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Abstract

The theory of spin of electrons was developed by Heisenberg after the ex-
perimental discovery that the particles have an intrinsic angular momentum.
Correlation between spins is determined by the exchange interactions, and
the quantum mechanics governs behavior of the spins especially in systems
with a small spin quantum number such as 1/2 and 1. Such a system is some-
times termed quantum spin system. In addition, many-body effects described
with the Hubbard model can be reduced to the Heisenberg Hamiltonian and
the magnetic properties of the strongly correlated electron system such as the
Mott insulator is understood through the Heisenberg spin model. 1 define
the quantum spin systems and the strongly correlated electron systems as
the correlated spin system (CSS) in this thesis.

In some low dimensional CSSs(1,2-dimensional system), models based on
the theory of spin are particularly fruitful because their simplicity has enabled
exact solutions to be found which contain many highly non-trivial features.
Furthermore, there are many cases, for example 3-dimensional spin systems,
in which we can find no exact solution; these cases can be used as a testing
ground for approximate methods of modern quantum mechanics using the
spin models. By increasing ability of solid-state experimentalists to fashion
magnetic systems of various dimensionalities, the experimental major boosts
have come from the various measurements of the CSSs, including but not
limited to magnetization, neutron, electron spin resonance (ESR) and nu-
clear magnetic resonance (NMR). It is fair to say that almost all interesting
features of quantum many-body physics are found in quantum spin mod-
els; various kinds of phase transitions, role of symmetries and spontaneous
symmetry breaking, quantum phases of matter such as Bose-Einstein con-
densation (BEC) and superfluidity, valence bond solids, magnetic plateau,
superconductivity, the integer and fractional quantum Hall effects, topologi-
cal order, exotic quasi-particles called anyons etc..



The importance of magnetic field in studying CSS is obvious. Research on
quantum spin systems is usually limited to a magnetic field of less than 60 T
in that the relatively easy implementation of external magnetic field is pos-
sible. However, in many CSSs, a higher magnetic field is required to observe
significant field-induced effects because of the large energy scale of the inter-
action. CSSs with large energy scale interactions are often a better choice
or even only the choice for studying a given theoretical quantum spin model
such as the case of an orthogonal-dimer antiferromagnet SrCuy(BOj3)s. In
this study, we have focused on three materials, TICuCls, a-RuCl; and YbB,,
and studied the property of magnons’ Bose-Einstein condensation, spin lig-
uid and Kondo insulator, respectively. Actually, I perform experiments of
magnetization or magnetoresistance measurements in a megagauss external
magnetic field (> 100 T).

In the first study, the magnetization process of TICuClj is studied. T1CuCl;
is a 3-dimensional gapped spin-1/2 dimer system. An image of a simple Zee-
man splitting of the spin-triplet state is helpful to understand the magnetic
process of the spin dimer system. In a pure dimer system, the transition be-
tween singlet state and the S, = 1-triplet state under an external magnetic
field drives a phase transition at the critical magnetic field H, = A/gug,
where A is the spin gap energy. The H, separates into two distinct critical
points H.; and H., in real spin gap materials due to inter-dimer interactions;
these two critical magnetic fields correspond to the beginning and saturation
of the magnetization, respectively. In previous studies, it has been proposed
that the field-induced ordering phase in T1ICuCls can be interpreted as a
BEC phase of magnons. On the other hand, detailed experimental measure-
ments of TICuCl; at the high-field side near H., have been lacking because
of its large H.o (up to ~100 T) due to the strong inter-dimer interaction
in TICuCl;. In some other gapped spin dimer systems, which possess weak
inter-dimer interaction, like BaCuSiyOg, the properties of H. have been
investigated by means of a projection from the spin model, the so-called
hard-core boson model. Based on the results of hard-core boson model, the
magnetic-field dependence of the order parameters in phase diagrams has
a symmetry with respect to the particle-hole invariant point H = (H. +
H.)/2. Such a symmetry is reflected by the mirror symmetry observed in
the shape of the phase boundary of the BEC phase in BaCuSi;Og. However,
this particle-hole symmetry of the phase boundary in TICuCl; is expected
to be broken because the conditions of the hard-core boson picture are not
satisfied. We discuss the particle-hole symmetry breaking of the BEC phase



using the experimental result of entire magnetization process of T1CuCls
up to 100 T. Theoretical calculations with Quantum Monte Carlo (QMC)
method and bond operator theory are also performed for detailed discussion
on the particle-hole symmetry breaking.

The second work studied is the field-angle dependence of the phase dia-
gram of a-RuCls, where the angle is defined between the external magnetic
field and the ab-plane of a-RuCls. The Majorana fermions in a spin liquid
state are expected to have a great impact on research of strongly correlated
quantum matter, opening up the possibility of topological quantum comput-
ing. Kitaev gave the exact solution of the honeycomb model named after him,
by means of introducing the Majorana operator, which implies that a spin-
liquid state is the ground state in this model. After his theoretical proposal,
heavy transition metal insulators with d® electronic configurations renewed
people’s interest because of the potential realization of quantum spin liquid
state. Various Kitaev-candidate materials like the 2D honeycomb NayIrOs
and a-RuCl; have been studied experimentally. Those experimental studies
have proved that the presence of additional anisotropic interactions beyond
the Kitaev coupling induce a variety of magnetic orders in these systems at
zero magnetic field, spoiling the potential spin liquid. The effects of magnetic
field are claimed to be a possible route towards inducing novel spin liquid
phases via suppressing those trivial magnetic orders. The anisotropic interac-
tion may come from higher order chiral spin interactions, bilinear anisotropic
interactions or anisotropic g-factor. And it results in a distinct sawtooth
angular dependence of the magnetic torque over a wide range of magnetic
fields. Very recently, K. Riedl et al. [Phys.Rev.Lett.122,197202 (2019)] re-
ported that anisotropic interactions or the anisotropic g-factor is sufficient
to explain the angular dependence, i.e. the anisotropic property in a-RuCls,
which is still necessary to be verified by the experiment with an strong exter-
nal field. We measured the magnetic field -angle phase diagram of a-RuCls,
and verified the validity of the theory of K. Riedl et al. I believe further the-
oretical study of spin liquid states based on the K. Riedl et al.’s Hamiltonian
model will lead us to better understanding of the field-induced spin liquid in
a-RuCls.

In the third work, I focus my attention to electric properties of the Kondo
insulator, YbBis. I have developed a contactless magnetoresistance measure-
ment technique to investigate the magnetic field induced phase transitions
of YbBis in a magnetic field of up to 120 T. Generally, the Kondo bound
state results in the heavy effective mass and forms the so-called Kondo metal
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(KM). However, some Kondo metal systems such as SmBg and YbB;s show
insulating behavior at low temperatures. These systems are called Kondo in-
sulator (KI). The mechanism of formation of the electrical insulating phase in
the Kondo insulator at low temperatures is still not entirely clear. Recently,
Terashima et al. reported a two-step metamagnetism in YbB, from the mag-
netization process measurement up to 120 T [J. Phys. Soc. Jpn. 86, 054710
(2017)]. The specific heat study indicates the two-step phase transitions is a
Kondo insulator -Kondo metal - normal metal transition [Terashima et al.,
Phys. Rev. Lett. 120, 257206 (2018)]. A direct electrical transport measure-
ment is required to unveil the origin of the second higher-field transition that
occurs at around 100 T. The Kondo metal - normal metal transition would
induce a decrease of the electrical resistivity due to breaking of the Kondo
bound state. On the other hand, electric resistivity measurements in the
100-T class pulse magnetic field is technically challenging. A Joule heating
problem induced by Lenz’s law becomes serious for the measurements espe-
cially for good metals. In the present study, I have developed a contactless
magnetoresistance measurement method and observed the magnetoresistance
in YbB15 at a low temperature up to 120 T.
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Chapter 1

Introduction

Magnetism is one of the basic properties of matter in real life. Magnets
have similar properties, such as attraction to some magnetic objects, be-
cause they are made up of atoms, some or all of which are themselves tiny
magnets. When all or most of the atomic magnets are aligned in the same
direction, they produce an observed effect, so the net effect is the sum of
all the individual magnets and is therefore macroscopic. In order for these
atomic magnets to align, there must be a force between them. One possibil-
ity of such forces is a normal magnetic dipole interaction, which can produce
a tendency for the two magnetic dipoles to be either parallel or antiparal-
lel, or actually arranged at any angle, depending on their relative positions.
This is a long scale interaction across many atomic spaces. But magnetic
dipole interactions are too weak to explain room-temperature magnetism. If
this were the only possible interaction, macromagnetism would occur only at
very low temperatures, where thermal fluctuations are too weak to disrupt
the good order.

In fact, interactions practical atomic magnets for magnetic materials are
arranged by exchange. This is a direct result of Pauli’s exclusion princi-
ple, which is basically due to the electricity between the electrons in the
atom, rather than to the magnetic force. Since forces are much stronger at
the atomic scale than magnetic forces, this explains why the exchange in-
teractions are so strong that they can produce magnetism at a macroscopic
scale, even at room temperature. The form of the exchange interaction is
much simpler than that of magnetic dipole interaction. In addition, it pro-
duces a short-range effect and depends on the overlap of the atomic wave
functions. These two facts make it easier to deal with than magnetic dipole
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Introduction 13

interactions.

Those exchange interactions can be divided into direct and indirect inter-
action. In an insulator, electrons are usually localized at a fixed lattices site.
The spin of the electron interacts with the spin of the surrounding electron
from the direct or indirect interaction. They are usually described by the
following Hamiltonian,

H=J> S-S (1.1)
i

here, J represents the interaction parameter. It is determined by the form
of exchange. For example, superexchange interaction often gives a positive
exchange parameter, which makes the energy of two adjacent spins aligned
in opposite directions lower. As we mentioned earlier, it originates from the
Coulomb interaction. When dealing with specific problems, this exchange
effect is often regarded as a constant, rather than a complicated many-body
Coulomb interaction problem. Thus, this description is actually an approxi-
mation of the interaction from electricity force to spin interaction. Although
the localized spin Hamiltonian is only an approximate model of the Coulomb
interaction, it still provides us with a wealth of physical conclusions. With
the development of condensed matter physics experiments, more and more
experimental phenomena prove that this approximation is very effective. Re-
cent research on magnon dynamics, spin liquid and other issues has aroused
widespread interest in localized spin models.

In metals, electrons tend not to be localized, but to be itinerant through
the metal lattice as conducting particles. In this case, the localized Hamil-
tonian fails. A localized magnetic moment polarizes the spins of conduction
electrons and this polarization in turn couples to a neighbouring localized
magnetic moment a distance r away. The exchange interaction is thus indi-
rect because it does not involve direct coupling between magnetic moments.
It is known as the RKKY interaction (or also as itinerant exchange). The
name RKKY is used because of the initial letters of the surnames of the
discoverers of the effect, Ruderman, Kittel, Kasuya and Yosida. Kondo ef-
fect is a famous phenomenon in the metal. In very dilute alloys of magnetic
ions in a non-magnetic host, the magnetic moments of the magnetic ions can
be considered as independent if we ignore the RKKY coupling. The only
remaining interaction is between the magnetic moment and the conduction
electron spins. At high temperatures the magnetic moments behave like free,
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Introduction 14

paramagnetic moments but below a characteristic temperature, known as the
Kondo temperature T, the interaction between the magnetic moment and
the conduction electrons makes the impurity spin non-magnetic. What is
happening is that the conduction electrons begin to form a cloud of opposite
spin-polarization around the impurity spin resulting in a quasi-bound state.
This process of magnetic screening of a magnetic impurity by the conduction
electrons is known as the Kondo effect.

I will present my research on the interactions of spins in insulators and
metals. Intriguing phenomena such as including Bose-Einstein condensates
of magnons, Majorana spin liquids, and collapse of the Kondo band state.
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Chapter 2

Background of correlated spin
systems

In this chapter, I introduce the background of correlated spin system, and
the importance of ultrahigh magnetic fields in the study of these problems.

Insulators can be classified by the origin of their gaps, such as band in-
sulators, Mott insulators, Kondo insulators, and others. In band insulators,
or some Mott insulators which the charge effect is insignificant, the spins
become independent with the charged gap, localized at the lattices, and af-
fect the magnetism of the system by interacting with the surrounding spins.
These systems are called quantum spin systems (QSS) when the quantum
effects are significant. The theory of QSS was developed by Heisenberg after
the discovery that the electrons have an intrinsic angular momentum exper-
imentally. As the basic models of quantum magnetic insulators, QSS are
relevant to almost the whole host of magnetic materials. In some low di-
mensional systems (1,2-dimensional system), those theories are particularly
fruitful because their simplicity has enabled exact solutions to be found but
they still contain many highly non-trivial features. Furthermore, there are
also many cases, for example 3-dimensional spin systems, in which we can
find no exact solution. In these cases, they can be used as a prototype system
for developing approximate methods of modern quantum mechanics.

QSS can be divided into two categories: the non-frustrated system and the
frustrated system respectively. Frustrated or not is a classification method
of spin system, which corresponds to the localized and itinerant magnons re-
spectively. The most classical example is the antiferromagnetic lising model
which only considers the nearest neighbor model. On the triangular lattice,
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Background of correlated spin systems 16

the interactions between adjacent bands conflict with each other, leading
to a frustrated system which the ground state is degenerated. And those
phenomenon doesn’t happen on the square lattice with only nearest inter-
action, which we called it non-frustrated system. Under external magnetic
field, the frustrated spin systems give some magnetization plateaus. Those
plateaus was understood as a superfluid-insulator transition of hard-core-
bosons, which correspond to the triplet polarized along the external field.
The stabilization of plateaus is because of the quantum fluctuations, or the
suppressed kinetic energy in coupled-dimer systems by frustration. Non-
frustrated spin systems do not give those magnetization plateaus, but a
continuous magnetization until saturation. Bose-Einstein condensation is
a famous case in non-frustrated 3-dimensional systems. In this thesis, Bose
Einstein condensate (BEC) of magnons in three dimensional systems and the
spin liquid in two dimensional systems are studied as the first and second
topics. They are the subject of non-frustrated and frustrated spin system,
respectively. The background of BEC studies are introduced in Sec. 2.1, the
background of spin liquid studies are introduced in Sec. 2.2.

In other types of insulators, the charged gap is related to the electron-
electron interactions, which should studied by a strong correlated picture.
Kondo insulators is one example of them. The spin of the 4f electron con-
tributes to the formation of the charged gap. The charged gap is thought to
be from the strong coupling between 4f electrons and conduction electrons. i.
e. Kondo effect. Those systems are insulator at low temperature, and trans-
lates in to Kondo metal and normal metal state as temperature increase.
The study of Kondo insulators provide a chance to understand the many
body problem deeply in condensate matters, especially after the topological
Kondo insulator concept was proposed. However, the number of Kondo in-
sulator is rather limited until now. The famous examples are SmBg, YbB1,
and Ce3BiyPts. In this thesis, the behavior of Kondo insulator YbB, under
external field are investigated as the third topic. The background of Kondo
effect and Kondo insulator are introduced in Sec. 2.3.

16



Background of correlated spin systems 17
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Figure 2.1: BEC of cold atoms [1].

2.1 BEC of magnons in non-frustrated gapped
spin dimer system

Bose-Einstein condensation (BEC) is one of the most fascinating purely
quantum-mechanical phenomena. FEarly experiments had successfully real-
ized the BEC state on dilute atomic gas system under nanokelvin temper-
atures with the laser cooling technique [1], as shown in Fig. 2.1. The fact
that nanokelvin temperatures is required makes experimental studies of BEC
difficult to conduct and the number of the researches is limited.

On the other hand, based on a correspondence between a quantum anti-
ferromagnet and a lattice Bose gas system [2], the new research area on BEC
with spin (s) systems in which spins are strongly correlated to each other,
has been opened up in recent two decades. It has been proposed that the
field-induced ordering phase in TICuCl; (a three-dimensional s=1/2 spin-
gap dimer system) can be interpreted as a BEC phase of magnons [3-7], as
shown in Fig. 2.2 and its magnetic field-temperature (H-T') phase boundary
is claimed to follow the power-law dependence as,

glHa(T) — Hy| o< T, (2.1)

where ¢ is the g-factor of the spin system, H,.; is one of the critical magnetic
fields of the BEC at a finite temperature 7', H, is the critical magnetic field
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Background of correlated spin systems 18

at zero kelvin, and the critical exponent o« = 1.5 under Hartree-Fock-Popov
(HFP) approximation. The experimental phase boundary is shown in Fig.
2.3. It also provides a new experimental approach to study the BEC, i.e.,
magnons in three-dimensional spin-gap dimer system are studied as bosons
in a lattice system.
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Figure 2.3: Phase boundary of TICuCls [3].
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Figure 2.4: Zeeman image of spin dimer system

In contrast to the ultra-cooling atomic gas, observations of critical behav-
iors around quantum critical points in the spin systems are accessible because
of their high degree of homogeneity in boson density and wide temperature
window of the critical boundary [8]. In a pure dimer system, the transition
between singlet state and the S, = 1-triplet state under an external mag-
netic field drives a phase transition at the critical magnetic field H, = A/gup
with A the spin gap. The H, separates into two distinct critical points H,;
and H. in real spin-gap materials due to inter-dimer interactions; these two
critical magnetic fields correspond to the begining and saturation of the mag-
netization, respectively, as shown in Fig. 2.4. The criticality in the vicinity
of the H. along the H-T phase boundary has been extensively studied in
several materials such as TICuCls, BagCr,Og and Sr3CryOg, by means of
magnetization, magnetostriction, neutron and magnetocaloric effect (MCE)
measurements [9-14]. The whole phase diagrams of most gaped spin dimer
systems are also given by those measurement method [13, 14]. On the other
hand, detailed experimental measurements at the high-field side near H.,
are still lacking for materials that possess large H., like TICuCl;. Based on
the prediction of bond operator theory, He of TICuCl; is about 80 T [15],
which is a challenge measurement in experiment because of the ultrahigh
magnetic field is necessary. In this study, our purpose is to clarify the BEC
behavior in the vicinity of the H. in TICuCls by employing the single turn
coil technique.

19



Background of correlated spin systems 20

2.2 Frustrated spin system and spin liquid
state

In traditional magnetic materials, spin interactions result in phase transi-
tions from a high temperature disorder state to a magnetic ordered state as
temperature decreases. This transition is usually accompanied by thermody-
namical singularities observed at the transition point due to a spontaneous
symmetry breaking. An entropy drop to zero happens when the system en-
ters an ordering ground state. However, by forming a collective quantum
spin state with long range quantum entanglement, the spin entropy can also
be released at zero temperature without any symmetry breaking. This kind
of state of matter is called quantum spin liquid (QSL) [16, 17]. One of the
goals of condensed matter physics is to find new quantum phases formed
from interacting spins and electrons. And thus, the QSL is probably one of
the most interesting quantum phases ever known.

The study of spin liquids was initiated by Anderson in 1973 by his conjec-
ture about the resonant valence bond (RVB) state [18]. When Heisenberg’s
spin with the antiferromagnetic interaction and a S = 1/2 spin moment is
placed on a triangular lattice, the interaction on the different bonds is limited
by the geometry; At first glance, this should prevent the spin from finding a
unique way to break the symmetry. Anderson pointed out that the ground
state of the system consists of the spin quantum superposition of the singlet
state to form a double S = 1/2 spin, a pair of rotating wave liquid in a man-
ner similar to the ordered state of the ground magnetic field. This model
gives an intuitive picture of the QSL state. However, the ground state of the
S = 1/2 Heisenberg antiferromagnet on a triangular lattice was soon proved
to be ordered: the non-collinear 120° structure, RVB-QSLs are also thought
to exist in other frustrated lattices, such as Kagome lattices or triangular
lattices with additional interactions [19].

One feature of RVB-QSLs is the unusual fundamental excitation described
by a moving fermion S = 1/2 quasiparticle (called Spinons), as in the case
of one-dimensional S = 1/2 Heisenberg antiferromagnetism. The excitation
value of a conventional magnet is S = 1 and usually appears in the form of
a peak value in the scattering experiment. For a given momentum, the peak
energy is sharp, i.e., a magnon with a definite dispersion. In RVB-QSLs,
the traditional S = 1 excited fractional results in spinon pairs. The spin
produces an excited energy continuum at a given moment, much like electron

20



Background of correlated spin systems 21

excitation in a metal. The spin produces an excited energy continuum at a
given moment, much like electron excitation in a metal [20, 21].

The RVB-QSL-like behavior has been observed in some triangular and
kagome lattices, like ZnCuz(OH)Cly [22]. In those material, the magnetic
order is absent even down to the lowest temperature which can be measured
experimentally. It is at least two orders of magnitude smaller than the energy
scale of magnetic interaction. In ZnCus(OH)Cly, the continuum excitations
with a small excitation gap was also observed by using inelastic neutron
scattering and NMR measurements [22]. Those results hint the fractionalized
excitations are expected for a QSL.

Although the research of RVB-QSL has made remarkable progress, the
difficulty lies in that the exact solution has never been obtained in real model
Hamiltonian. Alexei Kitaev presents a simple new model [23], named by
after him. The Kitaev model consists of S = 1/2 spin on a honeycomb
lattice, interacting with a simple bond-dependent axis parallel to the X, Y,
or Z axis in its nearest neighbor site’s spin (Figure 2.5). The Hamiltonian of
Kitaev model is

H = — K., S{ - S;, (2.2)
(i),

where (i, j) is a v = z-type, y-type or z-type bond and the summation is

taken over all honeycomb bonds. This model is fully solvable, and gives the

QSL ground state, where the spin is divided into the quasi-particle, Majorana

Fermions, as shown in figure 2.5. Kitaev’s work provided a new chance in
investigating the QSL state in honeycomb lattices.

Majorana operators

spins

Figure 2.5: Graphic representation of Hamiltonian, from Ref. [23]
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The Kitaev model was thought to be a toy model at first, because of
the pure S = 1/2 spin does not normally accommodate strong anisotropy.
However, due to the interaction between correlation and strong spin orbital
coupling, heavy 4d and 5d transition metal compounds which exhibit as-
sociated electron physics have become possible way to realize the Kitaev
behavior. Kitaev QSL’s potential hosts are Ir** oxide and Ru®* chloride,
with a d® electron configuration and rock-salt-related honeycomb structure.

In real materials, S = 1/2 model are realized by a lager crystal field of
the octahedral. In the Ir*t oxide of the octahedral coordination of oxygen
ions, the oxygen octahedron produces a large crystal field splitting of 3 or 4
eV. This splitting wins the Hund’s first law in favor of a high spin state and
suppresses all of five electrons localized in the triply degenerate ¢5;, manifold
that comprises d,,, d,. and d., orbitals, as shown in Fig. 2.6. The five
localized t9, electrons form a six-fold degenerate state made of total spin
moment S = 1/2.

d’ ’
=—— )

CEF SOC

Figure 2.6: Crystal field effect on condidate material [24, 25]

In addition, in order to satisfy the K-exchange interaction term in Kitaev
model, strong spin orbit coupling and corresponding crystal structure are
very important. Here, we skip the discussion of implementing K-exchange
interactions, although they are very interesting because I am not focused
on the design of material to realize the Kitaev model. It is necessary to
note that, although the geometrical structure and spin coupling characteris-
tics of Kitaev candidate materials provide the conditions for the implemen-
tation of the Kitaev K-exchange interaction term, some other non-Kitaev
interactions always result in an ordering ground state of the system at low
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temperature. With the change of the exchange interaction parameters of
these non-Kitaev terms, the ground state of the system may show ferro-
magnetism, Neel, Zigzag, Stripy and pure spin liquid. Theoretical studies
related to the Heisenberg-Kitaev model [26] give the ¢ dependent ground
state phase diagram, where 1) is a parameter of exchange interaction from
H = A[ZGJM 2sintp Sy - S + cospS; - Sy, as shown in Figure 2.7.

With the efforts of scientists engaged in crystal synthesis, several candi-
date materials have been proposed to realize Kitaev model, including A;IrO;
(A = Na, Li), a-RuCl3 and so on. One problem is no candidate materials
show pure Kitaev spin liquid state in the ground state up to now. Therefore,
studying the phase diagram of these candidate materials under the temper-
ature and external magnetic field has become an important topic. Figure
2.8 shows the possible temperature- and magnetic-field-dependent phase di-
agram of the candidate materials [25]. One hopes to find a candidate system
which is located at the Dashed line’s location. In such a system, the ordered
state of the system is gradually destroyed or suppressed with increasing tem-
perature or magnetic field, thus entering a spin liquid state dominated by the
Majorana fermions possibility. At higher temperatures or magnetic fields, the
system gradually becomes a free system. Meanwhile, in order to describe the
real model of these actual candidate materials, Heisenberg-Kitaev model, J-
K-T" model and so on have been introduced successively [26]. Specially, the
J-K-I' model has attracted the most attention from experimental subjects.
the J-K-I' model is shown as fellows,

H=> JSi S+ K,S]- 5] +T(S -8 + 555, (2.3)
(1.3)

where 4, j is the nearest sites, a and § = x, y and z with a cyclic ordering.
Among the many candidate materials, ruthenium trichloride has a unique
advantage due to its octahedral structure being less distorted than yttrium
oxide [24]. Therefore, two problems become interesting. The first one is that
the measurement of a-RuCl; under magnetic field are expected, which is
possible to realize the spin liquid state. The second one is the parameters of
J-K-I' model is possible confirmed by the measurement under magnetic field.
Based on the experimental results in Ref. [27, 28], the saturation magnetic
field of a-RuCl; is higher than 70 T for external field perpendicular with
the ab-plane. It is meaningful to measure the magnetization process by
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employing the single-turn coil technique, which can give us a magnetic field
up to 100 T.

Figure 2.7: Possible ground state of condidate materials, from Ref. [26]
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Figure 2.8: Schematic phase diagrams while changing temperature T, mag-
netic field, and non-Kitaev interactions [25].
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2.3 Kondo effect and Kondo insulator
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Figure 2.9: Comparison of experimental and theoretical p-T curves for dilute
AuFe alloys [29].

The Kondo effect is pointed out by Jun Kondo [29] to explain the resistance
minimum problem, which was observed in dilute magnetic alloys, like Cu,
Ag, Au, Mg, Zn with Ce, Mn Fe, Mo, Re, Os as impurities. He studied
this dilute magnetic effect by employing the perturbation theory, as shown
bellow.

Hy = Zeka;r{saks, (2.4)

ks

H = Z expli(k — k') - R,] x [(alt,,Jrak,Jr — aL/’,ak,_)]SM
nkk’

+ aL/’_i_ak,—Sn— + O‘L/7_O‘k,+8n+7 (25)
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where Hy denoting the kinetic energy of conduction electron, H’' denoting
the correlation between magnetic impurities and conduction electrons. s is
the component of the spin along the z-direction. n denotes the position
vector of the n-th impurity atom. As a result, the temperature dependence
of resistance due to the Kondo effect is pgpin, = A — B - logT’, where A and
B are constants that depend on the systems. After considering the lattice
scattering and impurity potential, the resistance is summarized as

R = aT°+bpy—clogT, (2.6)

This results successfully explained the minimum resistance in dilute mag-
netic alloys, as shown in figure 2.9. After Kondo’s theory was proposed, the
interaction between localized spins and conducted electrons in enriched mag-
netic impurities systems become an interesting topic in solid state physics.
Those systems are typical many-body system due to the enriched magnetic
impurities. A large variety of physical phenomena, like spin glass, cluster
glass, and heavy Fermi liquid, are studied in those systems experimentally.

Theoretically, P.W. Anderson [30] proposed a sample model to describe
the effects of correlations for d-electrons in transition metals, which is called
periodic Anderson model (PAM). This model consists of three terms, which
is to describe the uncorrelated conduction electrons, correlated electrons, and
the hybridization between correlated and uncorrelated electrons, respectively.
The Hamiltonian expression is

H - HC + Hf + 7-[Cf7
He = Y ticloCion

0,J,0

My = &> fLfe+UD flifu.

Hep = D Vicl,fir + hoc), (2.7)
97,0

Although this model cannot be exactly solved in general, by combining
with the approximate method, such as dynamical mean field theory (DMFT),
it has been proved to work well in describing the behaviours of heavy Fermi
liquid systems. A famous example is the discussion on the Kadowaki-Woods
relationship based on PAM framework [31, 32].
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Under the framework of PAM, many Kondo-class systems have so far
been understood well. However, a special case is the Kondo insulator, or
alternately as heavy-fermion semiconductors. A partial list of material have
been assigned to this class, for example SmBg [33], Ce3BisPts [34], CeNiSn
[35], and YbBjs [36]. The properties of them is they possess small gaps
of the order of 1-100 meV in spin and charge excitation. The charged gap
can be understood by the Kondo effect under the framework of PAM, but
origin of it is still not very clear due to the existence of large many-body
renormalizations.

In order to understand the Kondo insulator more and more, the obser-
vation of magnetic field-temperature (B-T) or pressure-temperature (P-T)
phase-diagram of those systems have been extensively studied and they are
also important as a general research topic on strong correlated electron sys-
tems. T. Ohashi et al. [37] reported a theoretical B-T phase diagram by
combining the DMRG and quantum Monte Carlo (QMC) method, based on
the PAM, Eq. 2.7. The results are shown in figure 2.10.
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* Bg
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Figure 2.10: Calculated phase diagram by DMRG and QMC under PAM
framework [37].

Focusing on the high temperature region (T/A > 0.22), the Kondo insu-
lator undergoes the Kondo insulator state (KIS), Kondo metal state (KMS),
and paramagnetic metal state (PMS) as magnetic field increases. In some
Kondo insulator systems, like YbB;s, a similar two-steps phase transition has
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been also confirmed by Terashima et. al. [38] by the measurement of mag-
netization up to 120 T. A specific heat study indicates the two-step phase
transitions is a KIS-KMS-NMS transition under external field, which is nec-
essary to be confirmed by a magnetoresistance measurement under magnetic
fields. However, the joule heating problem induced by Lenz’s law limited
the measurement of bulk metal in the 100-T class pulse magnetic field ex-
periment. In the present study, I have successfully observed the magnetic
field dependence of electric resistance in YbBi, up to 120 T. I employed
the single-turn coil field generator and a newly developed electric resistivity
measurement technique for powdered sample. The electric property changes
during the two-steps phase transitions have been revealed.
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Chapter 3

Magnetic field and
measurement technique

Generation of magnetic field and measurement of physical properties under
magnetic fields are very important for the condensed matter physics. With
the development of technology and the wide demand of scientific research,
more and more magnetic field generation and measurement technology of
physical properties under magnetic field have been developed. In this chap-
ter, I will introduce various magnetic field generation methods and corre-
sponding measurement techniques.

3.1 The method for generator of magnetic
field

Artificial magnetic field can be divided into static magnetic field and pulsed
magnetic field. Static magnetic fields tend to be composed of supercon-
ducting coils or large water-cooled coils, which provide a stable measuring
environment, but the upper limit of the magnetic field is limmited to 45 T.
The pulsed magnetic field uses LC circuit to provide a very short pulse cur-
rent, and then produces a very sharp and strong magnetic field. The current
indoor record of the pulsed magnetic field is 1200 T. However, in the pulsed
magnetic field, the accuracy of measurement is greatly limited. Therefore,
the development of measurement techniques is an important subject in pulsed
magnetic field.
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3.1.1 Static magnetic field generator

Using superconducting coil is a common method to realize static magnetic
field. Superconducting coil magnets made of the first type of superconductor
usually provide a magnetic field of up to 20 T. Such superconducting magnets
are commercially available. For example, PPMS and MPMS manufactured
by quantum design can provide a stable magnetic field of up to 16 T.

Bitter magnets are constructed of circular conducting metal plates and
insulating spacers stacked in a helical configuration, rather than coils of wire.
The current flows in a helical path through the plates. This design was
invented in 1933 by American physicist, Francis Bitter. In his honor, the
plates are known as Bitter plates. The purpose of the stacked plate design is
to withstand the enormous outward mechanical pressure produced by Lorentz
forces due to the magnetic field acting on the moving electric charges in
the plate, which increase with the square of the magnetic field strength.
Additionally, water circulates through holes in the plates as a coolant, to
carry away the enormous heat created in the plates due to resistive heating by
the large currents flowing through them. The heat dissipation also increases
with the square of the magnetic field strength.

The strongest continuous magnetic fields on the earth had been pro-
duced by Bitter magnets. As of 31 March 2014 the strongest continuous
field achieved by a room temperature magnet was 37.5 T produced by a Bit-
ter electromagnet at the Radboud University High Field Magnet Laboratory
in Nijmegen, Netherlands.

The strongest continuous manmade magnetic field, 45 T, was produced by
a hybrid device, consisting of a Bitter magnet inside and a superconducting
magnet. The resistive magnet produces 33.5 T and the superconducting coil
produces the remaining 11.5 T. This magnet requires 30 MW of power. This
magnet must be kept at 1.8 K using liquid helium. The magnet takes 6 weeks
to cool and thus once cooled the cooling system is run continuously. It costs
$1452 per hour to run at the highest field.

Recently, it seems to be a new solution to provide a static magnetic field
of around 30 T by hybridizing the type I and type II superconductors. This
approach greatly reduces the cost of generating a static magnetic field.
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3.1.2 Non-destructive pluse magnetic field generator

When the magnetic field exceeds 40 T, the DC magnet can no longer meet
people’s demand for magnetic field. As an alternative, pulse magnets can
give a higher magnetic field. By limiting the magnetic field produced pulse
magnets are used without destruction. The non-destructive pulsed magnetic
field generator consists of energy storage capacitors and a multi-layer coil.
The problem of Lorentz repulsion force and Joule heat caused by a pulsed
strong magnetic field should be solved in multilayer coils.

At the Institute for Solid State Physics of the University of Tokyo, profes-
sor Kindo have developed a pulsed magnets so-called Kindo magnets. The
multilayer coils are protected by a Maraging steel tube, thereby avoiding
stress problems. In addition, the multilayer coils are immersed in a liquid
nitrogen-filled dewar, thus solving the heating problem. There are two types
of Kindo magnets. The first type of magnet is designed for a use of an energy
storage capacitor with a maximum energy storage of 500 kJ and an electro-
static capacity of 2.5 mF.This type of magnet can produce a magnetic field of
up to 70 T for 4 ms, which is called the short pulse magnet. The other type
of magnet is designed for a uses a capacitor with a maximum energy storage
of 900 kJ and an electrostatic capacity of 18 mF'. It can generate a magnetic
field up to 60-70 T with 36 ms long pulse time, known as a med-pulse magnet.
In this study, the short pulse Kindo magnet is used to generate the magnetic
field up to 40 T.

3.1.3 Single turn pulse magnetic field generator

The upper limit of non-destructive magnets is about 80 T. In actual mea-
surements, only measurements up to 70 T can generally be achieved. When
the required magnetic field is greater than this, a stronger destructive mag-
netic field is the only solution. The single-turn coil magnetic field generator
provides a destructive strong magnetic field. As shown in Figure 3.3, the
single-coil magnetic field generator is composed of a set of capacitors, an
air gap switches and a single-turn coil. The thickness of a single turn coil
made of copper is approximately 3 mm. When a magnetic field occurs, ap-
proximately 2-4 MA current of flows through a single-turn coil, resulting in
a magnetic field of up to 100 T or more. During the magnetic field, the
single-turn coil explodes due to a huge Lorentz force. Figure 3.4 shows the

Kazuya Nomura; Doctor Thesis, Univ. Tokyo (2019 March)
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Figure 3.1: Kindo Magnet.!

Time dependence of magnetic field

80;

70t
60+
50+
40¢
30-
20+
10F
o) \

Magnetic field (T)

—3—RIOLR
— OvJICLR

=

0

10 20
Time (ms)

30

40

Figure 3.2: Time dependence of magnetic field generated by Kindo magnets.*
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O

Figure 3.3: Single turn generator.

coil shape changes during the explosion. Figure 3.5 shows the comparison
between before and after the coil explosion.

In the Institute for Solid State Physics, University of Tokyo, there are
two destructive magnetic field generators. They are a vertical single-turn
coil magnetic field generator and horizontal single-turn coil magnetic field
generator, respectively. Figure 3.6 shows the time dependence of the mag-
netic field. In this study, a 14 mm-diameter coil and 40 kV changing voltage
are often used to generate a strong magnetic field. The capacitor has a ca-
pacity of 132 uF for the vertical single-turn coil; the maximum magnetic field
strength is about 102-108 T.
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Figure 3.4: The process of explosion [39].

Figure 3.5: Coils before and after the explosion.
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Figure 3.6: Time dependence of magnetic filed generated by Single-turn.

3.2 Development of magnetization measure-
ment

In this study, magnetization measurement is an important experimental
method. In this section, magnetization measurement methods and improve-
ments are described in detail.

3.2.1 Magnetization measurement under a pulse mag-
netic field

Magnetization measurements in non-destructive magnets are made with an
induction. The basic principle is the same for in the single turn coil exper-
iment. Here, I do not describe it too much. It is worth noting that in a
strong non-destructive magnetic field, the induction voltage generated in the
pickup coil is small due to the longer pulse time. So what we need is to make
the pickup coil turns large enough to enhance the signal of sample. Another
difference between the techniques for a non-destructive and a destructive
magnets is that because the induced voltage is low for the non-destructive
field measurements, the insulation of the wire is not a serious problem.
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Figure 3.7: Setup of magnetization measurement [40)].

3.2.2 Development of magnetization measurement un-
der single turn field generator

In a destructive strong magnetic field, the measurement of magnetization is
done by induction. Figure 3.7 shows the setup for measuring the magnetiza-
tion.

Two kinds of magnetization measurement pickup coil have been developed
for the single-turn coil system. They are called parallel (P)-type pickup coil
and coaxial (C)-type coil, respectively. The P-type coil achieved a high
level of self-compensation, and enabled us to do the precise magnetization
measurements. On the other hand, The C-type coil was known to be the
best for reducing the background induction component due to a magnetic
field itself. Further precise measurements of both the magnetization and
magnetic field are always necessary in the studies of the spin systems with
spin-1/2 or spin-1. Thus, I have developed a double-layer parallel (DP)-type
coil in order to improve the sensitivity of the signals.

Figure 3.8 shows the schematic figure of the DP-type coil. The basic
skeleton are same with the P-type coil. The number of turns has increased
from the previous 20 to 40 in each tube. One Cu-wire is used in winding
the DP-type coil. Same orientations of Cu-wire between the inner-layer and
outer-layer are selected when winding the wire on the tube, to avoid the
difference in induced voltage, as shown in Figure 3.9. A magnetic field pick-
up coil is concentrically wound around the left tube. The magnetization
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Figure 3.8: DP-type coil.

signal dM/dt is obtained by subtraction of the blank signal from the sample
signal. Here, the blank signal is obtained by a measurement without the
sample and the sample signal is measured with the sample. The set of two
signals is obtained by two successive destructive-field measurements. This
simple manner has advantages compared to the previous sample-position-
exchange manner in regard to stability of the measurement position and
effects from inhomogeneity of the magnetic field. The magnetization curve is
obtained by a numerical integration of the measured dM/dt signal, as shown
in Figure 3.10
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3.3 Development of techniques for magnetore-
sistance measurements

3.3.1 Magnetoresistance measurement under static mag-
netic field and pulse magnetic field

In the static magnetic field, the traditional measurement method is used,
i.e. the four-terminal method. The advantage of this method is the accurate
measurement result is obtained.

Although the four-terminal method has a strong advantage in measuring
the absolute value of resistance, in strong magnetic fields, resistance is also
measured by the non-contact method, such as the tunnel diode oscillator
method for some special purposes.

3.3.2 Development of magnetoresistance measurement
under single turn field generator

In field generated by the single-turn coil, the problem of sample heating
becomes very serious because the pulse duration of the magnetic field is very
short. At this point, the electrical resistance measurement of a bulk sample
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Figure 3.11: Schematic figure of high-frequency transmission method [41].

is impossible. One way to solve this problem is to use a high-frequency
modulation technique. Figure 3.11 schematically shows the way to make a
high-frequency transmission method. The resistivity of a sample is measured
by measuring the electromagnetic transmittance of a film sample. However,
it is not always available obtaining a thin-film shape sample. Therefore,
measuring the resistance of powder samples is required especially for the
samples that cannot be obtained as single crystals. Since induced voltage is
proportional to the area of the cross section of the sample, fine powder sample
can significantly the heating due to the eddy current in pulse magnetic fields.

In this study, I have used a contactless magnetoresistance measurement
technique using high-frequency modulation of the input electromagnetic wave.
As shown in figure 3.12, a radio-frequency generator is employed to generate
a radio frequency (RF) electromagnetic wave. The powder sample is located
in the RF-detect-coil and shields the RF AC field generated by the input
coil. The shielding effect is picked up by the RF-detect-coil as a signal of the
resistance change of the sample. This manner has advantages in measuring
the electric resistance of fine powders.
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Figure 3.12: Schematic figure of high-frequency modulation method.

41



Chapter 4

Particle-hole symmetry
breaking observed in TICuCls

at 100 T

4.1 Particle-hole symmetry of Bose-Einstein
condensation in spin dimer system

In contrast to the ultra-cooling atomic gas, observations of critical behaviors
around quantum critical points in the spin systems are accessible because
of their high degree of homogeneity in boson density and wide temperature
window of the critical boundary [8]. In a pure dimer system, the transition
between singlet state and the S, = 1-triplet state under an external magnetic
field drives a phase transition at the critical magnetic field H, = A/gup with
A the spin gap. The H, separates into two distinct critical points H.; and Hep
in real spin-gap materials due to inter-dimer interactions; these two critical
magnetic fields correspond to the begining and saturation of the magnetiza-
tion, respectively, as shown in Fig. 2.4. The criticality in the vicinity of the
H,., along the H-T phase boundary has been extensively studied in several
materials such as T1CuCls, BagCryOg and Sr3CryOg, by means of magnetiza-
tion, magnetostriction, neutron and magnetocaloric effect (MCE) measure-
ments [9-14]. On the other hand, detailed experimental measurements at
the high-field side near H., are still lacking for materials that possess large
H 5 like T1CuCls.

In the theoretical analyses on H.o of BaCuSi;Og [42], the transformation
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from a spin Hamiltonian to an effective hard-core boson model was derived by
projecting original spin states to the low-energy singlet and the S* = 1-triplet
states. Here, the singlet and 5% = 1-triplet states, respectively, correspond to
the holes (particles) and particles (holes) of bosons at a low (high) magnetic
field. A particle-hole symmetry [43] in this formulation is explicit in that
the effective Hamiltonians at the low magnetic field and the high field are
related by a particle-hole transformation on the bosonic creation operators
and, thus, the magnetic-field dependence of the order parameters in phase
diagrams has a symmetry with respect to the particle-hole invariant point
H = (H. + H.y)/2. For instance, such a symmetry is reflected by the mirror
symmetry observed in the shape of the phase boundary of the BEC phase in
BaCuSi;Og. Actually, the symmetric nature is verified in the bond operator
theory [44] by showing equality of the critical exponents in the vicinity of
the two critical points, H. and H.,. Similar symmetric phase diagram was
also obtained in BagCryOg [13]. In the following discussion, we will call such
a phase-diagram symmetry as “particle-hole symmetry”.

It should be noted that the critical behaviors near the H., in the system
of which inter-dimer interactions are strong has never been well investigated.
In such systems, the particle-hole symmetry of the BEC phase boundary is
expected to be broken because the conditions of the hard-core boson picture
is not satisfied due to the effect of the hybridization between the singlet and
S, = —1,0-triplets. According to the bond operator theory, the pressure ef-
fect (i.e. the changing of the inter-dimer interaction) on the phase boundary
in the H-T plane is different at H, and H. [45], indicating that the sym-
metry can be modified by the inter-dimer interaction. T1CuClj is one of the
most promising materials to study the symmetry of the phase boundary and
discuss the particle-hole symmetry, because it possesses strong inter-dimer
interactions. H is 5.6 T [46] and H., is theoretically predicted [15] to be
about 87 T; a strong contrast of these two critical points provides us a unique
situation where the degrees of the quantum hybridization between the singlet
and triplet states are different between two critical points. However, H., has
never been experimentally observed yet in the first-discovered magnon BEC
compound, T1CuCls because of technical difficulties to perform a 100-T class
magnetic field experiment, as shown in Fig. 4.1.
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Figure 4.1: Summarized phase diagram for BEC system [47]

4.2 Magnetization process of TICuCl;

In this work, we study the magnetization (M) process of TICuCls up to
100 T and discuss the particle-hole symmetry breaking of the BEC phase.
The particle-hole symmetry in the hard-core boson picture has been found
to be broken through the quantum hybridization effect due to the strong
inter-dimer interactions. H. is experimentally determined to be 86.1 T at
T =~ 2 K that is in good agreement with the prediction by the bond-operator
theory [15]. The magnetization curve (M-H curve) has a monotonous con-
vex downward shape, which manifests the difference between the critical
exponents around H.; and H. and implies the absence of the particle-hole
symmetry in T1ICuCls. We have also precisely analyzed the M-H curve with
a numerical calculation based on Quantum Monte Carlo (QMC) method.
The simulation shows that the ratio of an inter-dimer interaction (.J;) and
the intra-dimer interaction (J), J/J is about 0.35, which is consistent with
the results of the neutron-scattering experiment [15]. Finally, we theoret-
ically evaluate the critical exponents at near H.; and H. and discuss on
the microscopic origin of the breaking of the particle-hole symmetry using a
combinatorial approach of the bond-operator theory and QMC calculation.

A single crystal of TICuCly [46] was used for the experiments. The
T1CuCl3 sample in this experiment was provided by Prof. Tanaka of Tokyo
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Figure 4.2: The crystal structure of TICuCl; [45].

Institute of Technology. The crystal structure are shown in figure 4.2. The
single-turn coil (STC) technique was employed to generate a pulse magnetic
field of up to 110 T. The magnetization measurements have been done with a
pick-up coil and an induction voltage in the magnetization process is recorded
as a function of time [48, 49]. The magnetization curve is obtained by a nu-
merical integration of the measured dM/dt signal [48, 49]. In the present
work, we use a double-layer pick-up coil (the number of the turns of the coil
[80 in total] is doubled from the standard number[49]) which improves the
signal intensity. The details are decribed in the previous chapter. A liquid
helium bath cryostat with the tail part made of plastic has been used [49],
as shown in Fig 4.3, the sample was immersed in liquid helium, and a mea-
surement temperature of 2 K was reached by reducing the vapor pressure.
Fig. 4.5 shows the magnetization process and the magnetic field depen-
dence of the dM/dH at 2 K; The magnetization up to 60 T in Ref. [15] is also
presented for the comparison of the M-H curves. The agreement of them is
excellent. The M-H curve is obtained from the average of three independent
experiments (Fig. 4.4) using the both up-sweep and down-sweep processes;
we do not use the data of magnetization below 70 T of the down-sweep for
the average because the measurement in the field-decreasing process is rather
imprecise due to the field inhomogeneity [48]. We analyze the H.; around 6 T
using the data previously obtained with a non-destructive pulse magnet [15],
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Figure 4.5: The magnetization curve measured up to 95 T, as well as the
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the dM/dB data (up-sweep and down-sweep) with initial temperature at 2
K. [50]
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because, at the beginning of destructive ultrahigh magnetic field generation,
a huge switching electromagnetic noise is inevitably generated for injection
mega-ampere driving currents [48, 49]. The magnetization is clearly mea-
sured in fields from 30 to 100 T, exhibiting the saturation at fields exceeding
90 T.

The critical behavior is observed in the vicinity of the saturation in the
dM/dH curve as shown in Fig. 4.5: A clear peak labeled by H., in dM/dH
curve corresponds to a kink of the M-H curve observed at near H.. The
magnetization increases continuously between H.; and H., in which the M-
H curve shows a convex slope.

Due to the fast sweep rate of the pulsed magnetic field (~ 8 us), the sam-
ple undergoes a semi-adiabatic process. The spin entropy change caused by a
phase transition is transferred into the phonons and leads to the temperature
change of the sample. Therefore, it is necessary to consider the temperature
change during the magnetization process. Because the MCE experiment up
to 100 T is impossible to be conducted with current experimental techniques,
we estimate the MCE effect using the MCE reported in another magnon
BEC dimer spin system. According to Ref. [42], the temperature change
at 45 T near H, in BaCuSiyOg is around 0.03 K where the specific heat is
1.8 J/(mol K) at 2.5 K. Then entropy change AS=0.02 J/mol is estimated to
be transferred from the magnons to phonons around phase transition point,
because of the entropy change in the spins at H. should reflect the way of
the saturation of the magnetization where the BEC phase is terminated. The
entropy change should be of more or less a similar value as other spin systems
which undergo magnon BEC with spin-1/2 dimers. Therefore, the change of
entropy observed in BaCuSiyOg can be applied to the analysis on T1CuCls.
The specific heat in TICuCl; contributed by phonons is Cphon=4 J/mol K
at an initial temperature T;,=2 K [51], and thus the temperature rise from
the initial temperature is estimated to be AS-Ti,/Cpnon=0.01 K for T1CuCl;
at near H.. The insert of Fig. 4.5 shows dM /dH for both field up-sweep
and down-sweep processes. The overlapping of both processes implies that
the temperature variation is actually small. Thus, critical points and critical
exponents can be confirmed and analyzed at 2 K in the present work.

H. is determined by the peak in the dM/dH curve and found to be
86.1+0.5 T. It is very close to the predicted value obtained from the bond
operator theory [15]. Furthermore, the continuous slope of the M-H curve
keeps its convex shape until H.. It indicates that the critical exponents
can be potentially different between H., and H. because, otherwise, it is
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expected that M-H curve at H. and H. should present the particle-hole
symmetry behavior, i.e. the correspondences of the shapes at H.; and H.,
are suppose to be linear versus linear, concave versus convex or convex versus
concave.

4.3 Particle-hole symmetry breaking in TICuCl;

In order to interpret the observed magnetization process in more detail, we
have tried to theoretically reproduce the M-H curve with a rather simple
spin model. The lattice Hamiltonains in previous study are complex and
include several types of inter-dimer interactions [15, 45]. Let us consider the
following spin Hamiltonian to describe the universality classes around H.

and Ho:
Hspin - JZ Si,l . Si,2 + Jl Z Z Z Si,m : Si+én,m
i i m n=x,y
+ J Z Si2 - Siys1 — 9||,UBHZ Sim> (4.1)

i,m

where i1 denotes the site of dimers in a cubic lattice, m = 1, 2 shows
the position of the two spins in one dimer, é, = é,, . represents the unit
vector. Here J denotes the intra-dimer interaction, and J; o are inter-dimer
interactions in different directions. We have set two different inter-dimer
interactions J; and J,, because it is necessary to fit and reproduce the ex-
perimental M-H curve in Fig. 4.6 and their values will be shown later. The
assumed lattice for the Hgpin is shown in the insert of Fig. 4.6. The QMC
calculation is performed using a generalized directed loop algorithm in the
stochastic series expansion representation [52], as implemented in the ALPS
package [53].

The calculation is performed with 10x10x 10 unit cells, in which each unit
cell contains two spin sites. Additionally, it has been reported that the struc-
ture of T1CuCl; is not magnetically frustrated, although the low-symmetry
structure results in many triangle interaction terms in the Hamiltonian [45].

In Fig. 4.6, the magnetization curve simulated by the QMC calculation
are shown with the experimental data. The simulated M-H and dM /dH
curves based on the Hamiltonian in Eq. (4.1) is represented with blue curves.
The g-factor 2.23 [46] is used in this simulation. the parameters determined
in this calculation are J=5.318 meV, J;=1.074 meV and J,=1.86 meV .
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Figure 4.6: Comparison between the experimental magnetization curve and
the QMC simulation results, the low field data (below 30 T) is from Ref.[15],
the blue and red curves is obtained from Eq. 4.1 and Eq. 4.2, respectively.
The upper inset shows the lattice of spin Hamiltonian. The red and blue
ball represent the spin site 1 and 2 of a dimer in Eq. (4.1), respectively. The
middle inset shows the symmetry presentation in magnetization from Eq. 4.2.
[50]
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In our reduced model, J and J, agree with those of the original model of
T1CuCl; in Ref. [15, 45] according to their spin configurations. These values
are also close to those reported in the previous work using the bond operator
method [15]. The simulated M-H curve performed at 7' = 3.5 K is found to
agree very well with the experimental magnetization process.

The hard-core boson model constructed by only the S,=1 triplet and sin-
glet states is another way to analyze the process of magnetization. Following
Jaime et al. [42], we translate the spin Hamiltonian (Eq. 4.1) to an effective
Hamiltonian of the hard-core boson:

Het = 4 Z(b;r-&-énbi + b;rbHén) + 1 Z(b;r-i-ébi + by, 2)

i,a i
+ W Z NiNiye, + Vo Z niNiyz + [ Z n; (4.2)

where the chemical potential is u = J — g upH, and hopping terms are
ty = Vi = J1/2 and ty = Vo = Jy/4. The simulation shares the same
interaction parameters with the spin model. Based on this reduced model,
we calculate the magnetization and show the results with the red dashed
curve in Fig. 4.6. In contrast to the result of Hqpin, the magnetization derived
from H.g shows the central symmetry that relates the magnetizations around
H., and H_., which corresponds to the particle-hole symmetry shown in the
middle insert of Fig. 4.6. However, in the following, we will see that such
a symmetry is not held when the Jj-inter-dimer interactions in Eq. (4.1) is
significant.

As shown in Fig. 4.6, the magnetization gradually increases with magnetic
fields when the field approaches to and exceeds H,;, while the magnetization
drastically changes its slope at near the saturation field H. in our experi-
ment. This behavior can be more clearly recognized in the dM /dH curve;
one can see that rather sharp peak structure appears just below H., and only
a round shoulder structure is seen in the vicinity of H.;. This asymmetric
character of the magnetization indicates a sizable breaking of the particle-
hole symmetry.

In order to clarify the asymmetric character, we utilize the following for-
mula to perform the fitting of the magnetization.

|M — M| oc |[H— Hy|%, (i=1,2). (4.3)

The breaking of the particle-hole symmetry can be identified by comparing
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Figure 4.7: p; (i = 1, 2) as a function of Jy/J with fixed J;/J = 0.201. The
determination is performed with simulated M-H at 3.5 K and 1 K. Circles
and squares present ; and fs, respectively. [50]

two critical exponents 3 o I around H.i 5 in Eq. (4.3) since the particle-hole
symmetry implies f; = fs.

By analyzing our experimental data with the QMC simulation, we can
computationally determine the critical exponents with the simulated M-H
curve [54]. We find that [, is robustly localized at 0.91. Here 8; ~ 1.4 is
also obtained in the same analysis but using the experimental results ob-
tained with a non-destructive magnetic field [15]. The amount of the dif-
ference between (5, and [y directly measures the degree of the asymmetry,
and the difference has been found to depend on the degree of the inter-
dimer coupling (itinerancy of the triplons). We have conducted an analysis
of the dependence of the exponents 3; » on the inter-dimer exchange interac-
tion Jy. In the procedure for determination of f3; 5, we define field windows
12 = (H — He2)/(He — Hy) which the data used should be within [11].
Accuracy of fitting process can be confirmed by stability of the obtained
value when we change the field window. The fittings are performed under
z12 = 0.1, 0.15 and 0.2. All the obtained exponents are plotted as a function
of Jy/J in Fig. 4.7. The range of Jy/J is set from 0.18 to 0.35. As shown
in Fig. 4.7, 51 gradually increases with J5/J while the value of 35 is more

'Here, the critical exponents (31 » mean the the high-order term of variation, and con-
sidered to be “effective” critical exponent
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robust. The resulted J,-variations of 3; and [, show similar behavior at 3.5
K and 1 K, indicating that the qualitative dependence of the critical expo-
nents on the effects of the inter-dimer interaction is not affected by changing
temperature from 1 to 3.5 K.

The differences between [, and 5 are reflected by the convex slope of the
magnetization around H. and H. as in Fig. 4.6; the initial magnetization
process is suppressed compared to a linear magnetization while the slope
increases when approaching the saturation, resulting in the larger 5, than
Pa.

In the bond operator theoretical formalism, the magnetism around H,.; is
contributed by the outset of lowest-triplet | 11), namely S, = 1-condensations
driven by the vanishing spin gap. In the pure-dimer limit J > J 5, the other
two higher-energy local excitations (| 7)) + | 1)) and | ||) can be neglected
since they hardly affect the low-temperature physics. However, a finite J,
interaction can mediate a four-particle interaction that accumulates highest-
triplet | JJ) excitations in the presence of a partial lowest-triplet conden-
sation and singlet condensation [45]. Therefore, | |]) excitations suppress
the magnetization from the | 71) condensations when H 2 H.. When the
magnetic field increases beyond H.;, such a suppression eventually becomes
inefficient due to a large Zeeman gap to excite a | ||) quasiparticle and is
neglibible near H.. Therefore, we have the increasing deviation of £, from
By as shown in Fig. 4.7. The convex shape of the M—H curve at around
H. can be understood in the same way. Moreover, it is found that [, is
consistently insensitive to a changing of J,/.J. In short, the deviation of j;
from f5 is attributed to the strength of Js-inter-dimer interactions. There-
fore, it can be concluded that the particle-hole symmetry in the hard-core
boson picture (Eq. 4.2) is broken in TICuCl; due to the strong higher-order
terms through the inter-dimer interactions. Here, it should be noted that the
similar inter-dimer effect is also obtained by increasing J; instead of J,. The
hybridization of the four-particle states becomes relevant when J; or Jy (or
both) is (are) sufficiently large.

Such a particle-hole symmetry breaking has been observed in another
spin-1/2 dimer system [55]. In that case, the origin of the asymmetry is
claimed to be due to a zero-point quantum fluctuation characterized by the
additional zero-point energy to quasi-particle excitations [56], which should
be signifiant in low dimensional systems. However, such a quantum fluctu-
ation in low dimensions is expected to be insignificant in T1CuCls because
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the spin system is almost three-dimensional 2.

Furthermore, due to the insignificance of higher-energy triplet excitations
around the saturation, it can be expected that the H-T phase boundary
around H., obeys a power law g|Hs — Heo(T')| oc T (H,: the saturation field
strength at zero temperature) closer to the HFP approximation a = 1.5 [3]
than that regarding Eq. (2.1) around H.. It implies that the strong inter-
dimer interactions contribute to a remarkable dispersion in the dimer spin
system. This dispersion can be understood by magnon-magnon or hole-hole
interaction in a boson system. Thus we have proved that the dispersion of
the particle manifests itself in the asymmetric convex magnetization process,
which indicates that a precise measurement of the magnetization can give us
microscopic nature of magnons in some particular magnets.

In summary, we have measured the magnetization process of TICuCl; at
2 K and the second critical magnetic field H. to be 86.1 T. The magnetization
process shows a continuous convex slope and we analyze the critical expo-
nents of magnetization at H.; and H.. A Monte Carlo calculation based on
cubic lattice well reproduces the experimental results and strongly supports
the itinerant property of magnons in T1CuClz. The particle-hole symmetry
has been revealed to be broken in TICuCl;. We have also found that the
degree of asymmetry of magnetization process increases with the inter-dimer
interactions by a numerical analysis with the QMC method. Thus, such
interactions play an essential role in magnetization of various spin dimer
systems.

2Because the rate of magnetic susceptibility between H.; (5.6 T) and H.o (86.1 T),
ie. x1/x2 in TICuCl; is as large as 5 (see Fig. 1) which is 2.5 times larger than that
of NiCly-4C(NH3)2 Ref. [56], the renormalized mass m* is expected to be reduced by a
factor of (2.5)%/2 ~4 compared to the case of Ref. [56]. Therefore the m/m* in TICuCls
should be as large as 3 x 4 ~ 12. This seems to be too large for 3-dimensional spin system
TICuCls, and thus the quantum fluctuation may not be the origin of the asymmetry in
TICuCl;.
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Chapter 5

Spin liquid state and a-RuClj

5.1 Heisenberg-kitaev model and possible re-
alization in a-RuCl;

This section mainly introduces the physical properties of ruthenium trichlo-
ride and related theoretical predictions.

The crystal structure is shown in figure 5.1 [27]. The space group is
C/2m. The edge sharing octahedral layer of RuClg is vertically stacked to
form the honeycomb layer with an offset in the plane. The ground state of
ruthenium trichloride is antiferromagnetic. As we mentioned above, accord-
ing to the prediction of the Heisenberg-Kitaev and other models, the possible
ground states in the honeycomb lattice include zigzag, stripy and so on, with
the changing of exchange interaction parameters. The arrangement of these
ground states is given in figure 2.7 [27]. Elastic neutron diffraction can help
to determine the antiferromagnetic arrangement in the ground state. The
neutron results of Johnson et al. (figure 5.2) indicate that a zigzag Bragg
peak is significant in a-RuCls, indicating that its ground state is zigzag ar-
rangement. A natural question is whether the spin liquid state emerge after
the Zigzag state is broken or suppressed.
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Figure 5.2: Elastic neutron diffraction for a-RuCls [27].
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Figure 5.3: Inelastic neutron diffraction for a-RuCls at 5 K and zero-field
[57].

Early inelastic neutron diffraction focused on whether Kitaev interaction
could be achieved in a-RuCls. Banerjee et al. [57] first reported the results
of inelastic neutron diffraction at 5 K, as shown in Figure 5.3 (left). In this
result, two clear modes, M1 and M2, are observed in the vicinity of 4 and
6 meV. By comparing the theoretical calculation results of spin wave and
pure Kitaev calculation results (Figure 5.3 (mid) and (right)), Banerjee et
al. argued that the excitation energy spectrum of zigzag order obtained by
the spin wave theory was inconsistent with that of M2 mode. Pure Kitaev
spectra, however, consistent with the M2 mode well. Therefore, they believe
that Kitaev interaction is present in a-RuCls.

Do et al. [58] first reported the effect of temperature on the ordered phase
destruction of @-RuCl;. In their experiments, the temperature dependence of
magnetic susceptibility, specific heat and entropy were measured respectively.
The results are shown in figure 5.4. In these macroscopic measurements, all
order parameters show two significant changes. Do et al. defined the two
changing temperature points as Ty and Ty. They claim that between Ty
and Tp, the system is in a region of Kitaev paramagnetic state. Both the
local and the itinerant Majorana fermion exist in this region. When the
temperature become higher than Ty, these Majorana fermion excitations are
destroyed and the system becomes a traditional paramagnetic state (as shown
in figure 5.5). This assumption was also confirmed by their inelastic neutron
scattering experiment, in which the inelastic neutron scattering observed a
continuous excitation spectrum at the v point between Ty and Ty. This
continuous excitation gradually disappears when the temperature exceeds
TH~

o7



Spin liquid state and a-RuCl; 58

Kitaev Conventional
AFM Tw Para. T Para.

a

N

@

(o]

|

5

E

@

"

o

X

=
b

L

=

=

5
4

T oab

T

g L (R/2)In2

= , o S

W -

fit Ty
o

1 10 100 300
Temperature (K)

Figure 5.4: Temperature dependence of magnetic susceptibility, specific heat
and entropy for a-RuCls [58].

o8



Spin liquid state and a-RuCl; 59

AFM T Kitaev Para T Conventional Para.

P (meV)

),
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Figure 5.6: Inelastic neutron diffraction for a-RuCls under external field [59].

The results of another study by Banerjee et al. [59] are highly similar to
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those of Do et al. They also observed the properties of the 15 K continuous
excitation, as shown in figure 5.6 f. On this basis, the influence of external
magnetic field along ab direction is also studied. As shown in Figure 5.6
a-e, at the temperature of 2 K, when the external field is less than 6 T,
the diffraction pattern shows a clear magnon signal. The signal gradually
disappears with the suppression of magnetic field. Under the external mag-
netic field between 6 and 8 T, the continuum excitation at the gamma point
becomes clearer. The continuum excitation is similar to the one at 15K, indi-
cating that the suppression by magnetic field and the destruction of ordered
phase by temperature have similar effects. This also suggests that the system
might resemble a spin liquid state under the suppression of magnetic field.
Meanwhile, Banerjee et al. also measured susceptibility, as shown in Figure
5.7, with two very distinct peaks of susceptibility at 6.1 and 7.3 T. Banerjee
et al. claimed that the peak around 6.1 T may imply an entering into an
intermediate phase between the field-induced spin liquid and the ordering
phase.
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Figure 5.7: Magnetic susceptibility for a-RuCl; under external field along ab
plane [59].

Wellm et al. [60] reported similar results on their ESR experiment, as
shown in figure 5.8. They studied the absorption spectrum of a-RuCl; under
the external field along ab plane using electromagnetic waves of 70-660 GHz.
The results showed that the absorption peaks of a-RuCls show frequency
independence in the range of about 6-8 T. This means that a-RuCl; exhibits a
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61

continuum excitation under an external field about 6-8 T, which is consistent
with the properties of quantum spin liquids.
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Figure 5.9: Thermal quantum Hall effect of a-RuCl; under external field
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More recently, the results about thermal quantum Hall effect reported
by Kasahara et al [61] have been more encouraging. As shown in Figure
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5.9, they observed a half-integer thermal Hall conductivity at the similar
magnetic field region. In addition, the field-region of thermal Hall effect
changed with the rotation of the angle between the magnetic field and the
ab plane. With the increase of the angle between the external field and ab
plane, the range of the thermal Hall effect gradually moves to the higher field
region, as shown in Figure 5.9.

For the condition that the external field perpendicular with ab-plane, only
few studies are reported because the measurement techniques under high
magnetic field environment are still rigorous. Kuboda et al. [28] reported
their magnetization up to 60 T along ¢* axis as early as 2015, as shown in
figure 5.10 (a). The c* is defined as the direction perpendicular with the
honeycomb ab-plane. A similar measurement is also reported by Johnson et.
al. [27] as shown in figure 5.10 (b). What their results in common is that
magnetization is far from saturated even up to 60 T, although the observed
magnetization process of them is totally different in the case of field along
c* axis.

Modic et al. [62] recently reported the angle-rotation dependence of
torque for a-RuCls, as shown in Figure 5.11 (a). The angle-rotation depen-
dence of critical field shows a bowl-like shape. The tendence of this bowl-like
shape is similar with the predicted results based on exact diagonalization
calculation in Ref. [63], although the detail is somehow different, as shwon
in figure 5.11 (b). This experimental result didn’t show the intermediate
phase under external fields.

Experimental and model studies of a-RuCls have made great progress,
but many problems remain to be solved, as shown below:

1) The full-spin Hamiltonian of a-RuCljs is still unclear. In general, neu-
tron scattering can determine the Hamiltonian of a spin system; how-
ever, in a-RuCls, many different models satisfy the neutron experimen-
tal results. In Ref [64], a summary of proposed parameters are listed
in Table 5.1. The susceptibility calculated by the ED method is given
in figure 5.12 (2-9 listed in table 5.1 corresponds to a-h in figure 5.12).
There are still contradictions between these results and experimental
results [27, 60].

2) Nature of the field-induced topological phase with continuum excitation
are still unclear. The key to solve this problem is also determining the
full-spin Hamiltonian of a-RuCls.
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3) The experimental results reported in different literatures are still con-
tradictory. For example, no intermediate phase was observed in the
torque experiment, the magnetization results in the direction of ¢* were
also different [27, 28, 60, 62] and so on.

In this study, the magnetization of a-RuCl; at different angles of ab-
plane-field was measured by using the destructive and non-destructive pulsed
magnetic fields. The results show that a-RuClj saturated at about 90 T with
field perpendicular to ab-plane, which is similar to the prediction of about
80 T calculated by ED [63]. In the low magnetic field range, an intermediate
phase is observed at different angles, which is similar to the report of Ref
28, 57, 61]. A rough angular-magnetic field phase diagram is given in this
study. Our experimental results are still inconsistent with some previous
report in Ref. [62], and the reasons are still unclear.

Set K1 r Jl J2 Jg K3 Pattern NIP
hy | hes
1 7 -4.6 Zigzag 0 1
2 -5 | 2.51]-05 0.5 Zigzag 0 0
3 |-106 | 3.8 ]-1.8 1.25 1 0.65 | Zigzag 0 0
4 | -6.8 | 9.5 ID 0 0
5 | -5 | 7.6 ID 0 0
6 -8 4 -1 ID 0 0
7 | -6.6 | 6.6 |-1.7 2.7 Zigzag 0 0
8 17 12 | -12 120° 1 0
9 | 56 | -1]12]03]| 0.3 120° 1 0

Table 5.1: Summary of numerical results for finite magnetic fields for various
sets of parameters [64].

5.2 Magnetization process of a-RuCl; up to
100 T

5.2.1 experiment detail

A single crystal of a-RuCl; was used for the experiments. The a-RuCl;
sample in this experiment was provided by Prof. Tanaka of Tokyo Institute
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Figure 5.12: dM/dh curves calculated by ED calculation based on the pa-
rameters list in table 5.1 [64]

of Technology. The sample is shown in figure 5.13 (a). It should be noted that
the samples of a-RuClj are very soft and an unintentionally applying pressure
has a great influence on their physical properties. Therefore, the problem
regarding fixation and the pressure of a-RuClz should be treated carefully
during the measurement. In this experiment, vacuum silicone grease and
glass rods were used to fix the a-RuCls sample. As shown in Figure 5.13 (b),
two glass rods with a fixed-angle incline sandwiched the a-RuCls sample. The
surface of a-RuClj is coated with a thin layer of vacuum silicone grease. At
low temperature, the vacuum grease gradually hardens, thus, fixed a-RuCls.
The magnetization curves of the samples were measured at different ab-plane-
field angles separately, as shown in figure 5.13 (¢). The magnetization process
of 0, 60, and 70 degrees were measured under the non-destructive magnetic
field in collaboration with Kindo group. The measurement techniques are
introduced in Sec. 3.2.2. The measurement for external field perpendicular
with the ab plane is performed under the destructive magnetic field. The

realization of low temperature environment is same with the TICuClz in
Chapter 4.
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Figure 5.13: a: Single crystal of a-RuCl;. b: Sketching of fixed a-RuCls by
glass rod. c¢: Sketching of rotation of magnetic field.

0 5 10 15 20 25 30
Magnetic Field (T)

Figure 5.14: Magnetization process at different # up to 30 T.

5.2.2 Result and discussion

Figure 5.14 shows the measurement results of the magnetization process un-
der non-destructive pulsed magnetic field. The angle # between the ab plane
of sample and the magnetic field are given in this experiment, as shown in
Figure 5.13 (c). Magnetization processes at different angles are shown in
figure 5.14. Within the range of experimental sensitivity, the M-H curves
for ascending and descending parts of the field pulse are indistinguishable
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Figure 5.15: Field dependence of susceptibility under different 6 (red: H,,
blue: Hcg, Hme)

(i.e., with little or no lag). The magnetization of the sample approaches sat-
uration rapidly for # = 0, which is consistent with previous reports. With
the increasing angle 6, the slope of magnetization process gradually slows
down, and the sample exhibited a strong anisotropy. This anisotropy has
been pointed out to be due to the Heisenberg interaction or I'-term interac-
tion effects. Figure 5.15 shows the field-dependent susceptibility at different
angles. Three clear signals are labeled with the triangle mark. The magnetic
susceptibility observed at 70 degrees is very noisy probably due to the effect
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of magnetic anisotropy. However, the signals are still observable clearly. The
three peak position here are marked by red, blue, and black triangle and are
defined as H.i, He, and H;,,p, respectively. As increasing 6, H, and Hp
gradually shift towards the high field region, while H,,,, remains basically
unchanged. Although the H,,,, signals are also reported in Ref. [28], it is
not reported in Ref. [59]. Since H,,, is independent of 6, we consider it
as an impurity signal here. It also maybe caused by a disorder owing to an
accidental AB stacking [62]. Here we define the phase between H.; and H.
as a intermediate phase.

Figure 5.16 shows the magnetization process and dM /dH curve at 2 K,
under an eternal field perpendicular to the ab plane, i.e., # = 90°. The gray
open dot is the raw dM /dH data. Because the single-turn coil is employed,
the dM /dH data below 60 T are very noisy. The black curve is the smoothed
dM /dH curve. The magnetization process is obtained by integrating dM /dH
data, which is the same as the process of Sec. 4.2. Because the raw dM /dH
data is too noisy, we only analyze the smoothed dM /dH curves. At about
25 T and 35 T, the smoothed dM /dH curve shows two very weak peaks.
Although the possibility that the two peaks are from noise cannot be ruled
out, the hill-like hump of dM /dH curve from 20 T to 40 T hints these two
peaks are signals. At about 80 T, the dM /dH curve presents a broad peak,
indicating a magnetic phase transition into saturation.

68



Spin liquid state and a-RuCl; 69

| | | | |
O dm/db 1.0
= dm/db_smth
— =
~.
=
w2
0.5
—
5
S 0.0
o
=)
~.
=
=)
-0.5
| | -1.0

0 20 40 60 80 100
Magnetic Field (T)

Figure 5.16: M-H and dM/dH curves measured by single-trun coil.
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Figure 5.17: Comparison between the data of this work and previous report.
The dash line data are from Ref. [27, 28], and the ED calculation results are
from Ref. [63].

In Figure 5.17, we compare the results from Ref. [27, 28] with our mea-
surement results. The blue gray and the blue dash curve are the results
reported by Johnson and Kubota, respectively. The measured magnetiza-
tion process is similar to the results of Johnson et al. below 40 T, but show
difference above 40 T. On the other hand, Kubota’s results are totally dif-
ferent from our magnetization process. The reasons for the difference are
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still unclear. It may be from the deformation of samples under an ultrahigh
magnetic field. The ED calculation by Riedl et al. [63] is also shown in
Figure 5.16 by blue open circles. Although the ED results are not consistent
with our results exactly, it is interesting that they show good agreement if
multiplying by a factor of 1.05, which indicated that the parameters in Ref
[63] are close to the full-spin hamitonain of a-RuCls.

9 [} [0) (0] (o)
H () 0° | 60° | 70° | 90
H., 6.1 108 | 18.9 | 25
He 731132236 34
H, S - ~ |83

Table 5.2: Summary of numerical results for finite magnetic fields for various
sets of parameters

The two weak peaks in Figure 5.16 are defined as H.; and H., following
the definition in Figure 5.14, respectively. The critical field before saturation
(broad high peak) is defined as H,. Table 5.2 shows the values of all critical
magnetic fields at different angles. Meanwhile, the phase diagram of #-field is
given in Figure. 5.18. This result is consistent with previous reports by Ref
28, 57] for the case § = 0. H.; and H., measured at different angles form an
intermediate region. This intermediate may be related to the field-induced
spin liquid. A similar conclusion is also reported in Ref. [60]. As increasing
angle #, this intermediatete phase gradually moves towards the high-field
region, which is same with the tendency reported in Ref. [61], which is a the
thermal Hall effect measurement. It also implies that this intermediate phase
has correlation with the spin liquid phase. In Ref. [62], it is reported that
this multimagnetic phase transition may be caused by defects owing to an
accidental AB stacking. However, some of the calculated results in Ref [64]
(see in Fig. 5.12) support that the intermediate phase is an intrinsic result of
some full-spin hamitonians, although the ground states calculated by these
parameters are still not consistent with the current experimental results.

71



Spin liquid state and a-RuCl; 72

100 4

L B single—turn pulse field

: @ ’ non—destructive field

- o < thermal hall effect

i A resonant torsion magnetometry

[ — ED calculation A

Magnetic field (T)

6 (degree)

Figure 5.18: Phase diagram based the current data. Results of this work are
represent as big mark, open red triangle are from Ref. [62], open blue circle
are from Ref. [61], black curves are ED calculation results from Ref. [63]

In order to clearly compare our results with those of the previous reported
data, I make a rough phase diagram based on existing data as shown in figure
5.18. The experimental results obtained in this study are represented by solid
markers, and the critical fields obtained from smoothed data are represented
by the green solid marks. Other open markers represent the results of the
previous studies. The calculated results based on torque experiments are
shown by black curves in the figure. Interestingly the tendencies of the
phase boundary obtained by magnetic field angle dependence experiment
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are similar in different experimental results of studies. This also means that
there are possible spin liquid phase in the intermediate phase near the phase
boundary or above the phase boundary for the high 6 region, where the
neutron or ESR experiment are still limited because of a high magnetic field
requirement. The determination of this possibility is expected by measuring
a variety of order parameters at more angles 6.

5.3 Summary

In this study, we measured the magnetization process of a-RuClz under dif-
ferent magnetic field angles. A whole magnetization process under a field
perpendicular to ab plane (f = 90°) has been reported for the first time.
Based on the measured results, we find that there is a #-dependent interme-
diate phase. This intermediate phase is likely to be a spin liquid phase, or
strongly associated with a spin liquid phase. Our observations of the mag-
netization process contributes to the hunting of the full-spin Hamiltonian of
a-RuCls.
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Chapter 6

Magnetoresistance of YbB{y up
to 120 T

6.1 Physical property of YbB,

The Kondo insulator YbB;s was discovered by Kasaya et al in 1983. Figure
6.1 shows the crystal structure of YbBj, [65]. The structure is a NaCl face-
centered cubic lattice. Yb occupies the Na lattice and By, cluster occupies
the Cl lattice. The By, cluster is octahedron, and the valence electrons are
2s? and 2pl.

B,,-Cluster

Figure 6.1: Crystal structure of YbBs

Figure 6.2 shows the temperature dependence of resistance and Hall re-
sistance [66]. At high temperatures, the resistance is metal-like, while at
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low temperature it is semiconductor-like. Figure. 6.3 shows the temperature
dependence of magnetic susceptibility [66]. From a room temperature to
about 100 K, the magnetic susceptibility increases with decreasing tempera-
ture. But below 100 K, the susceptibility decreases dramatically. Magnetic
susceptibility increases near the lowest temperature. Based on a NMR mea-
surement it is found that the increase is due to the influence of impurities.
The ground state is paramagnetism at low temperatures. Thus, at high tem-
peratures it is a normal paramagnetic metal, and at low temperatures it is
an insulator (semiconductor) with charged and spin gap.

One interesting point of YbBi5 is the fluctuation of valence. Figure 6.4
shows the temperature dependence of the valence number [67]. The valence
number of Yb increases with temperature. However, even in 200 K, Yb ions
do not become Yb3*, which implies that strong fluctuation and hybridization
of valence electron are related to the formation of energy gap.

Figure 6.2: Temperature dependence of resistance and Hall resistance [66].
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Figure 6.4: Temperature dependence of the valence number [67].

In general, the magnetic moment saves energy when a magnetic field is

applied, and to a system tends to be integer valence state.

For Yb, it is

going toward the direction of Yb3" (J = 7/2). The valence is sensitive to
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the magnetic field when the hybridization is weak, and the phase transition
is easily observed in low magnetic fields. However, if the hybridization is
strong, a strong magnetic field is necessary.

Figure 6.5 shows the magnetic field dependence of X-ray absorption of
YbBiy [68]. The expected change in X-ray absorption should be measured
when the component of Yb?* is converted to Yb3* in the magnetic field. At
least until 50 T there’s no change or little change in valence.
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Figure 6.5: The magnetic field dependence of X-ray absorption [68].

The Kondo insulator YbB;s has a charge gap of 15 meV. According to
the determination of DOS by photo emission spectrum [69], as shown in
Figure 6.6, the spectrum shows a 15 mev peak structure at low temperature.
The peak intensity of 15 mev increases from about 110 K, while the Fermi
energy intensity decreases from that temperature. In addition, there are peak
signals at 15, 25, 30 and 45 meV as well. It is generally, 30 meV and 45 meV
peaks are considered to be related to crystal field and 4f electron (J =7/2),
respectively. Interestingly, the peak of 25 meV becomes stronger below 200
K, which is similar to the 240 K of kondo temperature of YbBi5. Therefore,
it is speculated that this is the energy gap caused by the Kondo effect, and
YbBi3 is thought to have two energy gaps in the zero magnetic field [69].
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Figure 6.6: DOS by photo emission spectrum [69].

Magnetic field induces YbB15 to undergo insulator-metal phase transition.
Figure 6.7 (a) and (b) show the results of magnetization measurement and
electric resistance measurement [70]. The major feature is the emergence
of magnetism and insulator metal transfer at around 50 T (Figure. 6.7 b).
In addition, when a magnetic field is applied in the direction of [001] [110]
[111], the critical magnetic field and the magnetization value at 68 T is also
different. The critical field for field parallel to b-plane is smaller than the
other directions, and the magnetization value at 68 T is also the smallest.
Until 68 T, no saturation of magnetization has been observed in any direction.
In addition, the resistance keeps a constants after YbBis becomes a metal.

78



Magnetoresistance of YbB1,

up to 120 T

79

B Ybg g5Lug 0581,

Resistivity (€2 cm)

(o)

0.8 -l
I [100] |
04 —
. (@ P
0 I ] | | L I
0 10 20 30 40 50 60 70
B(T)
(a)

Y

b, ,LuB,,

x = 0.01

(@)

x =0.05 \
1 | 1 |

[111]

30

40

50

60 70

Figure 6.7: (a) Single crystal of a-RuCls. (b) Magnetoresistance of YbBjs

up to 70 T. [70]

FIG. 6.8 shows temperature- and field- dependence of resistance!. The
phase transition can be clearly seen at low temperature, but the magnetic
field dependence is hardly seen at high temperature. In addition, the resis-
tance values after the phase transition are also different at different temper-

atures.

K. Takeda master thesis
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Figure 6.8: The temperature- and field- dependence of resistance?.

The simplest model to describe the insulator-metal phase transition in
Kondo insulators is the spin singlet state formed by the conduction-electron
and f-electron. The increasing temperature can break the spin singlet state,
which thus breaks the energy gap, leading to the insulator-metal phase tran-
sition. The magnetic field closes the energy gap in the same way. When the
magnetic field destroys the spin singlet state, the system becomes a metal.

In a previous study of ultra-high magnetic field, Terashima [71] measured
the magnetization process up to 120 T, as shown in figure 6.9. The results
of dM/dH show that there are two magnetic phase transitions at around
50 T and 100 T respectively, which means that there are two peaks in the
DOS, as shown in figure 6.10. The crossover of spin up and spin down
leads to the increase of magnetization. This means that a phase transition
at 100 T may give a lower resistance of YbBiy than at 50 T. A natural
question is whether this phase transition transforms YbBi, into a normal
metal. Considering that the saturation magnetization of YbB;s should be 4,
since the expected saturation magnetic moment of Yb3* is 4 uB, YbB;, may
have further phase transitions at higher magnetic fields. In order to check

this idea, it is necessary to measure the resistance of YbBi, at around 100
T.

2K. Takeda master thesis
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Figure 6.9: Magnetization process up to 120 T [71].
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Figure 6.10: dM/dB for magnetization process up to 120 T [71].

Previous work has shown that YbB;s becomes metal around 50 T. So
measuring the electric resistance of the bulk in a single-turn coil pulse mag-
netic field is not feasible because of the huge Joule heat problem. So far,
there have been no reports on measuring resistance at 100 T magnitude in
powder samples. In this study, we measured the resistance of YbB;s up to
120 T using the new method described in Chapter 3. The experiment was
performed at 4.2 K.

6.2 Magnetoresistance of YbB,

The method to measure the magnetoresistance of powder has been introduce
in Sec. 3.3. Here, I only introduce some details of the pickup coils. Two
types of coil are employed in this experiment. The schematic graph of two
types coils are shown in figure 6.11 (a) and (b), named as I- and Il-type coil.
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The difference of two types coils is the configuration of input coil and output
coil, where I-type is a covered relationship and II-type is string-like shape.
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Figure 6.11: Schematic graph of two type coils.
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Figure 6.12: Magnetoresistance measured up to 80 T; (a) time dependence
of the RF signal and magnetic field, (b) field dependence of amplitude signal
by lock-in process from (a).

By using I-type coil, the magnetoresistance are measured up to 80 T, as
shown in figure 6.12. The measurement are performed at 2 K. The time de-
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pendence of RF signal is shown as red curve in figure 6.12 (a). The amplitude
of RF signals was obtained from lock-in technique. The field dependence of
amplitude of RF signals are shown in 6.12 (b). The black solid curve are from
the measurement of sample YbB,. The black dash curves are from T1CuCls,
that the magnetoresistance is not expected. A clear kink is observed around
50 T in the results of YbBjs.

Similar experiments are performed three times totally. The second and
third experiment are performed up to 100 T and 120 T, respectively. In that
case, the size of I-type coil is too large to insert into the cryostat compatible
with single-coil for generating a magnetic field over 100 T. Therefore, II-type
coil is employed in the second and third measurement.
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Figure 6.13: Field dependence of amplitude signal up to 100 T.

Figure 6.13 shows the measured results up to 102 T. The experiment are
performed at 4.2 K. Because of the selected frequency is different with the
first time, the amplitude signal show increasing with magnetic field. A similar
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kink is observed at around 50 T, which is consistent with the measurement
up to 80 T. Here, I don’t discuss the results of first and second experiment
because of the magnetic field is not enough to observe the two-steps phase
transition, although the kinks observed around 50 T indicate that the first
phase transition is measured.

By employing the II-type coil, the magnetoresistance was measured up
to 122 T at 4.2 K. Figure 6.14 shows the time dependence of the radio fre-
quency (RF) signal at 430 MHz. Because the single-turn coil technique is
employed, the noise is very large for the process of field up-sweep, where the
RF observation signals are completely covered. Therefore, we only analyse
the data of field down-sweep. In this experiment, we used the powder sam-
ple to avoid the joule heat problem. The environment heat is expected to be
rapidly transmitted to the samples, so there can be only a small difference
between the data of up-sweep and down sweep. Focusing on the process of
down-sweep, continuous upward slope is clear. The blue curve is the ampli-
tude RF signal obtained by lock-in detection. Although the noise problem is
still very serious, the two kinks marked by arrows are clearly observed.

Figure 6.15 shows the magnetic field dependence of amplitude signals.
Only amplitude signals of down-sweep field are shown here. The amplitude
signal significantly decreased continuously below 40 T. The amplitude signal
exhibits a hill-like shape from 20 T to 40 T, which is consistent with the
previous report by F. Iga et al., shown as red open circles. Around 40 T
to 100 T, the amplitude signal shows a plateau. It is also similar with F.
Iga et al.’s data which exhibited a 40 T-70 T plateau. The amplitude signal
decreased again at 100 T. We note that the decline has been very slight.

Since the resistance measurement results by F. Iga et al. [70] were sur-
prisingly consistent with our results, we use the conductivity scaling of F.
Iga et al. (left axis) here. The magnetoresistance decreased by about 0.05 (€2
cm) at Be. The absolute resistivity value is about 0.01 (€2 cm). Based on the
theoretical study by T. Ohashi et. al [37], there are two-step phase transition
from Kondo insulator to the paramagnetic metal, which is a KIS-KMS-NMS
transition introduced in Sec. 2.3. The previous Terashima’s magnetization
measurements have proved that there is a phase transition at 100 T, which
is consistent with our magnetoresistance measurement. Although the abso-
lute resistivity is still higher than the high temperature resistivity of YbBs,
which is about 107 (Q cm), the change of resistivity at this phase transition
is confirmed by this measurement. It indicate that YbBis has translated into
a paramagnetic metal state, if there are no further phase transition in higher
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6.3 summary

In summary, I have measured the electric resistance of powdered YbBi5 up
to 120 T for the first time. The results show that the resistivity at 120 T
is still on the order of 1072 (€ cm), which is higher than the resistivity of
10~* (2 cm) in the normal paramagnetic metal phase at high temperatures.
This experimental finding suggests that the c-f hybridization is still domi-
nant and the Kondo effect is significant at the second critical field around
100 T, even though a gradual breaking of the Kondo coupling begins. A
stronger magnetic field can diminish the Kondo coupling completely and the
corresponding magnetization as large as 4 up will be induced. Our observa-
tions provide a reference for explaining the mechanism of formation of the
Kondo insulator. Although the formation of the energy gap is a result of the
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strong electron correlation, the magnetic-field-induced closing of the energy
gap little affect the Kondo coupling. Further study with multi-megagauss
fields would reveal the entire process of the Kondo break down in YbBis.
From the technical point of view, our method of measuring electric resis-
tance of a powder sample can also be extended to other various intriguing
metal-insulator phase transition candidates.
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Chapter 7

Conclusion

In this study, I have studied three correlated spin systems (CSSs), namely
T1CuCl;3, a-RuCls and YbBi, that exhibit significant quantum phenomena.
Each of them has a strong correlation between spins and thus a strong mag-
netic field is necessary for unveiling the nature of its magnetic properties. In
the present study, I have used an ultrahigh magnetic field exceeding 100 T
(a megagauss magnetic field) that is produced by a destructive means, the
vertical-type single-turn coil in the Institute for Solid State Physics, the Uni-
versity of Tokyo.

The magnetization process (M-H curve) of TICuCly was measured and
the Bose-Einstein condensation (BEC) of magnons has been observed as the
continuous-increase region between the gapped zero magnetization and the
saturated magnetization phases. The second critical magnetic field (H.2) has
been firstly determined to be 86.1 T. A strong contrast of the lower H.y = 6 T
and the higher H. = 86.1 T critical fields indicates the strong inter-dimer
interaction. A striking feature found in the M-H curve is an asymmetry with
respect to the middle point of the critical fields, (Hq + He)/2. At the begin-
ning of the BEC, the particle density increases rather slowly with increasing
magnetic field from H.;, while at near the saturation, the hole density in-
creases more rapidly with decreasing field from H.,. Detailed analysis with
Monte-Carlo calculations leads me to conclude that the asymmetric M-H
curve is due to a particle-hole symmetry breaking in the magnon condensa-
tion. The hybirdization between the singlet and triplet states of a dimer in
a magnetic field prevent the hard-core boson model being applicable, which
results in breaking of the particle-hole symmetry.

In a-RuCls, the Kitaev spin liquid state is expected to appear when the
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non-Kitaev type antiferromagnetic interaction is suppressed. Applying mag-
netic fields is one of the most intriguing experiments and many of studies
on properties in magnetic fields have been extensively conducted. Interest-
ingly, the magnetization process has strong anisotropy and the character-
istic magnetic-field-angle dependence of phase boundaries between different
phases potentially including the spin-liquid phase has been theoretically pro-
posed. In this study, the field-angle (6) dependence of the magnetization
process has been measured in high magnetic fields at 4.2 K. In addition to
an observation of the significant field angle dependence of the magnetization,
the saturation of magnetization for a-RuCl; is first observed for field per-
pendicular to the ab-plane (0 = 90°). Also, I found three critical magnetic
fields corresponding to the phase boundaries of the intermediate phases. The
0—field (H) phase diagram is constructed based on the § dependence of the
critical magnetic fields. The field-induced intermediate phases probably be
related to the spin liquid state. The obtained # — H phase diagram can help
to determine the full-spin Hamiltonian of a-RuCls.

I have studied the Kondo insulator YbB, with the motivation that it is
important to uncover the electronic state in a strong magnetic fields where
the Kondo effect is suppressed. Although the successive two magnetic field-
induced phase transitions in YbB;5 were reported at 50 and 100 T with the
magnetization process, the nature of the higher field phase has been unknown.
Considering that the first 50 T-transition is due to the change from the
Kondo insulator to the Kondo metal, the higher transition is potentially the
transition from the Kondo metal to the normal metal with break down of the
Kondo effect. The magnetoresistance measurement has been conduced using
a developed contactless- high-frequency-modulation resistivity-measurement
technique in a high magnetic field of up to 120 T. A small decrease of the
electric resistivity has been observed at 100 T where the second transition
takes place. The small change indicates the beginning of break down of the
Kondo effect. The considerable weight of the density of the states (DOS),
however, can be still away from the Fermi level, i.e., a higher magnetic field
is required to completely suppress the Kondo effect and full DOS of the
conduction electrons restore at the Fermi level. The detailed magnetic field
dependence of the resistivity is expected to unveil the way of the Kondo
breakdown and will be studied in near future with ultrahigh fields exceeding
300 T by the electromagnetic flux compression field generator.

The significant magnetic-field-induced phenomena in the three different
CSSs have been investigated and it has been proved that a very strong mag-
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netic field of 100 T class is essentially important to observe the phenomena
because the magnetic field needs to compete the strong correlation. Since
the various kinds of quantum phenomena are expected to be observed in the
strong fields at a low temperature where the entropy is negligibly small, it
is believed that the ultrahigh magnetic field study of the condensed matter
physics will be further developed.
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