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Abstract

While geometrically frustrated quantum magnets (GFQMs) host rich exotic spin
states with potentials for revolutionary quantum technologies, most of them are
necessarily good insulators which are difficult to be integrated with modern electrical
circuit. The grand challenge is to electrically detect the emergent fluctuations
and excitations by introducing charge carriers that interact with the localized
spins without destroying their collective spin states. This thesis consists of three
projects that design a new series of heterostructures which combine the insulating
GFQMs and spin-orbit entangled correlated metal to study the exotic magnetic
excitations in GFQMs. Chapter 1 describes the background to the magnetic
properties of geometrically frustrated pyrochlore magnets, and gives the motivation
of the original research presented later. Chapter 2 describes experimental techniques
including heterostructure synthesis and heterostructure characteristics. In chapter 3,
BiyIr,07/Dy,TiyO7 heterostructure is designed to capture the characteristic angular
and temperature dependence of ice-rule-breaking transition. In chapter 4, we design
a Biylr,07/YbyTi,0;7 heterostructure to show that the proximitized transport in
Bi,Ir,O; can be effectively tuned by magnetic field through suppressing the quantum
spin fluctuations as well as inducing transitions via magnetic anisotropy in YbyTi,05.
In chapter 5, by synthesizing 18nm-thick Dy,Ti,O7 thin film on YSZ substrate and
capped by a thin conductive BiyIr,O- layer, it confirmed that the ice-rule-breaking
phase transition survives in the thin film but with a significantly reduced effective

nearest-neighbor interaction compared to the bulk crystal.
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Chapter 1

Introduction

Geometrically frustrated quantum magnets (GFQMs) are known for a variety of
novel ground state and emergent excitations [1, 2, 3]. Frustration is common in
systems of interacting degrees of freedom. Usually a system is classified as frustrated
when the energy of the whole system cannot be minimized by minimizing pairwise
interaction energy. One type of frustration is geometric, and the simplest example is
that frustration arises on triangular or tetrahedral lattices with antiferromagnetically
spin interaction, as shown in Fig. 1.1(a). As one of the typical GFQMs, pyrochlore
A,B,0; have attracted much attention, because the structure is formed by two corner-
sharing tetrahedral lattices (Fig. 1.1(b)). Pyrochlore is highly frustrated if A or B
are magnetic, so it provides a new platform for novel quantum effects to emerge at
low temperatures. In the following subsections, we will focus on the introduction to

two representative GFQMs: Dy,Ti,0; and YbyTi,Ox.



Figure 1.1: (a): Frustration arises on triangular or tetrahedral lattices with
antiferromagnetically spin interaction [3]. (b): Lattices of corner-sharing tetrahedra
[3]. (c): Oxygen environment surrounding rare earth ion in spin ice [4]. (d): Analogy
of “2-in-2-out” configurations between ice structure and spin ice [3]. (e): Spin
configurations at saturated states when the external field is applied along different
principal axes [5].



1.1 Introduction to spin ice in geometrically frus-

trated pyrochlore

1.1.1 Single-ion anisotropy

In DTO spin ice, it contains the ions O*", Ti*" and Dy**. Like the O* ion, Ti*' ion
is also non-magnetic; therefore, the magnetic properties at low temperature originate
from the Dy*" ion with unfilled 4f shells. However, the dynamics of Dy*" spins is not
self-dependent but largely rooted in the crystal field on rare earth element sites. The
surrounding nearest negative oxygen ions determine the crystal field, which deeply
affects the single-ion quantum state [6, 4].

Fig. 1.1(c) shows the surrounding oxygen environment of rare earth ions. Eight
oxygen ions can be divided into two subclasses: the O1 and O2 sites. The O1 ions site
on the center of the tetrahedra formed by Dy*" ions, and the line between Dy*t ion
and its nearest O1 ion is in the direction of the (111) crystal axes of the pyrochlore
structure. According to relevant theoretical calculations on crystal-field Hamiltonian
[4, 7], these closer O1 ions are responsible for the classical Ising-like anisotropy
behavior of Dy*' ion spin. The ground state of the crystal-field Hamiltonian is
fully polarized state: [¢=) &~ |M; = £22), representing strong anisotropy along (111)
crystal axes. The crystal field spectra of Dy*t ion shows that the energy gap between
the ground state and first excited state is larger than 250 K [4]. Therefore, when
studying the magnetic behavior at low temperatures (typically below 1 K), Dy** spin
behaves with classical strong Ising-like anisotropy, which means that the direction of

spin can only point “in” or “out” towards the center of the tetrahedra.

1.1.2 Dipolar spin ice Hamiltonian

Besides the crystal-field effect, magnetic behavior at low temperature in the spin ice
system depends on the competition between different kind of spin-spin interaction.

Due to the sizeable spin moment in the DTO system, long range dipole-dipole



interaction plays an important role. The dipolar spin ice Hamiltonian is as following
(the first term is nearest-neighbor interaction, and the second term is dipolar

interaction) [3]:

S -8y 3(S7 - riy)(S; - ry)

H=-JY S/ 87+Drd Y (&L — )

|3 )
Sijo Sigo 745 745

where S is the Ising moment with amplitude S| = 1 pointing to the local
Ising axes (111), and 7y, is the nearest-neighbor distance. If only nearest-neighbor
interaction is considered, the effective energy scale will be: Jo¢r = Jupn + Dy, where
Jnn = %, D,, = %. Relevant studies [6, 7] have simulated these two values using
zero-field susceptibility and specific heat data to get J,, = —1.24 K, D,,, = 2.35
K for DTO, therefore the effective energy scale J.¢; is positive, giving rise to the

ferromagnetic nearest-neighbor spin interaction.

1.1.3 Zero-point entropy in spin ice system

While frustration is often accompanied by antiferromagnetic interaction, fer-
romagnetic interaction accounts for the frustration in DTO. Considering only
one tetrahedron with strong local axis anisotropy, ferromagnetic nearest-neighbor
interaction will favor “2-in-2-out” configuration to minimize the total energy, which
means that two spins point “in” toward the center of the tetrahedra and two
spins point “out” of the center of the tetrahedra. There are six equivalent-energy
configurations in one tetrahedron, which represents the degeneracy. However, each
spin is shared by two tetrahedra; the above six“2-in-2-out” configurations are not
indepedent on each tetrahedron. Ground state degeneracy in the pyrochlore is:
Q = {2%(6/16)}¥/2 = (3/2)"/2. Therefore, the number of ground state configurations
in the whole material is macroscopically large, and the ground state entropy is
extensive. As an analogy, the ground state entropy should be the same as one of

ice structure [, with proton disorder [8], which shows that two protons site “near”



to and two protons site “far 7 from the oxygen ion, so that every oxygen ion has two
adjacent protons, forming a water molecule (Fig. 1.1(d)). This “2-in-2-out” ground
state denegeracy is the so-called “ice rule”. Zero-point residual entropy is measured
by integrating C'(T")/T between two temperatures: AS = 7?12 %dT. The study [9]

shows a residual spin entropy 0.67R1n 2, which is similar to Pauling’s original value

for ice I;: 0.71R1In 2.

1.1.4 Magnetic anisotropy and phase diagram in Dy,;Ti,O

Although extensive zero-point entropy exists in the spin-ice system, degeneracy can
be lifted when an external field is applied [5], accompanied with time-reversal-
symmetry breaking. In Fig. 1.1(e), there are three principal axes in the spin-ice
system, which means that the saturated magnetization is parallel to the external
field if the external field is applied on these principal axes. Along [100] axes, the
saturated magnetic moment is g;J \/Lg = 5.77up/Dy with only one kind of “2-in-2-
out” configuration in all tetrahedra. Along [110] axes, the saturated magnetic moment
is gJJ\/g x 2/4 = 4.08up /Dy, with one spin pointing in, one spin pointing out, and
two free spins. Although two spins are free due to perpendicular direction with the
external field, each tetrahedron still remains “2-in-2-out” configuration to minimize
the exchange coupling energy. Along [111] axes, the saturated magnetic moment
is gs;J(1 4 3 x 3)/4 = 5up/Dy with different configurations in tetrahedra: 3(1)-in-
1(3)-out configuration. The above configuration all agrees with the fact that spin
anisotropy is along the local (111) axes.

However, things become interesting when a magnetic field is applied along (111)
at a lower temperature. Crystal structure along (111) axes is composed by the
combination of the triangular and kagome plane, as shown in Fig. 1.2(a). Fig.
1.2(b) shows the magnetization curve at 0.48K, 0.99K, 1.65K separately when the

field is applied along (111) axes [10]. An intermediate plateau can be obviously seen
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Figure 1.2: (a): Alternating kagome and triangular layers along [111] axes in
pyrochlore structure [3]. (b): Magnetization curve at 0.48 K, 0.99 K, 1.65 K when the
field is along [111] axes [10]. (c¢): Field-Temperature phase diagram for DTO crystal
with (111) oriented field [11]. (d): Analogy between spin ice picture and dumbbell
picture [12].



at 0.48K with magnetic moment g;J(1 + § x 1)/4 = 3.33u/Dy, which is in the so-
called kagome ice state. In this state, the spins on the triangular plane are parallel to
the field direction (111); two of three spins on the kagome plane choose to be polarized
by the external magnetic field, but one remaining spin choose to oppose the magnetic
field since the Zeeman energy still doesn’t exceed the neighboring exchange energy.
But in a larger field when Zeeman energy exceeds exchange energy, this field-opposed
spin flips. This process is so-called “ice-rule breaking”.

Fig. 1.2(c) shows the field-temperature phase diagram for DTO crystal with (111)
oriented field [11]. At zero field below around 1 T, the spin ice state is realized. At low
temperature with increasing field, the system experiences the transition from spin ice
state to kagome ice state, then to 1-in-3-out saturated state. The solid line around
1 T represents the first order phase transition from kagome ice state to 1-in-3-out
saturated state. However, crossover region appears around 0.5 K, which is due to
that the spins are thermally fluctuating at higher temperature. So the transition
from kagome ice state to 1-in-3-out saturated state becomes indistinguishable with

increasing temperature, which gives rise to the smooth magnetization increase in Fig.

1.2(b).

1.1.5 Magnetic monopoles in spin ice

No elementary particle with a net magnetic charge has been observed in nature.
However, this can be realized as emergent particles in the many-body spin-ice system.
Dipolar spin ice Hamiltonian can be computed as the magnetic Coulomb law using

magnetic charges, which is known as Dumbell Picture [12]:

ﬂQaQB Oé?éﬁ
Virag) =4 " "

%VoQi a=p



Here @), is the total magnetic charge at site «, which is the center of each
tetrahedron and forms diamond lattice (Fig. 1.2(d)). For example, the tetrahedron
with “2-in-2-out” configuration can convert to a site with zero magnetic charge. 7,3
is the distance between two sites. v is “self-energy” originating from the nearest-
neighbor interaction. Since the larger scale value of “self-energy”, the total energy is
minimized if all @),is zero, demonstrating that the ground-state in spin-ice system is
“2-in-2-out”.

The importance of this picture is not only mapping the Hamiltonian and the
ground state, but also simulating the phase transition boundary. The theoretical
study [12] was done on the diamond lattice with a tuneable lattice gas of monopoles
to give the location of the monopole liquid-gas transition. This is near to the
experimental solid line, which is exactly ice-rule breaking transition from Kagome

ice state to 1-in-3-out saturated state.

1.2 Introduction to Yb,Ti,O~ in geometrically frus-

trated quantum magnet pyrochlore

1.2.1 Impact of stoichiometry in Yb,Ti,O~

In Yb,Ti,O; (YBTO), the magnetic properties at low temperature originate from the
Yb** ion with unfilled 4f shells. The ground state of the crystal-field Hamiltonian is
%) = 0.376 |£1) £0.922 |+1) —0.093 |F2) based on relevant theoretical calculations,
which makes it an effective 1/2 spin system [7]. The values of the spectroscopic factors
along and perpendicular to the local axis are g = 2.04 and g, = 4.09 [7], respectively,
which makes YbTO to have a strong planar crystal electric field anisotropy.

For the last decade, the small effective (S=1/2), XY anisotropy and geometrical
frustration makes YbTO a good candidate of quantum spin liquid [13]. However,
the ground state of YbTO was debated for a long time [14, 15, 16, 17] due to

the experimental inconsistencies of low-temperature transition. The specific heat



transition peak is around 260 mK for YbTO powders [18, 19], but appears at much
lower temperature (150-200 mK) for those crystals grown by traditional floating zone
method [18, 20, 21]. The color of those crystals with lower transition temperature
are yellow, which is due to the off-stoichiometry problem that some Ti*' site is
stuffed by Yb** [22]. Fig. 1.3(a) shows the effect of non-stoichiometry: the transition
temperature broadens and decreases as Yby,,Tiy ,O7 5 is doped away. Fortunately,
the successful synthesis of colorless stoichiometric YbTO crystal was accomplished
by traveling solvent floating zone method [22]. The sharp peak is around 268 mK for
stoichiometric YbTO crystal, which is similar to that of power data. This high-quality
crystal makes it possible to study the real ground state in YbTO system.

1.2.2 Magnetic phase diagram and reentrant behavior

The synthesis of ultrapure YbTO crystal enables the examination of magnetic phase
diagram from specific heat, ac susceptibility, and neutron scattering: Fig. 1.3(b)
shows the field-temperature phase diagram when applying the magnetic field along
each of the three main symmetry axes: (111), (110) and (100) [23, 26]. The ground
state of YbTO is ferromagnetic below the ordering temperature 7, = 270 mK at zero
field. For fields along (111) and (110), there is a high-field phase boundary from
splayed ferromagnetic state to polarized state driven by the competition between
the cubic magnetic anisotropy and the Zeeman energy. More interesting thing is
the reentrant behavior: applying the magnetic field initially increases the ordering
temperature and then suppresses it at higher fields. For field along (100), the system
becomes polarized state with small field [23, 26].

Coarse-grained theoretical model was used to understand the high-field phase
transition and the order of the phase boundaries when the field is applied along (111)
or (110) axes [23]:

U=-B-m-K Y (m-e) —K][(m-e) (1.1)

% %
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This model describes the competition between the Zeeman energy and the magnetic
anisotropy, where K represents the anisotropy along (100) and K, represents the
anisotropy along (111). This model can catch the magnetic-field induced phase
transitions and the corresponding critical field [23], but it cannot explain the reentrant

behavior at small field.

1.2.3 Multiple phase competition and dynamical scaling

Recently, neutron scattering on YbTO crystal gives evidence for a canted ferromag-
netic ground state from elastic neutron scattering and short-range antiferromagnetism
from inelastic scattering [24]. This coexistence of AFM + FM phase at zero field gives
the broad dispersive spin waves (Fig. 1.3(c)). Fig. 1.3(d) is the schematic of FM +
AFM spin configurations at zero field. This multiple phase competition provides the
explanation for the reentrant behavior: the strong quantum fluctuations significantly
suppress the zero-field ordering temperature.

It is found that, due to proximity to a quantum critical point among the FM
and AFM, the dynamical structure factor exhibits a dynamical scaling behavior,
which was demonstrated by inelastic neutron scattering in YbTO [25]: Fig. 1.3(e)
integrated the {111} rod scattering intensity multiplied by temperature, and it follows
a (hw/kpT)~" scaling law above (hw/kgT) = 1.

1.3 Motivation of the pyrochlore heterostructure

Frustration is common in systems of interacting degrees of freedom and novel emer-
gent states of quantum magnets often arise from geometric frustration. Geometrically
frustrated quantum magnets (GFQMs) are known for a variety of novel ground state
and emergent excitation. However, most GFQMs are good insulators and it’s difficult

to integrate them in electronic integrated-circuit technology. The challenge here is

11



to find a new way to convert spin excitations in GFQMs to charge signal. So the
primary motivation here is to exploring a new route of "metallizing” the GFQMs.
Here, we design a new heterostructure which combines the insulating GFQMs and
spin-orbit entangled correlated metal. We assume that the interaction between local
moment in GFQMs and electron carrier in correlated metal can lead to an unusual
electronic transport property, which will successfully transfer the spin excitations to
charge signal. For the GFQM part, we choose DTO and YbTO as representatives.
There are two reasons for this choice. First, DTO and YbTO are well studied over the
recent decades. DTO exhibits the first order phase transition from Kagome ice state
to 3(1)-in-1(3)-out state at low temperature, accompanied with formation of pairs of
monopoles. We would like to electronically detect this phase transition by transport
measurement. YbTO was revealed to have ferromagnetic (FM) and antiferromagnetic
(AFM) multiphase, and exhibit reentrant phase diagram in a (111) or (110) magnetic
field. We would like to see the electronic response of quantum spin fluctuations
suppression and detect the phase transitions. Second, floating zone method can be
used to grow large DTO and YbTO crystal, making it possible to be a substrate. For
the correlated metal part of the heterostructure, Biylr,O; (BIO) is selected here. A
large family of pyrochlore iridates RylroO; have been studied to have an evolution
from insulating behavior to metallic behavior depending on the radius of R, as shown
in Fig. 1.4(a). Pyrochlore iridate BIO is a less studied one. Relevant study shows that
substitution of the Bi significantly enhances the hybridization between the Bi 6s/6p
and Ir 5d electrons, which overpowers the SOC and U, driving a metallic behavior [29].
DC magnetic susceptibility shows no evidence of long-range order with a divergent
magnetic susceptibility, and the saturated magnetization at low temperature is less
than 2% of the expected one in S=1/2 system, which shows the magnetic instability
at low temperature [29]. This behavior is believed to be associated with the proximity
to the magnetic quantum critical point of the phase diagram of rare earth pyrochlore
iridates [30, 31, 32]. The transport properties of the itinerant electrons in BIO are thus

expected to be highly sensitive to spin fluctuations. Recently the magnetoresistance

12
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of BIO film is studied [28]. At low temperatures, the linear magnetoresistance is
positive and isotropic without any sign of saturation up to 35T, as shown in Fig.
1.4(b). We choose BIO as metal part of the heterostructure for two reasons. First,
the lattice mismatch between DTO/YbTO and BIO is less than 3%, which is the
ideal condition for forming epitaxial growth. Second, The transport properties of the
itinerant electrons in BIO are expected to be highly sensitive to spin fluctuations. The
study of this heterostructure will provide a revolutionary route to study how exotic
magnetic excitations in GFQMs interact with mobile chargers for electrical detection
of the emergent entanglement, which will be further used in the future to design
quantum information processing devices. Fig. 1.4(c) shows the ion arangements of
the heterostructure. Out-of-plane direction is along (111) axes, which is composed
by the combination of the triangular and kagome plane. The axes of two sides are
(1-10) and (11-2), which makes it easier for the magnetic field to be applied on other

principal axes if we rotate the sample along (1-10) or (11-2) axes.
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Chapter 2

Experimental methods

2.1 Heterostructure synthesis

2.1.1 Dy,Ti,O, crystal growth

Polycrystalline DTO was prepared by thoroughly mixing stoichiometric Dy,03 and
TiO, with the molar ratio of 1:2 [33]. Prior to weighing, Dy,O3 was preheated at 1000
°C for 10 h in order to remove the moisture. After grinding the mixture, sintering the
mixture at 1000 °C and 1400 °C for 20 h each in air with intermediate grinding. The
powders were then compressed to a feed rod with another additional annealing at
1400 °C for 20 h, which were used to grow the single crystal DTO by using a double
elliptical mirror optical floating-zone furnace SC1-MDH from Canon Machinery. To
avoid oxygen deficiency, we grew the single crystal in 5 atm flowing O, atmosphere.
In the first cycle we used a high growth rate of 50 mm/h for both feed and seed
rods and in the second cycle we used a relatively slow growth rate of 4 mm/h. Many
oxide materials can be grown by the Traveling Solvent Floating Zone (TSFZ) method
(Fig. 2.1(a)). In this method, the focus of the halogen lamps enables a small molten
zone between the seed rod and feed rod. By moving the whole rod slowly downward

relative to the fixed halogen lamps, new crystal material will be solidified on the top

15



| (b)  Laue Metho

halogen

@ h

molten zone

—_

o

ﬁ N

wﬁ&
/N

7

crystal

seed rod

(C) . (d) Set point

Laser

-

photodiode

r

PID
+—— Controller

i: :2 : Piezo element

ubstrate  Target

IR Heating Laser

UV laser

Figure 2.1: (a): Schematic of Floating Zone method. (b): Schematic of back-
reflection Laue method. (c): Laue pattern when the beam is perpendicular to the
pyrochlore (111) plane. (d): Schematic of AFM mechanism. (e): Schematic of Pulsed
Laser Deposition method. (f): Reflection High Energy Electron Diffraction (RHEED)
pattern of polished YbTO surface before BIO thin film deposition.
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of the seed rod. The quality of the grown crystal depends on many factors [34, 35]:

crystalization rate, gas atmosphere, gas pressure, and rotation rate.

2.1.2 Yb,Ti,Oy crystal growth

Stoichiometric YbTO single crystal was prepared with a modified traveling-solvent
floating zone method as recently reported [22]. Nonstoichiometric YbTO single crystal
and YTO single crystal were prepared with a conventional floating zone method [36],
and served as a controlled comparison.

For the crystal growth of stoichiometric YbTO. First polycrystalline YbTO
powders were prepared by thoroughly mixing stoichiometric Yb,O3 and TiO, with
the molar ratio of 1:2. Prior to weighing, Yb,O5; was preheated at 1000 °C for 10 h
in order to remove the moisture. After grinding the mixture, it was sintered at 1000
°C and 1400 °C for 20 h each in air with intermediate grinding. The powders were
then compressed to two rods with another additional annealing at 1400 °C for 20 h,
which were used to grow the single crystal YbTO by using a double elliptical mirror
optical floating zone furnace SC1-MDH from Canon Machinery. The seed rod was
the resulting crystal rod with 3.2 mm diameter using the conventional floating zone
method with the first fast 50 mm/h growth rate cycle and the second slow 4 mm/h
growth rate cycle. The feed rod was the resulting crystal rod with 3.5 mm diameter
using the conventional floating zone method with only the first fast 50 mm/h growth
rate cycle under 1 atm flowing O, atmosphere. The top surface of seed rod and bottom
surface of feed rod were sanded flat. Two solvent pellets with 3.1 mm diameter and
1.5 mm height were prepared by mixing 30% TiO, and 70% YbTO powders by mass,
then they were melted and joined to the feed and seed rod respectively in the optical
furnace before beginning the growth. During the growth, the feed rod was moved
downward at a rate of 0.5 mm/h, and the seed rod was moved downward at a rate of
0.7 mm/h. The crystal growth of nonstoichiometric YbTO was used the conventional

floating zone method without solvent under 1 atm flowing O, atmosphere. The feed
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rod was moved downward at a rate of 3 mm/h, and the seed rod was moved downward

at a rate of 4 mm/h.

2.1.3 Substrate preparation

For BIO/RTO heterostructures (R = Dy, Yb, Y), the Laue method is used to
determine the orientation of the RTO crystal. Here we used the back-reflection Laue
method. As shown in Fig. 2.1(b), the film is between the x-ray source and crystal.
According to the Laue pattern and using OrientExpress software, the crystal can be
rotated to a particular lattice plane perpendicular to the x-ray beam. In Fig. 2.1(c),
this pattern represents that the x-ray beam is perpendicular to the (1,1,1) plane, as
shown by its six-fold symmetry.

Then it is crucial to polish the RTO crystal surface to atomic-level smoothness.
To realize this, first the crystal surface is polished evenly using sandpaper. Then
crystal surface is subsequently polished by using smaller and smaller suspension
liquid (3um — 1lum — 0.05um — 0.02um), each polishing step lasts around 15
min. After polishing the crystal surface using 0.02um suspension liquid, thoroughly
clean the sample in Ultrasonic cleaner. Etching the sample by putting it in buffered-
hydrofluoric acid (BHF) for 10 seconds. Then the sample is rinsed in DI-water for
10 seconds. Finally, annealing the sample in the furnace for 10 hrs under 800 celcius
degree temperature.

Finally, atomic force microscopy (AFM) measures the surface topography. As
shown in Fig. 2.1(d), a sharp tip at the end of the cantilever moves over the sample
surface. A laser is reflected off the backside of the cantilever. The reflection direction
changes as the tip moves up and down, which will be detected by the split photodiode

to convert the height information.

18



2.1.4 Film growth of BiyIr,0~

Fig. 2.1(e) shows the technique of Pulsed Laser Deposition (PLD) to do the epitaxial
film growth on a substrate. The material is vaporized from the target to form a
plasma plume when UV laser beam hits the target. The plasma recondenses on the
substrate and forms the epitaxial crystallized film. Whether this process is successful
or not depends on many factors [37]: gas atmosphere and pressure inside the chamber,
laser energy fluence, depositing temperature. Also, Reflection High-Energy Electron
Diffraction (RHEED) is used to detect the roughness of the film in the deposition
process. Fig. 2.1(f) shows a representative RHEED pattern of polished YbTO surface,
which indicates atomatic-level smoothness.

For BIO/RTO heterostructures (R = Dy, Yb, Y), the RTO single crystals were
first aligned by a HUBER Laue X-ray diffractometer and then cut into substrate
pieces along the (111) lattice plane by using the Model 650 Low Speed Diamond
Wheel Saw from South Bay Technology. All single crystal substrates are 0.5 mm
thick. The substrate surfaces were prepared by mechanical polishing process with
monocrystalline suspension. The surfaces were characterized by an MFP-3D Atomic
Force Microscope from Asylum Research. Thin films of BIO were synthesized by
Pulsed Laser Deposition. A KrF excimer laser (A = 248 nm) was used at a repetition
rate of 2 Hz and the laser beam fluency was 1.7 J/cm?. The BIO films were deposited
at 620 °C and 50 mTorr of oxygen pressure. The thickness was controlled by the
nominal growth rate of BIO films at 40 pulses/nm and verified by ex situ x-ray
reflectivity. After deposition, the films were cooled down in 50 mTorr of oxygen
pressure.

For BIO/DTO/YSZ heterostructure, Yttria Stabilized Zirconia(YSZ) with (111)
out-of-plane orientation is the commercial one from CrysTec company. Thin film
samples were synthesized by Pulsed Laser Deposition. A KrF excimer laser (A = 248
nm) was used at a repetition rate of 2 Hz and the laser beam fluency is 1.7 J/cm?. The

DTO films were first deposited at 800 °C and 0.0133 mbar of oxygen pressure. The
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BIO films were then deposited at 620 °C and 0.0667 mbar of oxygen pressure. The
thickness was controlled by the nominal growth rate of BIO films at 40 pulses/nm
and DTO films at 120 pulses/nm, which were verified by ex situ x-ray reflectivity.

After deposition, the films were cooled down in 0.0667 mbar oxygen pressure.

2.2 Heterostructure characteristics

2.2.1 X-ray diffraction

The structure of polycrystalline RTO is characterized by X-ray powder diffraction.
The quality is indicated by y, value after refinement using FullProf Suite software.
The heterostructure is characterized by X-ray diffraction (XRD) and X-ray reflectivity
(XRR). For XRR, interference between the film-reflected x-ray beam and the
substrate-reflected x-ray beam creates a reflectometry pattern, which determines the
thickness of the film. For XRD, constructive interference of scattered X-ray beam
happens when the angle satisfies: nA = 2dp; sin 6, where dpx; represents the distance
between crystallographic planes (h,k,1).

In-house heterosturcture X-ray characterization was done by an X’Pert3 MRD
machine. Synchrotron heterosturcture X-ray diffraction was performed at beamline
33-BM at the Advanced Photon Source at the Argonne National Laboratory. The film
thickness was extracted from fitting the X-ray reflectivity (XRR) curve. XRR curve
is fitted with a model of one homogeneous layer on a substrate. The calculation of the
theoretical curve was based on the dynamical theory of X-ray scattering applied on
the model of a flat homogeneous slab of given thickness grown on a flat substrate. The
surface and interface roughness was included in the model using the distorted-wave

Born approximation approach.
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2.2.2 Resistivity and magnetoresistance measurements

Transport measurement was performed using four-points resistance measurement.
Transport measurement above 2 K was performed with a Physical Properties
Measurement System (PPMS) from Quantum Design (QD). Transport measurements
from 30 mK to 1.0 K were measured in SCM1 at the National High Magnetic Field
Laboratory (NHMFL). To change the magnetic field at sub-Kelvin at the NHMFL,
the measurements were performed with a slow field sweeping rate at 0.2 T /minute.
The trapped flux inside the magnet also leads to a hysteresis around 0.05 T. No
significant MR hysteresis within this measurement precision was observed. To vary
the field direction at a fixed field strength, the angle-dependent measurements were
performed with a low sweeping rate at 2 degrees/minute. All data were measured by
utilizing the lock-in technique. The typical applied current was at the order of 10 nA,
with a frequency < 30 Hz. Samples used in the measurements are of 3 mm (W) x 3

mm (L) in dimension.

2.2.3 AC susceptibility

AC magnetic susceptibility measurement is used to detect the magnetic phase
transition with an oscillating external magnetic field of a certain frequency. Two
coils are set around the sample. The primary coil applies the oscillating magnetic
field while the second one measures the induced voltage, which is proportional to the
frequency, change of time-varying magnetic moment and AC field amplitude. If the
AC field is small (usually 0.10e to100e) and only linear response is considered, the
induced AC moment is M¢ = (dM/dH) - Hacsin(wt), which represents the slope of
the M(H) curve.

AC susceptibility was measured at NHMFL. The AC susceptibility measurements
were conducted with a voltage-controlled current source (Stanford Research, CS580)
and lock-in amplifier (Stanford Research, SR830). The phase of the lock-in amplifier

was set to measure the first harmonic signal. The rms amplitude of the AC excitation
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field was set at 0.35 Oe with the frequency fixed at 470 Hz. The measurement at
NHMFL mainly focused on identifying magnetic transitions rather than obtaining
absolute magnetic susceptibility values. The unit of the AC susceptibility data was
given in arbitrary units because the AC susceptometer was not calibrated within the
scope of the experiment. AC susceptibility was measured for YbTO and YbTO-ns
seperately, and the transition temperature 7T, was defined as the peak position of AC

susceptibility.

2.2.4 Capacitive torque magnetometry measurements

AC susceptibility is an effective way to probe the magnetic dynamics in crystal.
However, this is hardly used to detect magnetic properties in the crystalized film
due to its small volume. Torque magnetometry is a good way to measure the
anisotropic magnetic response at low temperature. Unlike the AC susceptibility
method, it doesn’t directly measure the magnetization, but it can reflect the magnetic
phase transition in an anisotropic system. Fig. 2.2(a)-(b) shows the setup of
cantilever-based torque magnetometry [38]. The measurement quantity here is the
capacitance between the cantilever and the gold film, which reflects the deflection of
the cantilever. The choice of cantilever type depends on the sample’s magnetization:
usually for film sample with small magnetization, we choose the thinner cantilever

which can be bent easily. The deflection of the cantilever depends on the normal

torque value and intrinsic property of the cantilever material: 7 = —rd6. The
capacitance is given by: C' = EOTS, so the change of capacitance within a small angle

is: C—Cy=0C = Z)—féd = %lé@. Combining the expression of torque value and the
change of capacitance, the torque value is proportional to the capacitance change. For
the heterostructure BIO/DTO/YSZ, the transport measurement of BIO film and the
torque magnetometry measurement of DTO film can be simultaneously measured, as

shown in Fig. 2.2(c).
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Figure 2.2: (a): Shape of the cantilever in the torque magnetometry tenique [38].
(b):  Schematic of torque magnetometry setup [38]. (c): Setup of simultaneous
measurements of torque responses and resistivity.
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Chapter 3

Anomalous Magnetoresistance by

Breaking Ice Rule in

Heterostructure

3.1 Introduction

Novel emergent states of quantum magnets often arise from geometric frustration,
where local spins residing on the corners of a triangle or tetrahedron cannot agree on
any alignment that simultaneously minimizes their energies [2]. Such a spin lattice
has a large degree of degeneracy due to an enormous number of configurations at the
same or similar energy, leading to exotic ground states, entangled fluctuations, and
collective excitations [39, 40, 41, 42, 43, 44], such as magnetic monopole and spinon,
which may afford revolutionary quantum technologies [45, 13, 46]. The so-called
dipolar spin ice is one of the most iconic representatives of such frustrated magnets.
It was first discovered on pyrochlore lattices of Ising spins constrained along the

local [111] direction, such as Ho,Ti,0; and Dy,Ti,07 [6, 47, 3]. While the spin-spin
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correlation is dominated by the dipolar interaction, the ferromagnetic instability is
geometrically frustrated by the local Ising anisotropy [2]. As a result, the ground state
of each tetrahedron settles in one of the six-fold degenerate 2-in-2-out configurations,
forming a spin ice network throughout the lattice following the ice rule in analog
with the proton displacement in the water ice [48]. The non-zero residual entropy has
indeed been observed with a value close to that in the water ice [9]. Breaking the ice
rule could lead to rich spin dynamics, including emergent magnetic monopoles [12].
For instance, applying a magnetic field along the pyrochlore [111] direction turns the
three-dimensional spin ice into a Kagome spin ice [49], and eventually stabilizes the
3-in-1-out/1-in-3-out configuration by condensing the monopoles [2, 39, 50], giving
rise to a jump from 3.3 pB/Dy to 5 nB/Dy in Dy,Ti,O; between two magnetization
plateaus [51]. The 3-in-1-out/1-in-3-out state is effectively a magnetic charge-ordered
state, which is also called the saturated ice [52] where the ice rule is broken everywhere.

However, the spin-ice behaviors have been only observed in highly insulating
compound [2, 39, 6], where the spins are hosted by highly localized electrons in
the absence of itinerant carriers, such as the f-electrons of Ho®* or Dy*' ions in
combination with the empty d-shell of the Ti*" valence state in the pyrochlore titanate
[6, 47, 3]. When introducing itinerant carriers, simply replacing the B-site with
another element with a metallic configuration often ends up interfering the spin ice
state. For instance, the correlated d-electrons in pyrochlore iridates not only exhibit
an all-in-all-out ordering of their own at much higher temperatures, but also force the
same magnetic order onto the A-site sublattice regardless of the rare earth element
[53]. In some cases, the interactions within the rare earth sublattice may modify the
transport properties of the d-electron [54, 30, 55] at lower temperatures, such as the
fragmented monopole crystal ground state [56] as well as the monopole-density-related
magneto-transportation [57]. However, the spin state of the rare earth sublattice is
often impaired by the energy scale of the d-electrons, which is much larger than the
interaction. This situation indeed applies to a broad class of frustrated magnets

beyond spin ice.
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In this work, we report the observation of an anomalous magnetoresistance (MR)
in epitaxial pyrochlore heterostructures of BiylryO7/Dy,Tiy0O; (BIO/DTO), where
DTO hosts the spin ice state and BIO, the only nonmagnetic/time-reversal-invariant
member of the pyrochlore iridate series, provides the correlated carriers. We directly
grow ultrathin BIO films on DTO single crystals as illustrated in Fig. 3.1. A cusp-
like MR anomaly is observed, when the field induces the transition between the
Kagome spin ice state and the saturated ice. These results demonstrate an epitaxial
interface approach for enabling charge responses and detection of the exotic spin state

transitions in insulating frustrated magnets.

3.2 Results

DTO single crystal substrates were prepared by the floating zone method [33]. The
crystals were first oriented and cut into substrate pieces along the DTO (111) lattice
plane. The substrate surfaces were then polished through a five-step process (see
details of experimental method in chapter 2) to achieve atomically flat surfaces. Fig.
3.1(c) shows a typical atomic force microscope (AFM) image of the DTO single crystal
substrate surface after the process, with a root mean square surface roughness of 1.21
A. Thin BIO layers were deposited on the DTO substrates by pulsed laser deposition
[37]. The BIO/DTO interface was examined with the scanning transmission electron
microscopy (STEM). A typical cross-section image in Fig. 3.1(d) shows a sharp
epitaxial interface. Energy dispersive X-ray spectroscopic (EDS) map (Fig. 3.2)
further confirms no significant interdiffusion across the interface. Fig. 3.1(e) shows
a typical specular X-ray diffraction scan covering the DTO [222] to [444] structural
peaks, which are accompanied with the corresponding peaks of a BIO film of 3.4 nm,
confirming the epitaxial growth. Representative reciprocal space mapping (RSM)
shows that the BIO film is in a fully strained state (Fig. 3.3(a)). The film thickness
is extracted from fitting the X-ray reflectivity curve (Fig. 3.3(b)&(c)), which also

yields a film density consistent with expectation.
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Figure 3.1: Bi,Ir,0;/Dy,Ti,0; heterostructure. (a) Schematic diagram of the
Dy,Ti5,07/BiplryO; heterostructure and the measurement configuration. (b) A
schematic drawing showing a zoomed region across the interface. The local spins
(grey) are shown on the DTO sides with a few of them (red) flipped to break the
ice rule and form the ‘3-in-1-out/1-in-3-out’ configuration. A wavy surface curve
(pink) is shown on the BIO side to denote charge carrier. (c¢) A typical AFM image
of DTO substrate surface with atomically flat terraces. (d) Transmission electron
microscopy image with [1-10] being the lamella surface normal shows the sharp
BIO/DTO interface of the heterostructure. The white patches are from focus iron
beam milling. A thicker film sample with thickness 10.5nm was used in the TEM
study to protect the interface. (e) An X-ray diffraction scan covering the DTO [222]
to [444] peaks of a BIO/DTO heterostructure.
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Figure 3.2: Energy dispersive spectroscopy images. (a) Bi EDS map; (b) Dy EDS
map. The EDS results demonstrate that there is no significant interdiffusion across
the interface.
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Figure 3.3: Additional characterization of the BIO/DTO (BD1) heterostructure.
(a) Reciprocal Space Mapping near the DTO [266] reflection, showing the BIO film
is fully strained. Here, Q. and Q, are the components of the reciprocal space vector
along the [-211] and [111] directions, respectively. (b) Representative XRR data.
(c) The blue curve shows the resulted depth profile of mean density (i.e. laterally
averaged). The depth profile for the undisturbed system prior to including roughness
is plotted by the dashed green curve indicating the positions of the surface and the
layer /substrate interface. (d) Temperature-dependent resistance from 300 K down
to 2 K. (e) Magnetoresistance from 30 K to 2 K is similar between B//[111] and
B//[1-10]. A vertical offset was applied for clarity purpose. (f) Magnetoresistance
for BIO/DTO (BD1) heterostructures compared with BD2, BD3 and BD4 of similar
BIO thickness at 0.03 K. The field direction of the BD3 sample has a 5-degree offset
which causes the anomaly to appear at a slightly higher field. (g) Magneto-transport
measurement reproduced from Fig. 3.4(d) without the vertical offset, where the

magnetoresistance shown in percentage ratio is replaced by the measured resistivity
here.
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While the all-in-all-out magnetic ordering of the Ir pseudospin-1/2 electrons in
the pyrochlore iridates has an increasing ordering temperature with decreasing A-site
ionic radius [58], BIO is a bad metal on the paramagnetic side of the quantum critical
point [59]. No magnetic ordering or spontaneous time-reversal-symmetry-breaking
was found down to 50 mK [29]. Moreover, it has been shown that, although the BIO
metallicity will degrade when grown as ultrathin films likely due to weak localization
and/or disorder-enhanced electron-electron interaction in two-dimensions, the MR
remains rather isotropic when the field is applied along different crystallographic axes
[28]. Our ultrathin BIO films on DTO indeed show a weakly increasing resistivity with
lowering temperature as well as an isotropic MR (Fig. 3.3(d)&(e)), consistent with
previous reports [28]. No temperature-induced transition is observed, indicating that
the BIO film remains nonmagnetic. However, an emergent anisotropic anomaly was
observed while measuring MR below 1 K. Fig. 3.4(a)&(b) shows MR measurements at
0.03 K with the magnetic field B along different directions in the (11-2) plane, while
the current is always along the [11-2] axis perpendicular to the field (Fig. 3.1(a)).
One can see the overall MR response with B//[111] is similar to B//[1-10] except
a positive cusp-like anomaly around 1.5 T. This anomaly was confirmed in multiple
samples (Table 3.1 and Fig. 3.3(f)). It can also be seen that the anomaly has a
reduced size in samples with a much thicker BIO film, indicating that the anomaly is
caused by the interface with DTO (Table 3.1 and Fig. 3.5(a)). Our AC susceptibility
measurement, where the signal is dominated by the bulk of the DTO substrate, shows
that this field corresponds to the critical field B, of the Kagome spin ice-to-saturated
ice transition of DTO, and it is higher than the intrinsic value of B, ~ 1 T [52] due to
the demagnetization effect of the plate-shape of the crystal substrate (see Fig. 3.1(a)
& Fig. 3.6).

Moreover, as we rotate B away from [111], the anomaly displays a clear shift to
higher fields with the width of the feature being broadened as well, which is consistent
with the fact that the field projection to [111] is decreasing as the field angle increases.
A larger external field is thus needed to induce the transition in DTO, and the finite
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Figure 3.4: Magnetoresistance anomaly. (a) Geometric diagram of the MR
measurement with B in the (11-2) plane, where 6 is the field angle respected to
the [111] direction. MR is defined as MR = (R(B) — Rg)/R¢ x 100%, where Ry is
the zero-field resistance. (b) MR (top) and AC susceptibility (bottom) at 0.03 K at
selected angles; inset illustrates the MR at each angle when B=5 T. (¢) Geometric
diagram of the MR measurement with B in the (1-10) plane, which contains four
high-symmetry axes. (d) MR (top) and AC susceptibility (bottom) at 0.03 K along
the high-symmetry axes in this geometry. Vertical offsets are applied on the curves
for clarity.
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Table 3.1: Sample Information. List of synthesized heterostructures and details
about their observed MR anomaly. The anomaly of each sample was refined with
a Gaussian function to extract the position and the full-width-at-half-maximum
(FWHM). The absolute and relative MR anomaly amplitude were also calculated
and provided in the last two columns. The field direction of the BD3 sample has a
5-degree offset which causes the anomaly to appear at a slightly higher field.

Film Field Value at MR peak Relative

Sample ) which the MR | FWHM P peak
Formula | Thickness amplitude .

Name Anomaly Peak | (T) amplitude

(nm) Occurs (T) (%) (%)

Bi,Ir,O;/

BD1 22T A4 1. . 622 .
Dy2T120/7 3 56 0.359 0.622(5) 0.690(6)
BisIrsO

BD2 22T 2 1.61 2 1. 1.231
DYQTiZO/7 3 6 0.276 098(6) 31(7)
BisIrsO

BD 22T . 2. 54 912 981

3 DYzTizo/7 3.9 03 0.540 0.912(3) 0.981(3)

BiQII’QO7

BD4 Dy2T120/7 4.0 1.60 0.601 0.184(5) 0.195(5)
BiQII’QO7

BD5 Dy, Tis0; 23.8 1.65 0.22 0.060(5) 0.062(5)
BiyIr,O;/

BD 22T 41.4

0 Dy, Tiy0O4

BiQII‘QO7/

BY1 Y, Ti,O: 3.7

*MR peak amplitude = MR at the anomaly peak - background MR

*Relative peak amplitude =
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Figure 3.5: BIO/DTO heterostructures with different BIO thickness. (a)
Magnetoresistance at 0.03 K for the BD2, BD5 and BDG6 heterostructures,
respectively. (b) Theta-2theta scans for samples BD2, BD5 and BD6.
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Figure 3.6: Correction of the demagnetization field. The reported magnetization
[51] of bulk DTO with B//[111] at 0.48 K (black) is used to estimate the
demagnetization effect, where the demagnetization factor is calculated to be 0.84
based on the dimensions of the DTO substrate. It can be seen that, when plotting
the magnetization against the total external field applied (red), the original ice-rule-
breaking transition at 1 T is shifted to 1.5 T, consistent with the reported MR
anomaly in this work.
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width of the transition is effectively stretched. Moreover, the observed increase is
rapid and clearly does not follow any simple cosine function, which is a signature of the
field-induced transition in spin ice due to geometric frustration [60, 61]. Deriving B,
from the dipolar spin ice model indeed shows that B. diverges when the field deviates
from [111] by ~ 20° (Fig. 3.7), which is consistent with the fact that the anomaly is
quickly shifted beyond the measured field range and the shape of the MR curve by
that point is virtually the same as that with B//[1-10]. (The asymmetric behavior
between the positive and negative angles is due to a small instrumental misalignment
~ 2° see Fig. 3.7 for details). The angle-controlled transition is further illustrated
in the inset of Fig. 3.4(b), where the MR at 5 T is extracted and plotted against the
field angle from [111] (# = 0°) to [1-10] (@ = 90°). One can see a sharp increase of
the resistivity around the critical angle 6. ~ 20° due to the anomaly. Interestingly,
the resistivity on both sides of 8. shows a much smaller but visible difference, which
can be attributed to the fact that DTO remains a spin ice at 5 T with 6 > 6. while
becoming a saturated ice with 6 < .. The remnant spin disorder in the former is
likely to elevate the resistivity compared with the latter.

Fig. 3.4(c)-(d) shows representative MR curves of the BIO/DTO heterostructure
at 0.03 K measured in another configuration where B is applied in the (1-10) plane
with current along the [1-10] axis (Fig. 3.1(a)). This setup allows the field to
access multiple high-symmetry axes, including [110], [11-1], and [001], in addition
to [111] as shown in Fig. 3.4(c). One can see that, while the overall MR response
remains similar for all directions, the MR curve with B//[11-1] clearly shows an extra
positive anomaly that is absent with B//[110] and B//[001] but is similar to the case
of B//[111]. This observation is consistent with the fact that [111] and [11-1] are
two equivalent axes in DTO. The difference is that the anomaly with B//[11-1] is
at 1 T, which is lower than that with B//[111] and close to the intrinsic B.. We
again confirmed this behavior by AC susceptibility measurements, which show in the
bottom panel of Fig. 3.4(d) that the peaks in correspondence to the transition for
B//[111] and B//[11-1] indeed occur at different fields and match the fields of their
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Figure 3.7: Shift of the critical field. (a) Shift of the MR anomaly when the
magnetic field deviates from the [111] axis (extracted from Fig. 3.4(b)); and (b) the
result after correcting a 2° misalignment. The red vertical lines mark the region of
the MR anomaly at each field direction.
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MR anomalies, respectively. The shift of B, between [111] and [11-1] is attributed to
the much stronger demagnetization effect for the surface normal direction [111]. By
comparison, the AC susceptibility is featureless for B//[110] and B//[001]. All the
observations above corroborate that the MR anomaly of the BIO layer is indeed a
result of the field-induced ice-rule-breaking transition in the insulating DTO substrate
and is remarkably sensitive to any shift of B.. Note that the observed positive
cusp-like anomaly cannot be attributed to the DTO stray field on BIO because the
magnetization jump of the DTO transition would increase the effective field on BIO
and lead to a negative step-like MR jump instead. In addition, the resistivity at 5 T
with B//[110] is also larger than that of B//[111] and [11-1] (Fig. 3.3(g)), consistent
with the impact of the remnant spin disorder in the spin ice state as discussed with

the previous configuration.

3.3 Discussion

This result demonstrates that forming a heterostructure can effectively introduce
interactions between the charge carriers from one side and the frustrated spins on
the other side. The excellent consistency in the critical field between MR and the
bulk-sensitive AC susceptibility reveals the robustness of this method. Note that
the field, regardless of its direction, always locally flips the moments to partially lift
the 2-in-2-out degeneracy of the Dy tetrahedron within the spin ice state. Yet the
MR anomaly only occurs when the transition to the saturated ice state is induced,
indicating that the charge carriers are particularly sensitive to the ice-rule-breaking
spin flips. Given that the Kagome spin ice-to-saturated ice transition is a first order
transition [2, 51, 52|, a phenomenological mechanism of the anomalous MR responses
can be depicted with the coexistence of the two spin states in the Kagome plane
perpendicular to the field (since the triangular plane is polarized in both cases).
As illustrated in Fig. 3.8(a), a boundary of the two regions is defined by the spins

that connect tetrahedra hosting the 2-in-2-out and 3-in-1-out/1-in-3-out configuration
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Figure 3.8: Phenomenological mechanism. (a) Schematics showing the boundary
in the Kagome layer between the Kagome spin ice and the saturated ice state.
The tetrahedra with the 2-in-2-out configuration and the 3-in-l-out (1-in-3-out)
configuration are in red and green, respectively. The blue arrows denote the sites
that connect the two regions with the area highlighted in light blue indicating the
boundary region where the spins are less stable. A three-dimensional schematic is
showed in panel (b) for a pair of the tetrahedra across the boundary. (¢) MR in the
region of the anomaly from 0.45 K to 1 K. The solid and dashed lines were measured
with B//[111] and B//[1-10], respectively. The curves are vertically shifted for clarity
and comparison purposes.
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(Fig. 3.8(b)), respectively. The spins nearby the boundary are most unstable and
fluctuating, thus potentially introducing extra scattering to the charge carriers when
entering one region from another which increases the resistivity. Fig. 3.8(a) shows a
cartoon of how the density of these boundaries may increase and decrease across the
critical regime, capturing the enhanced resistivity during the transition manifested
by the positive sign and the cusp shape of the anomaly. As discussed earlier in the
angle-dependent data, although the different degrees of spin disorder of the two states
may still induce a difference in the resistivity outside the transition region, this effect
is smaller than the anomaly likely due to the fact that local moments are more stable
away from the transition.

To further verify this picture, we measured a 3.7 nm BIO film on nonmagnetic
Y, Ti,O; substrate as a reference sample and observed isotropic MR as functions of
temperature and magnetic field without any anomaly (Fig. 3.9). This comparison
confirms that DTO influences the transport properties of the BIO film mainly in its
transition regime. In other words, the anomaly is a charge response to the magnetic
fluctuations in the transition region, and it has a peak-like line shape similar to the
AC susceptibility. Although a microscopic theory is yet to be developed to describe
the interaction of the Dy moment and the BIO carriers, it likely depends on the
hybridization between the localized f-states at the Dy sites and the itinerant states
of Ir d-electrons since such an interaction is usually captured by the Anderson Model
(62, 63] for metals with local moments. The difference here is that the localized
moments and the itinerant carriers are on opposite sides of the heterostructure
and they couple across the interface. We note that the spin Hall effect (SHE) in
metals may also produce anisotropic MR responses through the so-called spin hall
magnetoresistance when in direct contact with an insulating magnet [64]. However,
SHE does not require the field-induced transition and does not account for the fact
that the anomaly only occurs near the critical field of the transition, excluding
SHE and any other process irrelevant to the field-induced transition from being the

underlying mechanism. In fact, spin hall magnetoresistance requires an orthonormal
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Figure 3.9: Characterization of the BiIr,07/Y,Ti,O; (BY1) heterostructure. (a)
Reciprocal Space Mapping near the YTO [266] reflection, showing the BIO film is
fully strained. Here, Q, and Q, are the components of the reciprocal space vector
along the [-211] and [111] directions, respectively. (b) Representative XRR data and
the resulted depth profile. (c) Theta-2theta scans covering the YTO [222] and [444]
peaks. (d) Temperature-dependent resistivity and (e) Magnetoresistance above 2 K.
(f) Magnetoresistance at 0.03 K. No difference is observed when the magnetic field B
is applied along [111] (black) and [1-10] (red).
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geometry among the surface normal, current direction and magnetization, which is
obviously unnecessary for the observed anomaly in the BIO/DTO heterostructure. In
addition, the observed anomaly could not be attributed to the magnetocaloric effect
as it is expected to cause responses of opposite signs when sweeping the magnetic
field upward and downward, which was not observed in our experiment.

Studies of the field-temperature phase diagram of spin ice have shown that the
field-induced phase boundary is terminated at elevated temperature and the transition
becomes a continuous crossover as there is no sharp distinction between the Kagome
spin ice and the saturated ice anymore [39, 51]. This behavior has been understood
with an analogy to the liquid—gas transition in the context of a transition between a
low-density phase and a higher-density phase of magnetic monopoles [12, 49, 50, 51].
For comparison, we studied the thermal evolution of the MR anomaly with B//[111]
between 0.45 K and 1 K. The obtained result displayed as the solid lines in Fig. 3.8(c)
shows that, while the anomaly overall remains around 1.5 T, it weakens in magnitude,
broadens in width, and upshifts slightly in field with increasing temperature, likely
due to the thermal broadening of the Kagome spin ice-to-saturated ice transition near
its critical end point [2]. The dashed lines were measured with B//[1-10] and serve
as a reference for comparison at each temperature. The anomaly eventually starts to
vanish at ~0.9 K and becomes hardly visible. These observations are consistent with
the field-temperature phase diagram as well as the disappearing of the spin ice state
in DTO due to thermal fluctuation [48, 9, 12] around 1K, confirming the sensitivity of
the charge carriers to the abrupt change at the boundary between the two spin states
until they are no longer distinguishable above the critical endpoint of the transition
[51].

To summarize, the experimental observation of an emergent MR anomaly in BIO
that responds to and closely tracks the Kagome ice-to-saturated ice transition in
insulating DTO demonstrated that creating epitaxial heterostructures is a highly
promising approach to introduce interactions between localized frustrated spins and

correlated charge carriers. It opens the possibilities of electronically probing the
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spin ice states under other control parameters, such as pressure and epitaxial strain
(65, 66], as well as investigating charge conversion of the monopole condensation [12]
excitations under non-equilibrium stimuli [67, 68]. Recently, the magnetic monopole
dynamics was detected by a magnetization noise spectrometer in the spin ice state of
DTO [69, 70, 71, 72] as well as during the transition between two 2-in-2-out states
of artificial spin ice [73]. A two-dimensional monopole gas was also proposed at
the heteroepitaxial interface of the 2-in-2-out state and the all-in-all-out [74]. Such
behaviors may manifest in electronic transport, too, when interfaced with charge
carriers, providing another detection method and a potential route to application.
The interfacial approach can readily be extended to other non-conducting frustrated
quantum magnets, such as spin liquid and quantum spin ice [2, 40, 41, 42, 43, 44, 45,
13, 46] for electronically detecting these exotic spin states and triggering electronic
responses. The successful creation of functional heterostructure between DTO and
BIO also showcases the potential of complex oxide heterostructures of the pyrochlore

structure [75].
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Chapter 4

Anomalous Proximitized Transport
in Metal/Quantum Magnet

Heterostructure

4.1 Introduction

Spin-electronics roots in the dependence of electronic transport on the magnetization
[76, 77]. This concept has been extended well beyond ferromagnets to antiferromag-
nets, ferrimagnets, and other magnets where the magnetic order can be described as
a classical vector [78, 79, 80].Electronic transport can be controlled in such magnetic
systems by reorienting the moments, which however must overcome energy barriers
and inevitably cause power dissipation. Quantum mechanics, on the other hand,
provides an attractive alternative for one spin state to transit to another spin state
through quantum tunneling. Such quantum effect is one of the salient features of
quantum magnets, where the magnetic state is a superposition of multiple distinct

collective spin configurations due to quantum spin fluctuation (QSF) [81, 13, 44, 82].
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Static magnetic orders are thus often strongly suppressed in quantum magnets, and
the conventional quasiparticle picture [83] may break down in describing the low-
energy excitations due to the absence of sharp spin waves. Indeed, exotic QSF-driven
excitations are believed to be highly correlated and entangled, holding promises for
quantum computation [84, 43, 44, 82, 13, 85, 86, 87|, with spinon and Majornana
fermion being two well-known examples that have been intensively studied in quantum
magnets [88, 89, 90, 91, 92].

Despite the great technological potential [93], it is not yet clear how to exploit such
many-body magnetic quantum effects to control electronic transport. A key reason
is that the spin degree of freedom in most quantum magnets originates from strongly
localized electronic states and they interact without free electrons [13, 94, 82, 95, 96].
In fact, many intriguing quantum magnets are good insulators. Yb,Ti,O; (YbTO) is
an excellent example of such insulating quantum magnets [97, 98, 21, 17, 18, 16, 99],
which is currently under extensive studies due to the proposed quantum spin ice
state and multiphase competition [14, 100, 101, 15, 102]. Its ferromagnetic (FM)
ground state is strongly suppressed [22] with very broad dispersive spin waves due
to a significant mixture from antiferromagnetic (AFM) configurations [Fig. 4.1]
alongside an intense flat mode near the spin-wave gap [26, 24, 103, 25]. This intriguing
quantum dynamics arises from the strong QSF near the FM-AFM phase boundary
[24, 103], and persists at finite temperatures even above T, [26, 104]. If an effective
coupling to charge carriers can be introduced while preserving the quantum dynamics,
one may exploit such QSF of local moments to mediate electronic transport for
better understanding of the quantum magnetism and enabling new spin-electronic
functionality.

Here we demonstrate proximitized electric transport for investigating and har-
nessing the quantum effects of YbTO crystals by forming an epitaxial heterostructure
[Fig. 4.1] with ultrathin film of nonmagnetic metal BiyIryO; (BIO). The feasibility
of this hetero-epitaxial synthesis [105] was recently demonstrated between BIO and

Dy,Ti,07 (DTO) [106, 6, 9, 12, 49, 107]. In contrast to the classical spin ice physics of
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Yb,Ti,0; crystal

Figure 4.1: (a) Schematic diagram of the interface of BIO/YbTO heterostructure
and the measurement configuration. (b) Schematic diagram of the scattering process
on the interface of BIO/YbTO heterostructure. The tetrahedra illustrate the
coexistence of FM (red arrows with freedom to rotate around the local [001] axis)
and AFM (green arrows with freedom to totate in the local (111) plane) phase of
YbTO crystal structure.
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DTO, we find that the interfacial impact on the electronic transport of the BIO thin
film is drastically enhanced by YbTO due to the QSF of YbTO, which is highlighted
by an anomalous scaling of the BIO resistivity with temperature and magnetic field
that reflects the unconventional spin-wave dynamics of YbTO. Our findings provide
compelling evidence for a distinct avenue to access and explore quantum magnetism
through proximitized electric transport. The realization of transport control of
itinerant electrons through localized quantum spin degrees of freedom in the insulator

could enable potential applications in spintronic devices.

4.2 Results

4.2.1 Synthesis

To couple the QSF of localized spins with charge carriers, we devised and synthesized
the epitaxial heterostructure of BiylryO;/Yb,TiyO; (BIO/YbTO) [Fig. 4.1] by
depositing a nominally 4 nm-thick BIO thin film onto a (111)-oriented stoichiometric
YbTO single crystal substrate. BIO is an ideal carrier provider since it is
a nonmagnetic metal with a pyrochlore structure [108] compatible with YbTO.
Since the properties of YbTO is believed to be sensitive to disorder, we prepared
stoichiometric YbTO single crystal with a modified traveling-solvent floating zone
method as recently reported [22]. The lattice parameter of our stoichiometric YbTO
single crystal is 10.03377(5) A [Fig. 4.2(b)], consistent with the previous report
[22]. The epitaxy of the heterostructure was confirmed by cross-section transmission
electron microscope (TEM) [Fig. 4.3(b)] with energy dispersive spectroscopy [Fig.
4.4]. X-ray diffraction [Fig. 4.3(c)] also confirmed the single-phase epitaxial growth.
The actual thickness of the BIO film to be discussed below was measured to be 3.9

nm [Fig. 4.3(e)] by X-ray reflectivity.
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Figure 4.2: Powder X-ray diffraction patterns for YbTO-ns and YbTO. (a) The
refined lattice parameter is 10.04150(6) A for YbTO-ns. (b) The refined lattice
parameter is 10.03377(5) A for YbTO. (c) Yellow YbTO-ns (left) and transparent
colorless YbTO (right).
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Figure 4.3: All data were taken for heterostructure with 3.9 nm BIO film deposited
on YbTO, which is the one discussed in the main text. (a) A representative atomic-
force-microscope image of the YbTO substrate surface after cutting the YbTO crystal
into (111)-oriented substrates and carefully polishing them to atomic flatness. The
root mean square surface roughness is ~0.92 A. (b) Atomic resolution high-angle-
annular-dark field-STEM image of the interface. The TEM lamella surface normal
is [1-10], which shows a sharp epitaxial interface. A magnified image is shown to
indicate the cations on both sides of the interface. (c¢) Specular X-ray diffraction scan
of the (222) and (444) structural peaks showing only the substrate peaks and the
corresponding film peaks. (d) Reciprocal Space Mapping (RSM) near the YbTO (662)
reflection, showing the relaxation strain state of the BIO film. (e) Representative X-
ray reflectivity (XRR) data. (f) Magnetoresistance (MR) above 3 K. For the dashed
line, the field is applied along out-of-plane [111] axis. For the solid line, the field is
applied along [001] axis. It is almost isotropic between B // [111] and B // [001]
without any extra features.
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Figure 4.4: Energy Dispersive Spectroscopy (EDS) images of heterostructure
BIO/YbTO. The EDS results demonstrate that there is no significant interdiffusion
across the interface. (a): Yb EDS images. (b): Bi EDS images.
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4.2.2 Proximitized transport due to FM-AFM competition

The influence of YbTO magnetism becomes evident when comparing the resistivity
of the BIO/YbTO heterostructure with a reference sample where the BIO film was
grown on a nonmagnetic Y,Ti,0; (YTO) single crystal substrate [Fig. 4.5(a)]. In
the high-temperature regime, both samples exhibit a similar trend as a function of
temperature. The resistivity increases slowly with decreasing temperature [29] due
to weak localization and/or disorder-enhanced electron-electron interaction in two-
dimensions [108], especially at such reduce thickness. Nonetheless, the resistivity
curves above 2 K can be mapped to each other by a scaling factor between
BIO/YbTO and BIO/YTO heterostructures. However, in the sub-Kelvin regime,
thermal fluctuations are suppressed, the impact of quantum magnetism takes over,
and notable distinctions arise. Specifically, the resistivity of BIO/YbTO experiences a
sharp increase at low temperatures, following a 1/7" scaling [Fig. 4.5(b)], i.e., p x 1/T.
Remarkably, this scaling behavior persists even below the FM transition temperature
T. of YbTO (~ 224 mK [Fig. 4.6(a)]). In contrast, the resistivity of BIO/YTO
remains varying gradually, and the 1/7 scaling is clearly absent. Similarly, the 1/T
scaling was not observed in the BIO/DTO heterostructure [see Fig. 4.7].

We find this scaling behavior highly unusual. In the simplest Drude picture, the
resistivity is inversely proportional to an effective relaxation time 7. If the proximity
effect arises from scattering processes due to the exchange interactions between the
spins of the charge carriers and the localized spins in the magnetic insulator like
YbTO, the resultant electron relaxation time will have a temperature dependence

governed by the spin fluctuations in the magnetic insulator [109]:

T(lT) x /dw/qu S(q,w,T)®(q), (4.1)

where S(q,w,T’) is the dynamical spin correlation functions in YbTO, and ®(q)
is a form factor that accounts for the phase space of scattering determined by

the Fermi surface structure of BIO. In the temperature range of interests, one can
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Figure 4.5: (a) Temperature dependence of the normalized resistivity for the
BIO/YbTO (blue) and BIO/YTO (orange) heterostrutures from 300 K to 87 mK
at zero magnetic field. The temperature gap between 1 to 2 K is due to the fact
that two instruments were used to measure the high and low temperature resistivity,
respectively. The red dashed line is obtained by multiplying the blue line with a
factor of 2.5 to illustrate the similar temperature dependence of the two samples at
high temperatures and their drastic difference at low temperature. In other words,
it is possible to scale the two samples at high temperature region but not the low
temperature region. (b) The zero-field resistivity plotted as a function of 1/7" in the
low temperature region. While the BIO/YbTO curve shows a linear behavior down
to about 100 mK, the BIO/YTO curve is clearly sub-linear. The kink position on
BIO/YbTO curve corresponds to the FM transition temperature of YbTO at zero
field. (c) The inverse effective relaxation time (red line) calculated from Eq. (4.1)
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assume that other scattering channels, such as electron-electron, electron-phonon, and
impurity scatterings, have a much weaker temperature dependence. The observed 1/T
scaling behavior then clearly contradicts what one would expect based a conventional
spin-wave picture for an FM order, where the thermal occupation of bosonic spin
waves increases as temperature increases and yields a shorter relaxation time,
leading to a positive contribution to the resistivity. Instead, a previous theoretical
study has shown that the 1/7 behavior of itinerant frustrated magnets can be
attributed to quantum fluctuations in a liquid-like spin state below the Curie-Weiss
temperature [110].

To evaluate such a mechanism, we refer to the dynamical structure factor
S(q,w,T) reported by a recent inelastic neutron scattering experiment [25] on YbTO
in the low-energy regime of tens of peV. It was found that, due to proximity to a
quantum critical point among the FM, AFM, and spin liquid phases [111], S(q,w,T)

exhibits a dynamical scaling behavior

1 Bx
kT TY~2| ——————+ 1) ——— 4.2
B S(q,w, ) <8Xp(l‘) 1 + ) R2 + .1327 ( )

where * = hw/kgT with fitted parameters B = 0.0181 and R = 0.80 [25]. By
inserting this scaling form into Eq. (4.1), one can calculate the reversed relaxation
time of the charge carriers due to the YbTO QSF. After performing the frequency
integral up to a small cutoff at 4.3 peV, we indeed arrived at a 1/T-like behavior of
the reversed relaxation time as shown in Fig. 4.5(c), resembling the 1/7" behavior of
the BIO resistivity. This behavior is robust against different cutoff values in a wide
range, as demonstrated in Fig. 4.8 with the cutoff from 0.086 eV to 8.6 ueV. The
temperature dependence of the BIO resistivity therefore reflects the scaling behavior
of the QSF in YbTO.

This proximitized transport behavior can be tuned by magnetic field. When
applying a field along [001] to suppress the YbTO QSF at 30 mK, the BIO resistivity
decreases rapidly below 1 T [Fig. 4.9(a)]. The decrease quickly slows down as the field
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Figure 4.8: Logarithm of calculated relaxation time as a function of logarithm of
temperature. This figure shows the results under different integral frequency cutoff
from 0.086 peV to 8.6 ueV energy cutoff in Eq. (2).
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Figure 4.9: Field-dependent resistivity of BIO/YbTO. (a) MR of BIO/YbTO,
BIO/DTO and BIO/YTO at 30 mK with B // [001]. Inset: MR of BIO/YbTO
(solid lines) and BIO/YTO (dashed lines) above 3 K with B // [001]. (b) Blue line:
The resistivity of BIO/YbTO at 30 mK with B // [001] plotted against 1/v/B for
the low field region where the MR shows the strongest negative drop. Red line: The
calculated 1 — (m.)? that represents the amplitude of the transverse spin fluctuations
shows a similar 1/v/B dependence as the resistivity does. (c) Field dependence of

the resistivity of BIO/YbTO with B // [001] at four temperatures below T, of YbTO
and one slightly above.
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approaches 1 T, resulting in a nearly flat magnetoresistance (MR) curve beyond that
point. This rapid recovery of the conductivity can be understood from the fact that
the AFM fluctuations are strongly suppressed by the external magnetic field through
enforcing the FM order [24]. In fact, the broad spin waves of YbTO have been shown
to disappear quickly under magnetic field by inelastic neutron scattering [24]. This
sharp negative MR by tens of percents at small fields is also in remarkable contrast
with the gradual and slow decrease observed in the BIO/YTO reference sample across
the entire measured field range. This distinction disappears at elevated temperatures
above 3 K, when thermal fluctuations dominate over quantum fluctuations, and the
MR of BIO/YTO and BIO/YbTO becomes virtually the same as seen in the inset
of [Fig. 4.9(a)]. One can make a similar comparison with the reported BIO/DTO
heterostructure[105]. They both have a positive sign and a similar amplitude around
0.2% at high temperatures. Such a similarity again points to the dominant role of
the thermal fluctuations in the BIO transport properties at high temperatures. Their
difference emerges at low temperatures where thermal fluctuations are suppressed.
At 30 mK, other than a relatively small anomaly (~ 1%) when the field induces
the ice rule-breaking transition of classical spin ice in DTO, the MR of BIO/DTO is
overall very similar to BIO/YTO and thus distinct from the large sharp negative MR
observed here for BIO/YbTO [Fig. 4.9(a)]. This comparison highlights the drastically
enhanced impact of quantum spins on the proximitized transport.

Quantitatively, we find a 1/v/B scaling for the sharp resistivity drop [Fig. 4.9(b)]
through logarithmic fitting of the MR at 30 mK, which is also absent in BIO/YTO
[Fig. 4.10(a)]. Again, such an algebraic scaling cannot be explained by conventional
spin waves, as the Bose-Einstein distribution would result in exponentially suppression
of spin fluctuations due to the low temperature (30 mK) and the field-induced gap
[112]. Instead, we resort to a simple model that has been used to capture the magnetic-
field dependence of the spin fluctuations of YbTO at the mean-field level [104].
Specifically, taking a coarse-grained magnetization parameterized by a unit vector

m leads to the following potential energy that describes the competition between the
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Zeeman energy and the magnetic anisotropy [104]:

U=-B-m-K Y (m-e) —K][(m-e) (4.3)

K3 (2

The form of the anisotropy respects the cubic symmetry of YbTO, and the parameters
K, =0.14 and K5 = —0.55 have been used to match the magnetic-field induced phase
transitions and the corresponding critical field strengths [104]. For a magnetic field
applied along the z direction (i.e., [001]), the thermal average 1 — (m,)? measures the
magnitude of the allowed transverse fluctuations. One can see in Fig. 4.9(b) that
it increases with decreasing field and roughly reproduces the 1/ v/B scaling observed
in MR. The effective cubic anisotropy here can be viewed as a coarse-grained result
of interactions between the four spins on a single Yb tetrahedron, suggesting that
short-range correlations largely contribute to the fluctuations and the proximitized
MR.

The combined temperature-magnetic field control on the proximitized transport is
presented in Fig. 4.9(c), where the unnormalized MR curves at different temperatures
all flatten above 1 T and clearly converge to a similar level. In other words, the
strong temperature dependence of the resistivity only occurs around zero field, and the
temperature dependence becomes minimal once the external magnetic field effectively
suppresses spin fluctuations. As a result, the negative MR at small fields is most
pronounced at lower temperatures, while thermal fluctuations reduce its sensitivity.
These findings provide compelling evidence that the BIO resistivity offers an effective

means of assessing the magnitudes of YbTO QSF.

4.2.3 Proximitized transport due to field-induced transition

The proximitized transport strongly responds to the field-induced transitions of YbTO
as well. Note that both BIO film and crystal show the linear isotropic MR above 2
K [108]. Significant anisotropy arises here for BIO/YbTO. With B // [110] and B //
[111] [Fig. 4.11(a)], the MR initially shows a sharp negative response similar to B //
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Figure 4.11: Angle-dependent MR of BIO/YbTO. (a) MR at 30 mK with magnetic
field applied along three high-symmetric directions. Black line is MR of BIO/DTO
at 30 mK with magnetic field applied along [111] axis. This black line is multiplied
with a factor of 4 for better visualization. (b) Field angular scans of the resistivity
at 30 mK under seven different field strengths above the critical field of B // [111]
and one field strength slightly below. Insert: The measurement configuration. The
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of comparison, the scans are normalized by the resistivity with B // [001] at each
temperature.
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[001]. However, the rate of decrease slows down followed by an upturn. As the field
continues to increase, the MR becomes negative again, resulting in a broad peak-like
feature. These anisotropic behaviors are absent in the BIO/YTO reference sample
[Fig. 4.10(b)], indicating that they originate from the YbTO quantum magnetism.
The locations of the peak-like feature around 0.7 T and 0.79 T for B // [110] and B
// [111], respectively, well align with the critical fields of the YbTO phase transition
[26, 104] driven by the competition between the cubic magnetic anisotropy and the
Zeeman energy [14] described above by Eq. (4.3). Specifically, since <001> is the easy
axis of the canted FM order, a [111] field is an effective transverse field that enforces
a polarized state by mixing the three spontaneous <001> configurations, causing
enhanced fluctuations which are now captured by the BIO resistivity. For comparison,
this peak-like feature is much more pronounced than the MR anomaly due to the
classical spin-ice transition in the BIO/DTO heterostructure [105], showcasing again
the much stronger impacts of quantum spin systems than classical spin systems on
proximitized transport.

The pronounced peak-like feature must be driven by is the YbTO QSFs rather
than its stray field. The stray field near the boundary of a magnetic material is
proportional to the magnetization. The magnetization of DTO along <111> (both
the Kagome ice state and the 3-in-1-out state) is much larger than the magnetization
of YbTO of all directions [104, 5]. Therefore, if the stray field dictates the size of the
anomaly or any feature in MR, one would expect it to be much more significant in
BIO/DTO than BIO/YbTO. Moreover, if an MR feature is driven by the stray field,
it should resemble the shape of the M(B) curve, which means the BIO/DTO anomaly
would have a step-like shape because of the sharp magnetization jump. Meanwhile,
the M(B) curve of YbTO has no jump but just changes slope via a kink at the
critical field. This expectation based on stray field is clearly inconsistent with the
experimental observations of the MR measurements.

At field above 2 T, both MR curves with B // [110] and B // [111] become flatten

deep into the field-polarized state where the fluctuations are completely suppressed.
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They also converge to the same level as B // [001]. Such weak dependence on the
field direction at high fields shows that the orientation of the magnetization of YbTO
has little impact on charge transport in BIO despite the magnetic anisotropy, which
can be explained by the fact that the field-polarized state can be described as a
classical order parameter. This observation was further confirmed by angular scans
that continuously rotate the field from [001] to [111], and to [110]. As seen in [Fig.
4.11(b)], the resistivity displayed almost no angle dependence at 3 T. Only when the
field decreases toward the critical field, the angle dependence becomes dramatically
stronger, with the resistivity showing a rapid increase near [111] where the fluctuations
are the strongest. The resistance changed smoothly with the field angle without any
kink, indicating that the field is continuously tuning the strength of spin fluctuations.

What is also particularly interesting is that when the field dropped below the
critical field of [111], as shown at 0.75 T, a sharp dip in the angular change around [111]
was observed, leading to a double-peak-like shape. This behavior can be attributed
to the domain conversion of the spontaneous canted FM order since [111] is the hard
axis and thus the tipping point of domain re-population [26]. The dip likely marks
the narrow angular range of domain coexistence. More importantly, as seen in Fig.
4.11(c), this dip persists at temperatures above T, capturing the famous reentrant
behavior of the FM state in the [111] field-temperature phase diagram [26] that is a
signature of the strong QSF in YbTO. All the transport behaviors discussed above

are well reproducible in different samples [Fig. 4.12].

4.2.4 Impacts of YbTO nonstoichiometry

Given the remarkable sensitivity of the proximitized transport to the YbTO quantum
magnetism, we performed the same measurements on a BIO film grown on a
nonstoichiometric YbTO (YbTO-ns) substrate (See Fig. 4.2) to investigate the
impact of site disorder between the Yb*" and Ti*' ions. This disorder is known

to effectively suppress the spontaneous FM order and further broaden the spin wave
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Figure 4.12: All data were taken for heterostructure with 4.0 nm BIO film deposited
on YbTO, which is the one to show the reproducibility. (a) X-ray diffraction pattern
collected on the surface of BIO/YbTO heterostructrue of (222) and (444) structural
peaks. (b) RSM near the YbTO (662) reflection, showing the relaxation strain state
of the BIO film. (c) Representative XRR data. (d) 7' dependence of the resistivity
for BIO/YbTO at zero field. (¢) B~z dependence of the resistivity of BIO/YbTO at
30 mK with magnetic field applied along [001] axis. (f) MR at 30 mK with magnetic
field applied along three high-symmetric directions. (g) Angle dependence of the
normalized resistivity at several temperatures with 0.75 T magnetic field. (h) Angle
dependence of the resistivity at 30 mK with several selected fields above 0.75 T.
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spectra [22, 24]. Fig. 4.13(a-c) shows that the MR is overall similar to that in the
stoichiometric case, including the sharp negative MR, the 1/ VB dependence, and
the response to the field-induced transition. These results are consistent with the
resistive contribution from short-range fluctuations. Notably, the unnormalized MR
with B // [001] reveals an enhanced resistivity at zero-field and low temperatures,
indicating the presence of significant QSF despite the disorder. However, a sub-
linear deviation from the 1/T scaling can be observed in Fig. 4.13(d), suggesting
that the temperature dependence of the resistivity is more sensitive to the spatial
coherence in the spin fluctuations, which may arise from either the inhomogeneity of
the exchange interactions or an overall deviation from the quantum critical regime.
In fact, the dynamical scaling behavior of YbTO described by Eq. (4.2) was observed
in stoichiometric YbTO crystals [25].

4.3 Discussion

It has been a long-standing puzzle at what levels coherent quantum fluctuations play
a role in materials close to realizing exotic quantum spin liquids. In certain candidate
systems, the extremely broad excitation spectrum may be understood as spin waves
from magnetically disordered ground states [113], and spin fluctuations mainly consist
of thermal occupation of spin-wave modes. Recent inspirations are offered along
the lines of witnessing quantum entanglement through magnetic spectrum [114],
anomalous thermal transport experiments [115], and magnetic noise characteriza-
tion [116], etc. Proximitized electric transport study of QSF demonstrated in this
work offers several advantages, such as a higher temperature resolution and an
enhanced sensitivity to low-energy fluctuations with large-momentum transfer, where
scattering processes are particularly efficient in reducing the electron relaxation time.

It is remarkable to see that the thin film resistivity of our heterostructure construc-
tion well captures the essential properties of the bulk quantum magnetism, despite

the potential complications from the interface. The same transition temperature and
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the additional features appear at the critical fields for B // [110] and B // [111]. (b)
Field dependence of the resistivity with B // [001] at five temperatures similar to
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BIO/YbTO [Fig. 4.5(b)], a sublinear deviation can be seen.
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critical field between proximitized transport and susceptibility indicate the Yb-Yb
interface magnetism is at least qualitatively the same as the bulk. Note that all the
matrix elements of the Yb-Yb exchange matrix are finite for bulk YbTO [14], and
they account for all symmetry components of the exchange interaction, i.e., XY-like
(J1), Ising-like (J2), pseudodipolar (.J3), and DM (.Jy) interactions. Any quantitative
difference at the interface could be accounted for by modifications of these parameters.
The experimental facts discussed above indicate that such changes at the interface
(if any) make no significant difference, at least from the prospect of the proximitized
transport.

In summary, our investigation on the electric transport properties of a BIO film
deposited on a YbTO single crystal shows a large enhancement in resistance due to
the proximity to quantum magnetism at low temperatures. The observed scaling
behaviors of the resistance with temperature and magnetic field strongly point to
the mechanism of QSF-mediated scattering of electrons at the interface. Moreover,
the distinct responses under different field directions highlights how the MR of BIO
accurately captures the magnetic anisotropy of the field-induced quantum phase
transitions in YbTO. Overall, our study establishes a novel approach to realize
strong correlation between the electronic transport and the QSF by employing a
heterostructure comprising a metallic film epitaxially grown on a quantum magnet,
which provides guidelines for future exploration of proximitized transport phenomena
derived from insulting quantum magnets. Furthermore, the thermal and magnetic
controls of the proximitized transport hold promise for potential applications in

spintronics by leveraging the unique properties of quantum magnetism.
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Chapter 5

Spin ice states in Dy,;Ti;,0O~ thin
film revealed by magnetic torque

and proximitized transport

5.1 Introduction

Geometrical frustration is an important driving force for novel emergent magnetic
states. One of the most important prototypes is the classical spin ice found in rare
earth pyrochlores below the freezing temperature T, such as Dy,Ti,O; (DTO) and
Ho,Ti,0O; (HTO) [3, 117, 118, 6, 119, 120, 121]. Tt is a magnetic analog of water ice [§]
and exhibits emergent magnetic monopole excitation [12, 122, 123, 50, 124, 125]. The
basic building block is the tetrahedron of the Ising spins [4, 126] that point either in
or out of the tetrahedron and must settle in one of the six degenerate 2-in-2-out (2:2)
spin configurations as a result of the competition between their ferromagnetic dipolar
interaction and antiferromagnetic superexchange interaction [106, 127, 128, 48]. The
degeneracy rapidly grows as the 2:2 tetrahedra connect to each other according to the
ice rule within the pyrochlore structure, giving rise to the non-zero residual entropy

[9]. More interestingly, flipping a spin necessarily breaks the ice rule and effectively
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creates a pair of magnetic monopole and antimonopole by turning two 2:2 tetrahedra
into the 1-in-3-out and 3-in-1-out configurations, respectively [51, 5, 129]. When such
spin flip is induced everywhere in the lattice by a magnetic field along a <111> axis,
the monopole/antimonopole density increases drastically as they condensate into the
magnetic charge-ordered state, i.e., the so-called saturated ice (3:1) state. This ice-
rule-breaking transition is thus described as the liquid-gas transition of the magnetic
monopoles with a critical end point 7 in the field-temperature phase diagram. [130,
11, 131, 132].

While the rich spin ice physics has been extensively studied in the bulk crystals
during the last three decades, epitaxial engineering is considered recently as a new
route to tuning the spin ice behavior through, for instance, dimensional reduction
[133] and/or strain effect [134]. However, experimental results on spin ice pyrochlore
thin films have been limited, and the conclusions are far from clear [66, 135, 65, 136,
137, 74, 75, 138]. In particular, two studies showed that thick HTO films have similar
magnetic anisotropy and magnetization to HTO crystal [135, 66], which was measured
above 1.8 K and well above the temperatures of the spin ice behaviors [106, 130]. On
the other hand, two other studies suggested that the Pauling entropy is released in
DTO films based on heat capacity and a spin-ordered state may exist [65, 136], which
could be attributed to strain effect according to Monte Carlo simulations [138]. But
the exact magnetic structure is not yet clear. The limited studies highlight the general
challenge in experimentally characterizing thin films of insulating frustrated magnets
at ultralow temperatures due to the small sample volume and the presence of the
substrate, both of which hinder the use of conventional bulk techniques, such as AC
susceptibility and neutron scattering.

Here we demonstrate a measurement method that simultaneously probes proxim-
itized electric transport and capacitive torque magnetometry (CTM) on a DTO thin
film. The results unambiguously show the existence of the ice-rule breaking transition
as functions of magnetic field and field angle. The behavior of the transition can be

described by the well-established dipolar spin ice model but with a reduced effective
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exchange interaction compared with the bulk. The temperature dependence also
reveals a lower freezing temperature than the bulk. This experimental approach thus
allows placing film samples on the same phase diagram as the bulk crystals, and is

promising for thin film engineering of other frustrated magnets.

5.2 Results

We synthesized the epitaxial DTO thin film of ~18 nm thickness on the (111)-
oriented Yttria Stabilized Zirconia (YSZ) substrate, which is the most common and
commercially available substrate for pyrochlore thin films. The DTO film was capped
it by a BiIr,O7 (BIO) thin film of ~3 nm thickness [Fig. 5.1(a)] to enable proximitized
transport measurements. BIO is a non-magnetic pyrochlore metal [29, 28, 139]. Our
recent work on epitaxial BIO thin films deposited on DTO single crystal substrates has
demonstrated that the BIO resistivity is sensitive to the ice-rule-breaking transition
of bulk DTO through a magnetoresistance (MR) anomaly which faithfully tracks the
transition with field angle and temperature [105]. If the electric transport of the BIO
layer here is sensitive to the transition in the DTO thin film as well, it will provide
another efficient probe. Scanning transmission electron microscopy (STEM) images
in Fig. 5.1(b) showed a highly epitaxial pyrochlore structure for both the DTO and
BIO layers as well as sharp BIO/DTO and DTO/YSZ interfaces. No significant
interdiffusion across the interface was found by energy dispersive X-ray spectroscopic
(EDS) map [Fig. 5.2]. The epitaxial growth of both DTO and BIO layers was also
confirmed by the specular scan of X-ray diffraction [Fig. 5.3(a)]. Reciprocal Space
Mapping (RSM) [Fig. 5.3(b)] showed that the out-of-plane lattice spacing dy1; of the
DTO film is 5.75 A, which is roughly 1.7% smaller than bulk DTO, and the in-plane
spacing dy;_o is 4.19 A, which is 1.4% larger than bulk DTO. The BIO reflection
was not resolved within the measurement statistics likely due to the small thickness.

From X-ray diffraction [Fig. 5.3(a)] the out-of-plane lattice spacing dj; of the BIO

69



R
»

OTi ADy+Ti

5

. o » € -
SEBRIBIFIRV BRI R "
& . L 4 L * » » . L4 .

.....
TT T TR N FE ER SE T E EE RN
. - ok - - - - -
TITI R TN E R RN S S B RS
G e Y RN N T S 2
ST FE FRCR NN S SR SR AR B RR ! AAAA A AL
LALSRLER P LB basdodrde it iR eansvanwrs
$obe i : .
e ressst i L DT ORS
2L b
5 . TTFY P ¥ E

[ nm
[11-2] .

Figure 5.1: (a): Schematic diagram of the heterostructure BIO/DTO/YSZ and
its measurement configuration. The current is along [1-10] axis, and the magnetic
field is always perpendicular to the current. (b): Scanning transmission electron

microscopy image with [1-10] being the lamella surface normal shows the sharp
BIO/DTO/YSZ interface of the heterostructure.
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Figure 5.2: Energy dispersive spectroscopy images. (a) Dy EDS map; (b) Bi EDS
map. The EDS results demonstrate that there is no significant interdiffusion across
the interface. All data were taken for heterostructure with 2.7 nm BIO film deposited
on 17.6 nm DTO film, which is on YSZ substrate.
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Figure 5.3: (a): An X-ray diffraction scan covering the (222) and (444) peaks of
BIO/DTO/YSZ heterostructure. (b): Reciprocal Space Mapping (RSM) of DTO film
near the YSZ (331) reflection. A weak diffuse background was observed on the right
side of the (662) reflection, indicating that the DTO film is mostly strained with
minor relaxation. (c): X-ray reflectivity scan (red dashed line) and corresponding
fitted curve (blue solid line) of BIO/DTO/YSZ heterostructure. The specific sample
used for obtaining the transport and CTM data has a 2.7 nm-thick BIO layer and a
17.6 nm-thick DTO layer extracted by fitting the X-ray reflectivity.
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film is 6.10 A, which is 2.5 % larger than bulk BIO. The thickness of the BIO layer
and DTO layer is verified by X-ray reflectivity [Fig. 5.3(c)].

While the BIO resistivity is expected to probe the DTO layer by extra scattering
of the electrons at the interface due to fluctuations of the Dy moments [105, 140], it is
necessary to have another independent measure that probes the bulk of the DTO film.
Capacitive torque magnetometry (CTM) is an effective tool for this purpose thanks
to the high resolution of the cantilever deflection that measures magnetization vector
via the torque signal [38]. Performing these two measurements simultaneously allows
direct comparison of the magnetic signals of the same material from different origins.
Fig. 5.4(a) shows the resistivity and the capacitance change at 0.03 K as a function of
the magnetic field angle # when a 10 T field was applied and rotated within the (1-10)
plane from the [001], [111], [110], [11-1], and to [00-1] axis. The current was along [1-
10] and thus always normal to the field. Note that 10 T is well above the critical field
of the transition in DTO crystals when the field is along <111>. Rotating it away
from <111> is expected to trigger the transition back to the (2:2) state at critical
angles. As one can see, when the field deviates from [111] toward [110] or [001], the
BIO resistivity exhibited sharp spikes at the same angles as the sharp jumps of the
torque. The same behavior occurred when the field deviates from [11-1] toward [110]
or [00-1]. The sharp jumps of the torque are known as turnovers of the magnetization
vector when the ice-rule-breaking transition occurs by flipping the o or 8 spin chain
as observed for HTO crystal [61]. The overall angle dependence is in fact similar to
HTO and characteristic of a spin-ice system. A minor difference is the asymmetry
between the two critical angles on the two sides of [110] due to the demagnetization
field effect of the film sample, which shifts the effective [110] principle axis of the
magnetization away from the crystalline [110] axis toward [111]. Nonetheless, the
result confirms that the torque signal is driven by the DTO film since neither BIO
nor YSZ would display these features. The fact that the BIO resistivity also responds
to the transition but with spikes instead of jumps confirms that the nature of the

proximitized transport is not magnetization change but enhanced scattering from the
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Figure 5.4: (a): The measured capacitance change C(B) — C(0 T) and resistivity as
a function of angle in (1-10) plane with 10 T applied magnetic field at 0.03 K (blue
line is capacitance change and green line is resistivity). (b): The field dependence
results at 0.03 K with the magnetic field along different directions around [111] axis
in the (1-10) plane. Positive angle is from [111] towards [110] axis and negative angle
is from [111] towards [112] axis. Top panel: Effective magnetic moment vs. magnetic
field. Middle panel: Derivative of effective magnetic moment vs. magnetic field.
Bottom panel: Magnetoresistance (MR) vs. magnetic field.
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unstable and fluctuating o or 8 spin chain during the transition. The remarkable
consistency of the critical angles between the two measurements also indicates no
significant difference between the bulk of the DTO film and its interfacial region near
BIO.

We further performed field scan measurements to determine the critical field as a
function of 6. Fig. 5.4(b) shows the results at 0.03 K with B along several directions
around [111] in the (1-10) plane. We define the origin of  as the [111] direction. The
top panel shows the effective magnetic moment Mg, which is obtained via dividing
the capacitance change by external magnetic field: (C(B) —C(0 T))/B. At high
enough magnetic fields, Mqg always reaches a flat plateau because for all these field
angles the (3:1) state is reached [Fig. 5.1(a)] where the magnetization is saturated.
The plateau has opposite signs for positive and negative angles because the torque
is the cross-product of the magnetization vector and the field: 7 = m x B, and the
magnetization vector is along [111] in the (3:1) state. The plateau is thus reached by a
drastic increase or decrease of Mg, similar to the reported CTM data on HTO crystal
[61]. This behavior is primarily due to the directional change of the magnetization
vector during the ice-rule-breaking transition. Therefore, one can calculate the first-
order derivative of this part of the Mg curve (central panel), and define the peak or dip
as the critical field position B, [Fig. 5.4(b)]. Interestingly, an anomaly arises exactly
at B, for all angles as well for the MR of the BIO layer (bottom panel). From both
dMg/dB and MR, one can see the same angular evolution of B.: as B rotates away
from [111] axis, B, increases and both the peak/dip and the anomaly broaden at the
same time. This is due to the fact that the field projection along [111] is decreasing.
As a result, a larger field is needed to induce the ice-rule-breaking transition, and the
width of the transition is stretched. All the data clearly demonstrates that the ice-
rule-breaking transition is preserved in the DTO thin film. Similar to the angle scan,
the MR anomaly shows the proximitized transport reflects the fluctuations during

the transition, whereas the torque probes the change of the magnetization.
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It is known that the angular dependence of B. [60, 141] is directly related to
the effective nearest-neighbor magnetic interaction Jog = Ju, + Dy, where J,, and
Dy, are the nearest-neighbor superexchange interaction and nearest-neighbor dipolar
interaction of the “dipolar spin ice” model (DSIM) [128, 48]. Specifically, when B

rotates around [111] in the (1-10) plane, B, follows an angular relation as [60]:

p

06
cos 0+2/2sin 0 + Baem (0 <0)

0.6J o
\ cos 0—+/2sin 0

+ Bdgem (0 20)

where Bgen is the demagnetization field caused by the plate-shape of the (111)-
oriented sample. As shown in Fig. 5.5, this relation well reproduces the angular
dependence of B, of a DTO crystal observed in our previous work [105] with Jeg =
1.01 K, which is consistent with the reported values [60]. However, B, of the DTO
film clearly deviates from this relation. Simply adjusting J.¢ does not account for this
inconsistency because the deviation is asymmetric between the positive and negative
sides of # whereas the impact of J.g on both sides is equivalent. This observation
suggests a geometric modification within the tetrahedron. Note that a key condition of
Eq. 5.1 is that the local axis of the Ising spin intersects the center of the tetrahedron,
which can be defined as the origin (0,0,0) [Fig. 5.5]. This condition may not be true in
thin film, e.g., due to distortion of the tetrahedron. If one assumes that the crossing
point of all four Ising spin axes shifts away from (0,0,0) along [111] to (¢,€,¢€), e.g.,

due to compression of the tetrahedron, Eq. 5.1 must be modified as:

r
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Figure 5.5: Experimental and simulated field-angle dependence of the critical field
B.. The deep blue dots represent the measured result of BIO/DTO/YSZ which is
extracted from the MR anomaly in Fig. 5.4(b) (bottom) by fitting exponentially
modified Gaussian distribution, and the light blue line corresponds to Eq. 5.2 with
Jet = 0.66 K, ¢ = 0.1, and Bgern, = 0.88 T. The red dots represent B, extracted
from the MR anomaly [105] of BIO/DTO by fitting exponentially modified Gaussian
distribution, and the orange line corresponds to Eq. 5.1 with J = 1.01 K and
Bgem = 0.7 T. The error bar of fitting for two heterostructures is less than 0.03 T.
Field-angle dependence of the critical field B, shows the consistency by using other
extraction methods in Fig. 5.6. The difference of By, between DTO film and crystal
is due to the much thinner vertical dimension of the film than the crystal substrate.
Inset: Schematic that shows the off-center of the Ising spins. The coordinate of the
tetrahedron corners are: Ag(—1,—1,—1),A;(1,—1,1), As(—1,1,1), A5(1,1, —1).
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Figure 5.6: (a): Experimental field-angle dependence of the critical field B, in
BIO/DTO/YSZ heterostructure. The brown dots represent the measured result which
is extracted from the peaks in the derivative of effective magnetic moment in Fig.
5.4(b) (middle). The blue dots represent the measured result which is extracted from
the MR anomaly in Fig. 5.4(b) (bottom) by fitting exponentially modified Gaussian
distribution. The result of these two methods is close to each other. (b): Normalized
resistivity as a function of angle in (1-10) plane from [001] to [110] axis at 30 mK for
BIO/DTO/YSZ heterostructure, the applied magnetic field varies from 0.25 T to 14
T. (c¢): Experimental field-angle dependence of the critical field B, in BIO/DTO/YSZ
heterostructure. The green dots represent the measured result which is extracted
from the peaks in Fig. 5.6(b). The blue dots represent the measured result which
is extracted from the MR anomaly in Fig. 5.4(b) (bottom) by fitting exponentially
modified Gaussian distribution. The result of these two methods is close to each
other.
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Interestingly, this modified relation (light blue curve) now reproduces B, of the DTO
film (deep blue dots) very well, and the fitting yields Jo¢ = 0.66 K and ¢ = 0.1,
which corresponds to ~ 3.2° tilt of the Ising spin axis. Note that, simply adjusting e
without changing J.g will not reproduce the observed angular dependence since J.g
and e stand for fundamentally different effects.

The significant reduction of Jeg in the film from the bulk crystal suggests that the
ice states are more vulnerable to thermal fluctuations, implying a reduced freezing
temperature and a lower critical end point of the ice-rule-breaking transition [128].
To verify the changes to these two temperature scales, we measured the thermal
evolution at 6 = 18°, which is in between [111] and [110]. As shown in Fig. 5.7(a),
the height of the BIO MR anomaly, quantified as the peak amplitude based on an
exponentially modified Gaussian fitting to the anomaly, starts to decrease around
0.21 K. This decrease can be seen more clearly in Fig. 5.7(c). The anomaly becomes
practically invisible around 0.65 K. For comparison, The peak amplitude of BIO/DTO
heterostructure starts to decrease around 0.5 K and becomes practically invisible
around 1.0 K [105], which are close to the critical end point temperature 7, around
0.5 K and the freezing temperature Ty around 1.2 K reported for DTO crystals [11,
130, 128, 142] and indicate the thermal evolution of the MR anomaly can capture these
two temperature scales. The overall significant downshift of the thermal evolution
shows that T, and T are both reduced in the DTO film, which is consistent with a
reduced Jog. The downshift is captured by the concurrently measured CTM as well
[Fig. 5.7(b)] by tracking the temperature where the step-like jump of Mg starts to
smear. This behavior signifies a smooth rotation of the magnetization vector between
[110] and [111], which occurs when the transition becomes a crossover above T..
Above T, the rotation is fully continuous, and the CTM curve becomes an almost
linear line. Therefore, both CTM and proximitized transport show the same reduced

thermal stability of the ice states.
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Figure 5.7: (a): The MR anomaly for BIO/DTO/YSZ while B deviates from [111]
to [110] by ~ 18°. (b): The effective magnetic moment for BIO/DTO/YSZ while B
deviates from [111] to [110] by ~ 18°. (c): The amplitude of the BIO MR anomaly at
different temperatures extracted from exponentially modified Gaussian fittings. The
blue dot is for BIO/DTO/YSZ heterostructure extracted from Fig. 5.7(a), and the
red dot is for BIO/DTO heterostructure extracted from Ref. [105]. The shift from
red dashed line to blue dashed line indicates the overall significant downshift of the
thermal evolution from DTO crystal to DTO film.
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5.3 Discussion

To estimate T from Jog, one may follow the phase diagram of the Ising pyrochlore
from the Monte Carlo calculation on the DSIM. Specifically, the phase diagram
presents a relationship between 7,/D,, and J,,/Dy,, and predicts that the (2:2)
state persists in the presence of an antiferromagnetic exchange interaction up to
Jon/Dun ~ —0.91 [128]. To estimate J,, /Dy, from Jeg, we utilized the fact that Dy,
is inverse proportional to the volume, and obtained D,, = 2.24 K based on the lattice
parameters and the reported values of Dy, of other Dy-based pyrochlores. That leads
to Jon = —1.58 K and hence J,,/D,, = —0.7, which corresponds to Ty =0.81 K
according to the DSIM phase diagram (Fig. 5.8). This value is indeed reduced from
the bulk crystal.

Nevertheless, this analysis allow us to put the DTO film on the DSIM phase
diagram for comparison with not only DTO crystal but also other Dy-based spin
ice pyrochlores. Our previous studies [142] showed that, when increasing chemical
pressure (decreasing lattice parameter) from Dy,Sn,0O7 to Dy, Ti,O7 and to Dy,Ge,Oy,
the system is pushed toward the critical value of J,,/Dy,, as shown in Fig. 5.8.
For the smallest Dy,GeyO7, Jun/Dun = —0.73, which is comparable to that of the
DTO thin film. One important prediction of the DSIM is that the spin ice state
survives until J,, /Dy, = -0.91. Passing this critical point, the system would enter
the antiferromagnetic ordering regime. While reaching this critical point is a long-
sought goal of the spin ice studies, no bulk Dy or Ho-pyrochlores has achieved it yet.
Dy,Ges0O5 is the smallest Dy-pyrochlore studied so far and it has to been prepared
under high pressure to stabilize its cubic structure. Our study here shows that
thin film engineering provides another route to this goal and the combined magnetic
torque-proximitized transport measurement offers an effective probe. In the future,
heterostructures with different substrates by replacing YSZ to introduce different

types and different strength of strain effects are highly desirable to achieve this goal.
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Figure 5.8: Dependencies of the short-range ordering temperature 7;/D,, on
Jon/Dnn ratio for Dy pyrochlore system. The solid lines are the DSIM model
calculation from Ref. [128] and the data pionts for bulk Dy-pyrochlores are from
Ref. [142].
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In summary, the MR and CTM results proves that the DTO thin film on YSZ
still has the spin ice ground state but with modified magnetic interactions likely
due to a combination of volume compression and geometric distortion under the
epitaxial strain. Thin film engineering is thus a promising method to drive the
system toward the critical point of the DSIM phase diagram and explore potentially
new magnetic properties. In general, our results show that both the CTM and the
MR are able to probe thin layers of insulating frustrated magnets but from different
perspectives. While the former detects the magnetization vector, the latter is sensitive
to the fluctuations. Their consistency in tracking the transition demonstrates that
proximitized transport is an efficient probe, which could potentially be applicable
even if the magnetic signal of the bulk of the film is beyond the CTM detection
because the response of the itinerant electrons only relies on the interfacial coupling

with the local moments but not the sample volume.
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Chapter 6

Summary

This dissertation focused on harnessing the pyrochlore heterostructures, which
combine the insulating GFQMs and spin-orbit entangled correlated metal, to study
the exotic magnetic excitations in GFQMs. We have discussed three different
heterostructures based on different choices of GFQMs.

In chapter 3, we show that, by designing a Bi,Ir,0;/Dy,Ti,0; heterostructure,
the breaking of the spin-ice rule in insulating Dy,Ti,O; leads to a charge response
in the conducting Bislr,O; measured as anomalous magnetoresistance during the
field-induced Kagome ice-to-saturated ice transition. The magnetoresistive anomaly
also captures the characteristic angular and temperature dependence of this ice-rule-
breaking transition, which has been understood as magnetic monopole condensation.
These results demonstrate a novel heteroepitaxial approach for electronically probing
the transition between exotic insulating spin states, laying out a blueprint for the
metallization of frustrated quantum magnets.

In chapter 4, we show that the quantum fluctuations of a localized frustrated
magnet induce strong proximitized charge transport of the conduction electrons in a
synthetic heterostructure comprising an epitaxial BiyIr,O; ultrathin film on the single
crystal of Yb,TiyO7. The proximity effects are evidenced by the scaling behavior of

the BislryO; resistance in correspondence with the dynamic scaling of the dynamic
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spin correlation function of YbyTiyO7, which is a result of quantum fluctuations near
a multi-phase quantum critical point. The proximitized transport in BisIr,O; can be
effectively tuned by magnetic field through suppressing the quantum spin fluctuations
as well as inducing transitions via magnetic anisotropy in YbyTi,O;. It establishes
a new pathway for harnessing quantum spin fluctuations in magnetic insulators with
electric transport, offering exciting prospects for potential applications in the realm
of quantum spintronics.

In chapter 5, we synthesized 18nm-thick Dy,Ti,0O; thin film on YSZ substrate
and capped by a thin conductive BiyIr,O; layer, and performed capacitive torque
magnetometry and proximitized magnetoresistance measurements simultaneously.
The results confirmed that the ice-rule-breaking phase transition survives in the thin
film but with a significantly reduced effective nearest-neighbor interaction compared
to the bulk crystal. This study demonstrates that both torque magnetometry and
proximitized transport are able to probe the exotic magnetism but from different
perspective and may combine as an effective tool for thin films of insulating frustrated

magnets.
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