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Abstract

Abstract

In condensed matter physics, qguantum magnetism is an intriguing field focused on novel
phenomena, which could not be expected from classical formalisms but is driven by strong
guantum mechanical fluctuations. Especially, cuprate systems, which have the oxidization
of 2+, have been a promising playground to study quantum magnetism such as quantum
spin liquid, a uud phase transitions in triangular lattice antiferromagnets, and the
breakdown of electrons into spinons, holons, and orbitons because of strong quantum
fluctuations from the spin-S = 1/2 and the large coulomb interaction. In this thesis, |
succeeded to find novel phenomena relating to the interplay of the strong quantum
fluctuations and electron correlation by studying several new cuprate systems: CuAl,O,
and CuR:Ge;0s (R =Y, La).

The main question of my thesis is how to realize a spin-orbital entangled pseudo-spin state,
Jert = 1/2 with Cu?*. Although the spin-orbital entangled state been an intriguing topic in
condensed matter physics due to related emergent phenomenon such as Kitaev quantum
spin liquid, there have been less studies on 3d transition metal oxides because the spin-
orbital coupling constant of 3d ion is smaller than that of Ru (4d) or Ir (5d) ions. In this
work, | show that a cuprate system, CuAl,O4 hosts a Jerr = 1/2 state. Cubic symmetry of the
crystal structure verified by x-ray diffraction and Cu K-edge x-ray absorption supports the
Jefi = 1/2 of CuAl,O4. X-ray absorption on Cu L-edge also gives direct evidence for the

emergence of this state. Moreover, the site inversion of the system and the strong quantum
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fluctuations of the frustrated Je = 1/2 wavefunctions leads to the absence of a long-range
order with a possible glassy state from the spin-orbital entangled Jer = 1/2 state.
Following studies are focused on new two-dimensional (2D) quantum (S = 1/2)
antiferromagnetic systems: CuR.Ge;Os (R =Y and La). According to the analysis of high-
resolution x-ray and neutron diffraction experiments, the Cu network of CuR,Ge;Os (R =
Y and La) exhibits a 2D triangular lattice linked via weak bonds along the perpendicular b
axis. Bulk characterizations from 0.08 to 400 K show that they undergo long-range order
at 0.51(1) and 1.09(4) K for the Y and La systems, respectively. Interestingly, they also
exhibit unusual phase transitions induced by magnetic field. For theoretical understanding,
the density functional theory (DFT) band calculations were carried out to find that they are
typical charge-transfer-type insulators with a gap of E; = 2 eV. Taken together, these
observations make CuR.Ge,Og (R =Y and La) additional examples of two-dimensional

guantum spin triangular antiferromagnets with the low-temperature magnetic ordering.

Keywords: quantum magnetism, Mott insulator, spin-orbital coupling, frustration, cuprate,

spinel, triangular lattice, sample synthesis.

Student Number: 2013-20384
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Chapter 1

Chapter 1
Introduction

1.1 Quantum spin systems

1.1.1 Large quantum fluctuation

The fluctuations driven by thermal energy with large spins which are much larger than S =
1/2 are called classical fluctuations. Spins can reorient randomly with time and cycle
through different microstates. The classical fluctuation will perish and the spins will freeze
or order when the temperature becomes too low. However, for small spins which are close
to S = 1/2, a zero-point motion, which persists down to T = 0 K is produced by the
uncertainty principle in quantum mechanics [Ref.1.1]. To get intuition that the effects of
the quantum (spin) fluctuations are significant in a system with small spins, it is worthwhile
to consider the following example. The studies on Heisenberg antiferromagnets on a face-
centered cubic lattice with first- and second-nearest neighbor interactions J and Ji show
that the quantum fluctuations modify the low-energy spin waves and eventually destroy the
long-range order when Ji/J=2 [Ref.1.2]. The modified spin-waves due to quantum

fluctuations can be modeled by an effective biquadratic interactions of the form:
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Accordingly, in order to enlarge the effects from the quantum fluctuations, which is of order
(1/S) the value of spin angular momentum of a system should be small as S = 1/2 or 1.
Quantum spin systems, therefore, are usually regarded to have small spin moments,

inducing substantial effects due to quantum fluctuations.

1.1.2 Novel phenomena in quantum spin systems

The study of magnetic systems, where the effects of quantum spins play a dominant role
and need to be explained in detail, has evolved into a very active field of research for
decades [Ref.1.3]. First of all, P. W. Anderson suggested that on the S = 1/2 square lattice,
quantum fluctuations could melt the N®@el order in two dimensions [Ref.1.4,5]. For spin-
1/2 systems with the superexchange interaction of J, the energy to form a singlet bond is -
3J/8 and this energy is lower than that of a N@el bond -J/4. Each spin in the singlet bonds
is highly entangled with only one other in short range. Such a ground state is modeled as a
product of the singlet (or valence) bonds [Ref.1.1]. This is known as a valence-bond solid
(VBS) state (FIG.1.1 (a)). Anderson then speculated that the free energy could be further
lowered if these singlet bonds resonated from one link of the lattice to the next like
Paulingds model for resonating carbon double bonds in a benzene ring [Ref.1.4-6]. In this
picture, through the quantum fluctuations, the ground state wavefunction resonates among

the various kinds of VBS states and therefore it has macroscopic quantum entanglement.
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This type of the wavefuction is known as a valence-bond liquid or resonating valence-bond
(RVB) state (FIG.1.1 (b)) [Ref.1.6]. Moreover, when a valence-bond is formed even at a
long-range, the ground state is hamed a quantum spin liquid (QSL) state (FIG.1.1 (c)).
Despite consisting of localized spins, QSL has a non-magnetic ground state and doesnft
order even at T = 0 K since the spins continue to fluctuate [Ref.1.1,6]. Theoretically, QSLs
are expected to show novel phenomena such as inducing exotic excitations with fractional

guantum numbers, artificial gauge fields, and superconductivity [Ref.1.1,4,7,8].

/N7 \/ \
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L8/ NI NI NIN NS

AN /N
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FIG.1.1 Valence-bond states of frustrated antiferromagnets from [Ref.1.6]. (a) A valence

bond solid (VBC) state approximated by a product of the short-ranged valence bonds (inset).
(b) A resonating valence bond (RVB) state, formed by superposing various VBC states. (c)

A quantum spin liquid (QSL) state with long-ranged valence-bonds.
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To realize QSLs in real materials, basically, spin angular momentum should be S = 1/2 and
the Hubbard repulsion U should be large enough to make the spins localized. In addition,
the system ought to have geometrical frustration, which also enhances the effects of
guantum fluctuations and prevents the spins from forming a simple N@el type order. There
are only handful of systems reported so far to have QSL states: organic compounds o-
(BEDT-TTF)2Cu2(CN); and EtMesSb[Pd(dmit),],, which have two dimensional (2D)
triangular Heisenberg antiferromagnet (HAF) [Ref.1.9,10]; and herbertsmithite
ZnCus(OH)sCl2, having 2D kagome HAF [Ref.1.11]. Especially, in case of herbertsmithite,
the spin excitations at low temperature form a broad continuum instead of conventional
spin waves expected in ordered antiferromagnets [Ref.1.12]. Such a continuum is a
signature of fractional spin excitations, serving as a hallmark of the quantum spin liquid
state in herbertsmithite.

So far, the QSLs have been treated in the spin only systems and coupling between spin
and orbital degrees of freedom has been ignored [Ref.1.13]. Also, there was belief that spin
rotational symmetry is mandatory to make QSL states and, if not, the system tends to
approach an ordered state [Ref.1.13]. Kitaev, however, provided a counter example to this
belief by suggesting an novel and exactly solvable model in 2D with strong spin-orbital
coupling, which breaks the spin rotational symmetry, but producing deconfined spinons
existing on top of the QSL ground states [Ref.1.13,14]. This model is called the Kitaev
(honeycomb) model. Kitaev considered a spin-1/2 model on a honeycomb lattice with spin-
orbital coupling [Ref.1.13,14]. In the honeycomb lattice, all nearest neighbor bonds were

divided into three types: x links, y links, and z links as shown in FIG.1.3.
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(H,H,0)

FIG.1.2 (Left) Crystal structure of herbertsmithite looking down along the hexagonal c axis.

Copper atoms are blue, oxygen (small) red, and zinc atoms are gray. (Right) Inelastic

neutron scattering from the spin excitations, plotted in reciprocal space. [Ref.1.5,12]

The Hamiltonian is given as follows [Ref.1.13]:

where Kj is defined as
w e 0 BEOBE EO A G IETE
0 w o 0 BE E0OA @ IETE
oo B OBE B0 A G IEIE
Such Kitaev QSLs exhibit two types of fractionalized quasiparticle excitation: itinerant

Majorana fermions and Z, fluxes with a gap [Ref.1.15]. In zero field, the Majorana fermion
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has a massless (gapless) Dirac-type dispersion. A Majorana fermion system distinguished
by the bulk gap and gapless edge modes can be, in principle, realized under magnetic fields,
and the Z, flux obeys anionic statistics [Ref.1.14-16,]. As a candidate for Kitaev QSL, U-
RuCls has attracted recent interest in condensed matter physics. The U-RuCls has a crystal
structure of a 2D honeycomb lattice consisting of edge sharing RuOg octahedra, and the

Ru-O-Ru boding angle is close to 90 degrees [Ref.1.17].

(b) Majorana

fermion

Z2 flux

€ o
« 1.0¢ - 8
X 1/2 ﬁ
= 1 3
(vl) 0.5 r @
< =
X 0.0 0=
=~ =
>

%05 . . ‘

6.5 7.0 7.5 8.0
#OHJ_ (T)

FIG.1.3 (a) Kitaev honeycomb model. x, y, and z denote three types of links in the
honeycomb lattice [Ref.1.13]. (b) Schematic diagram for thermal Hall effect provoked by
Majorana edge current and (c) half-integer thermal Hall conductance measured in U-RuCls

[Ref.1.15].
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Since the Ru®* ion has a modest spin-orbital coupling (~0.1 eV) and Coulomb interaction
U ~ 1.5 eV, the ground state is a spin-orbital entangled pseudo spin-Jess = 1/2 Mott insulator
[Ref.1.18]. Therefore, U-RuCls meets criteria to be the Kitaev model: localized moment,
sizable spin-orbital coupling, and ferromagnetic superexchange interaction to the three
nearest neighbors. The thermal hall measurement is considered to be a direct tool to detect
the fractionalization of the quantum spins [Ref.1.15]. In the Kitaev QSL state, spins are
fractionalized into Majorana fermions and Z, fluxes, and the heat is carried by chiral edge
currents of charge-neutral Majorana fermions with half integer thermal Hall conductance
[Ref.1.15]. FIG.1.3 shows half-integer thermal Hall conductance measured in U-RuCls
[Ref.1.15].

Despite Andersonbs initial trial to find the ground state of 2D triangular HAF without a
long-range order, many experimental and theoretical works show that the ground state is
different from Andersonds expectations. According to many studies on 2D triangular HAF,
the ground state is ordered so that spins at the vertices of the triangle make 120 degrees to
each other, and the quantum fluctuation may not be strong enough to destroy the order
[Ref.1.19-22]. However, the quantum fluctuation plays a crucial role when external
magnetic field is applied. The energy of quantum fluctuations varies with the magnetic field
and it also depends on the spin structure. From these relations, there is a phase transition of
the spin structure as the field changes [Ref.1.22]. As the field increases, a plateau emerges
accompanying a phase transition from the 120A state to an up-up-down (uud) phase where
M = -Ms (Ms: the saturated magnetization) in the field dependent magnetization M(H)

curve [Ref.1.20,21]. This behavior can be obtained by using a S = 1/2 XXZ model
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Hamiltonian in ref.1.21:

where the Y, are spin-1/2 operators acting at @ and h is a dimensionless magnetic field.
The magnetization <M> is given by the expectation value of the operator O
¢fw B,YY, (Visthe total number of the sites on a lattice). The magnetization operator M
commutes with the Hamiltonian. Therefore, the energy eigenvalues should be quantized as
the eigenvalues of the Y, . According to further calculation via finite-system
diagonalizations [Ref.1.21], a 3 6 lattice makes the magnetic phase diagram which is
partitioned by thin curves. Since there are 18 spin-1/2 and the flipping of a single spin
changes <M> by 2/V, the phase diagram of <M> are quantized by 1/9 in FIG1.4. From the
phase diagram, the magnetization curve shows 1/3 plateau step-like features even in case
of the Heisenberg spin limit, where ¢ equals to one. To observe this effect, a quantum spin
S = 1/2 triangular lattice should be realized experimentally. In spite of the great interest on
the triangular HAF in theoretical papers [Ref.1.19-22], real compounds are insufficient to
be studied. Among a few examples, Cs,CuBr4 shows a 1/3 plateau at the low temperature
of —Tn = 0.4 K, which excludes the possible plateau behavior induced by thermal
fluctuations [Ref.1.22]. However, due to structural distortions, other interactions such as
the Dzyaloshinsky-Moriya interaction also plays a significant role [Ref.1.23]. BasCoSh,Oq
is another candidate for the triangular HAF because the ground state of the Co?* ions, which
have S = 3/2, becomes a Kramers doublet, which can be described by the pseudospin-1/2

at low temperatures well below 250 K [Ref.1.23,24]. This system shows a new abnormal
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feature where M = -Ms as well as the
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FIG.1.4 (Upper) The magnetic phase diagram of a triangular XXZ antiferromagnet on a

3 6 lattice in [Ref.1.21]. The thin solid phase boundaries are calculated through finite-

system diagonalizations and the solid ones are done via expansions around the Ising limit.
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(Lower) Magnetization curves of the S = 1/2 triangular lattice HAF with@=10on 3 6 (short

dashes) in [Ref.1.21].

2.5 T
Ba,CoSb,0, 1
r=13K H|| ab m
2.0 :
15 12.0
—
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=
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0.0 ® Experiment -9
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| 1 0.0

0 10 20 30 40
Magnetic field [T]

FIG.1.5 The magnetization data for BasCoSb,0y, which shows magnetic plateau where M

= -Ms [Ref.1.23]. The spin structure is depicted depending on the magnetic field.

1.2 Outline of thesis

As the examples overviewed in the previous sections, the quantum spin systems are
interesting playgrounds to study novel phenomena driven by strong quantum spin
fluctuations. Following this concept, | studied quantum spin systems based on cuprate
systems. Cuprate systems, especially when the copper ion has oxidation of 2+, have

quantum spin-S = 1/2 because in many real lattices, the orbital angular momentum is

10
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usually quenched due to the strong Jahn-Teller distortion. With the strong fluctuations from
the quantum spin, however cuprate systems can show exotic behavior due to the large
electron correlation U leading a Mott insulator [Ref.1.25]. For example, high-Tc
superconductivity emerges by doping a charge-transfer insulator such as a 2D square
antiferromagnetic lattices La,CuO. [Ref.1.25,26]; the quantum spin liquid states are
observed in 2D triangular HAFs a-(BEDT-TTF),Cu2(CN)s and EtMes;Sb[Pd(dmit)]., and
a 2D kagome HAF herbertsmithite [Ref.1.9-11]; and the observation of the separation of
the electron into independent quasiparticles that carry spin (spions), charge (holons), and
orbital degree of freedom (orbitons) was reported in Mott insulator SrCuO, and Sr,CuOs
[Ref.1.27,28]. To find intriguing phenomena emerging from strong quantum fluctuations,
I studied two novel cuprate systems CuAl.O, and CuR.Ge20s (R =Y, La).

%

A
a b %,

Y % X % % A
* % % O x oy Yoy %
Y Y %% O Y % %ok

» e“

B T T T - A W N
Spin-orbital separation Spin—charge separation

FIG.1.6 The process of spin-orbital separation in a spin chain Sr,CuQ; [Ref.1.28]. (a)

Sketches of spin-orbital separation and (b) spin-charge separation generated in processes

of resonant inelastic x-ray scattering (R1XS).
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Chapter 1

In the next chapter, the experimental techniques for studying CuAl,O4 and CuR,Ge,Og are
introduced. The detailed methods to grow single- and polycrystalline samples are explained
in Chapter 2. The structural information for the samples is also provided by identifying the
crystal structures though x-ray diffraction techniques and Rietveld refinement. In Chapter
3, I study the emergence of a spin-orbital entangled pseudo spin state Jett = 1/2 in CuAl;Oa.
This system has the exotic ground state which is different from spin-S = 1/2 of conventional
cuprates but has nonzero effective orbital angular momentum. The advent of the unusual
ground state is directly proven by x-ray absorption spectroscopy techniques. With the
strong quantum fluctuation of the Jer = 1/2, this Mott insulator doesndt show any clue of
long-range order but indicates characteristics of an extraordinary disordered state. | study
a novel quasi 2D triangular HAF CuR,GezOs (R =Y, La) in the following Chapter 4. By
the extensive studies on the lattice structure of CuR,Ge;QOs, | verified that the magnetic
lattice of the system is more close to a 2D triangular HAF rather than the one-dimensional
chain expected in the previous research. The magnetic and thermodynamic measurements
and the density functional theory (DFT) calculation of the system also support the nature
of a charge-transfer 2D triangular HAF. This system also shows an exotic magnetic phase
transition in M(H) which may related to the interlay of the strong quantum fluctuations and

the interlayer couplings induced by its buckled layer.
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Chapter 2
Experimental Techniques

2.1 Sample synthesis

2.1.1 Flux method

To grow high quality cuprate single-crystals, a flux method was used. In this method, the
ingredient raw materials are put into a crucible with low reactivity, such as a platinum
crucible, together with a flux compound acting as a solvent. The mixture (the raw materials
and the flux) is dissolved by heating and then cooled slowly to form a single-crystal. In this
case, the raw material contains elements that form a single-crystal, and is a chemical
compound that directly participates in the chemical reaction. The flux, however, does not
participate in the chemical reaction but serves to lower the melting point of the mixture.
The raw materials melted in the flux forms a liquid phase of a target compound through a
chemical reaction. As the temperature is lowered, the target material becomes solid. At this
time, a seed of the target material is formed; the seed gradually grows; and it becomes a
crystal. In a crystal, it needs energy to stabilize domain walls. To release the energy, as a

crystal grows, the domains merge into a large single-domain reducing the number of
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domain walls. Eventually the crystal becomes a single-crystal.

Melting &
Slow cooling
Flux
: CuO, La,0; & GeO, : CuO & CuGeO;,

(Self flux)

FIG.2.1 CuLa,Ge,0s single-crystal growth using flux method.

CulLa;Ge;0s single-crystal growth

A target compound of CuLa,Ge,Os was synthesized in single-crystal form via a flux
method. To synthesize the single-crystal, CuO and GeO, powder were used as self-flux so
that the ratio of the initial materials was CuO : La;O3 : GeO,=8:1:6 [Ref.2.1]. The mixture
was annealed for 30 minutes at 1260  in a platinum crucible and then slowly cooled down
to 1000 atarate of 2 /hour. Diluted HCI (~17 %) solution was used to remove any
residual flux and byproducts like CuO and CuGeOs from the grown crystals. The typical
size of a CuLa,Ge,Os single-crystals is about 0.001 mm? and a photo of one of the biggest

crystals is shown in the FIG.2.1. The color of the crystals is transparent blue and they have
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an albite shape. A passing note, despite several attempts with the same flux method it was
failed to grow single crystals of CuY.Ge,Os, which may well be due to the difference in

the ionic size between Y and La.

CuAl;Oq4 single-crystal growth

According to the phase diagram of CuO-Al;O; [Ref.2.2], after CuO and Al.O; are mixed
at a ratio of 1:1 and then melted at a high temperature under ambient atmosphere (the
oxygen partial pressure po; = 0.2 atm) they are first cooled to an solid Al,O; + CuAlO,
phase at about 1260 . It subsequently changes to CuAl,O4 + CuAlO, phase at about
1170 . In this case, it is difficult to obtain large CuAl,O4 crystals because the raw
materials react to CUAIO: firstly at 1260 . However, when the oxygen partial pressure is
increased to po2 = 0.4 atm, the area of the Al,Os + CuAIO; phase decreases. This seems to
be related to stabilizing Cu?* in CuAl,Q4 by further oxidizing Cu* in CuAIO.. Therefore, it
was thought that to reduce the amount of CuAlO, and increase the amount of CuAl,O,
phase, the oxygen partial pressure would be increased to 1 by flowing oxygen gas in a
closed tube furnace. Initial raw materials of polycrystalline CuO and Al,O3; were mixed in
1:1 molar ratio with sufficient amount of a flux, anhydrous sodium tetraborate [Ref.2.3].
The mixture in a platinum crucible was annealed using a ceramic tube furnace flowing O
gas. After heated up to 1350 , it dwelled at 1350  for 24 hours and then slowly cooled
downto 750 . After removing the flux by applying diluted HCI (~17 %), | got dark brown
single-crystals of CuAl,Oq (inset in FIG.2.5). The crystal size is up to 1 mm? with typical

octahedral shape of spinel type crystals.
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FIG.2.2 Phase diagram of CuO-Al,Os with different oxygen partial pressures: (left) poz =

0.21 and (right) pe2 = 0.4 atm [Ref.2.2].

2.1.2 Solid state reaction method

The solid state reaction method is the most common method to grow polycrystalline

samples with crystal size of 1~10 em. First, the ingredient materials are ground and mixed

in a mortar in the stoichiometric ratio of the target compound. The ratio can be changed

more or less in case that the raw materials are volatile. The mixture should be pelletized

using a pressure die and pressurizing system. The pelletizing process will reduce the
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Chapter 2

distance between the raw materials, which enhances the reactivity and reduces evaporation
of the raw materials. The pellet should be contained in unreactive crucibles such as alumina
or platinum crucibles. The type of the crucibles has to be selected by checking the reactivity
with the raw materials. Finally, the pellet is heated for a few days at the temperature where
the phase of the target material forms. After cooling, the pellet is ground in powder or
cracked in small pieces to check the phase of the sample via characterizing technigues such
as powder x-ray diffraction (XRD) or energy-dispersive x-ray spectroscopy (EDS or EDX).

Until the sample has pure mono-phase of the target material, one should repeat the

sequences.
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FI1G.2.3 Schematic diagram for solid state reaction method and the phase diagram of CuO-

Y,03-GeO, [R6f24]
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I prepared high-quality polycrystalline samples of CuY,Ge;Os and CulLa,Ge;Og by
sintering the mixture of CuO, R0z (R=Y and La), and GeO; in a stoichiometric ratio, 1:1:2
at 850  for 12 hours [Ref.2.4]. The mixture was ground before a final sintering under the
same conditions. The finally sintered powder of CuY,Ge;Os (CuLa,Ge;Os) was then
pelletized and annealed by increasing temperature from 950  to 1100 (1050 ) at
50 steps with a duration of 24 hours at each step: | optimized the final sintering

temperature to produce highest-quality samples based on our x-ray diffraction (XRD) data.

2.2 Crystal structure analysis

2.2.1 X-ray diffraction

Single-crystal XRD

This technique is a powerful method to identify the crystal structure of a small single-
crystal. After the crystal is mounted on the sample stage, it is exposed to x-ray beam emitted
from the collimator. The scattered x-ray from atoms interferes with each other following
the Braggbs law and it makes strong signals on the detector. By analyzing the positions and
intensities of the peaks, the crystal structure of the sample can be verified. There are strong
points in this technique comparing with powder diffraction technique. First, the number of
Bragg peaks obtained via single-crystal XRD is much larger than that of powder diffraction.
It is possible to collect a few thousands of Bragg peaks by single-crystal XRD but for

powder diffraction, random orientation of polycrystalline sample makes a number of
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concentric circle signals (usually less than a hundred) on the detector and weak reflection
is buried in a background. Therefore, the amount of information is much abundant in the
case of single-crystal XRD, which can be used to distinguish small difference among
similar crystal structures. To reduce x-ray absorption by the sample, the size of the crystal

is standardized to be 100-500 em.

sta

Detector

-~

FIG.2.4 Picture of a high resolution single-crystal X-ray diffractometer (XtaLAB P200,

Rigaku) used to verify single-crystal samples.

In order to identify the crystal structure of single-crystals, the crystals were measured using
a high resolution single-crystal X-ray diffractometer (XtaLAB P200, Rigaku) with Mo
source (axp=0.710747 j) at room temperature. For the full structural refinement of
CulLa,Ge;0s, a small and high-quality single crystal with dimensions of 95170150 em?
was used to minimize x-ray absorption effects. Using the high-resolution single-crystal x-

ray diffractometer, 3383 Bragg peaks (2369 independent Bragg peaks) were collected. In
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the case of identifying the crystal structure of CuAl,O, single-crystal, a small crystal with

volume of ~0.03 mm? was measured. The number of total independent Bragg peaks was 148.
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FIG.2.5 The refinement results of the single-crystal XRD data of (left) CuLa.Ge;Og and a
picture of single-crystal sample taken using an optical microscope (inset), and (right)

CuAl;O4 and a picture of a CuAl,O4single-crystal (inset).

Powder diffraction techniques

Powder diffraction technique is a more convenient method as compared with singe-crystal
XRD. Usually, it is harder to grow a single-crystal than a polycrystalline sample. Thus it is
easier to mount the polycrystalline sample on a sample holder because it is not necessary
to check the orientation of the sample. I used two different powder diffraction techniques
depending on the source of the beam: x-ray and neutron. X-ray source is easier to be
accessed in an university laboratory but to acquire neutron source, a neutron beamline

facility is required. Despite of the low accessibility, neutron beam is highly demanded to
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identify the position of light elements such as oxygen. To check the quality of the
polycrystalline samples, two different powder diffraction instruments were used: Miniflex
Il, Rigaku powder XRD with a wavelength of 1.540590 and 1.544310 j (Ku and Ky,
respectively) and a high-resolution neutron diffractometer in beamline Echidna, ANSTO
with a wavelength of 2.4378 j.

4000 Cul:aZG:EZOBI_XR-D . ' ) ' ) ' ) ' ) ' ) '

 + | _obs
I_calc

2000 | Bragg posit.

| — |_obs-calc

|-~
10000 ——+—+— —t—t
CUY2G9208_XRD
'+ |_obs
|_calc

" | Bragg posit.
| — |_obs-calc

-

Intensity (counts)
3
3

0 LORR U U T T ORI T p e T L
— i —— A Eictr il RS i ST S WM wat— i |
10 20 30 40 50 60 70 80
15000 —/——m@M@™————————7——1—
L CuY2Ge208_Ech|dna, ANSTO

10000 | - Ilobs y
| |_calc _
5000 | PELac y

ISRV IRNIE RO IO T ko =

20 40 60 80 100 120 140 160
20 (degree)

FI1G.2.6 The refinement results of the x-ray powder diffraction of CuR,Ge;Os (R=Y and La)
and neutron powder diffraction data of CuY.Ge,Os measured on the Echidna beamline,

ANSTO.
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2.2.2 Rietveld refinement

CuR,Ge;0s (R=Y and La)

For the analysis of the measured diffraction patterns, the 6FullProft software suite was used
[Ref.2.5]. The crystal structure of CulLa,Ge,Og was refined using both the powder XRD
and the single-crystal XRD. Usually, lab XRD is known to be an insufficient tool for
identifying the oxygen positions. However, with the aid of a number of Bragg peaks from
the single-crystal diffractometer, it was possible to verify the crystal structure including the
oxygen positions of the system. In case of the single-crystal XRD, the observed intensity,
F2sbs and the calculated intensity, or square of structural factor, F%..c of each Bragg peaks
are well matched with each other (FIG.2.5), which is also supported by the small agreement
factors: Rez, Rwr2, and Re in TABLE 2.1. In case of the powder XRD, the simulated profiles
of the refined structure have good correspondence with the observed patterns (FIG.2.6).
Other structural information obtained by Rietveld refinement such as the fractional atomic
positions, thermal parameters, and occupancies are summarized in TABLE 2.1.

To refine the crystal structure of CuY,Ge,Os, powder XRD and neutron powder
diffraction (NPD) patterns were used. NPD patterns especially provide the information of
the oxygen positions, which is hard to estimate from the powder XRD patterns. The
simulated profiles of the refined structure also have good correspondence with the observed
patterns. From the structural refinement, it turned out that CuLa,Ge20s and CuY.Ge,Os are

isostructural.
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TABLE 2.1 The summary of the crystal structure of CuLa,Ge;Os as obtained from the

single-crystal XRD refinement data shown in FIG.2.5.

Space group: 1 1 m 1 (No. 8)
Cell dimensions: a (jj) = 8.587(2), b (i) = 15.565(6), ¢ (i) = 5.199(1), b (U) = 89.30(1),
V (i %) =694.9(3), Sample size (em®): 95170150

Atom Wﬁ;%t?ﬁ syn?riritry x/a y/b zlc Uiso (i2)
Lal b 1 0.752(1) 0.12117(2) 0.526(2)  0.0094(L)
La2 b 1 0.251(1) 0.12038(2) 0.526(2)  0.0087(1)
Gel a m 0.003(1) 05000  0573(2)  0.0056(9)
Ge2 a m 0.498(1) 05000  0.479(2)  0.006(1)
Ge3 b 1 0.023(1) 0.29161(7) 0.525(2)  0.0163(7)
Cu b 1 0478(1) 0.29192(7) 0.527(2)  0.0051(7)
o1 a m 0.8401(6) 05000  0.778(1)  0.0104(2)
02 a m 0.1685(6)  0.0000  0.783(1)  0.0104(2)
03 a m 0.841(2)  0.0000  0.774(3)  0.0104(2)
04 a m 0.165(2) 05000  0.781(3)  0.0104(2)
05 b 1 0.508(1) 00927(5) 0.873(2)  0.0104(2)
06 b 1 0.992(1)  0.3245(4) 0.875(2)  0.0104(2)
o7 b 1 0.499(1)  0.4069(5) 0.680(2)  0.0104(2)
08 b 1 0.999(1) 0.1745(4) 0.705(2)  0.0104(2)
09 b 1 0.360(1)  0.2409(3) 0.809(2)  0.0104(2)
010 b 1 0.695(1) 02296(3) 0.851(2)  0.0104(2)

Atom  Uu (id Uz (i) Uss (i) U (i) Uiz (i) Uxs (i)
Lal 00141(1) 00049(1) 0.0092(1) 0.0031(4) -0.00463(9) 0.0013(4)
La2  00102(1) 0.0049(1) 0.0110(1) 0.0012(4) 0.00561(9) -0.0000(4)
Gel 00078(9) 0.0059(7)  0.003(1) 0 0.0005(9) 0
Ge2  0.0062(9) 0.0052(7)  0.007(1) 0 0.0010(9) 0
Ge3 0.0211(9) 00130(6) 0.0147(7) 0.0029(7) 0.0041(7) -0.0011(7)
Cu  00070(8) 0.0015(5) 0.0068(7) 0.0010(6) 0.0071(6) -0.0011(6)

Agreement factors: 6% = 3.26, Rr2 (%) = 3.81, Rurz (%) = 5.91, Rr (%) = 2.60
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CuAl;,04

The observed intensity, F%ops and the calculated intensity, or square of structural factor, Fcaic
of each Bragg peaks also show good agreement with each other (FIG.2.5). This leads to
sufficiently small (smaller than 10) agreement factors: Rr2, Rwr2, and Rr. The identified
space group is F d -3 m (No. 227) and the lattice parameter is a = 8.083 j. Other structural
information obtained by Rietveld refinement such as the fractional atomic positions,
thermal parameters, and occupancies are summarized in TABLE 2.2. From the refinement,
I could not observe any clue for tetragonal distortion in the unit cell, which means there is

no Jahn-Teller distortion even though Cu?* is Jahn-Teller active.

TABLE 2.2 The crystal structure of CuAl,O4 as obtained from the Rietveld refinement data

shown in FIG.2.5.

Space group: F d -3 m (No. 227)
Cell dimensions: a(j) = 8.083(5), V(ij® =528.1(5)

Wychoff Site

Atom letter symmetry xla y/b zlc Ui (2  Occupancy
Cul a -43m 0 0 0 0.613(52) 0.029
All a -43m 0 0 0 0.613(52) 0.012
Al2 d -3m 0.625 0.625 0.625 0.267(54) 0.071
Cu2 d -3m 0.625 0.625 0.625 0.267(54) 0.012

o) e 3m 0.3860(2) 0.3860(2) 0.3860(2) 0.913(64) 0.167

Agreement factors: Rr2(%) = 3.99, Rur2(%) = 8.32, Re(%) = 3.54

27



Chapter 2

References

[Ref.2.1] J. Campd, E. Gutiérrez-Puebla, M. Monge, C. Valero, J. Mira, J. Rivas, C.
Cascales, and I. Rasines, J. Solid State Chem. 120, 254 (1995).

[Ref.2.2] K. T. JACOB and C. B. ALCOCK, J. Am. Ceram. Soc. 58, 192 (1975).
[Ref.2.3] Rosa Anna Fregola, Ferdinando Bosi, Henrik Skogby, UIf H-lenius, Am. Mineral.
97, 1821 (2012).

[Ref.2.4] U. Lambert and W. Eysel, Powder Diffraction 1, 45 (1986).

[Ref.2.5] J. Rodriguez-Carvajal, Physica B 192, 55 (1993).

28



Chapter 3

Chapter 3
Emergence of Spin-Orbital Entangled Jert = 1/2 State in
CuAl204

3.1 Spin-orbital entangled Kramers doublet Jess = 1/2

3.1.1 Nature of Jess = 1/2

A Jers = 1/2 state was found by B. J. Kim in 2008 while studying the origin of insulating
properties of Sr.lrO, [Ref.3.1]. In this system, the Ir** ion (5d°) is on the site where six
neighboring oxygen atoms form an octahedral crystal electric field (CEF), which induces
five electrons (or one hole) in the toy level. Since the Fermi level is on the wide t,4 band,
this system should be the band-metal but its actual electronic transport properties are
insulating. This phenomenon originates from an interplay of spin-orbital coupling (SOC)
and correlation between electrons. For the five electrons in the tyg level, it has total spin (S)
of 1/2 and total effective angular momentum (Lesr) of 1. Strong SOC splits the tyq State to
jett = S + lesr States (from now on, the capital letter means total angular momentum of
electrons 0 B2  and the small letter means angular momentum of one electron or

hole). Kramers doublet jer = 1/2 state, having higher energy, is occupied by one electron
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while a quadruple jer = 3/2 state with lower energy is fully occupied. This is a reversed
situation comparing with splitting of atomic level with s = 1/2 and | = 1, which has higher
j = 3/2 and lower j = 1/2 state. Therefore, there is a relation of le+ = -1. Due to the splitting
of the tyg state by SOC, T4 band splits to Jer = 1/2 band and Jess = 3/2 band. Finally, due to
the electronic correlation, the Jetr = 1/2 state is separated to upper Hubbard band and lower
Hubbard band and the ground state becomes a Mott insulator. The explicit form of the spin-
orbital entangled Kramers doublet jess = 1/2 is following:
liets = 1/2, mjue = N2/20 = =y, a0 lyz, NGO + ijzx, Nao),

where xy, yz, zx are the orbital wave functions and N{ is the spinor. This ground state
consists of the equal amount of Xy, yz, zx orbitals and it is not possible to separate the spin
part from the orbital part. This spin-orbital entangled ground state, therefore, does not have

orbital order and static Jahn-Teller (J-T) distortion.

= 1/2 UHB

FI1G.3.1 Formation of Jet = 1/2 state in Sr2lrO, from [Ref.3.1].

3.1.2 Noble phenomena in Jett = 1/2 compounds

Plenty of intriguing emergent phenomena have been predicted or reported from the
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angular moment is usually quenched (L e 0) and it is difficult to observe the role of SOC.

However, we expect Jess = 1/2 state to be created in 3d if the following condition is satisfied.
First, there should be five electrons (or one hole) in tyg State. To make the t,g occupied with
five electrons, there are two possibilities: 3d® in octahedral CEF and 3d° in tetrahedral CEF.
For 3d compounds, the electrons prefer a high spin configuration, and therefore, 3d® Cu?*
ion in tetrahedral CEF is more probable to induce jer = 1/2. The second condition is that
the t, state (since tetrahedral CEF does not have an inversion center, from now on, the t;
state will be used instead of the tyg) should be degenerate. There should be no structural
distortion, which breaks the local symmetry of the cubic tetrahedral CEF (Tg) such as J-T
distortion. Or, the effective angular momentum will be quenched. Finally, the electronic

transport properties show insulating behavior due to the role of electronic correlation.

- Cu?* in Tetrahedral CEF UHB
. U . —
]eff_1/2
t, SOC -0 —
o - -
3P T, | Jei=3/2 LHB
CEF > 10> I-1> O O 0= O
\nti-%% 0> \:-Ti \;2> e
o o
S=1/2, Ls=1 Jq=1/2
Metallic Insulating

FIG.3.3 Cu? ion in tetrahedral CEF induces Mott insulating Jett = 1/2 ground state.
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3.2.2 Candidate material: CuAl,O4

Using single-crystal XRD, the crystal structure of CuAl,O4 was verified. The identified
space group is F d -3 m (No. 227) and the lattice parameter is a = 8.083 j [Ref.3.11]. This
structure forms a cubic spinel-type structure AB,Os. The Cu?* ion on the A-site makes a
tetrahedron with four neighboring oxygen ions and the AI** ion on the B-site. The CuO4
tetrahedral units form a diamond structure and these units are well separated from each

other.

FI1G.3.4 Crystal structure of CuAl,O4. The blue, grey, and red spheres represent Cu, Al, and

O atoms, respectively. The CuO, tetrahedra form a diamond lattice.
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This localized structure of tetrahedral units is expected to induce a narrow band width of
the Cu?* t; band. From the Rietveld refinement result, we could not observe any clue for
tetragonal distortion in the unit cell, which means there is no J-T distortion even though
Cu?"is an J-T active ion. This cubic structure coincides with the previous report on neutron
powder diffraction down to 0.4 K, which shows no J-T distortion and no magnetic long-
range ordering [Ref.3.11].

To identify the local environment of Cu?*, in addition, Cu K-edge x-ray absorption near
edge structure (XANES) analysis was done by utilizing a synchrotron beamline (3A) in the
Pohang Accelerator Laboratory in Korea [Ref.3.12]. The spectrum was obtained via

fluorescence yield mode.
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FIG.3.5 (a) Copper K-edge and a simulation using FEFF8 software. (b) Comparison of

spectra for two different polarizations.
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The experimental spectrum (the diamond symbol in FIG.3.5 (a)) has 10 peaks and we
assign each peak as A-J. This spectrum can be reproduced by a simulation using FEFF8
software [Ref.3.13] with the crystal structure obtained from the Rietveld refinement result
of the single crystal XRD measurement. The red line shows the spectrum from the
tetrahedral contribution and the blue one shows that from the octahedral contribution, and
the total spectrum (black line) is obtained by superposing the tetrahedral and octahedral
contributions in 64:36 ratio following the site-inversion parameter of the CuAl,O4 system.
The overall spectrum shape of the simulation consisting of 10 peaks is similar to the
experimental one, which indicates the system has the cubic lattice of the refined structure.
The pre-edge peak A in Cu K-edge absorption spectroscopy originates from copper 3d-4p
hybridization of the tetrahedral site without centrosymmetry. Although the unit cell is cubic,
to confirm the polarization dependency of the spectrum, we assigned one crystallographic
axis as the a-axis and another perpendicular direction as the b-axis. FIG.3.5 (b) shows the
spectra of two different polarizations, which are almost the same with each other. This
isotropic polarization dependency of the spectrum also coincides with the cubic symmetry
of the system.

The experimental peaks look suppressed as compared with those of the simulation. This
is due to the over-absorption effect happening when a single crystal is measured in a
fluorescence yield mode. Moreover, since the simulation is based on the Hartree-Fock
calculation with the muffin-tin potential, electron correlation is hard to estimate exactly.
Due to this limitation, there is a difference in the position of d-band.

The electronic transport properties were identified using our home-built transport system
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(Keithley, Lake Shore, etc.), flowing the current along the (001) direction of the single-
crystal with an octahedral shape. From 225 to 385 K, the resistance of the sample keeps
decreasing exponentially. This property of CuAl,O, is the characteristic behavior of an

insulator with the activation energy of E. = 0.56(1) eV. A linear fit of the Arrhenius plot
was carried out as seen in FIG.3.6.

4x10°8 r :
8 21} o /11 (001)
° Linear fit
;0 -8
— [«]
S !
[0 o
(8]
§ 2x10° |- g
.% . .
@ 0.003 0.004
1x10° |- 11T (1/K)
O 1 1

200 250 300 350 400

Temperature (K)
FI1G.3.6 (Left) A photo of a CuAl,O, single crystal with two-wire contact. (Right) The

resistance measurement data and (inset) the Arrhenius plot and its linear fit to estimate the

activation energy.

CuAl,Oy is the system following the criteria to induce the Jett = 1/2: Cu?* ion in tetrahedral
CEF, no J-T distortion, and insulating. Moreover, many cuprate compounds are reported to

be Mott insulators having large electronic correlation U [Ref.3.10,14]. Therefore, CuAl,O4

is a good candidate to induce a Jerr = 1/2 state with strong correlation.
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3.3 XAS simulation for CuAl,O4

According to the electric dipolar selection rule, it can be determined the angular momentum
guantum number of the unoccupied state which the core electron in 2p state will excite to.
Since jess = 1/2 state is branched out from atomic j = 5/2, if the unoccupied state is jess = 1/2,
the Lo-edge transition (2p*2 to je = 1/2 transition) is forbidden but the Ls-edge transition
(2p%2 to jetr = 1/2 transition) is allowed [Ref.3.5,15,16 and see Appendix]. The electric
dipolar transition rate can be evaluated from the intensity of each transition peak in x-ray

absorption spectroscopy (XAS).

(a) (b) (©
_$1 —0 %
—e—— 12
h
—eogf—.3/2 L; edge
(Peak B)
e —gl
— )./
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L; edge |l L,){dge
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1 ]ﬁ%
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FI1G.3.7 XAS process of Cu? in (a) tetrahedral A-site with s = 1/2 state, (b) tetrahedral A-

site with jerr = 1/2 state, and (c) octahedral B-site with s = 1/2 state.
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For this reason the size of a branching ratio (BR), the intensity ratio between Ls-edge to L.-
edge, can be used to evaluate the emergence of Jes = 1/2: BR is close to 2 for conventional
d-orbital states with quenched orbital angular momentum but BR is much larger than 2 for
the Jerr = 1/2 state.

In case of the actual CuAl,O, single-crystal, ~35 % of site inversion is verified by single
crystal XRD. Most of the Cu?* ions occupy the tetrahedral A-site and ~35 % of Cu?* ions
sit on the octahedral B-site. If the ground state of the A-site ions is Jes = 1/2, there should
be only one peak in Ls-edge due to the selection rule and absence of transitions to fully
occupied e orbitals. The ground state of B-site ions, on the other hand, will be S = 1/2,
which induces one peak in both L,- and Ls-edge and BR should be close to 2. Therefore,
the total spectrum looks there are two peaks in the Ls-edge originating from both A- and
B-site ions and there is only one peak in L,Tedge from B-site ions.

The L-edge of XAS is simulated by the charge transfer multiplet (CTM) calculations using
the software 6CTM4XASH version 0.3 [Ref.3.17]. 10Dq of the octahedral site is 10Doct =
1.8 eV which is reasonable comparing with other cuprates [Ref.3.18] and that of tetrahedral
site is 10Dqet = —(10Dgoct) = 0.8 eV. The SOC constant of the copper 3d orbital is set to
51.2 meV following recent DFT calculations [Ref.3.12]. For simplicity of the simulation,
we set the FWHM of Lz and L, edges the same values. FIG.3.8 shows the result of the
simulation. As we expected from the dipole transition selection rule, there is one peak U at
Ls edge for the tetrahedral site copper ions (the red line in FIG.3.8), which supports the
emergence of the Jert = 1/2 state.

For the octahedral site (the blue dashed line in FIG. 3.8), there are two peaks, b and 2 at
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the Lz and L edge, respectively. Like conventional cuprate systems, having S = 1/2, the
spectral weights of L and L, should follow the branching ratio, Sg/S, of 2 and the position
difference is &, e 20 eV due to the SOC of the core 2p levels [Ref.3.19,20]. The total sum
of the spectrum has one peak with a shoulder, which deviates &1 € 0.7 eV from the main
peak at Ls edge and one other peak without a shoulder at the L, edge. Since there is site-
inversion of ~35 % verified by single crystal diffraction, the spectral weight ratio between

peak U and b should be Sy/Sp = 1.78 (in this simulation we set the inversion to 36 %).

D,=0.7eV —— Total Sum .
— Tetrahedral (J.=1/2) 1
= - - - - Octahedral (S=1/2) 7
s ]
> i

g .‘\b
[ _ .
g 7 D,=20 eV |

OO L 1 - L L L L 1 L L L L 1 L L L
930 940 950
Energy (eV)

F1G.3.8 Simulation of XAS using CTM4XAS.

3.4 XAS experiment on CuAl2O4

X-ray absorption spectroscopy was done on the beamline 2A with the energy resolution of
0.1 eV in the Pohang Accelerator Laboratory. CuAl,O, single crystal sample was measured

using a total electron yield mode at room temperature. The beam is linearly polarized in a
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horizontal direction. The spectrum shows main peaks at ~930 and ~950 eV for Lsz- and L,-
edge transition, respectively. In Ls-edge, the main peak looks asymmetric, which indicates
the Ls-edge is composed of two peaks, U and b but in L,-edge, a peak 2 has a symmetric
shape. This overall shape of the observed spectrum is identical to the simulation results

discussed in section 3.3 having the Jerr = 1/2 as a ground state for the copper tetrahedral

site.
(a) Ls edge (b) L2 edge
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FI1G.3.9 X-ray absorption spectroscopy data for CuAl,Os. (a) Ls edge is composed of t; and
g contributions (peak U and b respectively) (b) L, edge is composed of ey contribution only

(peak 2).

The experimental results qualitatively coincide with the calculation but to identify the
guantitative matching between the experiment and the simulation, the peaks in XAS data
was assigned using pseudo-\Voight peaks provided by the 6Athenad software, [Ref.3.21].
The background was removed using linear and arctangent functions [Ref.3.19]. The main

three peaks: 1, 2, 5, which correspond to the peaks U, b, 2 in FIG.3.9 are fitted to pseudo-
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Voight functions with the same profile shape factor, d and Gaussian FWHM. The profile of
each peak is depicted in FIG.3.10 and TABLE 3.1. The Lorentzian FWHM of the peaks
can be a gauge for determining the number of peaks in the L, edge. If the L, edge is
composed of two peaks like Ls, then Lorentzian FWHM of peak 5 should be as large as 1.0
(the averaged Lorentzian FWHM of U and b) + 0.6 (the peak position difference between
U and b, &) + 0.5 (Coster-Kronig width [Ref.3.22]) = 2.1 eV. However, its real value is
1.4(1) eV, which is rather close to 1.1 (the Lorentzian FWHM of b) + 0.5. The broad humps
like peak 3 and 4 can originate from 2p to 4s and 2p to continuum edge transitions
[Ref.3.19].

The spectral weight ratio between the peaks U and b, Su/Sp is 1.75(2), which coincides
with the inversion of 36 % [see TABLE 3.2]. The distance between U and b, @ is 0.6(1) eV
which depends on the size of 10Dg and SOC constant corresponds to that of the simulation.
The ratio between the peaks b and 9, Se/S; is also close to 2, the BR of conventional cuprate
systems [Ref.3.23]. Moreover, separation distance between the peaks b and 2, &; is ~20 eV,
which also agrees with the distance between Ls- and L.-edge in simple cuprates
[Ref.3.19,20]. The overall experimental spectrum can be simulated using a model of
localized A- and B-site Cu?* ions.

Comparing the experimental data and the simulation, we can confirm that the shape of the
two spectra are the same except that there is an overall shift within a few eV, which
frequently happens depending on the calibration of the beamline. The small difference in
&, can originate from the difference of the SOC constant of 2p core level between a free

atom (the calculation via CTM model) and the lattice. The deviation of BR from 2 can be
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seen both simulation and experiment, which comes from the interplay of the multiplet effect

and the SOC of 3d orbital. [Ref.3.24].
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FI1G.3.10. (Upper) Experimental XAS data and the profile of each fitted peak. (Lower) The

main three peaks by subtracting background and the humps from charge transfer

transitions: 1, 2, 5 correspond to U, b, 2.

43

SRk

1

I

1L



Chapter 3

TABLE 3.1 The profile of the each fitted peak in FI1G.3.10.

Position Spectral Weight, Gaussian Lorentzian
(eV) Si (a.u.) ! FWHM (eV) FWHM (eV)

Peak 1 (U) 930.3(1) 1.05(1) 0.76(1) 1.0(2) 0.8(1)
Peak 2 (b) 930.9(1) 0.60(1) 0.76(1) 1.0(1) 1.1(2)

Peak 3 941.0(6) 0.07(2) 0 3.2(6) -

Peak 4 946.3(2) 0.52(2) 0 7.5(5) -
Peak 5 (9) 950.5(1) 0.26(1) 0.76(1) 1.0(1) 1.4(2)

Arctan. Bgd.  e0: 949.2(5) step: 0.092(2) - width: 0.7(1) eV

TABLE 3.2 Comparison of the parameters of simulation and experiment.

@1 (eV) Su/Se &2 (eV) So/Ss
Simulation 0.7 1.78 20.2 2.27
Experiment 0.6(1) 1.75(2) 19.6(1) 2.29(6)

44



Chapter 3

3.5 Discussion and summary

3.5.1 Magnetism of CuAl204

The verification of the ground state of CuAl.O4 further raises questions about the magnetic

properties of the system. The direct current (DC) magnetic susceptibility under 500 Oe and
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the magnetization at 2 K were measured by MPMS-3 (Quantum Design) when the magnetic
field is aligned along the each crystallographic axis. Since the lattice is cubic, after the a-
axis was chosen arbitrarily, then the other orthogonal b- and c-axes were assigned.

There is no anomaly on each data but it shows paramagnetic behavior down to the Curie-
Weiss (C-W) temperature, which indicates the absence of long-range order down to 2 K.
Based on the fact that the differences between the data on the each axis is little, this system
seems to be almost magnetically isotropic. This also corresponds to the cubic structure of
the system because if the system has a distortion, the overlap of the spin-orbital wave
function would be different along the each crystallographic axis. This will change the
hopping integrals and the magnetic anisotropy of the system. According to the Curie-Weiss
fit, the effective moments, €. are ~2.3¢g and the Curie-Weiss temperatures, dcw are T140-
150 K. The effective moment is quite larger than that of S = 1/2 case (gerr = 1.73€g) but
close to that of U-RuCls (gt = 2.2¢8) [Ref.3.25,26]. It is natural to expect that for the Jesr =
1/2 state, the magnetic moment will be larger than that of S = 1/2 due to the contribution of
the unguenched effective orbital angular momentum, which is parallel to the spin angular
momentum [Ref.3.1] and the effective orbital angular momentum can make Land® g-factor
larger than 2 [Ref.3.27]. Because CuAl;O4 is the most localized system among other the
Jeft = 1/2 systems (Ucuaizos > 6 eV, Uiruciz ~ 1.5 €V and Uspios ~ 2 €V), it has the largest
local moment.

Even though the exchange interaction estimated from dcw is quite large, there is no long-
range order down to 2 K, which means that the magnetic moments are frustrated. The

frustration factor, Tn/|dcw]| is at least larger than 70 and the system, therefore, is a highly
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frustrated system. The origin of the frustration can be related to the interplay of nearest and
next nearest neighbor exchange interactions (J; and Jz, respectively) in a diamond lattice
[Ref.3.28]. If the J2/J1 is larger than 1/8, the ground state is the spiral quantum spin liquid
with the massive degeneracy in the spiral propagation wavevectors. However, according to
the previous low-temperature DC magnetic susceptibility and alternating current (AC)
magnetic susceptibility measurement [Ref.3.11], the moments of CuAl,O, show glassy
behavior rather than spin liquid nature. There is a divergence between field-cooled (FC)
and zero-field-cooled (ZFC) susceptibility below Tr = 2 K and the position of a peak in AC

susceptibility varies with the frequency of AC field.
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FI1G.3.12. (Left) DC magnetic susceptibility down to 0.5 K using MPMS-XL equipped with

He option. (Right) AC magnetic susceptibility varying the frequency of AC field [Ref.3.11].

To observe the nature of local moments, muon spin relaxation (€SR) and nuclear magnetic
resonance (NMR) experiments were conducted. First, eSR is done with polycrystalline

CuAl>0O4 sample in ISIS muon source in UK using both dilution and dilution refrigerator
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option (down to 0.1-4 K) and cryostat option (2-15 K). FIG.3.13 shows raw asymmetry
data of eSR via two different options. Down to 0.1 K, which is —"Y , the asymmetry
doesnft show an oscillation pattern like sinusoidal functions, which is the hallmark of long-
range order of magnetic moments but it decreases as a function of time. The moments of

CuAl,Oq4, therefore, doesndt order down to —"Y .
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FI1G.3.13. (a), (b) Asymmetry of €SR experiment data at 0.1 and 4 K, respectively using a
dilution refrigerator option. The red lines are fitting lines to the data using éMantidé. (c),

(d) Asymmetry data at 2.5 and 15 K, respectively using a cryostat option.
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The experimental data were fitted to an empirical decay function, 606 0 Q

0Q [Ref.3.29] by utilizing a €SR analysis package, éMantidd [Ref.3.30]. The slow
decaying first term originates from contribution of both sample and sample holder, and the
other fast decaying term is related to a sample [Ref.3.29]. The result of the fitting is
summarized in FIG.3.14.

At T >Ts e o+, only the first term is necessary to fit the data. The exponent, b decreases
from 2 at high temperature and it saturates to 1 at T = T as the temperature decreases. At
high temperatures, due to static nuclear moments, the Gaussian relaxation (b = 2) dominates
and at lower temperatures, the decrease in b is consistent with the slowing down of electron
spins [Ref.3.29]. For the both options, at Tr € 3 K, A; starts to fall; 31 shows a peak; and
A; and &, begins to increase as well. The peak in the SR relaxation rate is usually related
to spin freezing. This overall nature of eSR data is consistent with that of a spin-glass
compound, Sr2YReOg [Ref.3.29]. A passing note, the presence of the other sharp peak in &1
around 0.3 K is questionable when we consider the large error bar of &, below 0.5 K. To

identify this aspect, minute scanning below 0.5 K is required.
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the data from dilution refrigerator option and the fitting parameters of (e) Ay, (f) a1, (9) Az,

(h) 3, from cryostat option.

NMR experiments were done using single-crystal samples at Prof. M. Takigawads group
in Institute for Solid State Physics (ISSP), The University of Tokyo in Japan. The NMR
spectra were detected around the resonance frequency of 2’Al, which has nuclear spin, | =
5/2. Due to the Zeeman splitting and nuclear quadrupolar resonance, there should be one
central main peak and four satellite peaks in the spectra. The main peak is positioned at
22.1929 MHz since the magnetic field is 2 T and the nuclear gyromagnetic ratio of ’Al is
9 = 11.094 MHZz/T. The shift of the main peak from the reference line (the Knight shift)
indicate the strength of the internal field. Due to the threefold crystal symmetry and four
different trigonal axes on the Al site (site symmetry: -3 m and -4 3 m), moreover, each peak
should be split further by the the crystal electric field acting on the nuclear quadrupole
moment. The intensity of the satellite peaks will change with the angle of the magnetic field
is rotated and especially, the peaks will be perished when the magnetic field is in (001)
because at this angle, nuclear quadrupolar resonance and the splitting due to the threefold
crystal symmetry will disappear. Then, the resonance frequency is

" r 00 -  W- 0 ¢ pimpigh
where
o - 0 ‘0 obéi — p
is the magnetic hyperfine field from the Cu moments, and

O— U o0éi — p
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is the quadrupole frequency where d is the angle between (111) and the magnetic field.

The observed spectra show a large main peak at 22.19 MHz, which corresponds to the
reference resonance line of Al (see FIG.3.15). However, the satellite peaks are too broad
to resolve in our experiments, and even though the direction of the magnetic field is
changed, the intensity change of the satellite peaks is not significant. There still are shoulder
peaks around the main peak even the field is aligned parallel to (001), where

o0éi — p  m. These characteristics can be interpreted by considering the site-
inversion in Al site. The inversion leads inhomogeneous distribution of the magnitude and
the direction of principal axis of the electric field like a powder sample and it broadens the
peaks. Absence of shift in the main peak from the reference line also coincides with the
randomness of the principal axis.

In addition, below the Curie-Weiss temperature and Tz, the width of the spectra keeps
broadening due to the enhancement of the Cu moment. Even though the internal field of
Cu around Al ions also increases, it canit develop the shift of the main peak from the
reference line. This aspect shows absence of long-range magnetic order below Tt, which
also supports glass state. Below T, the significant deference between the field-cooled (FC)
and the zero-field-cooled (ZFC) data starts to evolve. It also strengthens the onset of
spontaneous Cu moments at zero-field due to spin-glass freezing (see FIG.3.16). Because
of the broadening of the satellite peaks, it is hard to get useful microscopic information on
the spin and orbital states of Cu moments but the NMR experiment is still gives apparent

information on the emergence of spin-glass state.
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FIG.3.15. (Upper) Al NMR spectra for single-crystal CuAl,O, measured at 200 K under
the external magnetic field of 2 T. The angle, d between (111) and the field was rotated in

the ( 0) plane. The dashed line denotes the reference resonance line of ZAl and a sharp

peak near 22.6 MHz comes from 3Cu in the NMR coil used for calibrating the magnetic
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field. (Lower) The temperature dependence of NMR spectra at 1.4, 4.2, 50, and 200 K under

the external field of 2 T along (111).

12 T T T T T T T T T T T T T

CuAl,0,
2T
14K

I~ |Hll[001]

—FC
— ZFC

Intensity (arb. units)

19 20 21 22 23 24 25 19 20 21 22 23 24 25
Frequency (MHz)

FIG.3.16. The field-cooled and zero-field-cooled spectra below and above T:. Small two

peaks are from ®3Cu and ®Cu in the NMR coil, respectively.

The site-inversion of the system and the strong quantum fluctuations of the frustrated Jes
= 1/2 wavefunctions can be the origins of the absence of a long-range order but lead to the
glassy nature on the spin-orbital entangled Jetr = 1/2 state instead of the liquid phase. This
glassy nature may further related to the absence of static J-T distortion even in the

octahedron site.
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3.5.2 Summary

Using high quality CuAl,O single-crystal sample, the ground state of the system is verified
to be the Mott insulating Jerr = 1/2 state via resistance measurement, single-crystal XRD,
Cu K-edge and L-edge XAS techniques. The single-crystal XRD and the K-edge spectrum
show that the crystal structure of CuAl.Qys is cubic without any structural distortions even
though Cu?* is J-T active. The possible answer for the cubic structure is the emergence of
the Jesr = 1/2 state, which is composed of the equal contribution of the xy, yz, and zx orbitals.
The occurrence of the Jes = 1/2 is verified by the L-edge XAS which, shows the main peak
(U) with the shoulder peak (b) in the Ls-edge but the only one peak (b) at the L-edge, which
gives extraordinary larger BR of 6.3(1) than that of the conventional cuprates. Moreover,
from the magnetic properties measurement, the moment of the spin-orbital Jess = 1/2 state
is verified to be highly frustrated without a long-range order. With previous studies on the

glassy nature of CuAl,Q., the ground state of this system is a novel éspin-orbital glasso state.
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Chapter 4

Chapter 4
Properties of S = 1/2 Triangular-Lattice Antiferromagnets
CuY:2Ge20s5 and CuLa:Ge20s

4.1 Quantum 2D triangular lattice

4.1.1 Enhancement of quantum fluctuation effects in 2D quantum

triangular lattice

A Heisenberg model is a convenient theoretical tool that can be used to understand the
ground state of an isotropic magnetic system. When the exchange interaction between
neighboring spins is of antiferromagnetic (AF) nature, two competing ground states capture
the landscape of possibilities: a simple Néel-type long-range ordered (LRO) state described
within the framework of classical mechanics [Ref.4.1] and a spin-singlet state formed by a
superposition of spin states, which is a purely quantum mechanical concept [Ref.4.2]. The
energy of the Néel-type ground state is —252] per spin with z being the number of the
nearest neighbors. This ground state energy varies depending on whether the system is a
one-dimensional (1D) chain, a two-dimensional (2D) square lattice, or a three-dimensional

(3D) cubic system. On the other hand, the energy per spin of the singlet ground state is
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—%S(S +1)] for all three cases. Dimensionality therefore naturally controls the
competition.

Specifically, the singlet state is a competitive ground state for 1D quantum spin (S = 1/2)
systems because of its lower energy whereas the Néel-ordered state wins over the singlet
ground state for 3D systems. For 2D systems, however, there is competition between the
Néel-ordered state and the singlet state since the energies of both cases become very similar
to one another. This argument makes the 2D magnetic systems interesting and explains
why, as compared with either 1D or 3D systems, 2D systems have a tendency of singlet
and Néel ordered ground states found in close proximity in the parameter space of physical
guantities [Ref.4.3-14]. In addition, geometrical frustration can further prevent a system
from ordering in either simple Néel type or singlet type states and thus can lead to exotic
physical phenomena at low temperatures [Ref.4.6-18]. This is especially true for 2D
triangular lattice systems as compared with 2D square lattice systems, the latter of which
is often found in the Néel-ordered state due to the weakness of the diagonal next-nearest
neighbor interactions [Ref.4.19].

Remarkably, in 2D triangular Heisenberg antiferromagnet (HAFM) systems, quantum
mechanics can do its work in another way. For 2D HAFM systems that enter an LRO
ground state, various spin configurations appear suddenly under magnetic fields [Ref.4.6-
12,15-18]. For classical spins, the ground state is expected to be the so-called 120° structure
with the ground state being continuously degenerate [Ref.4.20]. As an external magnetic
field is applied and increases in strength, spins become preferentially aligned along the

field direction. Therefore one would naturally expect a monotonous magnetic field

61



Chapter 4

dependence of the magnetization curve M(H) [Ref.4.16,20,21]. However, in real quantum
2D triangular systems, the combination of low dimensionality, geometric frustration, and
guantum spin nature remarkably enhances quantum fluctuations that break the otherwise
degenerate ground state. Consequently, there are sometimes abrupt changes between
different spin configurations leading to plateau-type behavior in the M(H) curves [Ref.4.15-

18].

4.1.2 Quantum phase transitions in 2D triangular HAFM driven by

quantum fluctuations

Triangular HAFMs host various kinds of quantum phase transitions driven by quantum
fluctuations. For example, a 1/3 plateau phenomenon was observed some time ago in
Cs,CuBrs, a system regarded as a quasi-2D HAFM system [Ref.4.6] and again more
recently in BasCoSh,0q, a system regarded as an ideal 2D HAFM system [Ref.4.7]. In both
cases, the 120° ordered spin configuration changes to an up-up-down (uud) configuration,
inducing the emergence of the plateau with one-third of the saturated magnetization, Ms in
the M(H) curve. The magnetic structure further changes into a coplanar configuration at
higher magnetic fields. Moreover, other anomalies in M(H) have been reported at higher
fractions of Ms that can originate from other competing quantum spin phases. Notable
examples of such phases include those at 1/2, 5/9, and 2/3 of Ms in Cs,CuBr. [Ref.4.8] and
a phase with 3/5 of Ms in BasCoSh,0q, [Ref.4.9-11]. Interestingly, Cs,CuCla, isostructural

with Cs,CuBr., is reported to have a fractional quantum spin-liquid phase above the
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transition temperature of the LRO ground state [Ref.4.14]. On the other hand, in CsCuCls,
another quasi-2D HAFM system, a quantum phase transition was previously identified at
a transition point from an umbrellalike configuration to a coplanar configuration when the
magnetic field is applied along the c-axis. This quantum phase transition originates from
the competition between quantum fluctuations and a magnetic anisotropic energy, which

yields a step like behavior in the M(H) curve [Ref.4.12].

4.1.3 Candidate material for 2D triangular HAFM: CuR:Ge O3 (R
=Y, La)

As demonstrated many times in the field before, finding a new sample has been one of the
key driving forces in pushing the boundary of quantum magnetism and so unearthing new
phenomena. In particular, materials with a new lattice have been a fertile ground for finding
novel physics. Here, a possibly new form of 2D quantum magnetism in CuR.Ge-Os (R=Y
and La) is identified. For example, one earlier structural work reported that the
CuNd,Ge,0s system (C1m1, monoclinic) has a quasi-1D copper octahedral (CuQs) corner-
shared zigzag chain along the a axis, while neodymium oxide dodecahedral (NdOs) co-
linked chains are running along the c axis [Ref.4.22]. Spectroscopic measurements were
also performed to investigate various types of germanium oxide polyhedral by classifying
vibration modes [Ref.4.22,23]. In these previous works, the Nd** ion (total angular
momentum, J = 9/2) plays a dominant role in determining the physical properties of

CuNd.Ge,0s system. Unfortunately, this dominant role played by Nd then makes it harder
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to study the otherwise interesting physical phenomena arising from the 1D copper quantum
spins. For instance, magnetic measurements have shown simple paramagnetic behavior
with an anomaly attributed to the crystal-field splitting of Nd ions [Ref.4.22]. There have
been no single-crystal studies on the same chemical formula with nonmagnetic rare-earth
element such as Y and La. Furthermore, it is very important to determine the chemical
structure accurately using a single-crystal sample in order to understand better the physical
properties.

This work reports a comprehensive study of the crystal structure and physical properties
of CuR.Ge;0s (R =Y, La) by using both single-crystal and polycrystalline samples. By
choosing a nonmagnetic version of the CuR.Ge,0g system with Y and La, the physical
phenomena solely related to the quantum spin of Cu?* are aimed to be studied and its
behavior in the new low-dimensional lattice is explored. By carrying out bulk
measurements down to 0.08 K and up to 90 kOe, in addition to high-resolution single-
crystal and powder diffraction measurements, it is demonstrated that the CuR.Ge;Os
system is a new quantum magnetic system revealing a 2D triangular lattice and novel

magnetic field induced phase transitions.

4.2 Crystal structure of CuR2Ge;0s (R =Y, La)

The structure analysis using x-ray and neutron diffraction instruments confirms that all the
samples of CuR>Ge>Os (R =Y, La) form in the space group 11m1 [see the Chapter 2]. The

refined crystal structure of the CuR.Ge,Os system is found to have a 2D triangular magnetic
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lattice as shown in FIG.4.1, where the blue, green, and grey balls represent the Cu, La, and
Ge atoms, respectively. Oxygen atoms are omitted for clarity and instead their positions
are indicated by the red ends of sticks stretched from the copper atoms to the corner of the
germanium oxide polyhedra. The final structures also show the CuOs corner-shared chains
running along the a axis by linking the copper and oxygen atoms as in the CuNd,Ge;Og
case [Ref.4.22] with the C1m1 unit cell setting [for the 11m1 unit cell setting the chain
direction runs along the J; direction as shown in FIG.4.1(b)]. However, there is one striking
difference between the current refined final structure and that reported of CuNd,Ge,Os
[Ref.4.22]; which is that according to the present analysis the copper octahedra are highly
distorted due to the Jahn-Teller effect, while the earlier work shows a significantly smaller
distortion. For example, in this structural model the bond lengths between the central
copper and oxygen atoms in the distorted equatorial plane (06, O7, 08, and O9) are about
1.76(1)-1.98(1) A whereas the bond lengths between the copper and two apical oxygen
atoms (010) are 2.63(2) and 2.71(1) A, respectively [see FIG.4.1(c)]. As the apical bond
lengths are larger than 2.13 A, which is the sum of ionic radii of Cu?* and O%", the orbital
overlap between Cu?* and O* is expected to be very small along the apical direction.
Therefore, the copper oxide polyhedra of CuR.Ge;Os (R = Y, La) do not have the usual
CuOg octahedron, which is rather unusual among Cu oxides. Instead, the CuO. plaquette
should be considered as a basic building block. This then leads to a rethink about the crystal
structure. After trials with several other possibilities, it can be concluded that in contrast to
the previous claim for CuNd.Ge20s [Ref.4.22] there is no evidence of the 1D chain in the

present final refined crystal structure of CuLa,Ge,0Os.
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Since there is no 1D chain along the a axis, there is no reason to stick with the C1m1 unit
cell setting used in [Ref.4.22]. Thus, instead, the 11m1 cell setting is adopted in the
structural analysis, which is more appropriate for the description of the coordination of the
copper ion by transforming the ¢ and a+c vectors of C1m1 to a and c unit vectors of 11m1,
respectively. Typical refinement results are shown in FI1G.2.5. TABLE 2.1 summarizes the
structural information of the lattice parameters, atomic positions, thermal parameters, and
agreement factors for CuLa,Ge,0Os.

For the benefit of the later discussion on the bulk properties, and in particular the magnetic
properties, the crystal structure should be examined further in detail. The distorted CuQ4
plaguette can interact with the adjacent ones so that the four different exchange integrals:
Ji, J2, J3, and J4 [see FIG.4.1 (a)] can be assigned. The direct distances between the
neighboring copper ions along each path are 5.16(1)-5.21(1) (J1, J2, J3) and 6.48(2) A (Ja),
respectively. Therefore the exchange interactions along Ji, Jo, and Js; are expected to be
about the same, while J4 should be smaller than the other three. In this scenario, the
magnetic lattice of Cu ions in the CuR.Ge20s (R =Y, La) system becomes a 2D triangular
lattice within the ac plane [see FIG.4.1 (b)]. At the same time, the actual magnitude of the
exchange interaction is expected to be significantly smaller than that of other Cu oxides
including cuprates [Ref.4.27-29] for the following reason. The neighboring CuOs
plaguettes are well separated by germanium and the rare earth atoms; Gel and Ge2 atoms
make GeO;, tetrahedra that form a grid in the ac plane separating copper oxide triangular
plane [see FIG.4.1(a)], whereas Ge3 atoms construct GeOs trigonal bipyramids that block

the copper-oxygen-copper link in the triangle [see FIG.4.1(c)].
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FIG.4.1 Crystal structure of CuLa,Ge;Os in the 11m1 unit cell setting. The blue, green, and
grey spheres indicate the copper, lanthanum, and germanium atoms, respectively. (a) There
are four different exchange paths: Ji, Jz, J;, and Js. Gel and Ge2 atoms make GeOy
tetrahedra that form a grid in the ac plane and Ge3 atoms construct GeOs trigonal
bipyramids. (b) CuO. plaquette forms a 2D triangular lattice within the ac plane. (c) The
Cu-010 lengths are much longer than Cu-O lengths on the distorted equatorial plane while

La and Ge atoms are separating the nearest CuO. plaquettes and so prohibiting the
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formation of the Cu-O-Cu bonding between the adjacent CuO4 plaquettes.

4.3 Bulk properties of CuR:Ge20s (R =Y, La)

4.3.1 Magnetic measurements

To orient single crystals for bulk measurements, an Imaging Plate XRD Laue Camera (IP-
XRD, IPX Co., Ltd.) was used before magnetic measurements. For example, a photo in
FIG.2.5 shows a single crystal with the b axis of the sample perpendicular to the flat plane
with an area of 750x374 pum?: this particular sample was used for the magnetization
measurements. Magnetic and thermodynamic properties of polycrystalline samples were
characterized from 0.4 to 350 K using MPMS-XL5 and PPMS-9ECII (Quantum Design)
equipped with a *He option. Moreover, an MPMS-3 (Quantum Design) is used to measure
the magnetization of the small single-crystal samples for the La case as well. For further
low-temperature measurements of CuY,Ge,Os, a collaborator Dr. Carley Paulsen of CNRS,
Grenoble, France employed a home-made SQUID magnetometer equipped with a dilution
refrigerator with a base temperature of 84 mK.

The temperature-dependent direct current (dc) magnetic susceptibility was measured
using the polycrystalline samples. Two anomalies are immediately obvious in the data
shown in FIG.4.2 (a): a broad hump centered at 0.89(1) and 1.40(4) K and an inflection

point (indicated by an arrow) at T ro=0.50(1) and 0.93(2) K for Y and La, respectively.
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F1G.4.2 (a) Temperature-dependent DC magnetic susceptibility xm of CuR.Ge;Os (R =Y
and La). The arrows indicate the inflection points originating from long-range order. The
inset shows the inverse susceptibility curves and the Curie-Weiss fitting results (dashed

lines). (b) Temperature derivative of the magnetic susceptibility of CuR,Ge,Og (R = Y and
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La). (c) Field-dependent magnetization M(H) at various temperatures using polycrystalline
CuLa;Ge;Os. The first derivatives for both systems are shown in the inset. The position of
the magnetic field-induced phase transition is indicated by an arrow. (d) Field-dependent
magnetization M(H) for polycrystalline CuY,Ge;Os and its first derivative are shown in the
inset. The position of the magnetic field-induced phase transition is indicated by an arrow.
(e) Magnetization M(H) in H || b for the CuLa,Ge;Og single crystal at various temperatures
and the first derivatives of M(H) are shown in the inset. (f) Comparison of dM/dH of the
polycrystalline sample and single crystal in the crystallographic orientations H || b and

H L b, respectively.

The broad maximum is usually a characteristic sign of low-dimensional magnetic systems
due to the AF short-range interaction [Ref.4.30-38]. In FIG.4.2(b), a peak appears clearly
in the temperature derivative of the susceptibility curve as the inflection point in the
susceptibility. This anomaly can originate from various kinds of phase transitions such as
spin-glass and LRO. However, discussed together with the thermodynamic data later in the
paper, the anomaly in (T ) then suggests an onset of the LRO state.

From the Curie-Weiss fit [see the insert of FIG.4.2 (a)], the same effective moment value
of pers = 1.94(1)us/f.u. was obtained for both CuR,Ge,Os (R =Y, La) and the Curie-Weiss
temperature Gcw = —1.1(1) and —5.7(4) K for the Y and La compounds. The following
formula, y(T ) = yo+ C/(T — Ocw) is used, to fit the data over the temperature region of 6.8-
350 K and 19.7-398 K for the Y and La compounds, respectively. In the equation, yo

represents the temperature independent Van Vleck paramagnetism and diamagnetism from
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elements other than Cu (yo = —2x10° emu mole* Oe™ for both cases) and C is the Curie
constant of the Cu spins. The effective moment obtained from the fit is comparable with
the theoretical effective moment of S = 1/2 for Cu? [gyus(S(S + 1))¥? = 1.73us], supporting
the scenario of the quantum spin system being realized in CuR,Ge2Os (R = Y, La). The
negative value of dcw shows the averaged exchange interaction to be of antiferromgnetic
origin. The frustration factor f = 6cw/Tiro is found to be larger than unity for both cases [fy
= 2.2(2) and fL, = 6.1(4)]. This could have an origin in the effects of the geometrical
frustration in the 2D triangular AF ground state [Ref.4.39]. Also, the average value of the
exchange interaction estimated from the transition temperature is smaller by 2-3 orders of
magnitude than in the well-known cuprate systems [Ref.4.27,28,40,41].

FIG.4.2(c) and (d) present the M(H) curves measured on the polycrystalline samples at
various temperatures around T ro and the insets show the first derivative of M(H). The
magnetization and its first derivative show typical behavior of a low-dimensional quantum
spin system and magnetic field-induced phase transitions. For example, the overall shape
of the M(H) curve is convex rather than a straight line, which is consistent with the behavior
of low-dimensional quantum systems [Ref.4.6,15,21,32,42]. In the inset of FIG.4.2(c) and
(d) for both La and Y compounds, the dM/dH curve shows paramagnetic behavior above
Trro: the slope decreases gradually to zero as the external magnetic field approaches the
saturation field. As the temperature decreases below Tiro, a new field-induced phase
transition appears. Around zero field, the slope gets reduced compared to the T >T ro case.
As the external field increases, M(H) displays an abrupt change at a low critical field Hc

[2.5(3) and 4.0(3) kOe for the Y and La compounds]. Of further interest, the M(H) curve
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shows a kink at Hc for both compounds and there is no hysteresis around Hc at the base
temperature, indicative of a second order phase transition. After the abrupt change, the
slope gradually increases with the magnetic field and finally reaches a maximum before
decreasing to zero with the magnetization value approaching its saturation moment value.
The saturation field of both compounds [14.0(3) and 38.0(3) kOe for Y and La compounds,
respectively] is also comparable with the energy scales of the exchange interactions
estimated from Ocw. The saturated magnetization value is close to 1us/Cu?*, corresponding
to a quantum spin system where gS = 1 (g = 2 is the Landé g factor and S = 1/2 is the spin
angular momentum number).

In order to examine the field-induced transitions more closely, the M(H) is measured with
magnetic field applied along two perpendicular directions using the single crystal of
CuLa,Gez0sg as shown in FIG.2.5. Upon increasing the magnetic field along the b axis
perpendicular to the triangular plane, M(H) increases but its derivative decreases until He1
= 0.80(5) kOe, where the slope becomes constant [see FIG.4.2(e)]. This behavior at very
low fields is difficult to see in the data obtained from the polycrystalline samples. When
the magnetic field reaches Hc, = 5.8(1) kOe, the dM/dH starts to increase abruptly in a
qualitatively similar manner to the polycrystalline M(H) data and the magnetization keeps
increasing with magnetic field. The second anomaly, Hc, = 5.8(1) kOe corresponds to the
critical point Hc=4.0(3) kOe observed in the polycrystalline samples; the difference
between these two values could come from slightly different anisotropy values of the two
samples measured. Note that there is a small difference in behavior in M(H) between the

polycrystalline and single-crystal samples. This difference is likely to be due to the fact that
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some defects present in the polycrystalline sample either mask or weaken the transitions
seen in the single-crystalline sample. When the external magnetic field is applied
perpendicular to the b axis in the in-plane direction [see FIG.4.2(f)], the overall behavior
of dM/dH is similar to that of the polycrystalline case and also to the behavior for H L b,
except for the fact that Hei and He; are too close to be distinguishable in the data for H L b.
Because the overall shape of M(H) for both crystallographic orientations is similar, the

anisotropy seems to be small.

4.3.2 Heat capacity measurements

The heat capacity data of both the Y and La samples show a lambda-like sharp peak, which
cannot occur for spin-glass transition, at Ty = 0.51(1) and 1.09(4) K, respectively [see
FIG.4.3 (a)]. These values are consistent with T.ro obtained from the magnetic
susceptibility measurements, which confirms further that both systems have a magnetically
ordered ground state at low temperatures. In order to calculate the magnetic entropy change
below the transition temperature the phonon contribution was subtracted from the raw data
by using a T2 fit with a Debye temperature of 381(1) and 332(2) K for the Y and La samples,
respectively [see the inset in FIG.4.3 (a)]. The estimated magnetic entropy [Sy = 5.83(8)
and Si. = 5.52(3) J mole K] is comparable to the theoretical entropy for a quantum spin
system (RIn2 = 5.763 J mole! K1). In order to examine the field dependence of the phase
transition, the field-dependent heat capacity of CuLa,Ge,Os was also measured, which has

a higher transition temperature. As shown in FI1G.4.3 (b), the peak in the heat capacity gets
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zero temperature.

substantially suppressed upon the application of magnetic field and eventually becomes
lower than the base temperature of the ®He set-up. Looking at the phase diagram of FI1G.4.3
(d), the transition temperature gets suppressed down to absolute zero temperature at around
50 kOe. The measurements on CuY Ge,Og show similar behavior [see the inset of FI1G.4.3
(b)] but in this case, Tn goes down to zero at around 15 kOe [see the solid line in FI1G.4.3(c)].

A passing comment, the observation of the sharp peak in the heat capacity [see FIG.4.3(2)]
is at variance with what is expected from the Bonner and Fisher 1D HAFM model
[Ref.4.32]. Thus it further supports the view that the magnetic lattice of the Cu ions of

CuR»Ge;0s (R =Y and La) is more of a 2D triangular lattice, nota 1D HAFM chain system.

4.3.3 DFT calculation

A collaborator Dr. Choong Hyun Kim of IBS-CCES, Korea carried out the electronic
structure calculations and the density of states (DOS) using the local density approximation
with the Hubbard U (LDA+U) density functional theory (DFT) with the software Vienna
ab initio simulation package (VASP) [Ref.4.25,26]. In order to gain further insights into
the ground-state properties and, in particular, the density of states of CuLa>Ge,Os, the first-
principles density functional theory calculations was performed using a LDA+U method
with the Perdew-Burke-Ernzerhof exchange-correlation density functional (PBEsol) form

of exchange correlation functional as implemented in the VASP [25,26] program. A local
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Hubbard interaction of U = 5 eV is used for Cu 3d electrons, which gives a reasonable
value of a band gap of about 2 eV in the density of states (DOS) [see FIG.4.4(a)]. This
value is consistent with the blue color of the single crystal samples [see FIG.2.5]. A
comparison of the total DOS with the partial DOS from the copper d orbitals in F1IG.4.4(b)
shows that the main contribution to the bands comes from the copper d orbitals. However,
the calculations also demonstrate that the germanium and lanthanum atoms contribute

significantly to the DOS of the conduction band while the oxygen atoms contribute more

~
o
~

200 | Total
S
100}
g Spin up
8 o i
©
»
5’1 ool Spin down
o
O
200}
(b) 20

5 | Copper d-orbitals

HMpL L

+H P r

Spin down

o
o
T

DOS (states per eV)
5\ ()] o (9]

-
(3]
T

N
o

-8 -6 -4 -2 0 2 4

E (eV)
FI1G.4.4 (a) The total density of states calculated using the crystal structure of CuLa,Ge;0s
with the Coulomb interaction, U = 5 eV. (b) The partial density of states projected on the

copper d orbitals.
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to the DOS of the valence band. As a result, the valence band is mainly hybridized oxygen
p-bands and copper d bands. Therefore this system can be considered as a charge-transfer-

type insulator like many cuprates [Ref.4.43,44].

4.4 Discussion and summary

4.4.1 Novel quasi 2D triangular lattice: CuR2Ge:Os

From the crystal structure, magnetic and thermodynamic measurements, and DFT
calculation results together, | suggest that the CuR.Ge,08 (R =Y, La) systems are new
guantum 2D triangular charge transfer insulator. They exhibit the clear sign of long-range
order at low temperatures and magnetic field-induced phase transitions at a low field range.
The LRO is probably suppressed due to the combined effects of quantum spins, geometrical
frustration, and low-dimensionality. To illustrate the uniqueness of this CuR,Ge;Og system,
I would like to compare the physical properties of CuR.Ge,Os with those of other known
quantum 2D triangular systems in the following paragraphs. There are only few inorganic
guantum 2D triangular AF systems which have LRO ground states: CsCuCls [Ref.4.45,46],
Cs,CuBrs (and Cs,CuClys) [Ref.4.13,47-50], and BasCoSh,0¢ [Ref.4.7,9,51]. Compared
with the three other systems, CuR.Ge.Os reveals a CuO4 plaquette as a magnetic unit
forming a 2D triangular lattice within the ac plane with the planes stacking along the b axis.
In FIG.4.5, the crystal structure of CuR.Ge»Og is compared with those of the three other

compounds. In the ac plane of CuR,GeOg, the distances between adjacent copper ions are
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almost the same (J1 =~ J2 = Js) and they are shorter by 1.3(1) A than the interlayer distance
(J4). However, unlike the other 2D triangular systems having triangular lattices on a
relatively flat plane, in CuR.Ge,Os the triangular plane corrugates in a zigzag shape by
146.19(4) degrees along the a axis [see FIG.4.1 (a)]. This then is likely to introduce a larger
value of Dzyaloshinskii-Moriya interaction, which would then have quite significant effect
on the magnetic structure as well as spin dynamics as seen in many other systems such as
multiferroic BiFeOs; [Ref.4.52-55]. This corrugated plane and the mirror symmetry
perpendicular to the b axis suggest two types of the interlayer distances; along the b axis
the interlayer distance alternates between short and long ones, giving the unique structure
for CuR,Ge;Og. From this lattice structure, the system is expected to have an exotic
magnetic lattice with a strong and regular triangular interaction within the ac plane. As a
result, the average exchange interaction is of an AF type and a weak interlayer interaction
is formed along the b axis alternatively. It is rather common that 2D triangular AF systems
show jump like transitions in their M(H) data: CsCuCls; [Ref.4.56]; Cs.CuBrs and
BasCoSh,0y [Ref.4.6-11]. An exception is Cs;CuCl, that does not show the 1/3M; plateau
[Ref.4.57]. In comparison, CulLa,Ge;Os shows two magnetic field-induced phase
transitions at Hec1 = 0.80(5) kOe and Hc, = 5.8(1) kOe [in the Y-based compound, Hc =
2.5(3) kOe]. As the slope between two critical points is constant, the spin state at this region
seems to sustain its configuration, similar to the plateau-like behavior of the uud state in a
regular triangular lattice. However, the fractions of M(H) to Ms are 0.019 and 0.117 at Hc1
= 0.80(5) kOe and Hc, = 5.8(1) kOe, respectively: M(Hc)/Ms = 0.084 for the Y-based

compound. To my best knowledge, such small fraction numbers have not been reported
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before for a 2D triangular system. To understand further the field-induced phases, neutron

diffraction studies at low temperature are necessary.
CsCuCl; Cs,Cu(Cl/Br), Ba,;CoSb,0, Cu(Y/La),Ge,Oq

—
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FIG.4.5 Diagrams of magnetic lattices of selected inorganic quantum 2D triangular systems.
The solid arrows depict the strong exchange interactions and the dashed ones depict the
weak exchange interactions. CsCuCls has strong FM interlayer (J.) interactions but weak
AF triangular interactions (J, J), whereas Cs,CuBr4 and Cs,CuCl, have strong AF chain
interactions (J) but weak AF inter-chain interactions (J°) and weak interlayer interactions
(J.). BazsCoSh,0Og shows a strong and regular AF triangular interaction (J, J°) but weak
AF interlayer interaction (J ). On the other hand, CuR,Ge;Os (R = Y and La) has a strong
and regular AF triangular interaction (J; = J; = J3) but weak interlayer interaction (Js)

formed alternatively along the stacking axis.

4.4.2 Summary

To summarize, extensive studies of the bulk properties of CuR>Ge;Os (R =Y, La) have
been carried out including crystal structure analysis, magnetic and thermodynamic

measurements, and DFT calculations. These results taken together suggest that the system
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should be a charge-transfer type quantum quasi 2D triangular antiferromagnet with clear
signs of an antiferromagnetic transition at Ty = 0.51(1) and 1.09(4) K for Y and La,
respectively. Remarkably, a field-tuned phase transition arises between this magnetic order

and a plateau phase with a small magnetization fraction.
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Chapter 5
Outlook and Summary

5.1 Outlook

The study on CuAl,O4 shows that in the specific case of the large U and localized spins,
leading to a narrow bandwidth, the small SOC which is even less than 0.1 eV actually can
change the whole nature of the ground state. This study implies that the small SOC in 3d
compounds should not be ignored and it can further suggest the emergence of other Jes-
multiplets. For example, an A-site spinel (or normal spinel (A 1-xBx)ictra(B2-xAx)octaX4, Where
X is a chalcogen, which has the inversion x less than 0.5) which has Ni** ions in its A-site
could have a J.= 0 state as a ground state and a B-site spinel (or inverse spinel, which has
the x>0.5) could have Jeir = 3/2 states for B = Ti*".

For the study on quasi 2D triangular HAF CuR>Ge;Os (R =Y, La), novel magnetic
transitions are found in the La compound at low magnetic fields of Hca = 0.80(5) kOe and
Hco = 5.8(1) kOe, which make a plateau like shape in the M(H) curve. As many other 2D
triangular HAFs show unique magnetic transitions induced by their characteristic lattice
structure, the novel interlayer interactions expected from the structure can lead this

phenomenon. Neutron scattering experiments would be an appropriate tool to identify the
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magnetic structure of the system and the role of the interlayer couplings making the
magnetic phases in 2D triangular HAFs. This study will widen the understandings on the

magnetic phases in 2D triangular lattice with interlayer couplings.

5.2 Summary

To find exotic emergent phenomena induced by quantum fluctuations, I explored two new
cuprate systems: CuAl,O4 and CuR>Ge>Os (R =Y, La). For studies on a CuAl,O single-
crystal sample, via single-crystal XRD, resistance measurements, and Cu K-edge and L-
edge XAS techniques, the ground state of the system is identified to be the Mott insulating
spin-orbital entangled J.rr = 1/2 state. The single-crystal XRD and the K-edge spectrum
show the lattice structure of CuAlOs is cubic without any structural distortions. The
emergence of the J.r = 1/2 state, being composed of equal contributions of the xy, yz, and
zx orbitals is a possible answer for the cubic symmetry. The advent of the Jer= 1/2 is further
verified by the L-edge XAS. The spectra show the main peak (o) with the shoulder peak
(B) in the Ls-edge but only one peak (B) at the L,-edge, which gives extraordinary larger
BR of 6.3(1) than that of the conventional cuprates. Moreover, the magnetic properties
measurements show the moment of the spin-orbital Jer = 1/2 state is highly frustrated
without long-range order. With previous studies on the glassy nature of CuAl,Os, the
ground state of this system is a novel ‘spin-orbital glass’ state.

The studies on the bulk properties of CuR.Ge.Os (R=Y, La) are done including crystal

structure analysis, magnetic and thermodynamic measurements, and DFT calculations.
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These results taken together suggest that the system should be a charge-transfer type
guantum quasi 2D triangular antiferromagnet rather than the 1D chain speculated in the
previous research. These systems show clear signs of an antiferromagnetic transition at Ty
= 0.51(1) and 1.09(4) K for Y and La, respectively. Remarkably, field-tuned phase
transitions arise, making a plateau phase with small magnetization fractions. This
phenomenon seems to originate from the interplay of strong quantum fluctuations and
novel interlayer interactions expected from the buckled layer.

From the studies on quantum magnetism on the novel cuprate compounds: CuAl,O4 and
CuR2Ge,0g, I found a novel ground state, ‘spin-orbital glass’ based on a significant effect
of SOC and quantum fluctuations strengthened by frustration, and novel magnetic phase
transition which is related to the interactions of interlayer couplings and strong quantum

fluctuations.
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Electric Dipole Transitions

The Hamiltonian for the motion of a particle of mass m and charge e in an electromagnetic
field described by the potentials A with an additional potential energy V, is following

[Ref.Al]

2

= %(p — ;A - eiq'r) +V(r)

In the case of transverse wave without an external magnetic field,

2
p e ..
H=|—+4V|——eW74- 0(A®>) =H,+H
(2 + ) Ce p+ ( ) o+ Hq,

where

p? e .
Hy=|(—+V d HH=——2¢eY9"A-
0 <2m > an ! mc ¢ P
According to Fermi’s golden rule the matrix element of H, is a transition amplitude.
Moreover, for the constant A,
. i i
eA-p=A-p)+7;Axq rxp)-5{g 1A p)+(-1)q p)}..

The first and second terms mean =1 an irreducible tensor operator for electric dipole

transitions and magnetic dipole transitions, respectively, and the third one indicates k=2

electric quadrupole transitions.
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Therefore, the transition amplitude for electric dipole transitions is

(i me| Tk, @) i my),
where |jz,ms) and |j;, m;) are final and initial states, and 7(k, ¢) is a reducible tensor

operator. Then,
1 d

1
A~ (g, me|pljsm;) = (ap == E[r'HO]) = A (jr, ms|[r, Ho]

= —(Er — E))A - (jp, mg|r|j, my),

Jio M)

where E; and Erare energy eigenvalues of initial and finial states, respectively.

Therefore, 7= T(k=1, ¢g=0,+1) (x = %{T(l, -)-T(1, 1)}, y= %{T(l, -H)+T7(1, 1)}, z=T(1,
0), whereas T = T(k=1, g==1) for circular polarizations). Then, the transition rate, or the
intensity of the transitions is

. . 2
|(/f' mflrlfi'mi>|

ignoring other constants, which are the same in transition processes described here.

In case of j.r= 1/2 states, the initial states of core electrons are following
2p"2=j; =1/2,m; = £1/2) and 2p*? =|j; = 3/2,m; = £1/2,%+3/2)
and the final state is jerr= 1/2 states [Ref.A2]
jetr = 1/2, mj = 1/2) = \/—15([)/2, G) —ilzx, o) — [y, -o))

Vetr=1/2, mjer=-1/2) = vz, -6) +ilzx, -0) + [xy, ©))

1
NG
where |+c) is spinor of |s = 1/2, m; = +1/2) and the slater orbitals can be written as

following [Ref.A3]
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|x}’) zﬁ(ll = ZJml = 2)_ |l = zrml = _2>)

-1
trg lzx) = ﬁ(ll =2m=1)—|l=2,m =-1)

[
kb’Z) :ﬁ(ll = Zlml = 1>+ |l = mel = _1>

|z2) = |l = 2,m; = 0)
1

€] |x2—y?) = 75 (= 2m =2)+ |1 =2,m = ~2))

Then, the transition amplitude for L,-edge is

<jeff = 1/2,mjeff = 11/2|r|ji =1/2,m; = i1/2>

and the transition amplitude for Ls-edge is

<jeff =1/2,m,, = +1/2|r

i =3/2,m; = J_r1/2,J_r3/2>

According to Wigner-Eckart theorem

im) = " TG @)l maa, miljm,)

qm;

where (q,m; | j,m;) is Clebsch-Gordan coefficient. Several Clebsch-Gordan tables which

will be used for calculating the transition amplitude are following
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=1, =172
j 32 32 1/2 3/2 12 3/2
m; 3/2 12 1/2 172 172 3/2
nip; nmp
112 1

1 -12 J1/3 J2/3
0 1/2 J2/3 | =J1/3
0 -1/2 2/ J1/3
-112 1/ —J2/3

Bl

-1 -12 1
j1=2,j2=1/2
j 52 52 32 52 32 52 32 52 3/2 5/2
m | 512 32 32 12 12 -12 -12 32 32 -5/2
m; myp
2 12 1
2 -12 J1/5 J4/5
1 12 J4/5 | =J/1/5
1 -12 J2/5 J3/5
0 12 J3/5 | =J2/5
0 -12 V3/5 | J2/5
-1 12 J2/5 | =/3/5
-1 -12 J4/5 | J1/5
2 12 J1/5 | =/4/5
2 -1/2 1
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=2, =172

Jj 512 572 32 572 32 512 32 512 32 5/2
m; 52 32 32 172 172 -172 -172 -3/2 -3/2 -5/2

my mj

2 112 1

2 -12 J1/5 J4/5
112 Ja/s | =J1/5
1 -12 J2/5 | 3/5
0 12 J3/5 | =2/5

0 -12 J3/5 | 2/5
112 J2/5 | =\3/5
-2 Ja/s | J1/5
212 J1/5 | —J4/5

2 -12 1
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j1:3/2,j2:1
J 5/2 5/2 3/2 5/2 3/2 1/2 5/2 3/2 12 5/2 3/2 5/2
m; 5/2 3/2 3/2 1/2 1/2 12 -1/2 -1/2 -1/2 -3/2 -3/2 -5/2

m; my

i 1

2

3

;0 J2/5 | 4/3/5

1

7 1 J3/5 |—=y/2/5

= -1 J1/10 | /2/5 | J1/2

1

2o J3/5 | J1/15 | —J1/3

-1

= J3/10 |-/8/15| /1/6

1

» 37RO | JE7TS | 176

-1

B V375|178 173

-3

= J1/10 | =275 | J1/2

-1

oy T | 775

-3

- 0 J2/5 |—/3/5
=2 1
2

Therefore,

T(LO)j; = 1/2,m; = £1/2)

_ NG2/3|i =3/2,m; = 1/2) —/1/3|j = 1/2,m; = 1/2))
NW2/3]j =3/2,m; = —1/2) +J1/3|j = 1/2,m; = —1/2))
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T(1,0)lj; = 3/2,m; = £3/2,£1/2)

( N(J2/5]j = 5/2,m; = 3/2) +/3/5|j = 3/2,m; = 3/2))

z{l N (V275 i = 5/2,m; = =3/2) = \/3/5|j = 3/2,m; = =3/2))
| N (3751 =5/2,m; = 1/2)+ V1715 |j = 3/2,m; = 1/2) = V1/3]j = 1/2,m; = 1/2))
W(W/3/5|j = 5/2,m; = —1/2) = J1/15 |j = 3/2,m; = =1/2) = J1/3|j = 1/2,m; = —1/2))

T(1,=D0j; = 1/2,m; = £1/2)

_ {N(w/1/3 lj =3/2,m; = -1/2) —2/3|j = 1/2,m; = —1/2))
N()j = 3/2,m; = —3/2))

T(1,-1Dj; = 3/2,m; = +3/2,+1/2)

N(1/1/10|j =5/2,m; = 1/2) +2/5|j = 3/2,m; = 1/2) + J1/2|j = 1/2,m; = 1/2))
~ N(|j =5/2,m; = —5/2))
B N(,/3/10 i =5/2,m; = -1/2)+/8/15|j =3/2,m; = —=1/2) + J1/6|j = 1/2,m; = —1/2))
\ N (V375 = 5/2,m; = =3/2) +/2/5 | = 3/2,m; = =3/2))

T = 1/2,m; = £1/2)

={ N(|j = 3/2,m; = 3/2))
NJ1/3)j = 3/2,m; = 1/2) +/2/3|j = 1/2,m; = 1/2))

T(LDj; =3/2,m; = £3/2,41/2)

( N(|j = 5/2,m; = 5/2))
~ IN(M i =5/2,m; = =1/2) = J2/5|j = 3/2,m; = —=1/2) +/1/2|j = 1/2,m; = —1/2))
- N(/3/5|j = 5/2,m; = 3/2) = /2/5j = 3/2,m; = 3/2))

\ N/3710|j = 5/2,m; = 1/2) —\/8/15 |j = 3/2,m; = 1/2) +/1/6|j = 1/2,m; = 1/2))

where N is a normalization factor.
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In a similar way,

|xy)®|+0)

_ —i(J1/2]j = 5/2,m; = 5/2) = \[1/10|j = 5/2,m; = =3/2) +/2/5|j = 3/2,m; = —=3/2))
—i(J1/10|j = 5/2,m; = 3/2) +/2/5|j = 3/2,m; = 3/2) —/1/2|j = 5/2,m; = =5/2))

—J2/5j = 5/2,m; =3/2)+/1/10|j = 3/2,m; = 3/2) + \/1/5|j = 5/2,m; = —1/2)
0@ 40) —/3/10]j = 3/2,m; = -1/2)
zX To) =
—J1/5|j =5/2,m; = 1/2) —[3/10|j = 3/2,m; = 1/2) + /2/5|j = 5/2,m; = —3/2)
+/1/10j = 3/2,m; = —3/2)
i(2/5j = 5/2,m; = 3/2) —\/1/10|j = 3/2,m; = 3/2) + {/1/5|j = 5/2,m; = —1/2)
@I 4o) = —J3/10(j =3/2,m; = -1/2))
h i(J1/5]j = 5/2,m; = 1/2) +/3/10|j = 3/2,m; = 1/2) +/2/5|j = 5/2,m; = =3/2)
+/1/10]j = 3/2,m; = —3/2))
Then,
++:0
. _ _)+—:0
(xy, o|T(1,0)|j; = 1/2,m; = £1/2) = —+0
——:0
++:0
) +—:(=N/V5)
(zx, +o|T(1,0)|j; = 1/2,m; = +1/2) =
Ol =1/2m=21/2=1 " e
——:0
++:0
. +—: (=iN/V5)
(yz,+o|T(1,0)|j; = 1/2,m; = +1 2)={
y (LO)ji =1/2,m; / k—+:(iN/\/§)
——:0
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++:0
+—:(iN(1 +V6)/5)
—+: (—iN(1 +V6)/5)

(xy, +olT(LOYji = 3/2,m; = +3/2) = i

++:0
——:0

(++: (=N (2/5 - /3/50))

(zx, 20| T(LO)ji = 3/2,m; = +3/2) = M
| == (v(2/5 —/3/50))
++:0

(
(zx, +0|T(1,0)|j; = 3/2,m; = +1/2) = +—: (N(V3/5 +/1/50))
—+: (=N(V3/5 +/1/50))
——:0

++:(iN(2/5 —+/3/50))
+—:0
—+:0

——:(iN(2/5 —/3/50))

(}’Z, iGlT(l,O)ljl- = 3/2’ m; = i3/2) —

( ' ++:0
(2, 40| T(LOYjs = 3/2,m, = +1/2) = | T (NC/3/5 +/1/50))
—+: (iN(v/3/5 +/1/50))

——:0

++:0

(xy, £o|T(L, =Dlj; = 1/2,m; = £1/2) = {Jr—: (—iN\O/Z/S)
—+:
——:0
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(++: (—N/V10)
+—:0
—+:0

——: (N/V10)

(zx, +o|T(1,-D|j; =1/2,m; = £1/2) =

(++: (—=iN/V10)

(}’Z, iO’lT(l,—l)lji =1/2,m; = +1/2) = i t;g

——: (iN/4/10)

++:0
. +—:0
(xy, xo|T(1,-1)|j; =3/2,m; = £3/2) = —4:0

——:(iN/V2)

++:0

(xy, o|T(1,-D|j; = 3/2,m; = £1/2) = {+—: (iN(y/3/50 — 2/5))
—+:0
——:0

++:0
(zx, 20|T(1, ~1)lj; = 3/2,m; = +3/2) = {_ e N(j;/—:s(z) +VE/5)
——:0

[++: (V3750 - 2/5))
+—:0
—+:0

| —— (N(V6/5 +1/5))

(zx, +o|T(1,-D)|j; =3/2,m; = +1/2) =

++:0
(vz,+o|T(1,-Dlj; =3/2,m; = £3/2) = {_4.; (Ni(,/-l;ég ++/3/5))
——:0
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(++: (iN(/3/50 — 2/5))

(yz,£0|T(1,~D)lj; = 3/2,m; = +1/2) = J o

L ——:(iN(V6/5 + 1/5))

++:0

(xy, £o|T(LDj; = 1/2,m; = £1/2) = {_4.- (—t;/:(wo/Z/S))
——:0

( ++: (N/V10)

(zx, +o|T(L,D]j; =1/2,m; = £1/2) = +—:0

++: (=iN/V10)
+—:0
_+:_

(yz, 2o|T(LDj; = 1/2,m; = £1/2) = {
——: (iN/V/10)

++4: (—iN/V2)
(xy, 2o|T(LD)j; = 3/2,m; = £3/2) = +—:0

—+:0
——:0

++:0

+—:0
—+:(—IiN(y/3/50 — 2/5))
——:0

(xy, 2o|T(L,Dji = 3/2,m; = £1/2) = {
++:0

(zx, +o|T(LD)j; = 3/2,m; = +3/2) = {*‘: (iN(/1/50 +33/5))
—+:0
——:0

99



Appendix

[ ++:(-N1 +V6)/5)
(zx, 20|T(L,D)|j; = 3/2,m; = +1/2) = ! J—:g
l——: (N(2/5—+/3/50))

++:0
(yz, o|T(L,1)|j; = 3/2,m; = £3/2) = {-l__: (e _1-{58 N
——:0

[ ++: (N1 +V6)/5)
+—:0
—+:0

\——: (iN(/3/50 - 2/5))

(yz, +o|T(L,1)]j; = 3/2,m; = +1/2) =

In case that the incident beam is linearly polarized along x = %{T (1,-D) - 1(1, 1},

++:0
+—:(=iN/V10)
—+: (iN/V10)

(xy, tolxlj; = 1/2,m; = £1/2) = {
——:0

++: (—-N/V10)
+—:0
—+:0

(zx, olx|j; = 1/2,m; = £1/2) = {
——: (N/V10)

++:0
. _ _)+—-:0
vz, xolxljy =1/2,m; = £1/2) =4 _

—:0
(++: (iN/VB)

(xy, *olx|j; = 3/2,m; = +3/2) = i J—:g
——:(iN/V/8)

100



Appendix

( ++:0
o N |+ (iN (/37200 — 1/5))
(x, tolxlj; = 3/2,m, = +1/2) = i_+: T - /o)
——:0

( ++:0
. - _ ] +—1(=N(/1/200 + v3/10))
(zx, to|x|j; = 3/2,m; = £3/2) = i—+: (—N(\/m +V3/10))
——:0

(++: (N (/277200 - 1/10))
+—:0

—+:0

|- (N(4/27/200 — 1/10))

++:0
+—: (=iN(/1/200 +/3/10))

—+:(iN(/1/200 + vV3/10))
——:0

(zx,*olx|j; =3/2,m; = +1/2) =

(vz, tolx|j; = 3/2,m; = £3/2) =

++:(—iN(y/3/200 + 3/10))
+—:0
—+:0

——:(iN(,/3/200 + 3/10))

(yz,tolx|j; = 3/2,m; = £1/2) =

and the transition amplitude of L,-edge is
Uerr = 1/2,mjesr = 1/2|x|j; = 1/2,m; = £1/2)
=1/3 ({2, 0] = i{zx,0 = (xy, ~oD)x|j; = 1/2,m; = 1/2) = 0
(jeff =1/2,mjerr = _1/2|x|ji =1/2,m; = i‘1/2>

=4 1/3{yz, —o|+i{zx, —o| + (xy,o])x|j; = 1/2,m; = £1/2) =0

Finally, the transition rate of L,-edge is zero.
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and the transition amplitude of Ls-edge is
Uers = 1/2,mjepr = 1/2|x|j; = 1/2,m; = +£3/2)

= V1/3({yz, 0| = i{zx, 0| = (xy,—cDx|j; = 1/2,m; = +3/2)

0
- {(—uv/m)

(jeff =1/2,mjesr = 1/2|X|ji =1/2,m; = i1/2>

= J1/3 ({yz 0| — i(zx,0] — (xy, —o])xlj; = 1/2,m; = +1/2)

{(—iN /V8)
0

(opr = 1/2,mjesr = —1/2|x|j; = 1/2,m; = +3/2)

=./1/3 ((yz, —o|+i(zx, —o| + (xy,o)x|j; = 1/2,m; = £3/2)

{(uv/m)
0

(orr = 1/2,mjesr = —1/2|x|j; = 1/2,m; = +1/2)

=./1/3 ((yz, —o|+i(zx, —c| + (xy,c])T(1,0)|j; = 1/2,m; = £1/2)
_ 0
B {(uv/@

Finally, the transition rate of Ls-edge is finite and the branching ratio is infinite.

However, when a CuQg tetrahedron is distorted by the Jahn-Teller effect, the ground state
of the compressed tetrahedron is |xy)®|+0). In this case, the transition rate of L,-edge is

N%5 and that of Ls-edge is (9 —v6)N?/25, and the branching ratio is finite (~1.3, this
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branching ratio depends on the polarization of incident beam. One can find a condition of

polarization to make the branching ratio of 2 by setting A -p = Aypy + Aypy + A;D,).
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