPENDIX C

UNLOCKING THE COMPRESSOR

This appendix describes how to unlock the pulse-tube helium compressor (Cryomech CP1000
series, PT415). Throughout operation, overheating may cause the compressor to automatically shut
off and turn on several times and eventually lead to the locking of the compressor (“CONTACT

FACTORY SYSTEM LOCKOUT 17) as shown in Figure C.1 (b).

(@) * ~ (b)

CP2800 Administrative Applications Control Panel V3.0

Mw|wm|mwm|

Lockout Solver VI

T P28/CP lockout. V1.0

1) From the runtime screen on the compressor, press and hold the “CANCEL" key.
1 inthe i 5 ZS)Jggho‘dingﬁuumel key down, press and release the following keys in order:
required (below) from the | seryice

SERVICE menu on the INC

compressor. SERVICE
Comp Hours SELECT
5] 14050.5 DEC
SELECT
CPU Serial Number SERVICE
41422050143 3) ﬁnallyl nleose'tlu cancel key. You should hear 5 quick beeps.
<end of instructions>

Figure C.1: (a) CP2800 Administrative Application Control Panel V3.0. We need to put
compressor hours and CPU series number (1422050143) in this panel to get the instructions about
unlock the compressor. (b) The front panel of a locked compressor where the malfunctioned
buttons are indicated.

To unlock the compressor, we need to first check the compressor hours, which is converted from
minutes shown in “Compressor elapsed time” in “Valve Control 4.0.4”. The CPU series number of
our PT415 compressor is 1422050143. We can put the CPU series number and compressor hours
(with decimal) into “CP2800 Administrative Application Control Panel V3.0” to get the unlock
instructions (see Figure C.1 (a)). These instructions show how the compressor can be unlocked by

pressing buttons on the front panel of the compressor in a specific order.
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V2.0/Requires firmware V1.5 or higher

Figure C.2: (a) Cryomech Virtual Panel (serial) V2.1, where the ComPort# is 3, Baud Rate is
115200 and Slave Address is 16. The virtual buttons can be seen from this panel. (b) A null
modem cable and the adapter cable.

However, the buttons on the front panel are malfunctioning and broken as shown in Figure C.1
(b). To overcome this issue, we use “Cryomech Virtual Panel (serial) V2.1 to remotely unlock the
compressor (see Figure C.2 (a)). To launch this virtual panel, we connect a null modem cable and
the adapter (see Figure C.2 (b)) to “RS232 Null Modem port" on the compressor and on a Windows
PC. To do so, first disconnect the cable which has already been plugged into the RS232 port on
the compressor. Once the compressor is unlocked, the cable can be plugged back. By clicking the

virtual buttons on the virtual panel, we can unlock the compressor.

Other important information:

(1) The installation package of CP2800 Administrative Application Control Panel V3.0 shown
in Figure C.1 (a) can be downloaded from: “LHQS backups > Liangji Zhang > Unlocking the
compressor > Admin_apps_lite_2012.exe”.

(2) The installation package of Cryomech Virtual Panel (serial) V2.1 shown in Figure C.2
(a) can be downloaded from: “LHQS backups > Liangji Zhang > Unlocking the compressor >
Control Panel Computer Interface Package > setup_cmapps_public (rev 2009 NOV).exe”. After

the installation, there should be a folder created in Windows Startup menu and run “Virtual Panel"'
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(not the "Virtual Panel with login").

(3) The null modem cable and the adapter shown in Figure C.2 (b) are stored in a box (labeled
as “How to unlock the compressor”) in the right of the three cabinets in subbasement.

(4) We have an extra compressor motherboard to replace the malfunction one, which is stored
in the middle of the three cabinets in subbasement. To get it, one needs to first get the key of this
cabinet.

(5) Other important information, such as emails and photocopy of original correspondence with

Cryomech can also be found at “LHQS backups > Liangji Zhang > Unlocking the compressor”.
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APPENDIX D

MAGNET OPERATION

This appendix provides some important notes about how to properly install and operate the AMI
14T integrated superconducting magnet (other than what have been wirtten in manual), and these
notes are the followings:

(1) We need a lifter to load and unload the magnet, the lifter is usually stored in the elevator
room in basement.

(2) When loading the magnet onto the 4K interface tube, one should apply sufficient amount of
thermal grease (Apiezon N Grease) to the magnet and both side of 4K interface tube. All the bolts
connected to the magnet should be firmly tightened.

(3) Connect the temperature sensor and current lead, and tape both of the current leads to 4K
interface tube.

(4) The correct order of operating the power supply system of the magnet is the following: First
turn on the power supply programmer and wait sufficient time (20 seconds), then turn on the power
supply (see Figure 3.5 (b)). Additionally, before turning off the power supply system, one should
first turn off the power supply and then power supply programmer.

(5) Before ramping the magnetic field, one should first turn on the persistence switch heater.
When measurement is finished and the magnetic field is at zero field, one should first turn off the
persistence switch heater and then turn off power supply system.

(6) The way to start ramping the field is as follows: (i) Set the target field. (ii) Set the ramp rate
(SHIFT, then “1", then » or < to check sweep rate of each stage, and use the number keys to change
the value of the rate). (iii) Pressing RAMP/PAUSE or RAMP TO ZERO.

(7) When magnet is quenched, one should quickly turn off the turbo, open the valve which
connects the helium-3 circulation loop and the mixture tank so that all the mixture can go back to
tank. Then reset quench (SHIFT, then “3") in order to turn the magnet back to normal.

(8) Do not move anything contains that iron around the magnet when it is in operation, for
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example: stool, lock-in and other electronics. Additionally, one should find hard covers for power
switches on power supply programmer and for power supply to prevent accidentally turning of the

power (and prevent quench).
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