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Preface

Electrons in materials show various electronic phases such as metal, insulator, superconducting
state, and magnetically ordered states. Magnetism is one of the fundamental research areas in the
material science and is often related to the mechanism of superconductivity and metal-insulator
transitions: for example, the mother compounds of the high-temperature cuprate superconductors are
antiferromagnetic insulators. Moreover, when magnetic properties are combined to other physical
properties like thermal and electric transport properties, useful functions are obtained. Therefore,
understanding the magnetic properties of materials and searching for novel magnetic phases are
important for both basic science and future applications.

In recent years, searching for exotic quantum phases in materials is a challenging task. Frustrated
magnets, where conventional magnetic orders are suppressed owing to the magnetic frustration, have
attracted much attention as a playground of realizing novel phases such as spin liquids and spin
nematics. A key to realize novel phases is the geometry of atoms in the materials. For example,
two-dimensional kagome lattice made of corner-sharing triangles is a representative lattice where
novel magnetic phases are predicted.

Target materials of this thesis are inorganic materials; most of them are synthetic copper minerals.
One of the advantages of inorganic materials is the rich variety in the lattice made of magnetic ions.
The crystal structures of inorganic materials are often described by the polyhedra containing an ion
at the center. There are enormous possibilities in the arrangement and the connectivity of polyhedra,
which determine the types and the strength of the magnetic interactions between the spins on
magnetic ions. This richness in the crystal structures enables the realization of various kinds of spin
lattices with magnetic frustration and magnetic phases on them.

In search for novel magnetic phases, | have studied three copper minerals with distorted and
regular kagome lattices: volborthite CusV,0,(OH),*2H,0, engelhauptite KCu3V,0,(OH),ClI, and
vesignieite BaCusV,0g(OH),, which are closely related to each other in the crystal structures. One
problem in the experimental studies of frustrated magnets is the difficulty in obtaining high-quality
single crystals with relatively large size, which are required for detailed magnetic characterizations.
Another problem is the presence of the disorder in real materials: frustrated magnets are sensitive to
small disorder and the true ground state can be masked or replaced by randomly frozen states such as
spin glasses. | have successfully synthesized high-quality single crystals or powder samples,
characterized their crystal structures, and investigated their magnetic properties in wide temperature

and magnetic field ranges. Based on thus obtained data, | have developed the crystal chemistry of the



kagome minerals and clarified their unusual magnetic properties. In addition, some related

frustrated magnets are studied.

March 2016 Hajime Ishikawa



Chapter 1. Introduction

In this chapter, theoretical and experimental studies of frustrated magnets are briefly summarized.
The crystal chemistry of the copper minerals with magnetic frustration and related compounds are
also summarized. Finally, the scope of this thesis is stated. | referred refs [1-3] for general things of

magnetism.

1.1 Magnetism of atom

In quantum mechanics, the state of an electron in an atom is specified by four quantum numbers;
principal quantum number n, azimuthal quantum number | (1 =0, 1, ---, n — 1), magnetic quantum
numberm (m=1,1-1, ---, -1 + 1, -I) and spin quantum number s (s = 1/2 and —1/2). The electron
has the orbital angular momentum 7l, where | is the orbital angular momentum operator, and
magnetic moment with the orbital motion. The z-component of the magnetic moment is x4 = —mug
(ug = 9.2740 x 10 erg/G). In addition, the electron has spin angular momentum #s and spin
magnetic moment g5 = —gugS, where s is the spin operator of which components are expressed by the
Pauli matrix and g = 2.0023.

The d orbitals, where electrons show rich physical properties, have | =2 and m=2, 1, 0, -1, -2.
When an atom has some d electrons, the electronic configuration is determined by the rules as
follows: the lowest energy state has maximum total spin angular momentum S among the possible
electronic configurations, and maximum total orbital angular momentum L for the S. The first rule
indicates that the electrons occupy different orbitals to reduce coulomb repulsion and electrons in
different orbitals experience ferromagnetic interaction between them. The ferromagnetic interaction,
which is caused by the coulomb interaction and the quantum mechanical effect, is called direct
exchange interaction. The second rule can be classically understood that the coulomb repulsion is
reduced when the electrons rotate in the same direction around the atomic core.

The orbital and spin angular momenta are not independent due to the effect called spin-orbit
coupling. The orbital motion of electron around the atomic nucleus can be alternatively considered
as an orbital motion of atomic nucleus from the electron’s side. The rotating atomic nucleus with
electric charge generates the magnetic field on electron, which affect the energies of the electron
depending on its spin magnetic moment. With the spin-orbit coupling, we have to consider the total
angular momentum J = L + S. The quantum number of J takesJ=L+S,L+S-1, ---,|L-§|.
When the orbitals are less than and more than half-filled, the ground state has the state with J = |L —

S|and J = L + S, respectively. The magnetic moment parallel to J is expressed as u; = —QjugJ with



the Landé’s g-factor g; = 3/2 + (S(S + 1) — L (L + 1))/2J(J + 1). As shown below, the orbital angular
momentum of 3d electron is often almost quenched in materials and only the spin angular

momentum survives.

1.2 Magnetic interaction and magnetic orders

Next, magnetic interactions between electrons in a system made of one unpaired electron on each
atom are considered. The energy levels of the each electron are expected to form energy bands.
When the coulomb repulsion between the electrons is negligible, the system becomes a metal as the
energy band becomes half-filled. On the other hand, when the coulomb interaction between the
electrons is strong enough, the system becomes an insulator with an energy gap generated by the
coulomb repulsion.

The electronic state of such an insulator is often described by a Hubbard model with the
Hamiltonian H = %, ,#; c;cjg+ Uoininy) - tij 1 @ matrix element which express the hopping of
electron from site j to site i and Uy is the on-site coulomb repulsion between electrons. ciTU and ¢;,
are operators which generate and annihilate the electron with spin o at site i, and »n;, = cjgcio,
respectively.

To consider the magnetic interaction caused by the hopping of electrons, the second order
perturbation process shown in the fig. 1.1 (a) is considered. The effective Hamiltonian for the
hopping process is written as Heg = Zi,j4t§/Uo si*sj. This interaction is always antiferromagnetic and
called superexchange interaction. The term 4t’/U, is often written as J and the Hamiltonian H =
2i;Jij sitsj is called Heisenberg Hamiltonian. As there is also ferromagnetic direct exchange
interaction, the sign of the magnetic interaction in real materials is determined by the balance of the
two interactions. The superexchange interaction is often dominant and many materials are actually
antiferromagnets.

The simplest spin system is a spin dimer coupled via antiferromagnetic interaction. The ground
state of a spin dimer is a spin singlet state. The state is expressed as 1/v/2(|11]2) — |1112): 11 and |4
indicate that the z-component of the spin on site-1 is 1/2 and —1/2, respectively. The spin singlet state
is made by the quantum mechanical mixing of the states with spin 1 on site-1 and spins | on site-2

and the state with spin | on site -1 and spin 1 on site-2.
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Figure 1.1. (a) Hopping process that cause superexchange interactions. (b) Antiferromagnetic spin
dimer (top), antiferromagnetic linear spin trimer (middle), and antiferromagnetic triangular spin

trimer (bottom). A ground state of the systems are also depicted.

In the same manner, the ground states of a linear trimer and a triangular spin trimer (fig.1.1 (b)),
which are made of three spins, are expressed as follows.

Antiferromagnetic Linear Trimer

IN6(111243) + [Lat213) = 2 [11l219) = IV6 (111) X (1T2la) = [L219) + (111l2) — [1a12)) X |12))
1N6(|1l213) + IT1l2la) = 2 [LaT2la) = IV6 (1) X (T2da) — [L219) + (IT2d2) — [L112)) X [L2))
Antiferromagnetic Triangular Trimer
IN2(11l2) = Hat2)) X [1s)
IV2(11l2) — Ha12)) X [La)
IV6((I1243) = 1212) X [11) = (1Tala) = [3T0) X [12))
IV6((I1243) = 1212) X [11) = (1Tala) = [3T0) X |12))

As the number of the spins in a system increases, the ground state is expected to become
complicated. In the real material, the number of the spins is the order of Avogadro number and it is
almost impossible to derive the ground state exactly. To investigate the ground state of the spin

system, the classical spin model, where the spins are regarded as classical vectors, is considered. The



Heisenberg Hamiltonian H = %.;,J;;S;S; is written as H = 1/2 ¥, J(q)Sq*Sq by the Fourier
transformation, where S, = 1WN ¥,¢''S;, J(q) = ¥, e™ "J;, and the q is a wave vector within
the first Brillouin-zone. Here, the state with a g which gives the minimum of J(q) is the candidate of
the ground state.

For example, in the square lattice antiferromagnet with nearest neighbor (NN) interaction J, the
J(q) = 2J(cosqy + cosqy), which is minimized by g = (x, m). In this state, the NN spins are arranged in
the opposite directions. The lattice is split into the two sub-lattices and the antiferromagnetically
ordered state is called the Néel state (fig. 1.2 (2)).

In the case of spin 1/2, the Néel state is not a real ground state. When the Hamiltonian is applied
to the Néel state, another state is mixed to the Neel state due to the second term in sies; = sis7 + 1/2
(sjs]'.+ s;sj*). This effect is called quantum fluctuation. In the simple case like square lattice
antiferromagnet, the ground state is considered to be a Néel state with squeezed spin moment by the

effect of quantum fluctuation.
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Figure 1.2. (a) Néel state on the square lattice (top) and the spiral spin order in the J;-J, chain

magnet (bottom). (b) Spiral state (top) and the weak-ferromagnetic state with the net magnetic

moment My (bottom) caused by the DM interaction in the antiferromagnetic chain.

Magnets show various kinds of magnetic orders depending on the arrangement and types of
magnetic interactions. For example, a J;-J, chain model is another typical spin model (fig. 1.2 (a)).
In this model, in addition to the NN antiferromagnetic interaction J;, next nearest neighbor (NNN)
antiferromagnetic interaction J, is present. The J, considered above is written as J, = 2J;cosq +
2J,c0s2q. The g which minimizes J, depends on the ratio J,/J;. When J,/J; < 4, q = © minimize the
J(q). When J,/J; > 4, q = +cos™(-J1/4J,) minimize the J(q); the spin state correspond to the helical
spin state with the period of 2x/q.



In addition to the exchange interactions, Dzyaloshinskii-Moriya (DM) interaction can affect the
ground state spin structure. Classically, DM interaction between the spins S; and S; is written as D+
[Si x §j], which acts to make the two spins lie in the same plane perpendicular to the D-vector and
mutually tilted by 90°. It gives a different effect depending on the arrangement of the D-vector in the
lattice. For a simple example, DM interaction added to the antiferromagnetic chain is considered (fig.
1.2 (b)). When they are arranged in the same direction along a chain, they stabilize a spiral spin
structure. On the other hand, when they have the staggered arrangement along the chain, they cause
a canting from the antiferromagnetic state. In the latter case, the net magnetic moment is not zero

and the state is called weak-ferromagnetic state.

1.3 Magnetic frustration

The magnetic order of the simple magnet can often be understood by considering the classical
spin model. In some magnets, all of the magnetic interactions are not satisfied simultaneously and
the magnetic order is suppressed; this situation is called magnetic frustration. Magnets which have
magnetic frustration (frustrated magnets) are expected to show unconventional magnetic states
without conventional magnetic order. Magnetic frustration is mainly caused by the geometry of spins
coupled by antiferromagnetic interactions (geometrical frustration) or by competing ferromagnetic
and antiferromagnetic interactions (fig. 1.3). An example for the former case is the spin 1/2
Heisenberg antiferromagnet on the two-dimensional kagome lattice made of corner-sharing triangles.
Example for the second case is found in magnets with a ferromagnetic NN coupling J; and
antiferromagnetic NNN coupling J, on various kinds of lattices. Theoretically predicted novel
phases in the two types of frustrated systems and their representative model compounds are

summarized below.

Ay A

Figure 1.3. Geometrical frustration (left) and a frustration caused by the competing ferromagnetic

and antiferromagnetic interactions (right).



1.3.1 Geometrical frustration
The energy of a classical triangular spin trimer is J(S;1*S; + S,¢S3 + S3¢S;) = J/2 (S1 + S, + S3)2 —
9/8 J, which is minimized by the condition S; + S, + Sz = 0. This condition is satisfied by tilting the
three spins mutually 120° each other, which is called a 120° structure. In the lattice made of triangles
such as triangular and kagome lattices, the classical ground state is made by extending the local 120°
structure on the entire lattice. The 120° structure has a degree of freedom called vector chirality.
The vector chirality & is defined as k¥ = S; X S, + S, x S3 + S3 x S;. For example, the 120° structure

shown in the left of fig. 1.4 (a) is defined to have the positive vector chirality.

@

©

a

719

Kagome

5/9
13

IRT
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Figure 1.4. (a) Definition of the vector chirality (left). 120° structure on a triangle with positive (+,
middle) and negative (-, right). (b) Classical ground states of triangular (left) and kagome (right)
lattices. (c) Calculated magnetization curve of the spin 1/2 Heisenberg kagome antiferromagnet ([13],
left). The plaquette VBC state where the size of the blue dots indicate the density of the spin at the
site (right).

In the triangular lattice, extending the local 120° structure to the next edge-sharing triangles is

straightforward and the long range order is formed as in the fig. 1.4 (b). Theoretical studies have

8



shown that the ground state is magnetically ordered even in the case of spin 1/2 [4-5]. In the case of
kagome lattice, there is a degree of freedom of the vector chirality in extending the 120° structure to
the next corner-sharing triangles, and arbitrary state can be a classical ground state as long as the
local 120° structure is maintained (fig. 1.4 (b)). Therefore, the classical ground state is
macroscopically degenerate. In the case of spin 1/2, the true ground state is still an open question,
although there is a consensus that there is no conventional magnetic order. The candidates of the
ground states are a quantum spin liquid state [6-9] or a valence bond crystal (VBC) state [10] which
is made of ordered spin singlet states. The quantum spin liquid states are expected to show novel
phenomena such as fractional excitations and superconductivity by making the system conducting
[11].

In addition to the ground states without magnetic order, interesting phases are predicted to realize
in the spin 1/2 kagome antiferromagnets in magnetic fields. The presence of the 1/3 plateau, where
the magnetization curve becomes flat to magnetic field at the height of the 1/3 of the magnetization
saturation, have been known [12]. The 1/3 plateau state is suggested to be a quantum superposition
of the 11| states on each triangles. Recent theoretical studies have revealed the magnetization
plateaus at the 1/9, 1/3, 5/9, and 7/9 of the saturation magnetization [13-15]. Nishimoto et al. suggest
that the 1/3, 5/9, and 7/9 plateau states are the new type of VBC state called plaquette VBC state,
where spins on the hexagons make a spin singlet-like state. In the 1/3, 5/9, and 7/9 plateaus, the total
spin on a hexagon is equal to 0, 1, and 2, respectively (fig. 1.6(c)), and the rest of the spins are
polarized along the magnetic field. The 1/9 plateau is suggested to be a spin liquid state, but its
nature is not well understood. It should be noted that the spin states in the magnetization plateau
phases are still under discussion in the theoretical studies and no experimental realizations are found
so far.

Herbertsmithite Zn;,Cus.(OH)eCl, is one of the most intensively studied spin 1/2 kagome
antiferromagnets. It has the geometrically perfect kagome lattice with the space group R-3m. There
is strongly antiferromagnetic NN interaction of approximately 200 K. In the studies using powder
samples, neither long range magnetic order nor spin gap is observed down to 50 mK and the ground
state is considered to be a gapless spin liquid state [16-18]. In the inelastic neutron experiments
using a single crystal sample, no clear feature such as spin waves is observed and instead a broad
continuous band (continuum) is observed in the dynamic structure factor Si(Q, w) (fig. 1.5 (a)). This

result is considered to be the evidence of the fractionalized excitation from the gapless spin liquid



state [19]. The high-field magnetization measurement on single crystal sample is reported, but no

anomaly is found in the magnetization curve up to 55 T (fig. 1.5 (b), [20]).
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Figure 1.5. (a) Dynamic structure factor S;(Q, w) of a single crystal sample of herbertsmthite
counter plotted as a function of zw and Q [19]. A plot of magnetic part of the S;(Q, w) along the K-
I'-K direction at low energy transfer 7iw = 0.75 meV. (b) Magnetization curve of a single crystal

sample of herbertsmithite [20].

Although the ground state of herbertsmithite has been claimed to be a gapless spin liquid state, it
is not so straightforward because of the presence of disorder caused by Zn/Cu mixing. The effect of
disorder in the spin 1/2 Heisenberg kagome antiferromagnet is examined theoretically. Singh et al.
analyzed the effect of nonmagnetic defects and suggested that the ground state is a valence bond
glass state made of randomly distributed spin singlet states, which shows gapless behavior [21].
Kawamura et al. studied the effect of bond randomness [22]. They also suggest that the ground state
can be a valence bond glass state and the experimental results of herbertsmithite are explained in this
scenario. On the other hand, recent NMR experiments on the single crystal sample suggest that the
true ground state of herbertsmithite is a gapped spin liquid state [23], which is apparently different
from the gapless spin liquid state proposed in the previous experimental studies. These results may
demonstrate that the ground state of a frustrated magnet is sensitively affected by the disorder and

intrinsic properties can easily be masked.

1.3.2 Competing ferromagnetic and antiferromagnetic interactions
When both ferromagnetic and antiferromagnetic interactions are present, they can cause

frustration (fig. 1.3). An interesting magnetic phase expected in this type of frustrated magnets is the

10



spin nematic phase. The spin nematic phase is characterized by the formation of bound magnon pairs
and the order of nematic directors.

The spin nematic phase is expected to appear near the ferromagnetic state such as in the frustrated
magnet with dominant ferromagnetic interaction or in a strong magnetic field. The spin fluctuation
from the ferromagnetic state is normally expressed by a wave called spin wave and its quantized
particle is called magnon. Magnon spectrum is usually gapless and has the energy dispersion
depending on the system. Shannon et al. found that in the frustrated square lattice with ferromagnetic
NN interaction J; and NNN interaction J, in the diagonal direction (fig. 1.6 (a)), the magnon
spectrum has the dispersionless zero energy mode, which indicates that the magnon is almost
localized in the lattice due to the frustration caused by J; and J, [24]. Then, however, by forming a
pair made of two magnons (bound magnon pair), the magnon pair can move around the lattice via
the hopping process caused by J, and gain the kinetic energy. This instability of the ferromagnetic
state caused by the formation of bound magnon pairs generates a novel magnetic phase, which is the

spin nematic phase, near the ferromagnetic state [25].

SN & P (A P

Bound Magnon Pair
(®)
Spin Densi
P £/ Director
Jy —]
J;

Figurel.6. (a) Hopping process of a bound magnon pair in the J;-J, square lattice. (b)The spin
density of the spin 1 with the director parallel to the y-axis [3]. The long range order of nematic

director in the J;-J, square lattice (right).

There is no conventional magnetic order in the spin nematic phase, however, there is an order of
nematic director. The nematic director is found in a spin 1 system, where state of a spin can be

11



written as [x) = i/V2 (1) — |-1)), ly) = 14/2 (|1) + |-1)), and |z) = —i|0). The director of |x) is parallel
to the x-axis, |y) to the y-axis, and |z) to the z-axis, respectively. The spin density is anisotropic
around the director: the director indicates the direction where the spin density becomes small (fig.
1.6 (b)). In the case of spin 1/2, the director is not defined for a spin but for a pair of spins. In a
ferromagnetically coupled spin dimer, three ground states can be written as follows and the director
is defined as in the case of spin 1: [x) = iV2 (1112 — [L1l2), Iy) = V2 (11112) + [L1l2)), and [2) =
=2 (111l2) — 112).

When the bound magnon pair is generated near the ferromagnetic state, the 11+ and ]i}i+1 States
are mixed and the degree of freedom of the nematic director is expected to appear. In the nematic
phase on the J;-J, square lattice, the nematic directors show an order as shown in the fig. 1.6 (b). To
summarize, the nematic phase is considered to be a novel multipolar order state where there is no
magnetic order but the order of nematic director. The realization of nematic phase is theoretically
predicted in some spin system with competing ferromagnetic and antiferromagnetic interactions near
the ferromagnetic state not only in the two-dimensional J;-J, square lattice, but also in
one-dimensional J;-J, chain, three-dimensional J;-J, body-centered-cubic lattice [26-27]. It is noted
that the phase is not observed in real materials thus far.

Several copper oxides have been studied as the model compounds of the spin 1/2 J;-J, chain.
Theoretically, this system is expected to show rich magnetic phases in the magnetic field (fig. 1.7
(@)); helical spin order at low fields, spin density wave (SDW) order in the intermediate fields, and
the spin nematic phase at high fields near the saturation of the magnetization (forced ferromagnetic
state) [26,28]. LiCuVO, is a representative model compound for the system. It shows an
incommensurate helical spin order at low fields and a longitudinal SDW order above 7 T, where the
moments are aligned parallel to the field with their magnitudes modulated along the chains [29].
Furthermore, the magnetization curve shows an anomaly slightly below the saturation magnetic
field; the magnetization changes linearly to the magnetic field with reduced slope between 40.5 and
44.4 T in H // ¢ before the saturation field of 46 T (fig. 1.7 (b), [30]). At the first stage, this anomaly
was attributed to the realization of the theoretically predicted spin nematic phase. Later, however, the
detailed NMR experiments performed at the corresponding field range revealed that the
magnetization anomaly is caused by the certain defects on the chain generated by the Li/Cu site
mixing [31]. Thus, the presence of the spin nematic phase in LiCuV Oy is still unclear. A spin system

with little disorder is necessary to study the physics of the spin nematic phase.
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Figure 1.7. (a) Theoretically predicted phase diagram of the J;-J, chain magnet with ferromagnetic
NN interaction J; and antiferromagnetic NNN interaction J, [26]. VC indicates the vector chiral
order, which is expected to become a helical spin order in real materials. F and N indicate the
ferromagnetic and nematic phases, respectively. For example, if the J;/J, is -2, the VC, SDW, N, and
F phases are expected to appear as increasing the magnetic field. IN, T, and Q are other multipolar

states related to the multi-magnon bound states. (b) Magnetization curves of LiCuVO, [30].

1.4 Crystal chemistry and magnetic interaction of copper oxides
1.4.1 CuOg octahedron and magnetic interactions

Copper atom often exists as a Cu®* ion in oxides and there are nine electrons in five 3d orbitals (n
=3,1=2,m=42, +1, and 0). By applying the rules of electronic configuration, the Cu** ion should
have L = 2 and S = 1/2 without spin-orbit coupling and J = 5/2 with spin-orbit coupling. Therefore,
the effective magnetic moment defined as uesr = g Jm up 1S expected to be 3.55 ug for J = 5/2.
On the other hand, experimentally observed ues is approximately 1.95 ug, which is close to 1.73 up
expected for g = 2.0, L = 0, and S = 1/2. The discrepancy between expected value for J = 5/2 and
experimental value is caused by the electric potential made by the O ions around the Cu ions.

Typically, Cu®* ion is surrounded by six O* ions (CuOg octahedron) in oxides (fig. 1.8 (a)). The
degeneracy of the five 3d orbitals is lifted by the electric potential made by O ions. In the electric

potentials made of regular octahedron with cubic symmetry, there are two groups of orbitals with
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different energy levels called tyq (dyy, dy,, and d,) and ey (dszo-r2, and dyo.y2) orbitals. The energy of the
t,, Orbitals is lower than that of the e, orbitals because they extend avoiding the O% ions and the
coulomb repulsion is reduced compared to the eg orbitals. It is noted that the d,, and d,.,, orbitals are
made by the linear combinations of the orbitals with m = +2 as ¢,, = iIN2(p322 — 932.2) and Oxoy2 =
1/\/§(¢322 + (32.2): @nim 1S the atomic orbital which have quantum numbers n, I, and m. Similarly, the
dy,, and d,, orbitals are made of orbitals with m = +1 as ¢, = i/\/§(¢321 + @31) and g = —1/\/5((0321 -
@32-1) and ds,»-r2 Orbital corresponds to the orbital with m = 0 as gz,.r2 = @320. The expected values of
the orbital angular momentum of each of the t,q and e orbitals are zero. Therefore, when the state of
an electron is described by only one of the five orbitals, the orbital angular momentum is lost. This

effect is known as quenching of the orbital angular momentum by the crystal field.

(b) Jahn-Teller Distortion
eg 7 <’, W
,/ S N\ L
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Figure 1.8. (a) Electron density of the d orbitals in the octahedral coordination. (b) Energy levels
of the d orbitals in the octahedral coordination before and after Jahn-Teller distortion (left). Two

ways of Jahn-Teller distortion in the case of octahedral coordination (right).

As a Cu®" ion has nine 3d electrons, t,y and eq orbitals are fully and partly occupied, respectively.
When there are degenerate orbitals that are partly occupied, the energy can be lowered further by the
distortion of the octahedron (Jahn-Teller distortion). In the case of Cu?* ion, the total energy of the
electrons in the ey orbitals are lowered compared to the energy with regular octahedron by the

Jahn-Teller distortion. There are two ways of distortion; when the octahedron is elongated and
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squeezed along the z-axis, the unpaired electron is accommodated in the dy,.,» and ds,.r» orbitals,
respectively. In copper oxides, Jahn-Teller distortions are easily distinguished by looking at the
crystal structure; typical squeezed Cu-O bonds are 1.8-2.0 A and the elongated Cu-O bonds are
2.2-2.4 A. The coordinations to select Oyo.y2 and dazo.p Orbitals are called [4 + 2] and [2 + 4]
coordinations, respectively.

As a result of quenched orbital angular momentum and the Jahn-Teller distortion, copper oxides
can be regarded as a system made of one electron in the dyo.y, Or daz.r» Orbitals on each Cu site. The
superexchange interactions are caused by the hopping process via the 2p orbitals (n = 2, | = 1) of
bridging O ions. There is a general rule called Goodenough-Kanamori rule about the sign of
superexchange interactions. This rule suggests that when the M-L-M bond angle is close to 180°, the
magnetic interaction is antiferromagnetic and when the angle is close to 90°, it is ferromagnetic: M
and L are the magnetic ion and ligand ion.

As a typical example, the interactions between spins in Cu 3d,..,» and O 2p orbitals caused by the
hopping process shown in the fig. 1.9 (a) are considered. Step 1: the spin on Cu A site is fixed to 1.
The electron with spin | on O 2p orbital can be transferred to Cu A site. Step 2: in the case of 180°
bond, O 2p orbital with spin 1 can hybridize with the 3d orbital of the Cu B site and gain the bonding
energy if the Cu B site has spin |. As a result, the energy is lowered if the Cu B site has the | spin
and the net antiferromagnetic interaction arises between spins on Cu A and B sites. On the other
hand, in the 90° bond, the O 2p orbital and Cu 3d orbital of the Cu B experience the direct exchange
interaction. Therefore, the overall interaction is ferromagnetic. Step 3: the electron with spin | on Cu
A ssite returns to the O ion and the system returns to the initial state.

The 180° bond is found when the CuOg octahedra share the corners (fig. 1.9 (b)) such as in the
perovskite-type oxides, which is related to the cuprate high-temperature superconductors. The 90°
bond is found when the CuOg4 octahedra share the edges (fig. 1.9 (b)). This configuration is often
found in the quasi one-dimensional chain compounds such as CuGeQs, which is considered to show
a spin-Peierls transition. Mizuno et al. have studied the electronic states and the relationship between
the bond angles and magnetic interactions in copper oxides containing edge-sharing CuO, chains. In
their study, they showed that the interaction is ferromagnetic when the bond angle is smaller than

approximately 95° and becomes antiferromagnetic when the angle is larger than that (fig. 1.9 (c),

[32)).
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Figure 1.9. (a) The hopping process of Cu 3d,..,, and O 2p orbitals in the case of 180° bond (left)
and 90° bond (right). (b) The 180° bond (left) and 90° bond (right) of CuOg4 octahedra found in the
copper oxides. The elongated and squeezed Cu-O bonds are depicted by thick and dashed lines,
respectively. (c) Cu-O-Cu angle dependence of magnetic interactions of edge-sharing CuOg

octahedra [32].

Next, | summarize the materials with frustrated spin lattices focusing on the way of the connectivity
of the polyhedra containing transition metal ion at the center. In most of the materials, corner-sharing
or edge-sharing octahedra form frustrated lattices. Materials with pyramidal coordination polyhedra
also realize unique frustrated spin lattices. The crystal structures of kagome copper minerals are

stated in detail.

1.4.2 Kagome lattice
The kagome lattice made of corner-sharing octahedra (fig. 1.10 (2)) is found in the jarosite-type
crystal structure with the chemical fomula AM3(OH)s(SO4), (A = K*, Rb*, Cs* etc., and M = V** (S =
1), Cr** (S = 3/2), Fe** (S = 5/2)) [33]. Strongly antiferromagnetic intralayer interaction is present in
Fe- and Cr- jarosites and ferromagnetic intralayer interaction is present in V-jarosites. Similar
kagome layer is found in some metal oeganic framework (MOF) compounds which commonly have

layers made from corner-sharing MO,F, octahedra (M = Mn?* (S = 5/2), Fe** (S = 2), Co** (S = 3/2),
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Ni?* (S = 1)) separated by organic molecules [34]. They have moderately strong intralayer

antiferromagnetic interactions.

Figure 1.10. Side views and the top views of the kagome layers made of (a) corner-sharing MXg
octahedra and (b) edge-sharing MXg octahedra, where M is the transition metal ions and X is the

ligand anion such as O, OH, F, Cl, etc.

Kagome lattice made of edge-sharing octahedra (fig. 1.10 (b)) are found in many copper minerals.
The crystal structures of kagome minerals may be classified into four groups: herbertsmithite-type,
kapellasite-type, volborthite-type, and vesignieite-type (fig. 1. 11). Herbertsmithite ZnCu3(OH)sCl,
has the kagome layer made of edge-sharing Cu(OH),Cl, octahedra and the layers are separated by
another ZnOg octahedra, which are located above and below the triangles of the kagome lattice [16].
A similar layered structure is found in the mineral barlowite Cus(OH)¢FBr [35] and CdCu3(OH)eCl,
[36] although the way of the stacking of the layers are different from herbertsmithite.

Kapellasite ZnCu3(OH)eCl, also has a kagome layer made of CuO,4Cl, octahedra [37]. The feature
of the kagome layer is that there is another cation (Zn in kapellasite) at the center of the hexagons of
the kagome lattice of Cu atoms. This type of kagome layer is found in the minerals haydeeite
MgCuz(OH)eCl, [38] and centennialite CaCu3(OH)sCl»xH20 [39] and CdCu3(OH)s(NO3),2xH,0
[40]. The layers are coupled via van der Waals interaction or separated by some crystal water
molecules. The mineral edwardsite Cd,Cus(OH)s(SO,4).+4H,0 has related kagome layers which are
separated by thick layer made of CdO3(H,0); octahedra and SO, tetrahedra [41-42, P5].

Volborthite CuzV,0,(OH),+2H,0 has a kagome layer made of edge-sharing CuO,4(OH), ocatahedra
[43-44]. The VO, tetrahedra are located above and below the hexagons of the kagome lattice. The
VO, tetrahedra of the adjacent layers share corners to form V,0; pillers. A similar kagome layer is

found in the mineral engelahuptite KCusV,0,(OH),Cl [45]. Vesignieite BaCu3V,0g(OH), has a
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kagome layer made of CuO4(OH), octahedra and VO, tetrahedra which is smilar to volborthite
[46-47]. However, the adjacent layers of vesignieite are shifted to accommodate the large Ba®" ions
compared with volborthite: the VO, tetrahedra in the adjacent layer do not share the corner. The
Sr-analogue of vesignieite SrCusV,0g(OH), [48] is also synthesized. Similar layered structures with
AsQ, tetrahedra are found in the minerals bayldonite PbCuzAs,0g(OH), [49] and KCu3As,0;(0OH),
[50-51].

The octahedra in copper minerals are strongly distorted due to the Jahn-Teller effect, but perfect
kagome geometry is maintained in some of the minerals. For example, the Jahn-Teller distortion to
squeeze the bonds shown in the fig. 1.12 maintain perfect kagome geometry. In the case of the left
figure, the d,o.,o-type orbitals carry spin 1/2 and this type of layer is found in the herbertsmithite-type
and kapellasite-type minerals. In the case of the right figure, the da,,.o-type orbitals carry spin 1/2
and this type of layer is found in vesignieite and engelhauptite. In volborthite-type and
vesignieite-type minerals, various orbital patterns are realized in distorted kagome lattices. In some
compounds like volborthite, SrCu3V,0g(OH),, balydonite, and KCusAs,0,(OH), both of the
dxo-y2-type and dsz-p-type orbitals seem to coexist in one kagome layer. Moreover, in volborthite,
changes in the orbital types or the orbital orientation take place as a function of temperature, which

will be addressed in detail in the present thesis.

(a) Herbertsmithite-type (b) Kapellasite-type

(b) Volborthite-type (d) Vesignieite-type
CuO,(OH),

Figure 1.11. Crystal structures of four types of kagome minerals: (a) herbertsmithite (b) kapellasite

(c) volborthite, and (d) vesignieite.
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Figure 1.12. The squeezed Cu-O bonds to select the d,..,,-type orbitals in the [4 + 2] coordination
(left) and ds,.ro-type orbitals in the [2 + 4] coordination (right) in the kagome layers made of
edge-sharing MXg octahedra. Note that, in both cases, the three-fold axis remains to keep the perfect

kagome lattice.

Some analogues of kagome copper minerals containing other transition metals are reported. For
example, the Co-analogues of herbertsmithite and volborthite [52-53] and Co- and Ni- analogues of
vesignieite are found in nature or sythesized [54-55]. In addition, kagome layers made of
edge-sharing octahedra are found in many compounds such as Ca,Pt;0s (Pt**, S = 0) [56],
Fe,Si,Sn/016 (Fe*, S = 2) [57], PbsMnsV,016 (Mn**, S = 3/2) [68], KMsGe,0y (M = V¥* (S = 1),
Mn® (S = 2)) [59-60], and a series of fluorides with the chemical fomula A,M3BF, (M = Mn?* (S =
5/2), Cu®* (S = 1/2)) [61-62].

The pyramidal coordination polyhedra also enables the formation of unique kagome-like spin
lattices. In a MOF compound [NH,4],[C/H14N][V7OsF1g], corner sharing VOFs octahedra, which may
be regarded as square pyramidal VOF, units with a short V-O bond, form a layered structure (fig.
1.13 (a), [63]). The V* ions with S = 1/2 form a “breathing” kagome lattice, which is made of large
and small triangles. In a fluoride NaBa,Mn3F,;, pentagonal bipyramidal MnF; units form a layer, in
which Mn?* jons with S = 5/2 form a kagome-like lattice [64, P4]. The NN MnF; units share edges
with each other and the NNN MnF; units share corners, where NN interaction J; and NNN
interaction J, are expected to arise (fig. 1.13 (b)). We call this lattice the kagome-triangular lattice as
it is regarded as an intermediate lattice topologically connected between kagome (J, = 0) and
triangular (J; = Jy) lattices; it can also be a set of triangular clusters (J; = 0). This type of layer is
known as a-U3Og-type layer and found in a series of oxides with the fomula of A;M3n+1O0gn+3 (M =

Nb°>* (S = 0), Ta>* (S = 0)) [65].
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Figure 1.13. (a) [V;O¢F1g] layer made of VOFs and VFg octahedra (left) and the “breathing”
kagome lattice made of V* ions in [NH,],[C;H14N][V7O¢F1s] [63]. (b) Connectivity of MnF;

pentagonal bipyramids (left) and the kagome-triangular lattice made of Mn?* ions in NaBa,MnsF;.

1.4.3 J;-J, chain and J;-J; square lattice

The crystal structures that generate competing ferromagnetic NN interaction J; and
antiferromagnetic NNN interaction J, are relatively rare in materials. For the J;-J, chain, most of the
candidate materials contain edge-sharing CuOg octahedra. The ferromagnetic J; arise via the nearly
90° Cu-O-Cu superexchange path and antiferromagnetic J, arise via the Cu-O-O-Cu superexchange
path (fig. 1.14 (2)). LiCuVOy, PbCuSO4(OH),, and Rb,Cu,M030;, are well studied as the model
compounds of the system [29,66-67].

Some compounds with square pyramidal coordination realize frustrated lattices with competing
ferromagnetic and antiferromagnetic interactions. In g-TeVVO, [68], which is studied as a J;-J, chain
magnet, corner-sharing VOs square pyramids with V** (S = 1/2) form a chain, where ferromagnetic
J; via the V-O-V path and antiferromagnetic J, via V-O-Te-O-V path are expected (fig. 1.14 (b)).
Almost all of the model compounds for the J;-J, square lattice magnet are layered vanadium oxides,
which have layers made of VOs square pyramids connected via nonmagnetic MO, tetrahedra (M =

Si**, Ge*, P**, Mo®) [69]. The J; and J, couplings are caused via the V-O-O-V paths (fig. 1.14 (c)).
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Figure 1.14. J;-J, chains found in the crystal structures of (a) LiCuVO, and (b) g-TeVO,. (c) J;-J»
square lattice found in the layered vanadium oxides made of VOs square pyramids and MO,

tetrahedra.

1.5 Scope of the thesis

The aim of this thesis is to find novel magnetic phases or magnetic orders in frustrated magnets
especially in copper minerals with kagome lattice, where magnetic frustration is expected. The
previously studied kagome copper minerals and their features are summarized in table 1.1. Most of
them have been studied using polycrystalline samples and known to show certain magnetic orders,
which are not well understood. Their spin states in the high magnetic field region, where the
realization of novel magnetic phases are predicted in recent theoretical studies, are even less
understood.

The quality of samples is critical in the experimental study of frustrated magnetism. A large single
crystal enables detailed characterization including anisotropy measurements. Moreover, a single
crystal XRD experiment is a powerful tool to determine the crystal structure, which is important to
consider an appropriate spin model. Furthermore, previous studies on herbertsmithite and LiCuVO,
have demonstrated the importance of getting rid of even small disorder in the case of frustrated
magnets.

Based on these circumstances, | expect a chance of finding novel magnetic phases or magnetic
orders by preparing high quality single crystal samples and performing detailed magnetic properties

measurements up to high magnetic field regions. In addition, studying new candidates of frustrated
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magnets always provide the possibility of finding novel magnetic phases and the perspectives for the
further material exploitation.

I have focused on three copper minerals: volborthite CusV,07(OH),*2H,0, engelhauptite
KCu3V,0,(OH),CI, and vesignieite BaCusV,0g(OH),, which are closely related to each other in the
crystal structures. Volborthite and vesignieite have distorted and regular kagome lattices, respectively.
In both of the materials, unusual magnetic properties are observed in the previous studies using
powder samples, which have not yet clarified possibly due to the lack of single crystal. | have
successfully synthesized high quality single crystals of large enough size, characterized their crystal
structures and investigated their magnetic properties in wide temperature and magnetic field ranges.
Engelhauptite is a new member of kagome copper minerals reported in 2013, which is synthesized
and studied in this work for the first time. It has a distorted kagome lattice, and the investigation of
the structural and magnetic properties have provided the clues to understand the complicated
magnetic properties of volborthite as well as engelhauptite itself. In addition, | have studied the
structural and magnetic properties of AMoOPO,CI (A = K, Rb) [70], which is considered to be rare
realizations and the new candidates of the J;-J, square lattice magnets.

Based on thus obtained data, | have developed the crystal chemistry of the kagome minerals and

clarified their unusual magnetic properties.
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Table 1.1. Experimental studies of kagome copper minerals

Material Jor o Tn High Field Single Comment
(Mineral Name) Measurement Crystal /References
ZnCuz(OH)Cl, 200K | <50mK | NoAnomalyupto55T ©) Zn/Cu
(Herbertsmithite) (Single Crystal) Disorder
[16-20]
Cuy(OH)eFBr 180 K 154K | NoAnomalyupto 60 T O Extra
(Barlowite) (Single Crystal) Cu®* lons
[35]
CdCus(OH)eCl, 150 K <2K X X [36]
ZnCuz(OH)Cl, 95K [ <20mK X X Zn/Cu
(Kapellasite) Disorder
[37]
MgCuz(OH)eCl, -28 K 42K X X Mg/Cu
(Heydeeite) Disorder
[38]
CaCuz(OH)eCl,*xH,0 56 K 7K X X [39]
(centennialite)
CdCus3(OH)s(NO3), 114 K 29K X X [40]
XxH,0O
Cd,Cu3(S0,),(OH)s 51 K 43K Saturation toward 1/3 X [41-42,P5]
*4H,0 (Edwardsite) (Polycrystalline)
CuzV,07(0OH),*2H,0 115 K 1K Steps and 2/5 Plateau This [43-44]
(Volborthite) (Polycrystalline) Study
KCuzV,04(0OH),CI X X X This [45]
(Engelhauptite) Study
BaCuzV,04(0OH), 55 K 9K 2/5 Plateau This [46-47]
(\Vesignieite) (Polycrystalline) Study
SrCuzV,0g(0OH), 100 K 11K X X [48]
KCu3As,07(0OH)3 -13.4 72K X X Ferroelectric
K below Ty
[50-51]
PbCuzAs,0g(0OH), X X X X [49]
(balydonite)
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Chapter 2. Experiments

2.1 Synthesis

Samples of kagome minerals were prepared by the hydrothermal technique. Reactions were
performed in the Teflon beaker with the volume of 45-790 ml sealed in the stainless autoclave (OM
Labotech, fig. 2.1). The details of the synthetic conditions of each material are given in the

corresponding chapters.

Stainless Autoclave

Teflon beaker

Figure 2.1. Teflon beaker and the parts of stainless autoclave.

2.2 Powder XRD

The powder samples and crashed single crystals were characterized by the Brag-Brentano-type
X-ray diffractometer with Cu-Ka radiation (RINT2000, RIGAKU) in the laboratory. The samples
were well ground in an agate mortar and put on a sample plate made of single crystal Si or SiO,
glass. Measurements were performed in the 6-20 scan. The refinements of lattice constants and
Rietveld analysis of the diffraction data were performed using the RIETAN-FP software [71].

The important criteria of the Rielveld refinements are Ry, = (X wi(yi — Yi(calc))?/Y; wiyi®)"* and
goodness of fit S. y; and y;(calc) are the intensity of the observed and calculated reflections and w; =
1/y;. S = (3, wi(yi — yi(calc))?/(N — P))?, where N and P are the number of y; and refined parameters,
respectively. When the refinement is perfect, the S is 1. The refinements were performed until the
parameters converge and R,, was minimized. Typically, when the S becomes smaller than 1.3, the

refinements are considered satisfactory in the Rietveld method.
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2.3 Single crystal XRD

Single crystal XRD experiments at 150-350 K were performed in a three-axis X-ray
diffractometer with CCD two-dimensional detector (Bruker) or an imaging plate XRD system
(Rapid, Rigaku) with Mo-Ka radiation in the X-ray laboratory in ISSP, the University of Tokyo. Low
temperature measurements at 50 and 200 K were performed using synchrotron radiation source at
BL8A in KEK, Tsukuba. The measurements were performed with the help of Prof. Junichi Yamaura
and Dr. Takeshi Yajima. Structural determination by the direct method and data refinements were
performed using the SHEL X 2013 software [72].

Typical criteria of the refinements are R1 = Y |F; — Fi(calc)l/X;|Fi|, wR2 = (X;wi(F; —
Fi(calc))/Y,; wiF&)¥2, and goodness of fit S = (X, wi(Fi — Fi(calc))?(N — P)). F; and Fi(calc) are the
intensity of the observed and calculated reflections. w; is the weight of the reflection calculated from
the uncertainty of the measurement, intensity of the reflection, and the parameters determined during
the refinement. N and P are the number of F; and refined parameters, respectively. Refinements were
performed until the R-values are minimized. The final R1 is typically less than several percent and

the S should be close to 1.

2.4 Magnetization

Magnetization measurements at 1.8-350 K and 0-7 T were performed using a commercial SQUID
magnetometer (MPMS, Quantum Design) in ISSP. The sample holder made of quartz rod or plastic
straws were used for the measurements. The single crystals or powder samples wrapped in the Al
foil were fixed by the small amount of varnish to the sample holder. The magnetization of the Al foil
was subtracted after the measurement: the magnetization of varnish is very small and negligible
compared to that of the sample used in this study.

High-field magnetization measurements were performed by Dr. Atsushi Miyake in the Tokunaga
group in the International Mega Gauss Science Laboratory in ISSP. Magnetization was measured by
the induction method using a pick-up coil. The pulsed magnetic fields with a duration time of 4 us,
which were generated by a non-destructive magnet, were used for the measurements. Measurements
were performed at 4.2 K and 1.4 K, which are the temperatures of liquid Helium and the gradually
pumped liquid Helium by the vacuum pump, respectively. Some measurements were performed at
each temperature with changing the maximum value of the pulsed magnetic field up to 74 T. The
typical samples for the measurement are shown in fig. 2.2 (a). The powder or single crystal samples

were placed in a sample holder made of plastic tube and quartz glass.
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2.5 Heat capacity
Heat capacity measurements at 2-300 K in the magnetic field of 0-14 T were performed by the
relaxation method in a commercial measurement system (PPMS, Quantum Design) in ISSP. The

single crystal or pressed powder sample was used for the measurements.

2.6 Magnetrocaloric effect

Magnetocaloric effect measurements of a single crystal of volborthite were performed by Dr.
Yoshimitsu Kohama in the Kindo group in the International Mega Gauss Science Laboratory in ISSP.
The temperatures of the sample were measured in an adiabatic condition in the pulsed magnetic
fields up to 33 T from 2-20 K at zero magnetic field: the sample is shown in the fig. 2.2 (b). To
measure the temperature of the sample, the electric resistivity of the Au-Ge alloy sputtered on a
surface of the crystal was measured. The resistivity was converted into temperature using the
calibration curves of the temperature and magnetic field dependences of the resistivity of the Au-Ge

alloy.
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Figure 2.2. (a) Typical samples of high-field magnetization measurements. The powder sample of

Sample

Cernox
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Thermometer

engelhauptite (left) and the stacked single crystals of volborthite (right). The mesh indicates 1 mm.

(b) Sample for the magnetocaloric effect measurement of volborthite.

2.7 Elemental analysis
Elemental analyses were performed by the Inductively Coupled Plasma Atomic Emission
Spectroscopy method (ICP-AES, HORIBA JY138KH ULTRACE) in the chemical analysis

laboratory in ISSP. The samples were dissolved in the HNOzag. so as to get a solution which contain
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approximately 5-15 ppm of each elements. The concentration of the elements in the sample was
determined by comparing the intensity of the atomic emission with the calibration curves.
Calibration curves were obtained by the measurements of the standard samples with 0, 10, and 20

ppm for the target elements before the sample measurements.
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Chapter 3. Crystal structures and structural phase transitions of
volborthite

3.1 Brief history and outline

Volborthite CuzV,07(OH),+2H,0 is a mineral that has been studied as a frustrated magnet having
a distorted kagome lattice [44]. The crystal structure is made of Cu;O0¢(OH), layers of edge-sharing
CuO4(OH), octahedra, which are separated by V,0; pillars made of VO, tetrahedra and H,O
molecules (fig. 3.1(a)). Although these structural features are commonly observed in several studies,
different structural models have been proposed at room temperature so far. Basso et al. reported
monoclinic structure with the space group C2/m by XRD measurements on a natural single crystal in
1988 [43]. An identical crystal structure was found by Lafontaine et al. by the X-ray and neutron
diffraction measurements using a synthetic powder sample [73]. However, Kashaev et al. proposed a
different monoclinic structural model with the space group la on a natural crystal in 2008 [74]. In
2012, Yoshida et al. synthesized a single crystal of sub-millimeter size (fig. 3.1(b)) and found a
first-order structural phase transition at around 310 K from the already known C2/m structure at high
temperature to an 12/a structure at low temperature in XRD measurements [75]. The previous
discrepancies regarding the crystal structures may be related to the presence of the structural
transition near room temperature and the differences in the stoichiometry between natural crystals
and synthetic samples.

In order to understand the detailed magnetic properties of volborthite, it is required to get reliable
information about the crystal structures and magnetic properties. | have successfully prepared single
crystals that appear to have higher quality than crystals used in previous study: the crystals are much
larger and highly transparent with crystal faces (fig. 3.1(b)). In the XRD measurement at room
temperature, unexpectedly, another crystal structure with the space group C2/c was found. Moreover,
a structural transition into 12/a structure was observed below room temperature. Furthermore,
another structure with the space group P2;/a was observed below 150 K. To sum up, the C2/c, 12/a,
P2,/a structures are observed as lowering the temperature from the room temperature. The details of

the crystal structures and phase transitions between them are described and discussed.
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Fig 3.1. (a) Crystal structures of volborthite projected along b (left) and ¢ (right) axis. The layer
structure made of CuQOg octahedra and VO, tetrahedra is commonly observed in all of the crystal
structures. (b) Crystals of volborthite synthesized in the previous study (left) and this study (right)
[75,P1]. The larger green and smaller yellow-green crystals are called thick and thin crystals in this
study, respectively. The large triangular plane is the ab-plane and the twin boundary is parallel to the

[110] direction.

3.2 Synthesis and elemental analysis

CuO (4N, Raremetallic), V,0s (4N, Raremetallic), HNOsag. (60wt%, Wako), and pure H,O were
put in a Teflon beaker. 1.3 ml of HNOsaq. was added per 100 ml of H,O. The typical reaction
conditions are summarized in table 2.1. A large reaction vessel was necessary to obtain large crystals
probably because the conditions suitable for the crystal growth last longer time in larger beaker. The
vessels were heated at 170 °C for 5-30 days and the crystals of volborthite were found on the solid
product composed of polycrystalline volborthite and unreacted starting materials. Large crystals
typically have arrowhead shape and become thicker with time duration. The large crystals grown in
15 and 30 days, which were used for the physical properties measurements, are called thin and thick
crystals, respectively (fig. 3.1 (b)). As a non-magnetic reference material for the heat capacity
measurement of volborthite, powder sample of the Zn3V,0,(OH),*2H,0 [76] was synthesized. ZnO
(4N, Kojundo Kagaku) and V,05 (4N, Raremetallic) were mixed in the molar ratio of 3 : 1 with 10
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ml of pure H,O in the Teflon beaker of 45 ml volume and heated at 170°C for 24h. White
polycrystalline sample of Zn3V,0,(0OH),*2H,0 was obtained.

Table 2.1 Typical reaction conditions of the single crystals of volborthite

CuO (g9) V,0s (9) H,0 (ml) Volume of the Beaker (ml)
0.567 0.432 15 45
4.5 3.0 100 226
6.0 3.0 400 790

The ICP-AES experiment for the bunch of thin crystals indicate that the molar ratio of Cu and V is
3:1.99, which is very close to the ideal stoichiometry. Therefore, | performed structural analyses of

volborthite assuming an ideal stoichiometry below.

3.3 C2/c structure at room temperature

The crashed thin crystal of the size ~ 0.1 x 0.05 x 0.02 mm is studied by the single crystal x-ray
diffractometer in ISSP. The observed reflections at 293 K cannot be indexed in the previously
reported C2/m unit cell: the non-integer reflections for the C2/m unit cell are observed. The observed
reflections at 293 K are indexed with the monoclinic unit cell with a = 10.6118(4) A, b = 5.8708(2)
A, ¢ =14.4181(6) A, p = 95.029(1)° and the extinction rule suggests the space group is C2/c. The
C2/c unit cell has a doubled c-axis of the previously reported C2/m structure (a = 10.657(3) A, b =
5.887(1) A, ¢ = 7.228(2) A, and p = 95.035(8)° by Yoshida et al. at 323 K) and thus is a
2c-superstructure (fig. 3.3(a)). The atomic coordination and structural parameters obtained are

shown in table 3.1 (R1 = 0.0271, wR2 = 0.0823, S = 1.29).

Table 3.1. Structural parameters of volborthite C2/c structure at 293 K

Atom X y z Uiso Ocec.
Cul 0 0 0 0.00897(16) 1
Cu2l 0.25 0.25 0 0.00880(16) 1
Cu22 0.25 0.25 0.5 0.00950(16) 1
\ 0.49666(5) | —0.02378(8) | 0.12692(3) | 0.00672(15) 1
01 0 0.4522(6) 0.25 0.0185(7) 1
02 0.8422(2) | —0.0013(3) | 0.05830(16) | 0.0085(4) 1
H 0.8395 —-0.0091 0.1149 0.01 1
031 0.0697(2) 0.2435(4) | 0.08596(16) | 0.0127(5) 1
032 0.0758(2) 0.2934(4) | 0.60120(16) | 0.0138(5) 1
04 0.6584(2) | —0.0054(3) | 0.42408(18) | 0.0114(5) 1
05 0.8240(4) | —0.0160(6) | 0.2393(2) | 0.0439(10) 1
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Atom Uy Uy, Uss Uss Uz Uy

Cul | 0.0073(3) | 0.0089(3) | 0.0108(3) | -0.00277(16) | 0.0012(2) | —0.00094(16)
Cu2l | 0.0085(3) | 0.0065(3) | 0.0109(3) | —0.00039(16) | —0.0023(2) | —0.00074(17)
Cu22 | 0.0094(3) | 0.0065(3) | 0.0119(3) | 0.00043(17) | —0.0037(2) | —0.00062(17)
Y, 0.0073(3) | 0.0079(2) | 0.0049(3) | —0.00033(15) | —0.00041(18) | —0.00035(16)
01 | 0.0212(18) | 0.0273(17) | 0.0071(15) 0 0.0017(13) 0

02 0.0084(11) | 0.0084(10) | 0.0085(10) | —0.0001(6) 0.0001(8) —0.0004(7)
031 | 0.0118(11) | 0.0134(11) | 0.0129(11) | —0.0024(8) | 0.0000(%) | 0.0006(8)
032 | 0.0137(12) | 0.0133(10) | 0.0138(11) | —0.0011(8) | —0.0013(9) | 0.0017(9)
04 | 0.0101(11) | 0.0107(11) | 0.0128(11) | 0.0002(7) | —0.0024(9) | —0.0002(7)
05 0.057(3) | 0.060(2) | 0.0139(15) | 0.0012(12) | —0.0008(15) | 0.0010(16)

In the C2/c structure, the similar framework made of CuOg octahedra and V,0; pillars are found as
in the previously reported C2/m structure. One important difference between the C2/c and C2/m
structures is that there are crystallographically three Cu sites (Cul, Cu21, and Cu22) in the C2/c
structure, instead of two (Cul and Cu2) in the previously reported C2/m structure. Moreover, the O3
site in the C2/m structure is split into the O31 and O32 sites in the C2/c structure. Details of the

structural differences between the C2/c and C2/m structures are discussed later.

3.4 12/a structure at intermediate temperatures

A structural phase transition is observed around room temperature. Single crystal XRD
measurements are performed between 150 and 320 K in the heating process. The reflection data
collected at 150 K is indexed with the unit cell of a = 10.6134(1) A, b = 5.8703(1) A, ¢ = 14.4181(1)
A, p=95.022(1)°, which are similar to those of the C2/c structure. However, reflections with h + k +
I = 2n (n = integer) are selectively observed, indicating that the lattice has body center symmetry.
The extinction rule suggests that the space group is 12/a. It is noted that the 12/a unit cell is another
cell setting of the unit cell with the space group C2/c and a = 17.1387(3) A, b = 5.8703(1) A, ¢ =
10.6134(1) A, = 123.067(2)°. The 12/a unit cell is chosen to compare it with the room temperature
C2/m and C2/c structures. It should also be noted that the space group is unchanged during the phase
transition: both structures have the space group C2/c. This type of phase transition is known as

iso-structural phase transition.
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Figure 3.2. (a) Temperature dependence of the intensity of selected reflections at around room
temperature. (b) Normalized temperature dependences of the magnetic susceptibility of thin and

thick crystals of volborthite at around room temperature.
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Figure 3.3. (a) The unit cells of the different structures of volborthite. (b) Structural model with
the site splitting around the VO, tetrahedra for the 12/a structure of the thin crystal of volborthite at
150 K. The site splitting also affects the coordination environment of Cul atom. (c) The
representative atomic sites of volborthite P2;/a structure. The layers A and B are identical in the

C2/c and 12/a structures.
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The intensity of the reflections with h + k + | = 2n (n = integer) decrease upon heating and vanish
at around 290 K. Then, some reflections with h + k = 2n appear, which are allowed for the
C-centered lattice (fig. 3.2(a)). Thus, a structural transition from the 12/a to C2/c structure occurs.
Since the phase-coexistence is observed between 285 and 305 K, the transition is of the first order.

The phase transition is also observed in the magnetic susceptibility measurements; steps are
observed at around 290 and 280 K in the heating and cooling processes, respectively (fig. 3.2(b)).
This suggests that substantial changes in magnetic interactions are accompanied by the structural
transition. The change in the magnetic susceptibility in the cooling process appears broad compared
to the heating process.

The structural analysis for the reflection data obtained at 150 K suggests that the crystal structure
is identical to the previously reported 12/a structure. In the thin crystal studied in this work, however,
structural disorder is found in the V, 031, 032, and O4 sites, which form the VO, tetrahedra (fig.
3.3(b)). These atomic sites are refined by splitting them into two sites (for example, V and V?) with
the total occupancy fixed to 1. The R1 is improved from 4.5% to 3.6% by the site splitting model and
the occupancies are determined as 0.897(2) and 0.103(2) for the two sites. The result of the
refinement is shown in the table 3.2 (R1 = 0.0355, wR2 = 0.0945, S = 1.052). As the disorder in these
atomic sites is not found in the room temperature structure, disorder is considered to be caused by
the structural phase transition at around room temperature.

The identical 12/a structure is also observed at 200 K in the synchrotron XRD experiments at
BL8A in KEK at 200 K for the thick single crystal with the unit cell a = 10.6237 (3) A, b = 5.8468
(1) A, c =14.3892 (1) A, p = 95.357 (1)°. On the other hand, structural disorder found in the thin
crystal is not observed, which may indicate that the sample quality of the thick crystal is better than
the thin single crystal. The difference between the crystals is also found in the magnetic
susceptibility measurements; the magnetic susceptibility shows more steep kinks in the thick crystal

than in the thin crystal (Fig. 3.2 (b)).
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Table 3.2. Structural parameters of volborthite 12/a structure at 150 K

Atom X y z Uiso Occ.

Cul 0.25 0.25 0.25 0.00446(3) 1

Cu2 | —0.00270(2) | 0.49585(2) | 0.25115(2) | 0.00475(3) 1

\Y 0.24669(2) 0.72633(7) 0.37681(2) 0.00336(4) | 0.8969(19)

v’ 0.2468(3) | 0.7748(5) | 0.37726(17) | 0.00336(4) | 0.1031(19)

01 0.25 0.7035(3) 0.5 0.0098(2) 0.8969(19)

or 0.25 0.800(3) 05 0.0098(2) | 0.1031(19)

02 0.09314(9) | 0.24746(13) | 0.30879(6) | 0.00472(11) 1

H1 0.0862 0.2481 0.365 0.006 1

031 | 0.32574(12) | —0.0424(2) | 0.35109(9) | 0.00773(15) | 0.8969(19)

031" | 03198(11) | 0.0076(18) | 0.3366(8) | 0.00773(15) | 0.1031(19)

032 | 0.32009(11) | 0.49207(18) | 0.33662(8) | 0.00649(14) | 0.8969(19)

032" | 03270(10) | 05389(18) | 0.3532(7) | 0.00649(14) | 0.1031(19)

04 | 0.09131(10) | 0.74577(14) | 0.32509(7) | 0.00609(11) 1

05 0.4280(2) | 0.2408(3) | 0.51022(11) | 0.0270(4) 1

Atom Un Uz Uss Uszs Uss Ui,
Cul | 0.00318(7) | 0.00441(6) | 0.00589(6) | —0.00099(4) | 0.00090(6) | —0.00038(4)
Cu2 | 0.00433(5) | 0.00332(5) | 0.00630(5) | —0.00026(3) | —0.00125(4) | 0.00062(3)
Vv 0.00320(6) | 0.00387(9) | 0.00298(5) —0.00016(6) 0.00009(5) 0.00009(6)
V' | 0.00320(6) | 0.00387(9) | 0.00298(5) | -0.00016(6) | 0.00009(5) | 0.00009(6)
01 0.0099(6) 0.0170(6) 0.0025(4) 0 —0.0004(4) 0
01’ | 0.0099(6) | 0.0170(6) | 0.0025(4) 0 Z0.0004(4) 0
02 0.0043(3) 0.0046(2) 0.0052(2) —0.00023(17) 0.0001(2) —0.00016(18)
031 | 0.0068(3) | 0.0069(3) | 0.0094(4) | 0.0015(3) 0.0002(3) | —0.0017(3)
O31° | 0.0068(3) | 0.0069(3) | 0.0094(4) | 0.0015(3) | 0.0002(3) | —0.0017(3)
032 0.0057(3) 0.0066(3) 0.0073(3) —0.0023(2) 0.0009(3) 0.0002(3)
032 | 0.0057(3) | 0.0066(3) | 0.0073(3) | —0.0023(2) | 0.0009(3) | 0.0002(3)
04 0.0051(3) 0.0058(2) 0.0070(3) —0.00003(19) —0.0012(2) 0.0002(2)
05 | 0.0308(10) | 0.0414(10) | 0.0085(4) | 0.0007(5) | 0.0003(5) | 0.0036(7)

3.5 P2y/a structure at low temperatures below 155 K

The thick crystal is further studied in the laboratory X-ray diffractometer and using synchrotron

radiation source at BL8A in KEK at 50-220 K. In the laboratory XRD measurements, the C2/c

structure, which is identical to that found in the thin crystal, is observed at room temperature.

Figure 3.4(a) shows the temperature dependence of the selected reflections at around 150 K. Some

reflections with h + k + | = 2n +1 appear below 155 K, which indicates that the body center

symmetry is lost. In contract to the phase transition at around room temperature, magnetic

susceptibility do not show clear anomaly at around 155 K (fig. 3.4(b)). On the other hand, a peak is

observed at 155 K in the heat capacity measurement, which clearly indicates the presence of the

phase transition.
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The reflection data obtained at 50 K are indexed with the unit cell of a = 10.6489(1) A, b =
5.8415(1) A, ¢ = 14.4100(1) A, g = 95.586(1)° (fig. 3.3(c)) and the space group is determined to be
P2./a from the extinction rule; the unit cell can also be taken as a = 17.0638 (2) A, b = 5.8415 (1) A,
c = 10.6489 (2) A, p = 122.811 (1)° with the normally used space group P2j/c. The result of the
structural refinement is shown in the table 3.3 (R1 = 0.0297, wR2 = 0.1002, S = 1.117). The ratio of
average intensity of the reflections with h + k + | = 2n to those with h + k + | = 2n+ 1 is 117 to 1,
which indicates the structural change caused by the phase transition is very small. Actually, the test
refinements with the 12/a structural model give similar R-values to that with the P2;/a model. The
phase transition is not observed in the measurement of the thin crystal at 150 K partly due to the

small structural change and that the measurement temperature is too close to the transition

temperature.
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Figure 3.4. (a) Temperature dependences of the selected reflections of the thick single crystals of
volborthite. (b) Temperature dependences of the magnetic susceptibility and the heat capacity of the

thick crystals of volborthite.

In the P2,/a structure, there are crystallographically two kinds of kagome layers (layers A and B),
VO, tetrahedra, and H,O molecules (fig. 3.3(c)). Atoms attached to the layers A and B are named as
“atom A” and “atom B”, respectively: for example, VA is the V atom attached to the layer A and
O5A, which is the O atom of the H,O molecule, is connected to the layer A via hydrogen bonding as

discussed below. It is noted that the structural differences between the two layers are very small.
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Table 3.3 Structural parameters of volborthite P2,/a structure at 50 K

Atom X y z Uiso Occ.

CulA 0 0 0.5 0.00221(5) 1

CulB 0 0 0 0.00225(5) 1

Cu2A | 0.5374(2) | —0.24401(3) | 0.49768(2) | 0.00236(4) 1

Cu2B | —0.25280(2) | —0.24624(3) | 0.00070(2) | 0.00256(4) 1

VA 0.00333(2) —0.47670(4) | 0.37340(2) | 0.00305(4) 1

VB | —0.00304(2) | —0.47868(4) | 0.12703(2) | 0.00306(4) 1

Ol | -0.00160(11) | -0.4512(2) | 0.25006(7) | 0.00806(15) 1

0O2A 0.15624(10) | 0.00431(15) | 0.44064(7) | 0.00329(15) 1

H1A 0.1499 -0.011 0.3838 0.004 1

02B | —0.15637(10) | 0.00097(15) | 0.05898(7) | 0.00327(15) 1

H1B -0.168 0.0069 0.1144 0.004 1

031A | -0.07520(9) | —0.7060(2) | 0.40086(7) | 0.00653(15) 1

031B | 0.07587(9) |-0.71304(19) | 0.10276(7) | 0.00609(14) 1

O32A | —0.07123(9) | —0.23820(18) | 0.41152(7) | 0.00566(15) 1

032B | 0.07063(9) | —0.24608(18) | 0.08562(7) | 0.00566(15) 1

O4A | 0.15834(10) | —0.49422(16) | 0.42560(8) | 0.00413(15) 1

04B | —0.15841(11) | —0.49475(16) | 0.07478(8) | 0.00432(15) 1

O5A | —0.17875(14) | —0.0023(2) | 0.23925(9) | 0.0098(2) 1

H2A1 ~0.141(3) | -0.070(5) |0.2834(16) | 0.012 1

H2A2 0.194(3) 0.115(4) | 0.2664(18) | 0012 1

O5B | 0.18062(14) | 00333(3) |0.25914(8) | 0.0130(2) 1

H2B1 0.140(3) 0.101(5) |0.2150(17)| 0.016 1

H2B2 0.185(3) | -0105(3) | 0.243(2) 0.016 1

Atom Un Uz Uss Uas Uis U,
CulA 0.00225(8) | 0.00175(10) | 0.00264(8) | —0.00057(5) | 0.00038(6) | —0.00035(5)
CulB 0.00218(8) | 0.00195(10) | 0.00265(8) | 0.00054(5) | 0.00039(6) | 0.00024(5)
Cu2A 0.00297(6) | 0.00095(8) | 0.00291(6) | —0.00032(4) | —0.00088(4) | 0.00042(4)
Cu2B 0.00305(6) | 0.00164(8) | 0.00279(6) | —0.00007(4) | —0.00084(4) | —0.00039(4)
VA 0.00255(8) | 0.00514(10) | 0.00143(7) | 0.00001(5) | 0.00003(5) | —0.00005(5)
VB 0.00266(8) | 0.00505(10) | 0.00141(7) | 0.00012(5) | —0.00001(5) | —0.00021(5)
o1 0.0095(3) 0.0108(5) 0.0037(3) | —0.0004(3) 0.0003(2) 0.0003(4)
02A 0.0036(3) 0.0035(4) 0.0027(3) 0.0001(2) 0.0002(3) 0.0000(2)
02B 0.0032(3) 0.0033(4) 0.0033(3) 0.0001(2) 0.0002(3) —0.0001(2)
031A 0.0066(3) 0.0066(4) 0.0064(3) | —0.0005(3) 0.0007(3) —0.0024(3)
031B 0.0060(3) 0.0060(4) 0.0062(3) 0.0003(3) 0.0005(2) 0.0005(3)
032A 0.0057(3) 0.0060(4) 0.0052(3) 0.0002(3) 0.0001(2) 0.0004(3)
032B 0.0056(3) 0.0055(4) 0.0059(3) | —0.0006(3) 0.0007(2) —0.0014(3)
O4A 0.0032(3) 0.0043(4) 0.0047(3) | —0.0001(2) | —0.0008(3) 0.0002(2)
04B 0.0041(3) 0.0043(4) 0.0043(3) 0.0000(2) —0.0008(3) | —0.0001(2)
O5A 0.0133(5) 0.0105(5) 0.0053(4) | —0.0009(3) | —0.0007(3) 0.0049(3)
0O5B 0.0146(5) 0.0195(6) 0.0049(4) | —0.0001(4) 0.0004(3) 0.0024(4)
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3.6 Discussion
3.6.1 Jahn-Teller distortion of CuOg octahedra and tilting of V,0y pillers

The different crystal structures of volborthite are mainly distinguished by the way of Jahn-Teller
distortion of CuQOg octahedra and tilting of V,0- pillers. First, | focus on the Jahn-Teller distortion of
CuOg¢ octahedra, which determines the type of orbital occupied by the unpaired electron and its
direction in the kagome lattice. All of the CuOg octahedra in the C2/c, 12/a, and P2,/a structures are
elongated along one axis ([4 + 2] coordination). Therefore, the d,..y,-type orbital is selected in all the
Cu sites. On the other hand, there are both elongated ([4 + 2] coordination) and squeezed ([2 + 4]
coordination) octahedra in the previously reported C2/m structure; there are both d,o.y,-type and

d,»-type orbitals. The Cu-O distances in the different structures are summarized in the table 3.4.

C2/e 12/a, P2,/a C2/m

Figure 3.5. (a) Coordination environment of Cu and V atoms of volborthite C2/c structure. The
Cu21 and Cu22 sites are crystallographically identical (Cu2) in other crystal structures. The O31 and
032 sites are also crystallographically identical (O3) in the C2/m structure. The orbitals patterns in
the kagome lattice of (a) C2/c (b) 12/a and P2,/a (c) C2/m structures of volborthite projected onto the

ab plane.

37



Table 3.4. The Cu-O distances in different structures of volborthite

C2/c Structure at 293 K (thin crystal)

C2/m Structure at 323 K (Yoshida, 2012)

Bond Bond Length (A) Bond Bond Length (A)
Cul-02 1.938(2) x2 Cul-02 1.947(2) x2
Cul-031 1.991(2) x2 Cul-03 2.181(2) x4
Cul-032 2.353(2) x2 Cu2-02 1.923(1) x2
Cu2-02 1.911(2) x2 Cu2-04 2.036(1) x2
Cu2-04 2.050(2) x2 Cu2-03 2.422(1) x2
Cu2-031 2.370(2) x2
Cu3-02 1.923(2) x2
Cu3-04 2.005(2) x2
Cu3-032 2.467(3) x2

12/a Structure at 150 K (thin crystal)

P2,/a Structure at 50 K (thick crystal)

Bond Bond Length (A) Bond Bond Length (A)
Cu1-02 1.9332(9) x2 CulA-02A 1.9435(11) x2
Cul-032 1.992(1) x2 CulA-032A 1.9871(10) x2
Cul-031 2.348(1) x2 CulA-031A 2.3260(11) x2
Cu2-02 1.9244(9) CulB-0O2B 1.9418(11) x2
Cu2-02 1.9247(9) CulB-032B 1.9934(10) x2
Cu2-04 2.0116(9) CulB-O31B 2.3287(11) x2
Cu2-04 2.024(1) Cu2A-02A 1.9213(10)
Cu2-031 2.338(1) Cu2A-02A 1.9248(10)
Cu2-032 2.502(1) Cu2A-04A 2.0066(10)

Cu2A-O4A 2.0104(10)
Cu2A-032A 2.3403(10)
Cu2A-031A 2.5256(10)
Cu2B-02B 1.9176(10)
Cu2B-02B 1.9219(10)
Cu2B-04B 2.0088(10)
Cu2B-04B 2.0121(10)
Cu2B-032B 2.3415(10)
Cu2B-031B 2.5251(10)

Comparing the orbital arrangements in the different structures is useful to consider the effect of
phase transitions on magnetic properties as they determine the pattern of magnetic interactions. The
orbital patterns in different structures of volborthite are shown in figs. 3.5(b-d). They have chains
made of dy,.,,-type orbital along the b-axis in common and their main difference is the type and
arrangement of the orbital which reside between the chains. In the room temperature C2/c structure
found in this study, the d..,.-type orbital is selected and arranged with the same direction. In

previously reported room temperature C2/m structure, ds,o.ro-type orbital is selected and arranged in
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the same direction. In the low temperature 12/a and P2i/a structures, dy,.,o-type orbital is selected
and arranged in the staggered way. The phase transition between C2/c and I2/a structures may be
called “orbital flipping” transition to distinguish it from the reported “orbital switching” transition
between C2/m and I2/a structures [75]; the orbital change from ds,o.ro-type to dy..yo-type in the orbital
switching transition, while the type of the orbital is unchanged and only its direction is changed in
the orbital flipping transition. In the phase transition at 155 K, the orbital pattern is unchanged.

V,0; pillars, which separate kagome layers, also show unique structural changes at the structural
phase transitions as they share some O atoms with the CuOg octahedra. They tilt along b-axis in the
same direction within a layer in the C2/c structure (fig. 3.6(a)). The angle made by V atoms and the
bridging O1 atom (£V-01-V) is 171° at 293 K. They tilt in the opposite direction in the next layer.
In the 12/a structure, they tilt in the staggered directions along b-axis within a layer with ~V-01-V =
171° at 200 K. The tilting is almost unchanged in the P2,/a structure. On the other hand, the tilting is
absent in the C2/m structure: £V-O1-V = 180°.

(a) (®)
@—o—op @—o—o0 —o—o PR omo=f gt
V — 9 o —— / Coromo [ S— \' f—o—p R—o—o °f°*°
g<= & 8 ’ =¥ s 8
01 e’ o@ - - o<}: . R
== =0 =0 d—o oy gy
d ° d °© & ° : P g—=0 groesY
P b C2c D/a, P2,/a
¢ (c)
oo © o o © o o ©
[Sm—— | S o o ©
& \ 8 8 \
o o °
o——— ° o——o o - o
o—~—o o—~-—o L )
C2/m

Figure 3.6. The tilting of the V,0; pillars in (a) C2/c (b) I12/a (c) C2/m structures seen from the

a-axis.

3.6.2 Relationship between room temperature C2/c and C2/m structures
Here, | consider the relationship between the C2/c and C2/m structures at room temperature. The
selection of ds.ro-type orbital ([2 + 4] coordination), which is found in the Cu2 site in the C2/m
structure, is relatively rare in copper oxides. One possible interpretation of the C2/m structure is to

assume a static or dynamical averaging effect of the Jahn-Teller disotrtion. The structural changes
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between the C2/c and 12/a structures suggest that the two types of [4 + 2] coordination are possible
at the Cu2 site. When the two orthogonal [4 + 2] coordination are randomly distributed, the [2 + 4]
coordination of the Cu2 site of the C2/m structure must be observed as an average structure (fig. 3.7).
Similarly, the absence of the tilting of V,0; pillar in the C2/m structure can be explained by the
disorder in the directions of tilting. In fact, the thermal ellipsoids of O1 and O3 atoms, which
determine the direction of the Jahn-Teller distortion of Cu;Og octahedra and the tilting of the V,0-
pillars, are significantly larger than those of other ions in the C2/m structure, suggesting the presence
of structural disorder. Therefore, | consider the C2/m structure is a disordered structure of with

randomness in the O1 and O3 sites.
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Figure 3.7. Schematic picture of the origin of the apparent [2 + 4] coordination of the CuOg

octahedra in the C2/m structure of volborthite.

Possible origin to produce the two room-temperature structures is the difference in synthetic
condition. The powder and single crystal samples with the C2/m structure are synthesized by the
precipitation method from the aqueous solution at 90 °C and slow-cooling method from 180°C to
130°C in the hydrothermal condition, respectively. In these synthetic conditions, chemical reaction
or crystal growth may occur in relatively short time when the pH and temperature of the solution
pass through the appropriate conditions. On the other hand, the single crystal with C2/c structure is
grown at constant temperature of 170°C and in much longer reaction time. In this synthetic condition,
the crystals with the most thermodynamically stable structure at the temperature must be generated
with smaller disorder.

The disorder of approximately 10% for the O1, 031, 032 and V sites is also found in the low
temperature 12/a structure of the thin crystal but not in the thick crystal. Note that structural disorder

was not observed in the thin crystals at room temperature before the orbital flipping transition. Thus,
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the disorder is generated during the orbital flipping transition only in the thin crystal. The two types
of crystals are synthesized in the same condition except for reaction time: 15 and 30 days for the thin
and thick crystals, respectively. There is no distinguishable structural difference between them at
room temperature. There might be a small difference that cannot be detected in present XRD
experiments such as the disorder of the position of hydrogen atoms. Such a weak disorder may be
reduced in the thick crystal during long crystal growth time. Even though the disorder is weak, it can
affect the orbital flipping transition, resulting in the disorder of the thin crystal at low temperatures.
In fact, the magnetic susceptibilities of fig. 3.2(b) show a smaller and more extended decrease upon

cooling at the transition for the thin crystals compared with the thick crystals.

3.6.3 Structural changes around H,O molecules

Finally, I discuss the role of H,O molecule between the kagome layers in the phase transitions. In
the previously reported C2/m structure determined by the powder neutron diffraction experiments,
the hydrogen atoms of H,O molecule are located in the direction of O3 atoms coordinated to the Cul
atom. Figures 3.8(a) and (b) show the coordination environment of a CulOg octhedra in the C2/c and
12/a structures before and after the orbital flipping transition. The axial and equatorial O atoms in the
elongated CuQOg octahedra are shown as the red and blue spheres, respectively. For these structures,
the positions of the H atom have not yet been determined by the XRD analysis. Thus, we estimate
the presence of the hydrogen bonding from the O-O distances. The distances between O5 atoms of
H,O molecules and O3 atoms are approximately 3 A: there should be a hydrogen bonding between
them. In both of the structures, the distance between O5 and axial O atom is shorter than that for the
equatorial O atom; it seems that the axial O atoms are attracted by H,O molecules via hydrogen
bonding. This may indicate that the H,O molecule change their orientation cooperatively with the
orbital flipping transition. In the C2/m structure, the two equatorial O atoms appear to be equally
attracted.

Although the scattering factor of H atom is smaller than those of Cu, V, and O atoms, a small
residual electron density is found around the O5 atom in the refinement of the data obtained in
synchrotron XRD experiment at 50 K in the P2,/a structure. The hydrogen atoms, which are refined
using the constraint on the O5-H distances, are located in the direction of 031 and 032 atoms (fig.
3.9). There are crystallographically two kinds of kagome layers and H,O molecules in the P2,/a
structure, which are identical in the 12/a structure. In the layer B, the axial O31B atom of Cul

octahedra is closer to the O5B atom (O5B-O31B: 2.834(2) A) than equatorial O32B atom
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(032B-05B: 3.117(2) A) as observed in the 12/a structure (fig. 3.9). In the layer A, however, the
relationship is reversed; the equatorial O32A atom is slightly closer to the O5A atom (O32A-0O5A =
2.970(2) A) than the axial O31A atom (O5A-031A = 3.022(2) A). It is again noted that the way of
the Jahn-Teller distortion of CulOg octahedra and the tilting of V,0; pillars are almost identical
between the two layers. It appears that only the arrangement of the H,O molecules around the layer
A has changed in the structural phase transition at 155 K without affecting the crystal structure
around them. To discuss about the origin of peculiar structural phase transitions at 155 K, precise
hydrogen position must be determined in different temperatures by other experiments such as

neutron diffraction experiments on deuterated single crystal samples.
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Figure 3.8. The coordination environment around the Cul atoms in the (a) C2/c (b) I12/a (c) C2/m
structures. The distance between O5 atoms of H,O molecule and some O atoms coordinated to the
Cul atoms are shown. The axial and equatorial O atoms in the octahedra are shown as red and blue

spheres, respectively.
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Figure 3.9. Coordination environments around the Cul and V atoms and H,O molecule in the

P2,/a structure of volborthite at 50 K. The bond length between O5 atoms, which are the O atom of

the H,O molecules, and O31 and O32 atoms are shown. The position of hydrogen atoms refined

using the constraints on the O5-H distances are shown as the small red spheres.

3.7 Summary

The large and high-quality single crystals of volborthite are successfully obtained.

Novel crystal structures of the volborthite with the space group C2/c at room temperature and
P2;/a below 155 K are found in the single crystal XRD measurements. The reported 12/a
structure is observed in the intermediate temperature.

The first order transition where the directions of the d,..-type orbital change (orbital
flipping transition) is found at around room temperature.

The C2/m structure is likely a disordered structure, where the directions of dy,.,.-type orbitals
of Cul site and the tilting of the V,0 pillar are randomly distributed.

The H,O molecule may play an important role via hydrogen bonding in the structural phase
transitions of volborthite. Determining of the position of the hydrogen atoms at different

temperatures is necessary to clarify the origin of the structural phase transition.
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Chapter 4. Physical properties and high-field magnetic phase transitions
of volborthite

4.1 Brief history and outline

Previous studies have shown that volborthite is a strongly frustrated magnet with peculiar
magnetic properties, while they are little understood. Magnetic transitions are observed at around 1
K in the heat capacity and NMR measurements on powder samples, which is much lower than the
antiferromagnetic Weiss temperature of —115 K (fig. 4.1 (a), [44]). Unusually slow spin fluctuations
and low energy excitations, of which origins are still unclear, are observed in the NMR experiments

below 1 K in the low field phase called phase I [77].
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Figure 4.1. (a) Temperature dependence of the magnetic susceptibility of the powder sample of
volborthite [44]. (b) Temperature dependence of the heat capacity of power and single crystal

samples of volborthite [75].

Moreover, successive magnetic field induced phase transitions are observed (fig. 4.2). Stepwise
increases in magnetization curve called “magnetization steps” are observed at 4.5, 26 and 45 T,
above which phases I, 11, and 1V appear, respectively [78]. The magnetic transitions at the first and
second magnetization steps are also detected by NMR measurements [79-80]. At higher magnetic
fields above 60 T, a magnetization plateau-like saturation behavior is observed at around 2/5 of the
full magnetization [81] instead of the 1/3 plateau expected for a kagome lattice. An appropriate spin

model which can explain the complex magnetization curve is still unclear.
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Figure 4.2. (a) Magnetization curves of the powder sample of volborthite up to 55 T [78]. (b) H-T
phase diagram of volborthite determined by the magnetization and NMR experiments. The phases Il
and Ill are considered to coexist at around 25 T at low temperatures [77]. (c) High-field

magnetization curves of volborthite powder sample up to 68 T [81].

It should be noted that the intrinsic magnetic properties of volborthite have been clarified as the
sample quality is improved. First, a magnetic order of an inhomogeneous character was found below
1 K in the NMR measurements using low-quality powder samples [82]. Later, a magnetic order at 1
K was evidenced in high-quality powder samples in the NMR measurements [77], which turned out
to be a double transition at 0.8 and 1.2 K in the heat capacity measurements of small single crystal
sample [75]. This may demonstrate how the frustrated magnet is susceptible to a certain disorder in
the sample.

In order to clarify the high-field magnetic phases of volborthite, magnetization measurements up
to 74 T were performed using the single crystal samples. Surprisingly, the magnetization curves of
the single crystal samples are quite different from that of the powder sample. We have observed the
large 1/3 plateau above 30 T and the novel magnetic phase between 23 and 26 T, which are
demonstrated in the magnetocaloric effect and NMR measurements. The origin of the phase

transitions and spin models are discussed. Moreover, the realization of the spin nematic phase at
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23-26 T is proposed. Before the result of high-field experiments, basic magnetic properties studied at

low fields by magnetization and heat capacity measurements are stated.

4.2 Basic physical properties at low magnetic fields

Figure 4.3(a) shows the temperature dependence of the magnetic susceptibility measured in the
three different magnetic field directions: H // a, H // b, and H L ab. They show similar temperature
dependences, indicating that volborthite is an isotropic spin system. The Curie-Weiss fitting with y =
xo + C/(T + ®) using the common y, and @ for the high-temperature C2/c phase at 320-300 K results
O = 90(9) K, o = 6(3) x 10° cm® mol-Cu™, and C = 0.475(20), 0.428(20), and 0.474(20) cm® K
mol-Cu™ in H // a, H // b, and H L ab, respectively. Assuming S = 1/2, g-values are estimated as
2.25(5), 2.14(5), and 2.25(5) in H // a, H // b, and H L ab, respectively. Similar fitting for the
intermediate 12/a phase at 290-270 K results the @ = 139(9) K, yo = 1.6(3) x 10* cm® mol-Cu™ and
C = 0.475(20), 0.418(20), and 0.469(20) cm*® K mol-Cu™ in H // a, H // b, and H L ab, respectively.
Similarly, g-values are estimates as 2.25(5), 2.11(5), and 2.24(5) inthe H // a, H // b, and H L ab,
respectively. The large Weiss temperatures indicate that the antiferromagnetic interaction is
dominant for both of the crystal structures. The relatively large uncertainties in the results of the
fittings are caused by the narrow fitting ranges. However, an enlarged fitting range for the low
temperature 12/a phase gives poor fitting probably because the temperature range is not sufficiently
high compared to the magnitude of magnetic interactions.

The g-values can roughly be estimated from the crystal structure by taking into account the orbital
arrangements. The electron spin resonance experiments on a polycrystalline sample of volborthite
suggest axially symmetric g-values with g, = 2.40 and g, = 2.04 [83]. Assuming these values and
taking into account that the d,.,, orbitals tilt approximately 50° from the ab plane, the g-value for H
L ab is estimated to be 2.20. Similarly, the g-values are estimated to be 2.21 and 2.13 for H // a and
b, respectively. These values are consistent with the values obtained from the Curie-Weiss fitting.

A broad peak at around 18 K, which indicates the development of the short range
antiferromagnetic correlation, is observed in all the field directions. At lower temperature, small
anisotropy is observed in the low magnetic field region. The magnetic susceptibility shows small
upturn below 5 K in H // b, which is not observed in H // aand H L ab (fig. 4.3(b-d)). Above 5T, the
anisotropy vanishes and the upturn is observed in all of the field direction. This anisotropy at low

fields may be caused by the DM interaction.
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Figure 4.3. (a) Temperature dependences of the magnetic susceptibility of volborthite thick single
crystals between 1.8 and 320 K in the field of H = 5 T. Magnetic susceptibility between 1.8 and 20 K
in different magnetic fields in (b) H // a, (b) H // b, and (c) H L ab.

The heat capacity measured for the single crystals of volborthite and the powder sample of
Zn3V,,07(0OH),+2H,0 are shown in fig. 4.4(a) and (b). The broad shoulder below 20 K, which is
absent in the nonmagnetic Zn-compound should be attributed to the release of magnetic entropy with
antiferromagnetic short range correlation. The heat capacity of the nonmagnetic Zn-compound is
larger than that of volborthite around 20-50 K, therefore, it is not directly used to estimate the lattice
heat capacity of volborthite. Tentatively, the temperature axis of the Zn-compound is enlarged by the
factor of 1.08 assuming the difference of the Debye- and Einstein- temperatures and used to estimate
the lattice heat capacity (blue line in the fig. 4.4(b)). Thus estimated magnetic entropy below 30 K is
0.94 J mol-Cu™ K™, which is approximately 1/6 of the RIn2 = 5.76 J mol™ K™* (R = 8.31 J mol™ K™)
expected for the spin 1/2 system. This indicates that large part of the magnetic entropy is already

released at higher temperatures as often observed in the frustrated magnets.
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Figure 4.4. Temperature dependences of the heat capacity of volborthite single crystal and the

powder sample of Zn3V,07(0OH)»*2H,0 at (a) 0.5-250 K and (b) 0.5-30 K.

Heat capacity measurements in magnetic fields are performed below 2 K in the magnetic field H //
[110], which is parallel to the twin boundary of the crystal, and H L ab (fig. 4.5). At zero field,
double peaks at 1.2 and 0.8 K, which indicate the phase transition, are observed. This is consistent
with the previous single crystal results and the magnetic order around 1 K observed in the powder
sample. In the unpublished NMR measurement for the single crystal sample performed by Yoshida,
an increase of the width of the spectra occur around 1 K and a shoulder and a peak are observed in
the nuclear spin-lattice relaxation rate 1/T; at 1.2 and 0.8 K, respectively. I call the phase below 0.8
K as phase | and the phase between the peaks as phase I’.

The magnetic field dependences of the heat capacity are similar in the two magnetic field
directions. As the magnetic field increases, the two peaks appear to merge, indicating the
temperature region of phase I’ is decreased. Another broad peak, which must be attributed to the
magnetic transition into the phase Il, is observed at higher fields above 4 T in H// [110] and 4.5 T in
H Lab. At3TinH// [110] and 4 T in H L ab, both of the merged peak and the broad peak are
observed, which may indicate the phase boundaries between phases | and Il exist near the magnetic
fields. At higher fields, the broad peaks shift to higher temperature; the peak temperature is enhanced

uptol1l.8Kat9TinH//[110]and 1.9 Kat9 TinH L ab.

48



(a) 150

)2

C/T(ml mol-Cu-] K-Z)

—
=
=]
T
—
—~
|

7
o
I
-
—

H/[110] ]
0T

(b) 150

—
=
(=]

w
=4
LI

)

C /T (ml mol-Cu™ K-z)

Figure 4.5. Magnetic field dependences of the heat capacity of volborthite in (a) H // [110] and (b)

H L ab.

4.3 Magpnetic field induced phase transitions
To observe the magnetization step around 4.5 T found in the powder sample below 1 K, the

magnetization of the single crystal sample is measured by Kohno by the Faraday force method in the

Sakakibara group in ISSP [84]. A clear jump of the magnetization is observed; the field derivatives

of the magnetization dM/dH show peaks at 4.5 Tin H L ab and 3.9 T in H // [110], respectively (fig.

4.6), which are similar to that observed in the powder sample. Therefore, the magnetization step at

around 4 T is a common property of the powder sample and the single crystal of volborthite.
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Figure 4.6. (a) Magnetization curves of volborthite at 0.26 K in H L ab and H // [110] and (b) their

field derivative.

At higher fields, on the other hand, the magnetization curves of the single crystals are very

different from that of the powder sample. Magnetization measurements are performed on two piles
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of thick crystal in H L ab and H // ab: the in-plane orientations are not aligned. Both in the magnetic

fields H // ab and H L ab, the magnetization increases steeply at around 20 T and then saturate at

around the 1/3 of full magnetization (fig. 4.7(a)). The flat magnetization above 30 T should be a

magnetization plateau, which continues up to at least 74 T. While the increase of magnetization

occurs at almost the same magnetic field of the second magnetization step in the powder sample, its

size is much larger in single crystals. The third magnetization step at 46 T observed in the powder

sample is not present in the single crystals. Furthermore, the magnetization in the plateau phase is

almost the 1/3 of the total magnetization in contrast to the 2/5 of the polycrystalline sample. The

small anisotropy of the magnetization curve of the single crystal sample clearly indicates that the

difference between polycrystalline and single crystal samples is not due to the powder averaging.

The large increase of the magnetization and the entrance of the plateau is also observed at 4.2 K.
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Figure 4.7. (a) Magnetization curves of volborthite thick single crystals in H L ab and H // ab and

the polycrystalline sample measured at 1.4 K and (b) their field derivatives. (c) Magnetization curves

of volborthite thick single crystals at 1.4 and 4.2 K in H L ab and those of unaligned thin crystals

and polycrystalline samples at 1.4 K and (d) their field derivatives.
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The dashed lines in the fig.4.7(a) are the linear fittings of the magnetization curves in the plateau
region, which intercept the magnetization axis at 0.38 ug and 0.36 ug in H L ab and in H // ab,
respectively. The small slope in the plateau region, which may be attributed to the Van Vleck
paramagnetism, is 1.5 10 4z T* mol-Cu™ in H L ab and is larger in H // ab as 5.1 X10™ g T*
mol-Cu™. The difference of the saturation magnetization value in the plateau region should be
attributed to the anisotropy of g-value. The g-values are estimated to be 2.28 and 2.16 in H L ab and
in H // ab, respectively, assuming that the magnetization in the plateau phase is the 1/3 of the full
magnetization. These values are reasonable for the spin system made of Cu?* ions and consistent
with those estimated from the Curie-Weiss fittings above. Therefore, we conclude the high-field
phase of volborthite is the 1/3 magnetization plateau.

The thin crystals, where the disorder of the orbital direction in approximately 10% of the Cul site
is observed, show an intermediate magnetization curve between the thick crystals and the powder
sample. The magnetization steeply increases around 20 T but the size of increase is smaller
compared to the thick crystals. It continues to increase above 30 T with the slope of 2.5X 103 g T™
mol-Cu™*, where the thick crystals show the 1/3 plateau, and then show a saturation behavior above
50 T. Note that the sample dependence observed in the magnetization curve of volborthite is
unusually large, of which origin will be discussed in the next chapter.

The magnetic field derivative of the magnetization, dM/dH, are shown in fig. 4.7(b) and (d). An
anomaly is found in the magnetic field range slightly below the 1/3 plateau region; it shows two
kinks at 23.2 and 26.0 T in H L ab and remains constant in between, indicating that the
magnetization changes linearly and the most steeply there. Generally, a peak is observed in dM/dH at
the entrance of magnetization plateau. The flat maximum may indicate the presence of another
magnetic phase, which | call phase N, below the 1/3 plateau phase. This anomaly in dM/dH is
broadened and the flat maximum is absent at 4.2 K. In H // ab, the anomaly seems to be distributed
between 23-29 T due to the anisotropy of the g-value within the ab plane. In the thin single crystals,
the similar flat maximum in the dM/dH is observed between 22 and 24 T, which is found in slightly
lower field range compared to the thick crystals.

Figure 4.8(a) shows the H-T curves of the thick crystal of volborthite in the preliminary
magnetocaloric effect measurements in the pulsed magnetic fields: the data of the down-field process
is shown. In the measurements, the temperature of the sample is measured in the adiabatic conditions.
Therefore, the obtained H-T curves indicate the isoentropic curve. The general feature is that the

temperature of the sample decreases around 24 T and then increase rapidly at higher fields. These
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results indicate that the entropy is large around 24 T and small at higher fields in the 1/3 plateau
region. At around 24 T (fig. 4.8(b)), two kinks are observed in the isoentropic curves below 2 K and
the temperature is almost constant in between. The field range coincides with the phase N observed
in the magnetization curve. Therefore, the presence of phase N is demonstrated by the

magnetocaloric effect measurements.
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Figure 4.8. (a) The isoentropic curves obtained in the magnetocaloric effect measurements of the
thick single crystal of volborthite below 15 K and up to 33 T. The magnetization curve is also plotted.
(b) Enlarged graph at around 2 K and 24 T. The arrows indicate the kinks in the isoentropic curves.

The field derivative of the magnetization curve is also plotted.

The magnetic entropy is estimated from the heat capacity data obtained at 14 T (fig. 4.9(a)): the
difference between the up-field and down-field processes in the magnetocaloric effect measurements
were small at around 15 T and better estimation of the entropy is expected around the region. The
heat capacity of the Zn3V,0;(0OH),*2H,0 at 0 T is used as the lattice heat capacity. The counter plot
of magnetic entropy obtained from the linear interpolation of the data of the heat capacity and
magnetocaloric effect measurements is shown in the fig. 4.9(b). The phase N has larger magnetic
entropy compared to the phase Il: the entropy of phase N at 1.5 K is comparable with that of the
paramagnetic state at 2.5 K and 0 T. The large magnetic entropy may indicate that the phase N has
large number of degenerate excitations in the low energy range. On the other hand, the entropy of the

plateau region is much smaller than other magnetic phases.
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Fig.4.9. (a) Heat capacity of volborthite measured in the magnetic field of 14 T applied
perpendicular to the kagome plane and estimated magnetic entropy. (b) The counter plot of magnetic
entropy obtained from the linear interpolation of the data of the heat capacity and magnetocaloric

effect measurements (black lines).

4.4 Discussion
4.4.1 Spin structure of the 1/3 plateau phase
Based on the data obtained from the magnetization, heat capacity, magnetocaloric effect
measurements, and the NMR spectra shown below on the single crystal samples, the H-T phase
diagram of volborthite are obtained (fig 4.10). There are five magnetic phases, I, I’, Il, N, and the
1/3 plateau. It is noted that the phase I’, which precedes the phase | as lowering temperature, is not a

ground state.
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Figure 4.10. The H-T phase diagrams of volborthite single crystal in H 1 ab. The phase
boundaries expressed as the dashed line and around phase N are not well determined at the present

stage due to the limited data points.

First, I discuss the spin structure in the 1/3 plateau phase from the crystal structure. The spin
models expected from the orbital arrangements are shown in fig. 4.11(a). The sign and the size of
superexchange interactions in copper oxides are known to depend on the angle made by Cu ions and
bridging oxide ion; the coupling is usually ferromagnetic if the angle is smaller than 95° and changes
to be strongly antiferromagnetic as the angle approach to 180° [32]. In the P2;/a structure of
volborthite at 50 K, the angles for the NN Cu2 ions (J;) are 93.37(9)° and 98.92(9)° (93.20(9)° and
99.09(9)°), which suggest the J; is ferromagnetic or weakly antiferromagnetic: the angles in the
parentheses are those in one of the two crystallographically different kagome layers, which are
almost the same with the first ones. Moreover, the chain-like arrangement of the d,,.,.-type orbitals
of Cu2 sites usually gives rise to the antiferromagnetic coupling between NNN Cu2 ions (J,).
Actually, compounds possessing similar chain made of dy,.,.-type orbitals such as LiCuVO, are
studied as the model compound of frustrated J;- J, chain magnet with ferromagnetic J; and
antiferromagnetic J,.

On the other hand, the angles at the NN Cul and Cu2 ions (J’ and J”) are 102.47(9)° (102.83(9)°)
for J’ and 104.60(9)° (104.57(9)°) for J”, respectively. Therefore, antiferromagnetic J° and J” is
expected. It is noted that two and three lobes of the d,..,,-type orbitals are involved in J* and J”,
respectively. The extra lobe in J’, which is absent in J”, may add small ferromagnetic direct
exchange interaction to J°. Because the ferromagnetic J; is expected along the spin chain of Cu2 site
and the spin chains are antiferromagnetically coupled with the interchain Cul spins, the

ferrimagnetic state (fig. 4.11(b)), where the chain is polarized and the interstitial spin is
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anti-polarized along the magnetic field, is the candidate for the spin structure of 1/3 plateau phase.
The ferrimagnetic state is compatible with the robustness of 1/3 plateau phase; there is no frustration
in the NN interactions in the spin structure and the state should be stable until the magnetic field of
the magnitude comparable to the J* or J” is applied. Inversely, the frustration observed in volborthite

is considered to be caused by the competition between ferromagnetic J; and antiferromagnetic J,.
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Figure 4.11. (a) The orbital pattern and the spin model of volborthite expected from the in the
lowest temperature P2,/c structure. (b) Ferrimagnetic state in the kagome lattice of volborthite. (c)

*\/ NMR spectra in the thick single crystal of volborthite in H L ab [P1].

4.4.2 Magnetic phases below the 1/3 plateau and coupled J;1-J; chain model
The *V-NMR experiments performed by Yoshida using the thick single crystal sample have
provided the information of the spin structures (fig. 4. 11(c), [P1]). The spectra above 26 T are
almost a single peak, which indicates the simple spin structure. This result is compatible with the
ferrimagnetic state expected from the crystal structure considered above. Between 26 and 28 T, the
spectra are almost a single peak but the shift increases. Below 22 T in phase Il, double-horn type
spectra, which are characteristic for incommensurate spin structures, are observed. Further NMR

experiments have revealed that the collinear SDW, where spins are polarized to the field and have
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the modulated magnitude of magnetic moments, is the most likely. Between 23 and 25 T, where the
phase N is observed in the magnetization and the magnetocaloric effect measurements, the spectra
comprising two Gaussian-like peaks are observed. The spectra between 23 and 25 T cannot be
reproduced by the superposition of the spectra found in phase Il and the 1/3 plateau, therefore, the
NMR spectra also demonstrate the presence of phase N. The spectra in phase N suggest the
inhomogeneous distribution of the internal field rather than the conventional magnetic order.

The ferrimagnetic state of volborthite can be regarded as magnetization saturation of the J;-J,
chain embedded in the kagome lattice. Moreover, the phases found in volborthite in the magnetic
fields, which are phases I, Il (SDW), N and the 1/3 plateau (saturated J;-J, chain), reminds us the
phases expected in the quasi-1D J;-J, chain system in magnetic fields: helical, SDW, nematic, and
ferromagnetic (magnetic saturation) phases occurs as increasing the magnetic field. There is an
analogy in the crystal structure and the magnetic phases between volborthite and the J;-J, chain.
From this analogy, | proposed the possibility of the realization of spin nematic phase in the phase N
of volborthite [P1]. It is noted that similar “coupled J;-J, chain model” and the possibility of the
wide 1/3 plateau was theoretically proposed in 2008 by Janson et al. for the C2/m structure of
volborthite [85], however, the model did not predict the rich magnetic phase transitions and the
expected magnetization curve for the model was not consistent with the complex magnetization

curve observed in the powder sample.

4.4.3 Coupled trimer model proposed by theoretical studies
Stimulated by our experiments, Janson et al. have performed theoretical study based on the first
principle calculation and the fittings of the magnetization data to estimate the values of Js and
construct a spin model of volborthite [86]. They proposed another spin model with large J” = 252 K
andJ’:J:J;:J,=1:-0.2:-0.5:0.2 (fig.4. 12(b)). The calculation is roughly consistent with the
structural consideration except for the sign of J°, which is weakly ferromagnetic in the calculation
although strongly antiferromagnetic interaction is expected from the bond angles. They suggest that
quite large J” is caused by the long range super exchange path through Cu-O-V-O-Cu, which is
absent for the superexchange path of J’ (fig. 4.12(c)).
Assuming J” is much larger than others, volborthite can be regarded as a spin system made from
linear trimers coupled by J”, which have spin 1/2 in the ground state. Based on the trimers, effective
Ji-J>-J,” square lattice model is proposed (fig.4. 12(d)). The model is similar to the J;-J, square

lattice model where spin nematic state is expected near the ferromagnetic state. In this effective
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Ji-J2-J;” square lattice model, the formation of bound magnon pair, which may lead to the spin
nematic phase, is predicted below the magnetization saturation of the spin 1/2 on the trimer (1/3

plateau state) [86].

J;-J; Chain

(@
a Effective J,

b‘l’e

Spin-1/2
of Trimer

Figure 4.12. The spin models proposed for volborthite. The red and blue lines indicate the
ferromagnetic and antiferromagnetic interactions, respectively. (a) J;-J, chain based model expected
from the bond angles. (b) Trimer based model proposed by the first principle calculation. (c)
Cu-0O-V-0O-Cu superexchange path proposed in the theoretical study. (d) Effective J;-J,-J,° square

lattice model made from the trimer model.

The relationship between the “coupled J;-J, chain model” and the “coupled trimer model” are
considered. The difference is the sign and magnitude of J’ and J”. Antiferromagnetic J’ with the
similar magnitude with J” is supposed in the former model (J° ~ J”), on the other hand, J’ is weakly
ferromagnetic and J” is strongly antiferromagnetic (|J°| < J”) in the latter model. In the former model,
there is no frustration in the NN interactions and the frustration is caused by J,. In the latter model,

there is already a frustration in the NN interactions in addition to the frustration caused by J,.
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In the former model, if the spin nematic phase is present, the magnon pair is expected to be

formed on a J;-J; chain in the kagome lattice; the origin to stabilize the magnon pair is

ferromagnetic J; and the hopping process of magnon pair caused by antiferromagnetic J,. In the

latter model, the magnon pair is defined for two trimers and the origin to stabilize it is ferromagnetic

effective J;, which is mainly caused by J; and J’ in the original lattice. The hopping process of the

magnon pair is caused by effective J, (caused mainly by J; in the original lattice) and effective J,’

(caused mainly by the second order perturbation process of J; and J’ in the original lattice). The

order of nematic director is expected along the b-axis if the nematic phase is present in both of the

models.

4.5 Summary

The magnetic phase diagram of volborthite is obtained by the heat capacity, magnetization,
magnetocaloric effect, and NMR measurements; phase N and the 1/3 plateau are found in the
single crystal experiments. The phase N has steep change of magnetization linearly to the
magnetic field and large magnetic entropy.

Candidate spin states in the 1/3 plateau is the ferrimagnetic state which is the effective
magnetization saturation of the J;-J, chains on the kagome lattice and the magnetization
saturation of the linear trimers which carry the effective spin 1/2.

I propose the possibility of the realization of spin nematic state in phase N caused by the
competing ferromagnetic and antiferromagnetic interactions.

Studying the magnetic excitation in phase N would give the information on the nature of the
phase. Inelastic neutron scattering experiments and measuring the temperature dependences
of heat capacity would be effective for the purpose.

Unusually large sample dependence is found in the magnetization curve.
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Chapter 5. Structural and magnetic properties of engelhauptite and their
comparison with volborthite

5.1 Brief history and outline

A new mineral engelhauptite KCu3V,0;(OH),Cl, which has similar chemical composition and
crystal structure to volborthite CuzV,0,(0OH),*2H,0, is reported in 2013 [45]. The similarity
becomes clearer by writing the chemical formula as Cu;V,0;(OH),*KCIl. From the analogy to
volborthite and the hexagonal space group P6s/mmc, engelhauptite is expected to be a candidate of
the spin 1/2 perfect kagome antiferromagnet. | have synthesized the powder sample of engelhauptite
for the first time and studied its structural and magnetic properties. As a result of the structural
analysis based on the powder XRD experiments, | found that synthetic engelhauptite has the
monoclinic structure with the space group P2;/m, which is different from the natural mineral.
Although the kagome lattice is heavily distorted contrary to the expectation, | found interesting
similarities in the orbital arrangement on the kagome lattice between engelhauptite and volborthite;
there are J;-J, chains made of dy,.,o-type orbitals and another d,,.,,-type orbital in between. The
structural and magnetic properties of engelhauptite and volborthite are compared and their

appropriate spin models are discussed.

5.2 Synthesis and elemental analysis
CuO (4N, Raremetallic) and V,0s (4N, Raremetallic) are mixed in the molar ratio of 3 : 1 with 1.0
g of KCI (2N, Wako) and 10 ml of pure H,O in the Teflon beaker of 45 ml volume. The V,0s
powder is well ground in an agate mortar before the synthesis to increase the reactivity. The vessel is
heated at 200°C for 24 h and the solid product containing polycrystalline engelhauptite and
volborthite and the residual starting materials is obtained. They are filtered, well ground in the agate
mortar, and reacted again with the KCI and H,O in the same condition. As a result, pure
orange-yellow powder of engelhauptite is obtained (fig. 5.1(a)). It is noted that the Rb-, Cs-, and
NH4- analogues of engelhauptite are successfully obtained in the similar synthetic conditions. |
focused on the K-compound (engelhauptite) as all the compounds showed the similar magnetic
properties in the preliminary magnetic properties measurements.
The single crystal of engelhauptite is topochemically obtained using the single crystals of
volborthite as a starting material. Several single crystals of volborthite are reacted with 1.0 g of KCI

(2N, Wako) at 170°C in 10 ml of pure H,O. The reaction speed seems to be very slow and the
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reaction occurred inhomogeneously even after 7 days of reaction (fig. 5.1(b)). The orange region,
where engelhauptite is expected to be formed, is cut from the crystal and used for the single crystal

XRD experiments.
The elemental analysis by the ICP-AES experiment on the powder sample showed that the molar
ratio of K: Cu: V =1:293: 2.02, suggesting there is ~ 2% of Cu deficiency from the ideal

composition: the Cl ion cannot be analyzed in this ICP experiments.

@ (b)
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Figure 5.1. (a) Powder sample of engelhauptite. (b) A single crystal of volborthite which is partly

transformed into engelhauptite after the topochemical reaction in KClag..

5.3 Structural analysis

Figure 5.2 shows the powder XRD pattern obtained from the powder sample of engelhauptite. The
peaks can be indexed by the monoclinic unit cell a = 5.8653(2) A, b = 14.5747(3) A, ¢ = 6.0794(2)
A, B =119.049(2)°. The space group is determined to be P2,/m or P2; from the extinction rule; the

(0kO) reflections with k = 2n + 1 are absent selectively.
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Figure 5.2. (a) Powder XRD pattern and its Rietveld fitting of engelhauptite. (b) Enlarged graph of

the powder pattern and the fitting.
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Figure 5.3. (a) The structural model of the synthetic engelhauptite. Crystals Structures of (b)

synthetic engelhauptite and (c) volborthite seen perpendicular to the kagome layer.

To determine the atomic positions, refinements of the powder pattern by the Rietveld method are
performed. Initial structural model is made to reproduce the volborthite-like kagome layers and V,0-,
pillars in the space group P2;/m. Two H,O molecules are replaced by K and Cl ions in an ordered
manner (fig. 5.3(b)). As shown in the fig. 5.2, the powder pattern is well reproduced in the atomic
positions shown in the table 5.1 (Ry, = 2.34, S = 1.34). The occupancies of Cu sites are fixed to 0.98
based on the ICP experiments and the occupancy of Cl site is refined as a free parameter. 2% of
defect in the Cl site is found. Considering the charge balance, the amount of the defect of the Cl site

may be larger than the estimated value in the Rietveld refinement.

Table 5.1. Structural parameters of engelhauptite at 293 K

Atom X y z Uiso Ocec.
K 0.334(1) 0.25 0.6974(9) | 0.032(2) 1
Cl 0.666(1) 0.25 0.4125(9) | 0.034(3) 0.980(7)

Cul 0.5 0 0 0.0139(8) 0.98

Cu2 0 0 0.5 0.007(1) 0.98

Cu3 0.5 0 0.5 0.019(2) 0.98
\Y/ 0.9964(7) | 0.1286(1) | 0.0394(6) | 0.0090(8) 1

01 0.980(2) 0.25 0.077(2) 0.010(4) 1

02 0.662(2) | 0.4444(4) | 0.325(1) 0.023(2) 1

03 0.171(2) | 0.4223(4) | 0.337(2) 0.015(3) 1

04 0.703(2) | 0.4111(6) | 0.898(2) 0.011(4) 1

05 0.132(2) | 0.3947(7) | 0.865(2) 0.005(3) 1
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The topochemically obtained crystals of engelhauptite are studied by single crystal XRD
experiments in ISSP. Almost the same crystal structure obtained from the powder XRD experiments
with the unit cell of a = 5.8782(8) A, b = 14.551(2) A, ¢ = 6.0521(8) A, p = 118.986(2)° and the
space group P2;/m is observed. However, the final R1 is 11.2%, which may indicate the sample
quality is not good enough. The reason is considered to be the inhomogeneity of the crystal caused
by the slow reaction speed.

The crystal structure of engelhauptite is made of CuzOs(OH), layers, where Cu®* ions form
distorted kagome lattice, and V,0; pillars as found in volborthite. There are K™ and CI" ions in
engelhauptite between the kagome layers instead of two H,O molecules in volborthite. There are
crystallographically three Cu sites in a kagome layer and all the CuOg octahedra are elongated along
one axis ([4 + 2] coordination), therefore, the d,..,,-type orbitals carry the spin 1/2 in all of the Cu
sites (table 5.2, fig, 5.4(a,b)). It is noted that the natural mineral has one kind of squeezed octahedra

([2 + 4] coordination), where the ds,».o-type orbitals appear to carry the spin 1/2 (fig. 5.4(c)).

(a) 3 ()
OQ\ /{/ Cu .

> " a
S > 24
C b
Figure 5.4. (a) Coordination environment around the Cu atoms in the synthetic engelhauptite. The
solid and dashed lines indicate the squeezed and elongated Cu-O bond, respectively. Orbital

arrangements in the kagome lattice of (b) synthetic engelhauptite, (c) natural engelhauptite, and (d)

low temperature phase of volborthite.
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Table 5.2. Cu-O distances in synthetic (left) and natural (right) engelhauptite.

Sgg\::;‘:lrc Bond Length (A) l\'\/ll?:\irrzll Bond Length (A)
Cul-02 1.908(8) x2 Cu-OH 1.92(1) x2
Cul-O4 2.049(10) x2 Cu-0 2.23(2) x4
Cu1-05 2.443(10) x2

Cu2-02 1.916(7) x2

Cu2-03 2.058(7) x2

Cu2-05 2.492(12) x2

Cu3-02 1.917(7) x2

Cu3-03 2.033(7) x2

Cu3-04 2.481(13) x2

The situation that the ds,.ro-type orbital is found in natural mineral but the d,..j,-type orbital is
found in the synthetic sample is similar to the case of volborthite: the da;,.»-type orbital is selected in
the Cul site of the natural crystal of volborthite but the dy,.,.-type orbital is found in the single
crystals in this study. As discussed in the chapter 3, the ds,».ro-type orbital in volborthite is likely the
average structure of the randomly distributed orthogonal d,..y,-type orbitals. The hexagonal unit cell
a=5.922(2) A, ¢c=14.513(5) A, a = p =90°, y = 120° of natural engelhauptite may be observed as
an average structure of the monoclinic unit cell found in the synthetic sample when there are
disorder such as stacking fault and contamination of other elements. Moreover, the R1 reported for
the natural single crystal is 11.2%, suggesting the refinement is not perfect. Therefore, the P6s/mmc
structure reported in the natural crystal of engelhauptite is likely an average structure of the
disordered monoclinic P2,/m structure found in the synthetic sample.

The orbital pattern found in the synthetic engelhauptite is shown in fig. 5.4(b). There are chains
made of edge sharing dy,.,o-type orbitals and another d,,.,-type orbitals are aligned in the same
diction in between. Interestingly, this orbital pattern is identical to the room temperature C2/c
structure of volborthite. It is noted that this high-temperature orbital pattern cannot be quenched in
the low temperature in volborthite as it shows the structural phase transition (orbital flipping
transition) around room temperature into the 12/a structure, where the interchain orbitals are aligned

in the staggered arrangement (fig. 5.4(d)).

5.4 Magnetic properties
Magnetic susceptibility of the powder sample of engelhauptite measured at 2-350 K in the
magnetic field of 1 T is shown in the fig. 5.5(a). The Curie-Weiss fitting above 200 K results C =
0.433(20) cm® K mol-Cu™, ® = 90(8) K, y0 = 8(3) x 10" cm® mol-Cu™. Assuming S = 1/2, g-value is
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estimated to be 2.15(5), which is slightly larger than 2 and a typical value for Cu®* oxides. The large
Weiss temperature indicates the antiferromagnetic interaction is dominant. The Weiss temperature is
similar to the 90(9) K estimated for the high temperature C2/c phase of volborthite, which has the
same orbital pattern with synthetic engelhauptite.

The magnetic susceptibility shows a broad peak at around 18 K, which indicates the development
of the short range antiferromagnetic correlation. The broad peak is observed at almost the same
temperature with volborthite (fig. 5.5(a)). This coincidence may indicate the magnitude of the
dominant antiferromagnetic interaction is similar in these two compounds. A small downturn of the
susceptibility is observed at 6 K, which may indicate an antiferromagnetic order. Except for the
broad peak at 18 K and the anomaly at 6 K, no other anomalies are observed in engelhauptite,
indicating the absence of the structural phase transitions observed in volborthite (Ts; and Ts; in fig.

5.5(b)).
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Figure 5.5. Temperature dependences of the magnetic susceptibility of the powder sample of
engelhauptite and the thick single crystal of volborthite at (a) 2-350 K and (b) 100-350 K. The Tg;

and Ts; in (b) indicate the temperature of structural phase transitions in volborthite.

To investigate the anomaly observed at 6 K, the magnetic susceptibilities are measured in different
magnetic fields at 0.01-7 T at low temperatures (fig. 5.6(a)). In the measurement at 0.01 T, a peak is
observed at 6 K in the ZFC measurement and a steep increase is observed as lowering the
temperature in the FC measurements. The hysteresis found at high temperature above 6 K should be
an experimental error caused by the small raw magnetization. The anomaly is suppressed as
increasing the magnetic field and the hysteresis disappeared completely at 1 T. These results suggest
that engelhauptite shows an antiferromagnetic magnetic order at around 6 K which accompanies tiny

weak-ferromagnetic moment.
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Heat capacity measurements are performed at 2-25 K to get information on the possible magnetic
order at 6 K. At zero field, the C,/T shows a shoulder at 6 K, where an anomaly is observed in the
magnetic susceptibility measurements (fig. 5.6(b)). Therefore, | conclude that the magnetic anomaly
at 6 K observed in the magnetic susceptibility is a bulk property. The relatively small anomaly is a
typical behavior of the frustrated magnets, which gradually emit the entropy from higher
temperatures. The shoulder in the heat capacity is almost insensitive to the magnetic fields,

suggesting the ground state is unchanged up to at least 9 T.
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Figure 5.6. (a) Temperature dependences of magnetic susceptibility of the powder sample of
engelhauptite and the thick single crystal of volborthite at 2-20 K. (b) Temperature dependences of

the heat capacity of the powder sample of engelhauptite in the magnetic field of 0, 5,and 9 T.

High-field magnetization measurements are performed on the powder sample of engelhauptite at
1.4 and 4.2 K (fig. 5.7(2)). In both of the temperature, magnetization increases monotonously up to
50 T, above which the slope becomes smaller. The magnetization exceeds the 1/3 of the full
magnetic moment at around 50 T and continues to increase up to 72 T. The 1/3 magnetization
plateau found in the volborthite, which has the similar crystal structure to engelhauptite, is not
observed. The field derivative of the magnetization shown in the fig. 5.7(b) shows a broad maximum

ataround 42 T at 1.4 K, which may indicate the change of the spin structure. The anomaly is slightly

broadened at 4.2 K.
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Figure 5.7. (a) High-field magnetization curves of the powder sample of engelhauptite at 1.4 and

4.2 Kup to 72 K and (b) their magnetic field derivative.

5.5 Discussion
5.5.1 Absence of structural phase transition in engelhauptite

Structural phase transition is not observed in engelhauptite, although volborthite, which has
similar crystal structure at high temperatures, shows two structural phase transitions at around room
temperature and 155 K. As they have similar framework made of CuOg octahedra and V,0- pillers in
common, the difference should be attributed to the ions or molecules between the frameworks: K
and CI” ions in engelhauptite and H,O molecules in volborthite. As discussed in the chapter 3, the
structural analyses of volborthite suggest that the CuQg octahedra and V,0; pillars change their
structures cooperatively with the H,O molecules coupled with the framework via hydrogen bonding.
On the other hand, the framework is coupled with K and CI™ ions via coulomb interaction in
engelhauptite. This is seen from the difference in the way of the twist of the V,0- pillars; two VO,
tetrahedra are arranged so as to decrease the coulomb repulsion between O and CI™ ions in
engelhauptite (fig. 5.8). Moreover, V-O1-V angle is smaller (162° at 293 K) in engelhauptite than in
volborthite (171° at 293 K): V,0; pillars appear to interact more strongly with K™ and CI” ions in
engelhauptite than in volborthite. These structural differences suggest that the framework is locked
by the ions and the structural transition is impossible in engelhauptite, while it is possible because
the arrangement of H,O molecule are easily changed cooperatively with the framework in

volborthite.
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Figure 5.8. Crystal structures around V,0- pillars in engelahuptite (left) and volborthite (right).

5.5.2 Spin models of engelhauptite and volborthite

I consider the spin model of engelhauptite based on the crystal structure and the high-field
magnetization measurements by comparing them with those of volborthite. The bond lengths and the
bond angles which are important for the magnetic interactions are shown in the table 5.3. The bond
angles at the NN Cu ions along the chain made of edge sharing d,..,,-type orbitals, J; in the fig. 5.9,
is approximately 92° and 100°, which are close to 93° and 99° found in volborthite. As in the J;-J,
chain compounds, ferromagnetic NN interaction J; and antiferromagnetic NNN interaction J, are
expected along the chain. There are two kinds of NN interactions between the spins on the chain and
spins between the chain, J’ and J”, which have the bond angles of 105° and 104°, respectively, in
engelhauptite and 103° and 105°, respectively, in volborthite. The similarities in the local structure
between engelhauptite and volborthite suggest that the corresponding interactions between them

have similar magnitude.

(@)

\"

Cu2 7|
J Chain Cu3
\\

J;-J; Chain Ji-J, Chain
Engelhauptite Volborthite LT

Figure 5.9. Spin models of (a) synthetic engelhauptite and (b) low temperature structure of

volborthite expected from their crystal structures and the orbital arrangemens.
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Table 5.3. Selected bond lengths and bond angles in the powder sample of engelhauptite at 293 K

and the single crystal sample of volborthite at 50 K.

Engelhauptite | Cu-Cu (A) | Cu-O-Cu (°) Volborthite Cu-Cu (A) | Cu-O-Cu (°)
at 293 K at 50 K
Powder Single, Layer A
Ji 2.9326(1) 91.6(3) Ji 2.9228(3) 93.37(9)
99.9(2) 98.92(9)
J 5.8652(3) J 5.8415(3)
J 3.0397(1) 105.3(3) J 3.0616(3) | 102.47(9)
J 3.0304(1) 104.8(3) J” 3.0580(3) | 104.60(9)
Single, Layer B
J; 2.9215(3) 93.20(9)
J, 5.8415(3)
J 3.0202(3) 102.83(9)
J” 3.0531(3) 104.57(9)

Assuming that corresponding interactions have similar values in engelhauptite and volborthite, the
two possible spin models are examined. One is the case with ferromagnetic J;, antiferromagetic J,
and strongly antiferromagnetic J’ and J” with similar magnitude expected from the crystal structure
(I’ ~J” > |J4) and J,). The second case is the interactions proposed in the first principle calculation
for volborthite, which are ferromagnetic J;, antiferromagetic J,, ferromagnetic J°, and strongly
antiferromagnetic J” (3” > |J4|, Jo, and [J’]). It should be noted that the Cu-O-V-O-Cu superexchange
path, which may cause strongly antiferromagnetic J” in volborthite, is also present in engelhauptite.

In the former case, the spin model for the two compounds are identical to the coupled J;-J, chain
model [85] and both of the materials are expected to show the 1/3 magnetization plateau with the
ferrimagnetic spin structure. Therefore, the former case fails to explain the experimental results.

In the latter case, spin models of engelhauptite and volborthite are largely different due to the
different arrangement of J’ and J” (fig. 5.9). Engelhauptite can be regarded as a spin system made of
antiferromagnetic chains with strong intrachain interaction J”” between Cul and Cu3 and the coupled
interchain spin on Cu2 (fig. 5.10(a)). On the other hand, volborthite can be regarded as the coupled
antiferromagnetic linear trimers (fig. 5.10(b)). The saturation behavior of the magnetization curve in
engelhauptite at slightly above the 1/3 of the full magnetization around 50 T can be understood as
the magnetization saturation of the spins on Cuz2 site prior to the Cul-Cu3 chains. Moreover, there is
no reason that the 1/3 plateau state with 11 spin structure is stabilized. On the other hand, the 1/3
plateau of volborthite can be understood as the magnetization saturation of the spin 1/2 on the linear
spin trimer made of J”. Therefore, the experimental results are consistent with the case of strongly

antiferromagnetic J” and ferromagnetic J°, which produce antiferromagnetic chains and linear
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trimers in engelhauptite and volborthite, respectively. Schnyder et al. studied the magnetic properties
of the anisotropic kagome lattice spin system in the one-dimensional limit (J >> J’ in the fig. 5.
10(c)) and found that the system shows a spiral order along the chain direction [87]. The magnetic

order realized in engelhauptite might be a similar spiral magnetic order.

Engelhauptite Volborthite LT

(o 3
} J>> T, AF Chain + Dangling Spin

Figure 5.10. Spin models of (a) engelhauptite and (b) volborthite assuming J” > |J4|, J,, and |J’|.

(c) The spiral magnetic order expected in the anisotropic kagome lattice model with J >> J* [90].

5.5.3 Origin of large sample dependence in volborthite

Finally, 1 discuss the unusually large sample dependence of volborthite by considering the
experimental results of engelhauptite together. As shown in the fig. 5.11(a), thick crystals of
volborthite and engelhauptite shows the 1/3 plateaus above 30 T and the saturation behavior above
50 T, respectively. In the powder sample of volborthite, both of the characters, which correspond to
the second and the third magnetization steps, are observed. The thin crystals also show the both
characters although the magnetization curve is rather similar to that of the thick crystals. These
magnetization curves appear that there are two magnetic components, volborthite-type and
engelhauptite-type components, and the ratio of the two components change; volborthite thick
crystals and the engelhauptite have only one of the two components and the thin crystals and the

powder sample have both components in different ratio (fig. 5. 11(b)).
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The structural analysis of volborthite suggests that there is a disorder in the direction of the
interchain Cul orbital in the thin crystals and the powder sample. The orbital with different direction
at Cul site should generate the engelhaupite-type component as the spin models of the two
compounds are only distinguished by the orbital pattern of Cul site. Therefore, the large sample
dependence found in volborthite would be attributed to the difference in the amount of the orbital
disorder in the Cul site.

Note that if the orbitals with different directions are randomly distributed in the crystal structure,
they should generate only one disordered component rather than the two components. The orbital
disorder found in volborthite may not be randomly distributed but form a domain, where
engelhauptite-type orbital order is formed. As a possible example, the layered order of the

engelhauptite-type domain is depicted in the fig. 5.11(b).
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Figure 5.11. (a) The Magnetization curves of the powder sample of engelhauptite (engel) and
different samples of volborthite (vol). (b) An example of the model to explain the large sample

dependence found in the magnetization curves of volborthite.

5.6 Summary
« I have successfully synthesized powder and single crystal samples of engelhauptite. Synthetic

engelhauptite has the monoclinic structure with the space group P2:/m, which is different
from the hexagonal structure of natural mineral. The orbital pattern is the same with the high
temperature C2/c structure of volborthite.

»  Engelhauptite shows the magnetic order at 6 K and its magnetization curve shows saturation

behavior around the 1/3 of the full magnetization above 50 T without the plateau region.
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The comparison of the structural and magnetic properties between engelhauptite and
volborthite has provided the clues to understand their spin models. Engelhauptite is likely a
frustrated spin system made of one-dimensional antiferromagnetic chain with strong
intrachain interaction and coupled spins in between. The appropriate spin model for
volborthite is considered to be the coupled trimer model rather than the coupled J;-J, chain
model.

The unusually large sample dependence of the magnetization curve observed in volborthite

can be explained by the difference in the amount of orbital disorder.
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Chapter 6. Topochemical pseudomorphosis and magnetic properties of
vesignieite

6.1 Brief history and outline

Vesignieite BaCusV,0g(OH), is considered to be a rare realization of the spin 1/2 regular kagome
antiferromagnet [47]. Two structural models with the monoclinic space group C2/m and the trigonal
space group R-3m are proposed so far [46,88]. They are basically identical; there are kagome layers
made of edge-sharing CuOg octahedra and they are separated by the VO, tetrahedra and the Ba®*
ions (fig. 6.1(a)). The kagome lattice is made of slightly distorted and undistorted triangles in the
C2/m and R-3m models, respectively. It should be noted that the distortion of the kagome lattice
found in the C2/m model is less than 0.1% of the Cu-Cu bond lengths and whether the two structures

are really different is questioned.

(@) Volborthite Vesignieite
Cu;V,0,(0OH),*2H,0 BaCu;V,04(0OH),
Kagome Layer

E f :— Cu0,(0OH), va ;:('

2
°°Q oo/HZO Ba\v°oo°ao°o

200°C, 24h in Ba(NO;),aq

Figure 6.1. Schematic picture of the topochemical reaction from volborthite into vesignieite. (a)
Crystal structure of volborthite (left) and vesignieite (right). (b) Crystals of volborthite before the

reaction (left) and vesignieite after the reaction (right).

The antiferromagnetic long range order at Ty = 9 K is observed, which is approximately the 1/6 of

the magnetic interaction of J = 54 K [47]. The ground state is suggested to be a 120° order withq=10
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instead of a spin liquid state expected for the spin 1/2 kagome antiferromagnet possibly due to the
effect of DM interaction [89-90]. Although the basic magnetic properties are already known in
previous studies using powder samples, there are some unusual features in vesignieite. One is the
two-step nature of the magnetic order observed in the NMR measurements [89]; spatially
inhomogeneous static moment appears below 13 K above Ty, which might be an unconventional
order related to the geometrical frustration. Another is the 2/5 magnetization plateau-like behavior
above 50 T reported in the powder sample [81]: the similar plateau-like behavior was also observed
in the powder sample of another kagome compound volborthite, although it turned out to be the 1/3
plateau in the single crystal study of volborthite in this thesis. To clarify the magnetic properties of
vesignieite, detailed study using high quality single crystal samples may be necessary.

I have successfully synthesized large quasi single crystals of vesignieite using the topochemical
pseudomorphosis reaction of volborthite, which have similar layered structure to vesignieite (fig.6.1
(a) left). Using the thus obtained crystals, magnetic susceptibility measurements and the high-field

magnetization measurements up to 72 T are performed and the spin structures are discussed.

6.2 Synthesis and elemental analysis

The crystal of vesignieite was topochemically obtained using the single crystal of volborthite as a
starting material (fig. 6.1(b)). Several single crystals of volborthite were reacted with 0.5 g of
Ba(NO3), (Raremetallic, 3N) at 200°C in 10 ml of pure H,O. The reaction occurred in the entire
crystal in 24 h. The crystals were further annealed at 550°C and 150 MPa in the H,O sealed in an Au
tubes to improve the crystallinity.

The crystals were examined by the ICP-AES experiment, which suggests the molar ratio Ba: Cu :
V =1:2.87:1.99. The result indicates that the amount of Ba ions inserted in the crystal is close to
the ideal chemical formula of vesignieite. Moreover, there is likely a small amount of defect ~ 4% in
the Cu site. As the elemental analysis data in the previous studies are not available, whether the

defect is present or absent in the previous samples of vesignieite is unclear.

6.3 Structural analysis
The triangular plane of the crystal of volborthite before the reaction corresponds to the kagome
plane. A crystal after the reaction is horizontally put on the sample plate and examined by the
powder XRD experiments. The (00I) reflections (I = n and 3n in the C2/m and R-3m models,

respectively: n = integer) are selectively observed, indicating that the orientation of the kagome
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plane is maintained during the reaction. Moreover, the powder pattern of the crashed crystals is quite
similar to that expected for vesignieite. All of the peaks are indexed by the monoclinic unit cell with
a=10.287(1) A, b =5.9373(4) A, ¢ = 7.7340(7) A, p = 116.199(8)° or trigonal unit cell with a =
5.9387(3) A, ¢ = 20.8297(8) A; the differences between the powder pattern of the C2/m and R-3m
models are very small and could not be distinguished in the measurement. Neither extra peaks nor
the peaks of residual volborthite are observed, therefore, the crystal of volborthite is completely
transformed into the crystal of vesignieite keeping the orientation of the kagome plane. The crystal

can be called “vesignieite pseudomorph after volborthite” using the term of mineralogy.

One Crystal

(]
]
e]

003
006

|

Crashed Crystals

Vesignieite Calculated

Intensity (a.u.)

Volborthite Calculated
L1 ] ] ] ] ] | | |
10 15 20 25 30 35 40 45 50 35 60
2theta (deg.)

Figure 6.2. The powder XRD pattern of a crystal and crashed crystals of vesignieite obtained by
the topochemical reaction (first and second row). The calculated powder pattern of vesignieite and

volborthite are shown in the third and fourth row, respectively.

The crashed crystals of the size ~ 0.1 x 0.05 x 0.02 mm® were studied using the single crystal X-ray
diffractometer in ISSP at 293 K. The data can be analyzed either in the C2/m model with a =
10.2790(11) A, b =5.9380(5) A, ¢ = 7.7407(8) A, 5 = 116.339(3)° (R1 = 0.0350, wR2 = 0.0664, S =
1.165) or in the R-3m model with a = 5.9415(5) A, ¢ = 20.829(2) A (R1 = 0.0288, wR2 = 0.0565, S =
1.343) (fig. 6.3(a)). The results are shown in the tables 6.1 and 6.2. To check the possible defects in
the Cu sites, the occupancies of the Cu sites are refined as free parameters. The obtained Cu
occupancies are 0.980 and 0.985 in the C2/m and R-3m models, respectively, suggesting the presence
of ~ 2% of defect in the Cu site; the amount is smaller than that estimated from the ICP-AES

experiment. The R values are slightly smaller in the refinements in the R-3m model.
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The Cu-Cu distances in the kagome lattice are 2.9677(2) and 2.9690(3) for Cul-Cu2 and Cu2-Cu2
bonds, respectively; the difference is only 0.04% of the bond length. In the R-3m model, Cu-Cu
length is 2.9707(2). In both of the structural models, all of the Cu octahedra have the [2 + 4]
coordination as shown in the table 6.3, indicating the ds,,.r,-type orbitals carry the spin 1/2. In the
R-3m model, the arrangement of the VO, group is disordered (fig. 6.3(b)), while they are ordered in
the C2/m model. However, the thermal ellipsoid of the O4 atom is unusually large, pointing to the
structural disorder (fig. 6.3(a)). Therefore, the positional disorder of the VO, group is considered to
be intrinsic to vesignieite. There is no particular reason to choose the C2/m model and the R-3m

model appears to be reasonable.

. /

Figure 6.3. Crystal structures of vesignieite in (a) C2/m and (b) R-3m models depicted by the
thermal ellipsoid, which describes the volume taken by 50% of the electrons of the atom. The V and

03 atoms are split into three sites assuming the disorder.

75



Table 6.1. Structural parameters of vesignieite at 293 K in the C2/m model

Atom X y z Uiso Occ.

Ba 0 0 0 0.0145(2) 1

cul 0 0 -05 0.0128(5) | 0.980(8)

cu2 -0.25 -0.25 -05 0.0127(4) | 0.980(6)

\Y; 0.4102(2) 0 0.2303(2) | 0.0312(5) 1

o1 -0.2912(7) -05 -0.3753(9) | 0.0148(12) 1

02 0.2753(8) 0 0.3092(12) | 0.0336(18) 1

03 0.5168(6) | —0.2409(9) | 0.3096(8) | 0.0337(14) 1

04 0.3323(18) 0 —0.0051(14) | 0.130(7) 1

Atom U Uo, Uss Uy U3 Ui,
Ba 0.0155(4) | 0.0188(4) | 0.0069(3) 0 0.0028(3) 0
cul 0.0125(8) | 0.0170(8) | 0.0096(8) 0 0.0056(6) 0
Cu2 0.0130(6) | 0.0140(6) | 0.0099(5) | —0.0012(4) | 0.0041(4) | —0.0018(4)
Vv 0.0367(11) | 0.0459(12) | 0.0041(7) 0 0.0027(7) 0
01 0.014(3) | 0.016(3) | 0.014(3) 0 0.006(2) 0
02 0.014(3) | 0.031(4) | 0.037(4) 0 -0.005(3) 0
03 0.041(3) | 0.036(3) | 0.032(3) | —-0.021(2) | 0.024(3) | —0.011(2)
04 0.162(16) | 0.185(18) | 0.006(5) 0 0.004(7) 0
Table 6.2. Structural parameters of vesignieite at 293 K in the R-3m model

Atom X y z Uiso Occ.

Ba 0 0 0 0.0146(3) 1

Cu -0.1667 0.1667 0.1667 0.0128(4) | 0.985(7)

\Y; 0.3129(14) | 0.626(3) | 0.07667(13) | 0.014(3) 0.3333

o1 —-0.3333 0.3333 0.1249(4) 0.0148(16) 1

02 0.6543(12) | —0.1728(6) | 0.1030(3) | 0.0331(15) 1

03 0.3774(14) | —-0.245(3) | —0.0022(6) | 0.035(5) 0.3333

Atom Uy Uy Uss Uos Uiz U,
Ba 0.0185(4) | 0.0185(4) | 0.0068(4) 0 0 0.00926(19)
Cu 0.0155(5) | 0.0155(5) | 0.0094(6) | —0.0007(2) | 0.0007(2) | 0.0091(5)
Vv 0.023(4) | 0.009(5) | 0.0044(9) | 0.0016(14) | 0.0008(7) | 0.004(3)
o1 0.016(2) | 0.016(2) | 0.012(4) 0 0 0.0080(12)
02 0.036(3) | 0.033(2) | 0.031(3) | 0.0116(12) | 0.023(2) | 0.0179(17)
03 0.059(9) | 0.029(10) | 0.008(6) | —0.011(5) | —0.006(3) | 0.014(5)
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Table 6.3 Cu-O bond lengths in vesignieite

C2/m model Bond Length (A) R-3m model Bond Length (A)
Cul-01 1.924(6) x2 Cu-01 1.923(3) x2
Cul-03 2.190(6) x4 Cu-02 2.194(5) x4
Cu2-01 1.917(4) x2
Cu2-03 2.188(6) x4

6.4 Magnetic properties

The temperature dependence of the magnetic susceptibility is measured in the magnetic field of 1
T parallel and perpendicular to the kagome plane at 2-300 K (fig. 6.4(a)). The Curie-Weiss fitting at
150-300 K results C = 0.483(16) and 0.513(17) cm® K mol-Cu™ in H // ab and L ab, respectively, ®
= 71(5) K, and yo = —-3(3) x 10° cm® mol-Cu™. The fitting at 100-300 K by using the
high-temperature series expansion for the S = 1/2 kagome antiferromagnet [91] results J = 53.8(2) K,
g = 2.29(1) and 2.23(1), in H L ab and // ab, respectively, and y, = —3.3(4) x 10 cm® mol-Cu™.
These values are consistent with the values reported in the previous studies.

Figures 6.4(c) and (d) show the magnetic susceptibility at low temperatures measured in H // ab
and H L ab and 0.1-7 T. Akink is observed at 9 K in the field of 0.1 T, which suggests the magnetic
order as already reported. At low temperature below 20 K, clear anisotropies are observed (fig.
6.4(b)). In H L ab, the magnetic susceptibility shows a broad peak, while it shows a steep increase in
H // ab. It should be noted that this anisotropy is observed in the paramagnetic region above the
magnetic order at 9 K, suggesting the development of the short-range antiferromagnetic correlation
and the long range magnetic order is suppressed by the geometrical frustration.

Magnetization curves are measured at 1.8 and 20 K in the magnetic field of 0-7 T (figs. 6.5 (a) and
(b)). In H L ab, the magnetizations curve shows an upturn at around 5 T. In H // ab, the
magnetization shows a rapid increase at around 0.2 T and then increase linearly to the field at higher
fields. There is a hysteresis in H // ab at low fields, which is characteristic for the ferromagnetic
moment. The linear fit at 5-7 T intercepts the magnetization axis at 1.8 x 10 xg mol-Cu™, which
corresponds to the 1.6% of the full magnetic moment assuming g = 2.23. These results indicate that
there is a weak-ferromagnetic moment only within the kagome plane with the magnetic order of

vesignieite.
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Figure 6.4. The magnetic susceptibility of vesignieite crystals in the magnetic field of 1 T at (a)
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Figure 6.5. (a) Magnetization curves of vesignieite crystal at 1.8 and 20 K. (b) The magnetization
curves in low fields at 1.8 K. (c) High-field magnetization curves of vesignieite at 1.4 Kupto 72 T

and (d) their field derivatives.
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The magnetization curves are measured in H //aband H L ab up to 72 T at 1.4 K (fig. 6.5(c)). In
both of the field directions, magnetization increase monotonously up to 40 T and the slope of the
magnetization curve becomes smaller at higher fields; the field derivative of the magnetization
shown in the fig.6.5 (d) start to decrease there. The magnetization exceeds the 1/3 of the full moment
at around 40 T. Neither the magnetizatiom plateaus at the 1/9 and 1/3 of the full moment expected
for the spin 1/2 kagome antiferromagnets nor the 2/5 plateau-like behavior observed in the powder

samples are not observed in the topochemically obtained crystal samples.

6.5 Discussion
6.5.1 Magnetic structure and in-plane weak-ferromagnetic moment

First, I discuss the spin structure of vesignieite at low fields. In the magnetically ordered state,
weak-ferromagnetic moment is observed only within the ab-plane. Possible origin of the
weak-ferromagnetism is the DM interaction, which always exists in kagome lattice as there is no
inversion center between the magnetic ions. In the regular kagome lattice, the directions of the
D-vectors are restricted by the symmetry of the lattice as shown in fig. 6.6(a): there are both
out-of-plane component (D,) and the in-plane component (D). The D, stabilizes the 120° order with
magnetic moment within the kagome plane. Different 120° structures are stabilized depending on its
sign; for D, > 0 and D, < 0, the 120° structures with vector chirality + and — are stabilized,
respectively. The former and the latter are often called g = 0 and inverse triangular structures,
respectively. There is an important difference between the two structures that the q = 0 structure
preserve the 3-fold rotation symmetry, but the inverse triangular structure breaks the 3-fold rotation
symmetry. On the other hand, the D, causes the canting of the spin perpendicular to the kagome
plane.

The general cases where both of the D, and D, are present in the classical spin kagome
antiferromagnet are examined by Elhajal et al. and the expected ground state spin structures are
shown in the fig. 6.6(b) [92]. In D, > 0, the spin structure is always the g = 0 structure with the
out-of-plane weak-ferromagnetic moment. In D, < 0, the situation is not simple. In the case of small
D, <0 and large D, the g = 0 structure with out-of-plane weak-ferromagnetic moment is selected as
in the case of D, > 0. If sizable D, < 0 is present, the inverse triangular structure without out-of-plane
component is selected.

The absence of the out-of-plane weak-ferromagnetic moment in vesignieite strongly suggests the

presence of sizable D, < 0, which select the inverse triangular structure without out-of-plane canting.

79



In the spin structure, the in-plane weak-ferromagnetic moment can appear in the presence of
easy-axis magnetic anisotropy. For example, easy-axis anisotropy which acts to cant the magnetic
moment toward the center of the hexagons can cause the canting of the spin as shown in the fig.
6.6(c). It should be noted that the q = 0 structure do not show the in-plane weak-ferromagnetic
moment as long as the 3-fold rotational symmetry of the lattice is present.

The previous zero-field Cu-NMR experiments on the powder sample suggest the q = O state is
realized in vesignieite [89]. The in-plane weak-ferromagnetic moment can appear in the g = O state if
the kagome lattice is distorted as in the C2/m model. However, it is difficult to explain the absence of
the out-of-plane weak-ferromagnetic moment in the g = 0 structure as the non-zero D, always causes
the out-of-plane weak-ferromagnetism. Actually, the ESR experiments on the powder sample of
vesignieite suggest the sizable Dy is present [90]. Re-examination of the spin structure by the NMR
experiments using the topochemically obtained crystal sample, which should provide more
information than the powder sample, may give the conclusive result on the spin structure of
vesignieite. As far as | know, vesignieite would be the first realization of the inverse triangular

structure in the quantum spin kagome magnets.
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Figure 6.6. (a) Orbital arrangement and the magnetic interactions in the R-3m model of vesignieite.
(b) Spin structures of the classical kagome antiferromagnet stabilized in the presence of in-plane

(Dp) and out-of-plane (D,) DM interaction. (c) The 120° orders with the vector chirality + (so called
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g = 0 structure, left) and vector chirality — (so called inverse triangular structure, right). In the former
case, the spin structure has the 3-fold rotation symmetry and in-plane weak-ferromagnetism is absent.
In the latter case, the spin structure breaks the 3-fold rotation symmetry and some easy-axis
anisotropy can cause the in-plane weak-ferromagnetism: the anisotropy to cant the spin toward the

center of the hexagons of the kagome lattice is assumed in the figure.

6.5.2 Magnetization process

Finally, I discuss the magnetization process of vesignieite. In H // ab, where weak-ferromagnetic
moment is observed, the magnetization suddenly increases at around 0.2 T. This is understood by
taking into account the inter-layer interaction. At zero magnetic field, if the magnetic moments in the
next layer are coupled with weakly antiferromagnetic interaction, the net weak-ferromagnetic
moment can be canceled out. At 0.2 T, the inter-layer coupling is considered to be overwhelmed by
the magnetic field to generate the net weak-ferromagnetic moment.

In the magnetization curve in H L ab, a clear upturn is observed at around 5 T. This behavior is
similar to the spin-flop transition, as it is not observed in another magnetic field direction. However,
if the magnetic moments lie in the kagome plane due to the DM interaction, H L ab is the magnetic
field direction where spin-flop transition does not occur. Therefore, the upturn of the magnetization
around 5 T is considered to be different from the spin-flop transition. A possible scenario is the
gradual change of the spin structure from the canted inverse triangular structure at low fields to the
canted g = O structure above 5 T (fig. 6.7). In vesignieite, the D,, which stabilize the q = 0 structure
with out-of-plane canting, is suggested to be relatively large in the ESR experiments [90]. The
magnetization process may be understood that the D, is large but not enough to stabilize the q = 0
structure at zero magnetic field and the magnetic field stabilize the canted q = 0 structure rather than
the canted inverse triangular structure above 5 T.

At high-fields, the field derivative of the magnetization shows a clear decrease above 40 T, where
the magnetization is approximately the 1/3 of the full moment; there must be a change in the spin
structure there. On the analogy to the triangular lattice spin system, the stable spin structure at high
fields is considered to be the canted coplanar 120° structure. The absence of the 1/9 and the 1/3
plateau phases in vesignieite suggests that the DM interactions have destroyed the plateau phases

completely.
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Figure 6.7. Possible spin structures of vesignieite at low magnetic fields viewed perpendicular to

the kagome plane. The spins are expected to cant along the magnetic field accompanying in-plane

rotation. The + and — indicate the positive and negative vector chirality.

6.6 Summary

The quasi single crystals of vesignieite, which is almost perfect spin 1/2 kagome
antiferromagnet, are successfully obtained via novel topochemical pseudomorphosis reaction
of volborthite.

The absence of out-of-plane weak-ferromagnetic moment and the presence of in-plane
weak-ferromagnetic moment suggest the spin structure of vesignieite is inverse triangular
structure with negative vector chirality rather than the g = 0 structure with positive vector
chirality generated by the D, and some magnetic anisotropy.

At around 5 T in H L ab, the magnetization curve shows an anomaly which cannot be
explained by conventional spin-flop transition. A possibility is the change of the spin
structure from the canted inverse triangular structure to the canted g = O structure, which is
stabilized by magnetic field and D,,.

High field magnetization measurements revealed a magnetic anomaly at around 40 T, which
must be the change of the spin structure. The 1/9 and 1/3 plateau phase are absent possibly

due to the DM interaction.
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Chapter 7. AMoOPO,CI (A = K, Rb): new candidates of the S = 1/2 J;-J,
square lattice

7.1 Brief history and outline

The spin 1/2 Heisenberg J;-J, square lattice model, where the NN interaction J; on the square
lattice and the NNN interaction J; in the diagonal directions are considered (fig. 7. 1(a)), is a typical
model of the frustrated magnets. The model is expected to show rich magnetic ground states
depending on the sign and magnitude of J; and J, including the phases which are not fully
understood [24]. In the case of J; >> J,, the ground state is the same with the normal square lattice
model; the ferromagnetic and the Néel states are the ground state for J; > 0 and J; < 0, respectively.
In the case of J, >> J;, the lattice is made of two interpenetrating square sub-Ilattices coupled by J,.
For J, > 0 the classical ground state is the Néel states in each sub-lattices and their mutual
orientation can be rotated freely. However, quantum fluctuations stabilize the spin configuration in
which the spins of both sub-lattices becomes collinear (collinear antiferromagnetic state (CAF), fig.

7.1(b)) by the order-by-disorder mechanism.

(a)
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Figure 7.1. (a) The J;-J, square lattice model. (b) Two degenerate collinear antiferromagnetic
states. (c) The ground state phase diagram of the J;-J, square lattice model [95]. The J>0and J<0
indicate the antiferromagnetic and ferromagnetic interactions, respectively. The model compounds

and their positions in the phase diagram are also shown.

The competition between J; and J, is expected to realize exotic ground states. The classical

ground states are macroscopically degenerate at |J;| = 2J, (J, > 0) and quantum fluctuation may
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stabilize other states around |J;| = 2J, depending on the sign of J;. For J; > 0, the ground state is
expected to be a gapped spin liquid state [93]. For J; < 0, the spin nematic state, where the bound
magnon pairs are generated and the order of the nematic director are formed, is expected to realize
[25]. The nematic state is predicted in wide parameter range in magnetic field near magnetization
saturation in J, > [J4)/2 [94].

Although the model is extensively studied theoretically, its experimental realization is relatively
rare. The model compounds are summarized in the fig. 7.1(c) by Nath et al. [95]. The J, is always
antiferromagnetic, while the signs of J; and its relative magnitude to J, are strongly dependent on the
materials. Therefore, studying new candidate materials are meaningful in search for novel magnetic
phases. It should be noted that all the materials are vanadium oxide where the \VV** ions carry spin 1/2.
I found that the known materials AMoOPO,CI (A = K, Rb) [70] have the J;-J, square lattice, of
which magnetic properties are not investigated so far. It is noted that the Mo®" ions carry spin 1/2 in
this compound: they are the first compound with 4d electron studied as a J;-J, square lattice magnet.
The crystal structure is made of the layers where MoOsClI octahedra are connected by PO, tetrahedra
and K" ions between them (fig. 7.2(a,b)). The structure can also be regarded that the layers made of
MoOs square pyramids and PO, tetrahedra, which are similar to the vanadium oxides studied as the
J;-J, magnets, are separated by the rock-salt type ACI layer. To clarify the magnetic properties of
AMOoOPO,CI (A = K, Rb), I have synthesized single crystal sample of the materials and performed

single crystal XRD, magnetization, and heat capacity measurements.

7.2 Synthesis

Single crystals of AMoOPO,CI (A = K, Rb) were prepared by the salt flux method. MoO3, Mo,
P,0s, ACI (A = K, Rb), and NaCl were mixed in the molar ratio of 5/3 : 1/3:1:30:30and putina
Pt tube with 5 mm in diameter and 10 mm in length. As P,Os is highly moisture absorbing, all the
procedures were performed in the argon atmosphere glove box. The tube is sealed in an evacuated
quartz tube and heated to 700°C in 7 hours and kept at the temperature for 1h, and then slowly
cooled to 600°C in 50 h. The square plate shaped yellow crystals were obtained by removing the flux
with pure H,O (fig. 7.3). Unsuccessful attempts to fully substitute A-site with Tl or Cs and P-site
with As were performed at 600-800 °C.
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Figure 7.2. Crystal structures of AMoOPO,CI (A = K, Rb) seen from (a) a-axis and (b) c-axis. (c)
Unit cells of the space group P4/nmm at high temperature and C2/m at low temperature of
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Figure 7.3. The single crystals of KMoOPO,CI (left) and RoMoOPQO,CI (right).
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7.3 Structural analysis
The crystals of AMoOPO,ClI (A = K, Rb) are investigated by the single crystal X-ray
diffractometer in ISSP. The data obtained at 293 K are well refined by the structural models with the

tetragonal space group P4/nmm reported for both of K- and Rb- compounds (tables 7.1 and 7.2). The
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results of the refinements for the K-compound is a = 6.4362(3) A, ¢ = 7.2705(6) A with R1 = 0.0184,
WR2 = 0.0504, and S = 1.352 and for the Rb-compound is a = 6.4586(3) A, ¢ = 7.4590(4) A with R1
=0.0321, wR2 = 0.0784, and S = 1.336.

A structural phase transition is found in the K-compound at around Ts = 105 K; the magnetic
susceptibility shows a small upturn around T as shown below (fig. 7.4(a)). To clarify the crystal
structure below T, XRD measurement at 90 K is performed. The data suggests that the crystal has
the monoclinic space group C2/m with the unit cell of a = 9.016(10) A, b = 9.021(10) A, ¢ =
7.2468(8) A and g = 90.057(2)° (R1 = 0.0419, wR2 = 0.1550, and S = 1.282). The C2/m structure
corresponds to the v/2 x v/2 super structure of the original P4/nmm structure (fig. 7.2 (c)). The O2
site in the P4/nmm structure splits into two sites O21 and 022 in the C2/m structure. As a result of
the structural phase transition, the NN interaction J; becomes two kinds at low temperatures.
However, the structural changes caused by the phase transition are tiny as seen in the small
difference between a and b of the unit cell and the small deviation of g from 90°. Therefore, |
assume the magnitude of the two NN interactions are almost the same and analyzed the magnetic

susceptibility data below assuming J;-J, square lattice model.

Table 7.1. Structural parameters of KMoOPQO,Cl at 293 K in the P4/nmm model

Atom X y z Uiso Occ.
K 0.75 0.25 0 0.0304(4) 1
Mo 0.75 0.75 | 0.40630(6) | 0.01039(16) 1
P 0.75 0.25 0.5 0.0114(3) 1
cl 0.75 0.75 | 0.0501(2) | 0.0207(3) 1
o1 0.75 0.75 | -0.3674(7) | 0.0312(12) 1
02 075 | 0.0622(3) | 0.3705(3) | 0.0187(5) 1
Atom Uy Uy, Us3 Uy Uz Uy,
K 0.0291(5) | 0.0291(5) | 0.0329(8) 0 0 0
Mo | 0.00803(18) | 0.00803(18) | 0.0151(3) 0 0 0
P 0.0074(4) | 0.0074(4) | 0.0195(6) 0 0 0
Cl 0.0225(5) | 0.0225(5) | 0.0170(6) 0 0 0
01 | 0.0377(19) | 0.0377(19) | 0.018(2) 0 0 0
02 | 0.0237(11) | 0.0076(3) | 0.0248(10) | -0.0019(8) 0 0
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Table 7.2. Structural parameters of KMoOPO,CI at 90 K in the C2/m model

Atom X y z Uiso Occ.

K 05 0.25050(17) 0 0.0157(4) 1

Mo | 0.74998(5) 0 0.40539(7) | 0.0082(3) 1

P 05 0.25046(17) | 05 0.0085(4) 1

Cl 0.74985(16) 0 0.0487(2) | 0.0113(8) 1

o1 0.7495(6) 0 0.6327(8) | 0.0189(11) 1

021 0.5928(3) | 0.3446(3) | 0.6302(4) | 0.0141(7) 1

022 05917(3) | 0.1561(3) | —0.6296(4) | 0.0134(7) 1

Atom Un Uz, Uss Uys Uiz Uz,
K 0.0135(7) | 0.0147(7) | 0.0189(7) 0 0.0003(5) 0
Mo 0.0071(4) | 0.0070(4) | 0.0104(4) 0 0.0000(2) 0

P 0.0065(7) | 0.0069(7) | 0.0120(7) 0 0.0013(5) 0
Cl 0.0109(8) | 0.0127(8) | 0.0104(8) 0 —0.0004(5) 0
03 0.025(3) | 0.015(3) | 0.017(2) 0 ~0.0011(19) 0
021 | 0.0121(16) | 0.0154(15) | 0.0149(15) | —0.0044(11) | —0.0001(11) | —0.0112(11)
022 | 0.0111(15) | 0.0133(15) | 0.0157(15) | —0.0020(11) | 0.0022(11) | 0.0074(11)

Table 7.3. Structural parameters of RbMoOPQO,Cl at 293 K in the P4/nmm model

Atom X y z Uiso Occ.
Rb 0.75 0.25 0 0.0212(4) 1
Mo 0.75 0.75 | 0.41070(9) | 0.0064(3) 1
P 0.75 0.25 0.5 0.0069(5) 1
cl 0.75 0.75 0.0622(3) | 0.0159(5) 1
01 0.75 0.75 | -0.3669(10) | 0.0218(16) 1
02 0.75 | 0.0614(5) | 0.3752(4) | 0.0128(7) 1
Atom Uy U, Uss Uss Uiz U,
Rb 0.0193(4) | 0.0193(4) | 0.0251(6) 0 0 0
Mo | 0.0034(3) | 0.0034(3) | 0.0124(4) 0 0 0
P 0.0032(7) | 0.0032(7) | 0.0145(11) 0 0 0
Cl 0.0169(8) | 0.0169(8) | 0.0138(10) 0 0 0
o1 0.025(3) | 0.025(3) | 0.015(3) 0 0 0
02 | 0.0165(17) | 0.0035(14) | 0.0185(14) | —0.0021(11) 0 0
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7.4 Magnetic properties

The magnetic susceptibility measurements are performed using the crystals of AMoOPO,CI (A = K,
Rb) in magnetic fields parallel (H // a) and perpendicular (H // c) to the ab plane (fig. 7.4 (a)). The
susceptibility is highly isotropic at high temperatures and shows a broad peak at 20 and 27 K in K-
and Rb- compounds, respectively, which should correspond to the short range antiferromagnetic
correlation. The Curie-Weiss fittings for K-compound at 120-300 K result C = 0.348 (2) cm® K
mol-Cu™, ® = 26(1) K, and y, = —4(1) x 10®° cm® mol-Cu™ in H // ¢ and C = 0.350(2) cm® K
mol-Cu™, @ = 26(1) K, and yo = —7(1) x 10° cm® mol-Cu™ in H // ab. For Rb-compound, similar
fittings at 100-300 K result C = 0.360(2) cm® K mol-Cu™, ® = 33(1) K, and y, = -9(1) x 10°° cm®
mol-Cu™ in H // ¢ and C = 0.362(2) cm® K mol-Cu™, ® = 32(2) K, and o = —6(1) x 10° cm®
mol-Cu™ in H //ab. The Curie constants correspond to the effective magnetic moment s = 1.67 ug
for K- and uet = 1.69 g Rb- compounds, which are quite close to the ue = 1.73 ug expected for S =
1/2. Therefore, these compounds can be regarded as ideal quantum spin systems. The Weiss
temperatures suggest the antiferromagnetic interactions are dominant in both of the compounds.

At 6 K and 8 K in K- and Rb- compounds, respectively, anomaly is observed in the magnetic
susceptibilities. In H // ¢, an upturn of the susceptibility is observed, while a small decrease is
observed in H // ab. This anomaly should indicate an antiferromagnetic order with magnetic moment
within the ab-plane. To extract more information from the magnetic susceptibility data, the fittings
by using the high-temperature series expansion for the for the spin 1/2 J;-J, square lattice model are
performed [96]. The best fittings were obtained with J; = -2 K, J, = 19 K for K-compound and J; =
-1 K, J, = 29 K for Rb-compound. These results indicate that the antiferromagnetic J, is dominant
and J; is weakly ferromagnetic. The magnetic order is expected to be a collinear antiferromagnetic
order with M // ab.

The heat capacity measurements are performed in zero magnetic field and magnetic fields
perpendicular to the ab plane up to 9 T. At zero magnetic field, the heat capacity shows tiny kink at
around 6 K and 8 K for K- and Rb- compounds, respectively, indicating that the entropy released
with the magnetic transition is quite small. As increasing the magnetic field, on the other hand, a
clear peak appears and the transition temperature increases. The appearance of the peak might
indicate the change of the nature of the magnetic transition. Contrary to the naive expectation that
the antiferromagnetic order is suppressed by the magnetic field, the transition temperatures are
largely enhanced; the increase of the transition temperature at 9 T corresponds to the 20% of the

transition temperature at zero field. The enhancement of the transition temperature is also observed
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in the magnetic susceptibility measurements (figs. 7. 5(c) and (d)). The temperature of the minimum
of the magnetic susceptibility observed in H // ¢ increases as the magnetic field is increased. It
should be noted that the minimum is present slightly higher temperature of the peak temperature of
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Figure 7.4. Magnetic susceptibility of the (a,b) KMoOPO,CI and (c,d) RbMoOPO,CI in the
magnetic field of 1 T.

7.5 Discussion

The phase diagram obtained from the magnetic susceptibility and heat capacity measurements are
shown in fig. 7.6. In AMoOPO,CI (A = K, Rb), the feature of the Heisenberg spin systems with small
easy plane anisotropy predicted in the numerical calculation for the square lattice system is detected
in the magnetic susceptibility measurements; the magnetic susceptibility shows a minimum slightly
above the transition temperature [97]. In the magnetic field, the spin fluctuation parallel to the
magnetic field becomes smaller and enhances the effective easy-plane anisotropy. Therefore, the
increase of the transition temperature in magnetic field is likely caused by the enhanced effective

easy-plane anisotropy by the magnetic field, which would lead to the development of magnetic
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correlation at higher temperatures. The similar XY-spin like behavior is also reported in square
lattice antiferromagnets Sr,CuO,Cl, [98], [Cu(pyz).(pyO).](PFe)2 [99], and Cu(pz),(ClO,), [100]
and J;-J, square lattice magnet Pb,VO(PO,), [101].
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Figure 7.5. Heat capacities of (a) KMoOPO,ClI and (b) RoMoOPQO,CI in the magnetic field of 0-9 T.
Magnetic susceptibilities of (¢) KMoOPO,Cl and (d) RoMoOPQO,ClI in the magnetic field of 0.1-7 T.

The unique character of AMoOPO,CI (A = K, Rb) is the much larger J, compared to J;. The J, is

larger than those in the vanadium analogues which typically have J, < 10 K although the J; has the

similar magnitude. Due to the condition J, >> |J,|, there are two interpenetrating ideal spin 1/2

square lattice antiferromagnets with J,, which are weakly coupled by ferromagnetic J;. The peculiar

magnetic field dependences of the heat capacity might be related to this unique situation. Moreover,

the ratio |J»/Jy| turned out to be very sensitive to the lattice constants; 9.5 and 29 in K- and

Rb-compounds, respectively. Further compressing the system by chemical or physical pressure

would make the system more frustrated and lead to the finding of novel magnetic phases.
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Figure 7.6. Magnetic phase diagram of AMoOPO,CI (A = K, Rb).

7.6 Summary

AMOoOPQO,CI (A = K, Rb) are the new spin 1/2 J;-J, square lattice systems with strongly
antiferromagnetic J, and weakly ferromagnetic J;.
The unique situation where two interpenetrating ideal spin 1/2 square lattices with large

antiferromagnetic intralayer coupling J, are very weakly coupled by J; is realized.

91



Overall summary

I summarize achievements in the thesis and state the perspective for the future studies.

I have succeeded in the synthesis of large and high-quality single crystals of volborthite
Cu3V,07(0OH),+2H,0 and pure polycrystalline sample of engelhauptite KCu3V,0,(OH),CI by the
hydrothermal method for the first time. Crystal structures of synthetic volborthite and engelhauptite
are clarified to find novel crystal structures with various orbital patterns and a structural phase
transition between them (orbital flipping transition). As a result of structural analyses, cooperative
order and disorder of Jahn-Teller distortion of CuOg octahedra, tilting of V,0; tetrahedral pillars, and
arrangement of intercalants are found. Moreover, | have demonstrated the topochemical
pseudomorphosis reactions of volborthite into engelhauptite and vesignieite BaCuzV,0g(OH), under
hydrothermal condition. Utilizing topochemical pseudomorphosis reaction would accelerate the
material exploitation in the field of frustrated magnetism as well as other field of material science.

The H-T phase diagram of volborthite with distorted kagome lattice is obtained by the magnetic
properties measurements on the single crystal sample. The 1/3 plateau and the novel phase just
below the plateau phase (phase N) are discovered. The phase N has steep change of magnetization
linearly to the magnetic field and large magnetic entropy. | propose the realization of the spin
nematic state in the phase N as a result of competing ferromagnetic and antiferromagnetic
interactions. By studying the magnetic properties of engelhauptite, which has closely related crystal
structure to volborthite, clues to understand their complex magnetization processes and information
on their appropriate spin models are obtained.

Moreover, | have studied the magnetic properties of almost perfect kagome compound vesignieite
using the topochemically obtained quasi single crystals. Based on the results of magnetic anisotropy
measurements and structural considerations, | propose that the 120° spin structure with the negative
vector chirality, which would be the first realization in the quantum spin kagome antiferromagnets, is
stabilized by the DM interaction at low magnetic fields. At high magnetic fields, theoretically
predicted magnetization plateaus were not present and are considered to be destabilized by the DM
interactions.

Further studies to clarify the nature of phase N of volborthite are necessary and there is a chance of
observing unconventional magnetic properties related to the spin nematic states. Moreover, studying
the couplings between the unique magnetic orders found in kagome copper minerals and other
physical properties would be a challenging future work. On the other hand, to realize the spin liquids

and magnetization plateau phases predicted in the ideal spin 1/2 kagome antiferromagnet, evading
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the DM interaction, of which magnitude is roughly proportional to the deviation of the g-value from
2, is crucial, but is considered to be difficult in copper based compounds. Discoveries of non-copper
kagome materials are necessary. The d* compounds with V** and Mo®" etc. in a square pyramidal
coordination are worth exploiting as they could realize the ideal spin 1/2 systems.

In summary, | have studied frustrated magnets mainly kagome copper minerals by synthesizing
high-quality crystals in order to find novel magnetic phases or magnetic orders related to the
magnetic frustration. Actually, magnetic field induced phase transitions and novel magnetic phases
in volborthite are discovered and information on the vector chirality in the magnetic order of
vesignieite is obtained. Especially interesting is the novel magnetic phase of volborthite that is
considered to be the spin nematic phase. Further studies on the discovered magnetic phases and new
target materials presented in this work would show the new directions of the experimental study of
frustrated magnetism. Moreover, various orbital patterns and the orbital flipping transition
discovered in volborthite and engelhauptite have expanded the richness of the crystal chemistry of
copper minerals: obtained structure-property relationship would contribute to the future material

exploitation in the field of magnetism.
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