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Chapter 1

Inttoduction

1.1 Foreword

This thesis consists of 5 Chapters. In Chapter 1, I will give the Introduction section which
is the background of this thesis, mainly geometrical frustration and its effects on magnets.
Chapter 2 is the Experimental section, therefore I will introduce the fundamental and method
of the experiments performed in this this thesis. Chapter 3 is the Results and Discussions
section, where I will give the results and discussions of 3 model materials for breathing kagome
materials, LioCrgSbOg, LioMn3SbOg and LisFe3SbOg. Particularly, I will give detail results and
discussions about LisCr3SbOg. In the Chapter 4, I conclude the frustrated magnetism realized
on breathing kagome antiferromagnets. In the Chapter 5, I will mention the acknowledgements
for everyone who helped me for making this thesis.

1.2 Magnetic frustration

‘Sometimes, a little frustration can make life interesting. This is true in physics, where frustra-
tion often leads to exotic properties of materials.” is the famous sentence in the nature review
written by L. Balents [1]. Because I think this sentence express the importance and roles of
frustration very well, I introduced above sentence. However, not everyone can really understand
the meaning of that, I will give the more detail explanation about the frustration in condensed
matter physics below. In condensed matter physics, frustration means that the situation with
competing forces that cannot be simultaneously satisfied. The concept is applied widely for
not only magnetism but also for many fields in physics. Recently, it revealed that the geo-
metrical frustration can induce the glassy electronic state in solid. Actually, this phenomenon
was observed in 6,-(BEDT-TTF),T1Zn(SCN), [2] experimentally. This result provides one of
the answers for the question of that why the electrons in solid becomes glassy, and suggests
the importance of role of geometrical frustration for the electronic state of solid. Geometrical
frustration suppresses the release of entropy at even low temperature, therefore the geometrical
frustration is significantly related to the entropy of solid. This enhances the coupling between
the different degrees of freedom such as spin-lattice and spin-orbital and so on, and various
crossing phenomena such as multiferroics and magnetoelectric effect and so on are induced. In
this thesis, I studied about the frustration in antiferromagnets (AFMs). Frustrated AFMs are
the magnets which have the frustration among the magnetic interactions, and the magnetic
order is suppressed on it. For the past decades, frustrated AFMs have great interest due to
the interesting magnetic behavior particularly at low temperature. In the frustrated magnets,



aforementioned, the frustration suppresses the magnetic order and spins continue to fluctuate
even at low temperature as shown in Fig.1.1. It is believed that ideal model of some frustrated
system don’t show any magnetic order at 0 K theoretically. In other words, the macroscopic
degeneracy corresponding to the finite magnetic entropy remains at the lowest temperature.
Based on the third law of thermodynamics, the entropy should be 0 at 0 K, therefore the resid-
ual magnetic entropy will release by other way such as topological order and resonance of some
magnetic state and so on.

/ ’

Figure 1.1: Image of fluctuating spins.

Here, the concrete explanation of the magnetic frustration with the simplest case. At first,
generally the Hamiltonian describing the magnetic system is given as

H= > Jj(SF- S +8¥ S+ AS-S) (1.1)

<ij>

Table 1.1: The spin systems correspond to the some A values.

A =1 =0| = >1 <1
system | Heisenberg | XY | Ising | XXZ (easy-axis) | easy-plane

here, Jj; is the strength of the magnetic interaction between the spins at i and j sites, A is
the anisotropy term. The corresponding spin systems are summarized in Table 1.1. When the
A =1, the system becomes Heisenberg system without any anisotropy, there is no strain for the
direction of spins excepting the magnetic interactions. In the limits of A — oo, the spins can
direct at up or down only, this situation is called Ising model. On the other hand, in the situation
of A = 0, the direction of spins is limited in the XY plane, and this situation is called XY model.
There are intermediate states between Ising and XT models, these are called XXZ (easy-axis,
for A > 1) and easy-plane (for A < 1). For simply, Ising models on a square and triangle as
shown in Figure 1.2 are considered. In the case of Fig.1.2(a), the all interactions can be satisfied
simultaneously, but the interactions cannot be satisfied at once simultaneously in Fig.1.2(b).
This is the magnetic frustration in AFMs. This frustration can come from the geometrical
reason, therefore this kind of frustrations is called geometrical frustration. Generally, the non-
bipartite lattices have geometrical frustration such as triangular lattice and kagome network
and so on.
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Figure 1.2: (a) and (b) are the square lattice and the triangle lattice, respectively.

In particular, I focus on the 2-dimensional (2D) geometrical frustrated lattices such as trian-
gular lattice (TL) and kagome network shown in Figure .1.3. The TL and KL are made of the
edge-shared triangles and corner-shared triangles, respectively. Generally, the small coordina-
tion number leads the strong magnetic frustration, because the smaller the coordination number
is, the larger number of degenerated states. This means that the lower dimension is, the more
conspicuous the geometrical frustration is. The coordination numbers of TL and KL are 6 and
4, respectively, therefore the frustration of KL is stronger than that of TL. In addition to the
interesting ground state, the magnetic properties under magnetic field is also interesting because
the degenerated states are solved by the magnetic field and field induced phase transition can
appear. One of the represent phenomena is magnetization plateau, which is expected to realize
in many cases theoretically. Actually, some magnetization plateaus were observed experimen-
tally. Furthermore, when magnetic frustration is switched on, spins sometimes start coupling
with other degrees of freedom, such as orbitals, lattices and itinerant electrons and so on, which
often induces the non-trivial physics, which will also be introduced later. At the same time,
the frustrated magnetism is sensitive to the other effect such as magnetic anisotropy and 2nd
nearest neighbor interaction and so on. It is also important whether the system is quantum or
classical, generally the quantum systems tend to show disordered state at low temperature due
to the coexistence with the quantum fluctuation. In actual materials, additional effects solve
the degeneracy of the ground state and induce a magnetic order. Even in the system with the
additional effects, when the magnetic frustration is strong, it can exhibit non-trivial magnetism.
Actually, previous studies of both of theoretical and experimental studies on the frustrated sys-
tem with additional interactions indicate the appearances of many non-trivial magnetism. The
previous studies are introduced next section.

1.3 Triangular lattice antiferromagnet

Triangular lattice (TL) is made of edge-shared triangles as shown in Fig. 1.3 (a). As the pre-
vious section, considering the 3 Ising spins with antiferromagnetic interactions on triangle, the
ground state has the 6-fold degeneration as shown in Figure 1.4. The study of TL antiferromag-
nets (AFMs) has started by the theoretical investigation of Ising TLAFMs by Wannier [4] and
Husimi and Syozi [5]. These studies suggested the absent of long range order and existence of
residual entropy in Ising TLAFMs. After that, it is expected that the Resonating Valence Bond
(RVB) state (the image is shown in Figurel.5) can realize on spin-1/2 TLAFMs as the ground
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Figure 1.3: Triangular lattice (a) and kagome network (b).

state instead of the long range ordered state by P.W.Anderson [3]. This prediction drastically
accelerates the study of TLAFMs both theoretically and experimentally. The RVB state is the
state which is expressed by the superposition of the arbitrary singlet pairs on TL (Figure 1.5).

o /t\ /\ 1/\
Figure 1.4: The 6-fold degeneration of ground state of Ising spins with antiferromagnetic inter-
action on triangle.

A lot of researchers investigated the intrinsic ground state of spin-1/2 Heisenberg TLAFMs
by various methods. Recent consensus is that the ground state is 120° structure with spin
reduction as shown in Figure 1.6 [6, 7, 8, 9, 10]. Both classical Heisenberg and XY TLAFMs
show 120° spin structure as ground states, however these systems are expected to show exotic
finite temperature physics and the non-trivial response to magnetic field. For example, in XY
systems, the chiral order at finite temperature is expected to appear [11]. Table ?? summarizes
the ground state and remarkable magnetism realized on TLAFMs.

However, as a mentioned above, the model materials of TLAFMs which show the spin liquid
behavior were found experimentally [12, 13, 14, 15, 16]. These can be understood by the effects
of ring interaction [12, 13, 14, 15, 16] and fluctuation of charge [16] and so on. Theoretically,
bond randomness can induce the spin liquid on the TLAFMs [17]. Other physical properties
such as the magnetic excitation are studied actively now [18].



Figure 1.5: Image of resonating valence bond state on triangular lattice antiferromagnets. The
broken circles represent the singlet pairs.

_chirality

Figure 1.6: 120° structure with positive chirality on triangular lattice antiferromagnet.



Table 1.2: The ground state and(or) the remarkable magnetism realized on triangular lattice
antiferromangets with written conditions.

quantum refferences
Heisenberg | 120° structure with moment reduction | [6, 7, 8, 9, 10]
classical
Heisenberg 120° structure
XY 120° structure, chiral order [11]
Ising disorder, without residual entropy [4, 5]

1.4 Kagome antiferromagnet

Kagome lattice (KL) consists of corner-shared triangles as shown in Fig.1.3 (b). The coordi-
nation number is smaller than that of TL, thus the effect of geometrical frustration of KL is
stronger than that of TL. In KAFMs, the 120° structure has degeneracy due to the chirality
degrees of freedom as shown in Figure 1.7. Therefore, when there are 6 triangles, the energies
of the each state has the same energy for each state as shown in Figure 1.8.

no inversion
symmetry

Figure 1.7: Image of chirality degrees of freedom on 120° structure and absence of inversion
symmetry at the middle of 2 sites on kagome antiferromagnet.

It is expected that it is the best playground for searching the non-trivial magnetic state
related to quantum spin liquid states.

In quantum spin systems, the consensus states that the ground state is quantum spin liquid
state, but the concrete description is not revealed yet. In 2007, Y. Ran et al suggested that
the ground state of quantum KAFM (QKAFM) is U(1) Dirac spin liquid state by Gutzwiller
projected-wave-function study [19]. Their claim about the spin gap is that it can exist in
the finite size, but it is not clear. After that, in 2011, S. Yan et al investigated the ground
state of QKAFM by means of density-matrix renormalization group (DMRG) on numerous long
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Figure 1.8: Degeneracy of 120° structure on kagome antiferromagnet.

(b)

Figure 1.9: Image of RVB state on kagome AFM.



cylinders with circumstances up to 12 lattice spacings [21]. The result states that the ground
state of QKAFM is Z5 gapped topological spin liquid, which is supported by other calculations
[22, 23, 24]. In this year (2019), A. M. Lauchli studied the ground state of QKAFM by Lanzos
diagonalization of the Hamiltonian on a 48 site cluster, and suggested that there is no obvious
evidence of Z, spin liquid state [27]. In addition, the problem for whether the gapped or gapless
has not been solved yet. In 2011, H. Nakano et al suggested the gapless ground state by
exact-diagonalization study [29], in 2013, the result of Grand Canonical DMRG method by S.
Nishimoto et al suggested the gapped ground state (Zs spin liquid) [24]. In 2014, Y. Igbal et al
claimed the vanishing the spin gap by variational method from the wave function suggested in
ref.[19] [20]. Therefore, further investigation for the QKAFM is needed to conclude the physical
properties of ground state of QKAFM.

Even in KAFMs, classical systems are expected to show magnetic long range order at very
low temperature. D. A. Huse et al investigated the magnetism of classical KAFM (CKAFM)
theoretivally in 1992 [34]. In this study, the Ising CKAFM doesn’t show long range order at any
temperature, the XY CKAFM , and the Heisenberg CKAFM shows the magnetic long range
order with v/3 x v/3-type 120° structure at the 7 — 0 limit [34]. M. Elhajal et al investigated the
T./J as a function of D/J (Tc, J and D are the critical temperature, the strength of magnetic
interaction and the strength of DM interaction) by mean field approximation and classical Monte
Carlo simulations [35] as shown in Figure 1.10(a). Fig.1.10(b) shows the expected spin structure
with each DM interaction condition [37]. This suggests that T,/J = 0 at D/J = 0, which means
there is no magnetic long range order in classical system at finite temperature without DM
interaction. However, in 2008, M. E. Zhitmilsky investigated the low-temperature properties of
Heisenberg CKAFM by Monte Carlo simulation, and claimed that there is the sharp crossover

0 V3 x V/3-type 120° structure state at T, ~ 0.004 K [36]. Considering the magnetic interaction
only, the ¢ = 0-type and /3 x v/3-type 120° structure have the same energy. The driving force
of selection of the v/3 x v/3-type 120° structure is the entropic origin, which is claimed by J
T. Chalker et al [38]. In addition, the CKAFMs are interesting because these are expected to
show the non-trivial magnetism at finite temperature and finite magnetic field and so on.

However, in KL, there is no inversion symmetry at the middle point between 2 magnetic
ions (Figure 1.7), therefore antisymmetric interaction will appear. DM interaction is the repre-
sentative antisymmetric interaction in KAFMs, which is given as

HDM =D- [Sl X SQ] (12)
here, D is defined as

] (1.3)

— 23| Z J (n0, 00 ) < 0[Ly|n > -y J(0m,00) < 0| Lo|m >
n _EIO E2m —E20

n

|0 >, |[n >, J(0m,00) and E,, are the ground state, 1st excited state, 2nd perturbation
energy via 1lst excited —0m,, state and energy of ground or excited state represented by —00,,
or —nmy;, respectively. Obviously, the sign of DM interaction changes by site exchange, therefore
the absence of inversion symmetry at the middle of 2 sites is necessary for DM interaction. There
are some constraints for the DM vector from the on site symmetry at the middle of two magnetic
ions. Here, the middle point and the direction of two magnetic ions are regarded as the origin
point O and the z-axis, respectively.
1) If there is inversion symmetry at the middle point, the DM vector becomes zero.
2) z-axis has n-rotation symmetry (n = 2,3,4,6), DM vector is parallel to the z-axis.
3) If there are two rotation symmetry in the zy-plane, DM vector is perpendicular to the two
rotation axis.
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4) If there the mirror including the z-axis, DM vector is perpendicular to the mirror plane.
5) If the ay-plane is mirror plane, the DM vector is parallel to the mirror plane.

The DM interaction can solve the degeneracy of the ground state on KAFMs, and the
direction of the DM vector decides the direction of weak ferro moment as shown in Fig.1.10(b)
[37]

(a) (b) 1
q _1 i ' ' T PVC f NVC
08l N Disordered phase |~ |
T. 0.6 R - 2
7‘2 + + QQ
st A ' /& :
/N T T LN
0.2 ~Na—— L A/
o A L 1 A A
-1 0.5 0 0.5 1
D/J

Figure 1.10: Critical temperature as a function of DM interaction of classical kagome antiferro-
magnet (a) [35] and the expected spin structures in each DM interaction condition (b) [37].

1.4.1 Previous studies
Grand canonical Density Matrix Renormalization Group calculation

Figure 1.11 (a) shows the magnetization curve for a quantum kagome antiferromagnet (QKAFM)
calculated by the grand canonical Density Matrix Renornalization Group (DRMG) method [24].
Fig.1.11(b),(c) show the density plot of magnetizations of each plateau phase.

The 0 th (ground state) and 1/9 plateau cannot be defined as the trivial state because
these states break the Oshikawa-Yamanaka-Affleck condition described as QmagS(1 — M/ Miat)
= intger [25, 26], where Qmag i the number of sites included in the magnetic sublattice of
the ground state and S is the spin quantum number When the magnetic sublattice of the
ground state corresponds to the structural sublattice unit cell, Qmag = @ = 3, which gives
QmagS(1 — M/Mgy) = 3/2 and 4/3 for 0 th and 1/9 plateau, respectively. One can find that
there is the energy gap between the ground state and first excited state, which is consistent
with the topological dimension suggesting that the ground state is Z5 spin liquid state. The
images of density plot for the magnetization in the 1/9 plateau state are shown in Fig.1.11(c).
These 3 images are the just examples for the state and these 3 states have same energy, in
other words, 1/9 plateau state has degeneracy. According to the analysis of entanglement
entropy, the estimated topological dimension ~ 2 suggests that the 1/9 plateau phase is Z3 spin
liquid. The 1/3, 5/9 and 7/9 magnetization plateaus also appear in the magnetization, which
can be summarized that the magnetization curve of QKAFM exhibits the multiple plateaus at
(2n+1)/9(n =0,1,2,3,4). The plateaus at 1/3 or above are defined as the magnon crystallized
states as shown in Fig.1.11(Db).

11
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Figure 1.11: The magnetization processes calculated by the grand canonical DMRG method.

Tensor network calculation

Figure 1.12 shows the magnetization curves calculated by the tensor network method for each
spin systems [41]. Figure 1.13 show the symmetries (left table, v and X represent presevation
and breaking of the symmetry, respectively), the mirror symmetries o, and o, (a),(b) and mag-
netic states for solid 1 (c¢), solid 2 (d), and VBC-solid (e). In spin-1/2 case, the ground state is
spin liquid, but there is no energy gap between the ground state and the first excited state, which
is contradict to the result of grand canonical DMRG calculation [24]. There is no microscopic
description about the ground state of spin-1/2 system in ref.[41]. The 1/9(VBVCS;VBC-solid),
3/9(N/S1;Nematic or solid 1), 5/9(S2;solid 2) and 7/9(S1;s0lid 1) plateaus appear in the mag-
netization curve (these values can be summarized in (2n+1)/9 as same in ref.[24]). The 1/9
plateau is VBC-solid state which is described in Fig. 1.13(e). Therefore, the tensornetwork study
suggests that the 1/9 plateau state has some symmetry breakings, which is also contradict to
the result of grand canonical DMRG calculation study [24]. In spin-1 case, the ground state is
the gapped state called simplex solid state. The 1/3(N/S1;Nematic or solid 1), 7/9(S2;solid 2)
and 8/9(S1:solid 1) plateaus appear in the magnetization under magnetic field. In spin-3/2 case,
the gapless ground state realizes as the ground state, but there is no microscopic description.
The spin-3/2 system shows the plateaus appear at 1/3(N/S1;Nematic or solid 1), 23/27(S2;solid
2) and 25/27(S1;solid 1) of the saturation magnetization. In spin-2 case, the ground state is
the gapped state is spin liquid state; without any symmetry breaking. The 1/3(N/S1;Nematic
or solid 1), 8/9(S2;solid 2) and 17/18(S1;solid 1) plateaus appear under magnetic field. The
1/3 plateau is universal phenomenon for KAFM independent of spin number. In addition, the
plateaus at the (1 — ;) and (1 — &) called one-magnon plateau and two-magnon plateau are
also universal for all spin number systems. The one-magnon plateau and two-magnon plateau
have the symmetries of the solid 1 and solid 2 phases, respectively.

12
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Figure 1.12: The magnetization processes calculated by tensor network method for spin-1/2 (a),
spin-1 (b), spin-3/2 (c¢) and spin-2 (d).

u( Gr Co o, o, d
Spin liquid (SL) Vv v v v v 1
Simplex solid (SiSo) J J G J x 2
Superfluid (SF) X J JovJ ]
Solid 1 (S1) v fBxBoY v v 3
Solid 2 (S2) J BxB G oy oy 9
VBC-solid (VBCS) J fAxVA ox J x 18
Nematic (N) J J G Vv J 3
Supersolid 1 (SS1) X VIxS3 J 4 v 3
Supersolid 2 (SS2) x VIxSB G 4 4 9
Super VBCS(SVBCS) x  3x4/3 x J x I8
Supemematic (SN) X v G v Vv 3

-]

d .4 g\

& odod H}d—f-—‘/

Figure 1.13: Table for each magnetic state and these symmetries which is broken (left table, i
and X show the preserved and broken, respectively). (a),(b) Schematic images of the symmetries
of o, and o,. (c),(d),(e) Schematic images of magnetic states for solid 1 (c), solid 2 (d) and

VBC-solid (e).
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Exact diagonalization

Figure 1.14 (a)-(f) show the magnetization curves calculated by exact diagonalization (ED)
for spin-1/2, 1, 3/2, 2 and 5/2 KAFMs [28, 42]. At first, one can find that all spin number
systems show magnetization plateau at 1/3 of the saturation magnetization. This states that
the 1/3 plateau is universal property for KAFM as same as refs.[41] However, there is no
other charcteristic structure indicating the magnetization plateau. In the spin-1/2 case, the
upper boundary of 1/3 plateau is not sharp as shown in Fig. 1.14(a), and the authors claimed
that the phenomenon is not plateau but ramp. Fig. 1.14 (b) shows the zoom-in view of the
magnetization curve at hight at one-ninth of the saturation. This indicates taht the ED study
suggests that the absence of 1/9 plateau (Fig. [?](b)), which contradict to other theoretical
studies in refs. [24, 41]. In larger spin number cases, the magnetization jump appears at the
saturation field for all spin numbers. Around m = (95 — 2)/(95) near the magnetization jump
at the saturation field, a region where the gradient of the magnetization process seems small
may exist, although the behavior is very faint. Therefore, the authors cannot conclude whether
there is the magnetization plateau or not.

—T T T T T T T T T C T T T T T ] | 4
'T @s=12 1 °2F ®mys=12 / T ©s=1 N
- ] : ] N=2421,18,
g — N=45,36,27 : g§0.15:— 15 15,12.9
EO,S-— 15 o1 F / 1 = =
3 oosf "~ ]
o " > 3 0.2 04 06 6
H/J J
'T @s=32 T (©s=2 (HS=52
N=18,15,12,9 N=15,12,9 | N=129
= z g
S = =
0 E 1 0 0 1
0 5 10 0 5 10 15
0 2 AH/] 8 H/I H/

Figure 1.14: The magnetization curves calculated by exact diagonalization for spin-1/2(a),(b),
1(c), 3/2(d), 2(e) and 5/2(f) KAFMs. (b) shows the zoom-in view of the magnetization curve at
height at one-ninth of the saturation. In (a), the red line with circles, green line with squares, and
black line with diamonds denote results for N = 45, 36, and 27, respectively. In (c),(d),(e),(f),
the violet diamonds, light-blue inverted triangles, green pentagons, blue squares, red triangles,
and black circles denote the results for N = 24, 21, 18, 15, 12, and 9, respectively.

Herbersmithite : ZnCus(OH)sCl,

Herbertsmithite is the most famous model material for spin-1/2 KAFM [30]. Figure 1.15 shows
the crystal structure of herbertsmithite (a), the temperature dependence of 1/T} of NMR, (b)
[31], the energy gap as a function of magnetic field (c) [32] and the result of inelastic neutron
experiment (d) [33]. The kagome network is made of Cu?* ions comprising spin-1/2 and there

14



is no lattice distortion. The 1/T} of NMR doesn’t show divergence behavior (b), which states
that the ground state is not conventional ordered state. In addition, the 1/7} shows gapless
behavior, but the another group claimed the existence of the energy gap based on the NMR study.
Therefore, it is not revealed whether the energy gap between the groud state and first excited
state exists or not. Moreover, the inelastic neutron scattering spectrum shows the continuum
spectrum as shown in Fig.1.15(d). They claimed that this continuum excitation is experimental
evidence for the spin liquid realized on herbertsmithite. However, herbertsmithite has chemical
problem. The magnetic interactions come from the superexchange interactions via the O%~ ions.
There is site mixing between Cu and Zn sites due to the similar ion diameters; 0.6 Afor Zn2t
and -.57 Afor Cu®*. Therefore, it is difficult to conclude the magnetism of herbertsmithite still

now.
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Figure 1.15: (a) The crystal structure of herbertsmithite. (b) The temperature dependence of
1/Ty of NMR. (¢) The field dependence of the energy gap between the ground state and the 1
st excited state estimated by the NMR experiment. (d) The continuum excitation observed in
the inelastic neutron scattering experiment.

Cd-Kapellasite : CdCu3(NO3)2(OH)s - H2O

Cd-Kapellasite(CdK) is the model material for spin-1/2 KAFM. Figure 1.16 show the crystal
structure of CdK (a), the kagome network made of Cu?* (b), the magnetization curve of CdK
and the theoretical magnetization calculated by the PEPS with J = 45 K and the z compo-
nent of DM interaction of 0.1 J. (c) and the comparison between experimentally observed
plateau magnetization my = My /M, and fractional magnetizations expected from the series
of magnon crystals with Qmag = 9,12,21,36 unit cells. The fractions in the red bold letter are
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close to one of the my values while the fractions in regular bnlue font cannot be observed with
the exception of 30/36 that is assigned 10/12 (d) [37]. CdK has the layered structure with
kagome network made of Cu?* comprising the spin-1/2 (Fig.1.16(a),(b)). It is isostructural to
kapellasite, ZnCus(OH)gCly with the space group P — 3ml. The ground state is 120 ° with
negative chirality state, which is revealed by the magnetic tolque measurement [37]. CdK shows
multiple plateau in magnetic field as shown in Figl.16(c). The expected values of fractions to
appear the magnetization plateau. One can find that some plateaus can be understood by the
magnon crystalization. These plateaus are expected to be explained the magnon crystallization
on kagome with DM interaction.
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Figure 1.16: (a) The crystal structure of Cd-Kapellasite. (b) The view along the c-axis of
the crystal structure of Cd-Kapellasite. (c¢) The ultra high field magnetization curve of Cd-
Kapellasite. (d) The candidates of the magnetization values for magnetization plateaus.

Volborthite

Volborthite is Cu based mineral with CuzV,07(OH)s2- 2H50 which has kagome network made
of Cu?*. This compound crystalizes in a monoclinic structure with the space group C2/m, and
there are two Cu sites in the kagome plane. Thus, the kagome network is slightly distorted, and
there are some kinds of interactions in kagome plane. Therefore, some group tried to explain
the magnetism by different model from pure kagome. Figure 1.17 show the coupled frustrated
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chain (a) [43] and the coupled trimer (b) models [44]. Fig. 1.17 (c) shows the result of ultra-high
field magnetization measurement on the single crystal of Volborthite [45]. The authors in ref.
[45] claimed that the ultra-high field magnetization suggests that the magnetism of Volborthite
should be described by coupled frustrated chain model in ref. [43]. Anyway, the magnetization
plateau realized in Volborthite extremely wide field range is not magnetims of KAFM.

(b)
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Figure 1.17: Candidates for microscopic magnetic model for Volborthite; (a) coupled frustrated
chain model [43] and (b) coupled trimer model [44]. (c) shows the ultra-high field magnetization
of single crystal of Volborthite [45].

Cr-jarosite : KCr3(S0,4)2(OH)g

Cr-jarosite is the model material for spin-3/2 KAFM. Figure 1.18 show the single crystals of
Cr-jarosite (a), the kagome layer of Cr-jarosite (b), the magnetic structure of the ground state
of Cr-jarosite (c), and the magnetizations for several directions of magnetic fields (d),(e),(f).
In Cr-jarosite, the undistorted kagome network is made of Cr3* ions with spin-3/2 (3d%). The
ground state is ¢ = 0 type 120 ° structure which was confirmed by the neutron experiments [46].
The origin of selection of the ground state is DM interaction. However, the uSR experiments
indicate that the existence of spin fluctuation below Ty [47]. This will come from the small
quantum fluctuation of spin-3/2 of Cr®t. Cr-jarosite shows the tiny anomaly around M, /3
in magnetic field for the magnetic field which is parallel to the ab-plane [48]. They claimed
that the tiny anomaly corresponds to the 1/3 plateau. This anomaly becomes clear at higher
temperature, therefore they claimed that the thermal fluctuation will help stabilizing of the
plateau of Cr-jarosite. They claimed that the origin of the plateau in Cr-jarosite is 'order by
disorder’ mechanism and these results are qualitatively consistent with the theoretical studied
[49]. However, the anomaly is too small to conclude the magnetic properties of spin-3/2 KAFM.

1.5 Interesting phenomena on kagome network

Kagome network is good platform for the interesting phenomena with other degrees of freedom.
Figure 1.19 show several examples of interesting phenomena realized on kagome network. Fig.
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Figure 1.18: (a) Picture of the single crystals Cr-jarosite. (b) The kagome layer of Cr-jarosite.
(¢) Magnetic structure of the ground state of Cr-jarosite. (d),(e),(f) Magnetizations for magnetic
field which is perpendicular to the c-axis and a-axis (d), parallel to the a-axis (e), and parallel
to the c-axis (f).
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1.19 (a)-1 shows the kagome network and the pictures of single crystal of Volborthite, and (a)-2
shows the image of orbital switch realized in Volborthite [50]. This is the interesting phenomenon
realized by exsistence of orbital degrees of freedom on kagome network in Volborthite. Fig. 1.19
(b)-1 shows the crystal structure and the setup for the measurement on the single crystal of
Ca-Kapellasite, and (b)-2 shows the temperature dependence of the thermal Hall effect of single
crystal of Ca-Kapellasite [51]. The temperature dependence of the thermal Hall effect can be
reproduced by Schwinger-Boson model, which indicates that the spin dynamics significantly
affects the thermal conductivity. Fig. 1.19 (c)-1 shows the kagome network of MnsSn, and (c)-2
shows the anomarous magnetoresistance at 300 K of Mn3Sn [?]. This result is expected to apply
to the application. These results state that the existence of other degrees of freedom on kagome
network induce nontrivial phenomena. From this background I focus on the breating anisotropy
on kagome network.

(a)-1 (b)-1 (c)-1

(a)-2 (b)-2 (©)-2

Figure 1.19: Several phenomena on kagome network.

1.6 Breathing anisotropy

In corner shared motif based networks, the networks can consist of the large and small motifs
alternatively. This geometrical feature is called ’breathing anisotropy’. The breathing anisotropy
can affects the magnetism, in other words, the ratio of two interactions defined as § = Jy/Jp is
the new parameter which characterizes the magnetism. I give the introduction of the breathing
anisotropy on pyrochlore and kagome networks Figure 1.20.

1.6.1 Breathing pyrochlore

Breathing pyrochlore lattice is the corner shared tetrahedra lattice with breathing anisotropy
as shown in Fig.1.20(a). A-site ordered double spinel series LiACryOg (A = Ga, In) and
BazYbsZnsOq; are the model materials of breathing pyrochlore lattice antiferromagnets [53,
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Figure 1.20: Breathing pyrochlore lattice (a) and breathing kagome (b).

54, 55]. The A-site ordered double spinel series LiACrsOs (A = Ga, In) was investigated by
Y. Okamoto etal [53]. In Ref.[53], it is revealed that LiGaCrsOg and LilnCrsOg have the
breathing anisotropy § ~ 0.6 and ~ 0.1, respectively. From this result, they claimed that
LiInCr4Og is located near the gaped ground state. After that, they reveal the phase diagram of
LiGal,xInmeOg [54]

Figure 1.21: Phase diagram of LiGa;_;In,Cr,Og. The vertical and horizontal axises are tem-
perature and the concentration of In, respectively [54].

1.6.2 Breathing kagome

Breathing kagome network consists of two types of triangles alternatively as shown in Fig.1.20(b).
The difference from the breathing pyrochlore lattice is that the number of sublattice points
(therr,odd) in one unit. This means that the situation that there is infinite breathing anisotropy
has Kramer’s doublet. The breathing pyrochlore can have singlet ground state at the strong
breathing anisotropy limit and the low temperature region due to the even number of the lattice
points in one unit.
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Y. Igbal etal studied the nature of the ground state spin-1/2 breathing kagome antiferro-
magnet (BKAFM) within the framework of Gutzwiller projected fermionic wave functions and
Monte Carlo methods [56]. They claimed that the simplex RVB state (Z3 spin liquid) has the
lowest energy in the range of sufficiently small § region. They also found that the U(1) Dirac
spin liquid is stable for wide range of the breathing anisotropy with 0.25 < J3/.J; [56]. In the
regime of strong breathing anisotropy Jo/J1 < 0.25, they revealed that a VBC ground state
realizes as shown in Fig.1.22.

(1)

Figure 1.22: The equation (1) is the Taylor expansion of the energy. (a) The coefficient ¢; as a
function of 1/L (L is the cluster size). (b) The § = J/.J; dependence of energy per site.

(NHy4)2[C7H14N][V706F15] (DQVOF) is the experimental candidate for spin-1/2 BKAFM.
This compound was found by F.H.Aidoudi et.al. in 2011 [57] and investigated by J.-C.Orain
et.al. in 2017 [58]. Figure 1.23 show the crysta structure (a),(b), O'7 NMR spectra at sev-
eral temperatures (c),(d) [58]. The structure consists of the breathing kagome network made
of V4T ions (spin-1/2) (Fig.1.23(a)) and V3* ions (spin-1) locating between breathing kagome
layers (Fig.1.23(b)). Figurel.23(c),(d) show the temperature dependence of 17O NMR spectra.
With decreasing temperature, the NMR spectra shift negatively away from the reference line.
However, it shifts back towards the reference and broadens drastically below about 35 K. From
these results and discussions, they claimed that the short-range antiferromagnetic spin corre-
lations without long-range magnetic order and the ground state can be described as the spin
liquid state. They estimated the breathing anisotropy in DQVOF within the series expansion.
Fig.1.24 shows the x'°¢ and the fits with a = 0,1,2. The inset shows the SQUID data and
its fitting result. Here, « is the parameter that characterizes the behavior of the specific heat
C,(T) at T — 0. In this case, other experiment suggests that aw = 1 is appropriate. The result
with & = 1 indicates that the J; = 73(1), Jo = 37(1) (K), consequently the breathing anisotropy
0 was calculated by Ja/J; = 0.51. The value of § = 0.55 is located in the gapless (U(1) Dirac)
spin liquid region in Ref.[56], which is consistent with the experimental result.

From above background, the breathing anisotropy of antiferromagnets causes the new frus-
trated magnetism and the phase transition point. In particular, the breathing kagome antifer-
romagnet with strong breathing anisotropy has never reported yet. Studies on the magnetism
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(b)

Figure 1.23: (a),(b) The crystal structure of DQVOF. (c),(d) 17O NMR spectra over a selected
range of temperatures. The spectra are normalized to their maximum value. The black vertical
lines show the reference for the spin shift.

Figure 1.24: Local NMR susceptibility of the kagome layers x'°¢. The lines are fits to Axf{};goJrC .
Inset is SQUID data and its fit with a = 1.
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of breathing kagome antiferromagnet with the strong breathing anisotropy are expected to pro-
vide the new magnetism. Therefore, I prepared the new model material for breathing kagome
antiferromagnet and investigated the magnetism by means of many experimental method and
theoretical calculation.

1.6.3 Motivation

This thesis is the study for the new model material of breathing kagome antiferromagnets
(BKAFMs). Here, I give the motivation of the study. The one of the motivations is reveal-
ing the magnetic behavior of kagome antiferromagnet. As a mentioned above, the microscopic
description of the ground state in KAFM is not clear still now. Almost of theoretical studies
predicts that the magnetization curve of KAFM shows the magnetization plateau, but experi-
mental clear plateau was not observed yet. Figure 1.25 show the magnetizations of Volborthite
(a), Cd-Kapellasite (b) and Cr-jarosite (c). As mentioned in previous chapter, the 1/3 plateau
in Volborthite comes from not kagome network but one-dimensionality or trimerization of Cu?*.
The plateaus of Cd-Kapellasite and Cr-jarosite are broad and small to discuss the magnetism
of KAFM.

(a) Volborthite (spin-1/2)  (b) Cd-Kapellasite (spin-1/2) (c) Cr-jarosite (spin-3/2)

one dimensionality ?

) .. broad small
trimerization ?

Figure 1.25: Magnetizations of Volborthite (a), Cd-Kapellasite (b) and Cr-jarosite (c).

When the breathing anisotropy is switched on, the magnetism of KAFM is significantly
changed. The theoretical study states that strong breathing anisotropy can change the ground
state of KAFM. However, no experimental study for the near region of quantum critical point
(6 ~ 0.25) was reported. I constructed the T, — § phase diagram for spin-1/2 BKAFM based
on [56, 58]. In the phase diagram, one can easily find that there is no experimental study with
the strong breathing anisotropy. In addition, there is no previous studyes about the magnetic
behavior of BKAFM in the magnetic field.

To reveal the magnetic properties of BKAFM under magnetic field is one of the motivations of
this thesis.
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for spin-1/2 BKAFM

Figure 1.26: Temperature - breathing anisotropy phase diagram for BKAFM costructed by
[56, 58]

24



Chapter 2

Experiments

In this chapter, I will introduce the experiments.

2.1 Synthesis

Polycrystalline sample of Li;Cr3SbOg was prepared by the conventional solid state reaction
method in an evacuated silica tube. The starting materials of LiosCrzSbOg, LioMn3zSbOg and
LisFe3SbOg include Li-oxide which is sensitive to atmosphere and moisture, thus the weighing
and grinding procedures were performed in the Ar gas filled glove box as shown in Fig.2.1(a).
The evacuated silica tube was prepared by using the vacuum line as shown in Fig.2.1(b). The
heating process was carried out with the programable electric furnace. The sample check was
carried out with powder X-ray diffraction experiment and the detail structure determination
was carried out by the powder neutron scattering experiments with SuperHRPD in JPARC.
The detail information will be introduced in Results and Discussions section.

(a) (b)

Figure 2.1: (a)Ar gas filled glove box. (b)A vacuum line.

Polycrystalline sample of LisMn3SbOg and LisFesSbOg were prepared by a high pressure
synthesis with the multi-anvil type high pressure apparatus shown in Fig.2.2(a),(b). The same
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way as LioCr3SbOg which is the solid state reaction in evacuated silica tube was not succeeded.
According to the previous study of LisCr3SbOg and LisFe3SbOsg, this system has 2 phases;
the spinel and the hexagonal phases. The hexagonal phase has the breathing kagome lattice,
but spinel phase doesn’t have the breathing kagome lattice. The hexagonal phase favors the
relatively low temperature condition, which means the hexagonal phase is the high density
phase. Therefore, the high-pressure synthesis is expected to be the effective way for stabilizing
the hexagonal Lia M3SbOg phase, consequently I tried the synthesis of the system by high-
pressure experiments in National Institute for Material Science (NIMS). Fig.2.3(a)-(c) are the
pictures of the anvils and cell in the high-pressure apparatus. Fig.2.3(b) and (c) are the pictures
of the cells before and after high pressure experiments, respectively. Fig.2.4(a) and (b) are the
pictures of the parts used in the high-pressure synthesis and the built cell, respectively. Fig.2.5
is the image of the sectional view of the built cell. Basically, the heating material is Carbon,
the heat current flows along the green arrow in Fig.2.5. The temperature was monitored by
the W:Re thermocouple being in the center of the cell and controlled by PID control. The
starting materials were encapsulated in Pt cells as shown in Fig.2.4(a) which has 6.0 ¢ with
the thickness of 2.0 mm. The hight of the Pt cell including the sample depends on the amount
of the sample, typical hight is 3.5 - 4.0 mm. This sample space is very large generally, thus
we can obtain typically about 200 - 400 mg in each Pt capsule at one experiment. The Pt
capsules were separated from the Carbon heater by BN to prevent the mechanical contact. If
there is mechanical contact, the heat current flows Pt capsules, and then the control becomes
impossible. The outer cell is made of pyrophylite (AlsSi4O19(OH)z2) which is typical material
of high-pressure experiments. The reason for the mixing BN and ZrOs is rule of thumb. The
specification of the high-pressure apparatus is Tiax = 1800 °C and Pgp.x = 6.0 GPa. The
experiments were carried out the conditions with the temperature range of 700 - 1050 °C and
the pressure range of 2.5 - 6.0 GPa.

(a) (b)

Figure 2.2: (a) (b) Pictures of high pressure apparatus used for synthesizing the powder samples
of LigMDngOg and LiQFe:;SbOg.

In this high-pressure synthesis, the cooling process is very fast. The cell is located in the 6
anvils having the good thermal conductivity, therefore the temperature of cell can be quenched
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(b)

Figure 2.3: (a) Picture of high pressure apparatus and the cell. The cell before (b) and after
the high pressure synthesis (c).

@ (b)
Pellets of BN+ZrO,

Carbon plates

Pt capsules
BN inner

Current ring

Carbon heater

Mo plate

pyrophylite

Figure 2.4: The parts used in the high pressure synthesis.
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Figure 2.5: Image of the cell of high pressure synthesis.

for about 30 - 60 min. Also for LisMn3SbOg and LisFe3SbOg, the excess SboO5 was necessary
for LioMn3SbOg and LisFesSbOg phases. When the starting materials were stoichiometric, the
spinel phase appears as an impurities. Generally, it is difficult to obtain the single phase by
high-pressure experiment, so I looked for the appropriate condition for that the fraction of spinel
becomes minimum. The more detail results will be summarized in the results and discussions
section.

2.2 X-ray diffraction

The sample check was performed by the powder X-ray diffraction. Here, the mechanism of
X-ray diffraction will be introduced roughly. Fundamentally, X-ray is scattered by the electrons
of atoms consisting the compounds. At that time, the diffraction line is observed at the angle
obeyed the Bragg law as below

2dppisinfp g = nA (2.1)

The Bragg angle 6y is determined by the inter-layer distances dpx;. Here, the process will
be focused on more detail. As in Fig.2.6, the wave vector of X-ray k changes to k' via scattering
in a compound. In this situation, the condition for that the scattered X-ray has the same phase
as below

(k' —k)- R=2m (2.2)

here, R = nia; + naas + nsas, therefore the wave vector satisfying the eq.(2.2) g = k' — k
corresponds to the reciprocal lattice vector ¢ = mi1by + mabs + mgbs. This means that one
of the scattered X-rays satisfying is the reciprocal lattice vector. For simplicity, the scattered
X-ray can be calculated easily within the Born approximation as below

I=N*> 6w kxFx (2.3)
K
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(Here, Fix = |Zu f%)\e’iK'd# is the quantity express that how the reflecting by atoms
in unit cells affects the intensities.) For example, for BCC lattice, a; = a(1,0,0),as =
a(0,1,0),a3 = a(0,0,1), and the center is d = a(1,1/2,1/2). Inserting the reciprocal lattice
vector

2
K = n1b1 + n2b2 + n3b3 = %(Tll,ng,ng) (24)

Fi = |fx + (—1)"Hmtns fr )2 (2.5)

21k |?(n1 + ng +n3 € even

Fr = 12fK[*(n1 4+ n2 +ng ) (2.6)
0(nq + nga + ng € odd)

the scattered intensities can be 0 even with the reciprocal lattice vectors. This is the extinc-

tion law which reflects the symmetry of crystal structure.

(@) (b)

sample holder

(c) X-ray source X-ray counter

(d)

Figure 2.6: (a) Image of X-ray diffraction. (b) Sample holder used for XRD. (¢) Mini flex 600
Rigaku in NIMS. (d) Picture of X-ray source and detecter in Mini flex 600.

The intensity is determined by the kinds of atoms and the positions in the unit cell. Powder
X-ray diffraction analysis finds the lattice constants, symmetry and atomic parameters by the
peak positions, the extinction law and the peak intensities, respectively. Finally, the crystal
structure is determined.

The experiments were performed with Mini Flex 600 (Rigaku) in NIMS with 6 — 20 method.
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2.3 Magnetic measurements

Magnetic measurements were carried out with SQUID magnetometer of Magnetic Measurement
System (MPMS; Quantum Design). In the measurement, the 2nd differential coils as shown in
Figure 2.7 (a) are used. When the sample moves in the coil, the magnetic flux changes. The
magnetization of the sample was determined by the fitting of the change of the magnetic flux.
The quantity of the change can be estimated by an elementary calculation as below,

_m (z+L)? 1
(2) _5[[R2 + (Z+L)2]3/2 - [R2 ¥ (z+L)2]1/2]
m 2;2 1
_2X§[(R2+z2)3/2 B (Rz+22)1/2] (2.7)
m (2 — L)? 1
+5[[1%2 +(z=L)232 [R*+ (z-— L)2]1/2]

here, m, L(—L), and R are the magnetic moment, the position of coil 1 (4) and the diameter
of coil, respectively. Inserting the m = 2, L = 2, R = 1 to the equation (2.7), the z dependence of
magnetic flux becomes as shown in Fig. 2.7(b). In the measurement, the voltage V (z) = ¢®(z)
is measured (c is the coefficient). The relationship between the voltage and the magnetization
was calibrated by the standard Pd-sample beforehand. Fig. 2.7(c) is the picture of MPMS3 in
Hokkaido University.

(2) (b) (©)

sample

Coil 1

Coil 2
Coil 3

Coil 4

Figure 2.7: (a) 2nd differential coil used for measurement of magnetization in MPMS. (b) The
position dependence of magnetic flow in the 2nd differential coil when magnet go through. (c)
Picture of MPMS3.

The measurement with MPMS uses the Superconducting Quantum Interference Device
(SQUID) magnetometer. The principle of SQUID is based on the Josephson effect basically.
In a superconductor ring, the phase of wave function changes 2nm during 1 cycle, which is the
basic property of the superconductor ring. This property is used in the measurement. The
measurement process is as below
1. keep the resonating state between Af = 0 and Af = 27
2. the magnetic flux changes by moving of sample and the resonating condition will be changed
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3. a feedback current is induced by the change of resonating condition

4. estimated the magnetization by the feedback current

The SQUID magnetometer can detect the very small magnetization (sensitivity is 5 x10~8
emu officially). When the magnetization was measured, the sample was wrapped with a plastic
wrap and it was fixed in a straw. The small diamagnetism of the plastic wrap and the straw were
estimated the fitting of the magnetic susceptibility by the Curie-Weiss law. The temperature
range is 1.8 - 350 K and the magnetic field range is -7 - 7 T.

2.4 Heat capacity measurements

Heat capacity measurements were performed by the relaxation method with PPMS (Physical
Properties Measurement System : Quantum Design) using a pellet made by polycrystalline.
The system with a sample connecting the heat bath (7}) via the wire (thermal conductivity )
as shown in Figure 2.8 (a).

(a) Heat bath : T;
sample
heater etc
Thermal
conductivity: k¥
b
® Heat pulse
time

Figure 2.8: (a) Image of measurement system. (b) Image of the time dependence of the system
temperature in the measurement.

Considering the sample temperature is raised to 7%, the time dependence of sample temper-
ature will obey the equation as below,
dr

o = HT-T) (2:8)

here, it is assumed that AT = Tt — T; is very small and the heat capacity is constant within
the AT. Using the initial condition with T' = T} at ¢ = 0 (¢ is the time), the sample temperature
will be given by
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T(t) = T, + (Ty - T)exp(— 1) (2.9)

The image is shown in Fig. 2.8 (b). The heat capacity can be estimated by the time

constant 7 = C'/k. In this measurements, the observed heat capacity will include not only the
heat capacity of sample but also the heater and thermometer and so on, thus the heat capacity
without sample (Addenda) was measured beforehand, and then the heat capacity of sample can
be estimated by subtracting the Addenda.
Actually, there are some additional thermal conductivity between the sample and the platform
and so on. Sometimes the relaxation curve of the sample temperature can not be fitted by 1
time constant 7. In that situation, 2 relaxation curves are used in the fitting. This method is
called 2 7 method.

LisCrsSbOg is an insulator which will has a small thermal conductivity, therefore I made a
very hard pellet with the multi-anvil type high-pressure apparatus as shown in Fig.2.3 in NIMS.
I obtained the black pellet as shown in Fig.2.9(b) which has the same XRD pattern as LCSO.
Finally, I fixed the black pellet on the sample holder with N-grease. The temperature range is
2 - 300 K and the magnetic field range is 0 - 5 T.

Platform

) pellet made by high-pressure
wire experiment

Figure 2.9: (a) Sample holder of PPMS. (b) Pellet of LioCrzSbOg on the sample holder.

2.5 X-band ESR

The X-band ESR measurements were performed with an X-band ESR spectromeer JES-TE300
(JEOL) at the Center for Advanced High Magnetic Field Science of Osaka University. The
magnetic field was calibrated by the ESR standard 2,2-diphenyl-1-picrylhydrazyl, abbreviated
as DPPH, (g = 2.00367).
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2.6 Neutron scattering

Powder neutron scattering experiments were performed with Super High Resolution Powder
Diffractometer (Super-HRPD) in Japan Proton Accelerator Complex (J-PARC) with powder
sample of LisCr3SbOg. Neutrons have not only the particle nature but also the wave nature
as same as electrons and protons, consequently the diffraction is induced by entering to the
materials. Neutrons are usually scattered by the atomic nucleus, therefore the diffraction inten-
sity is not proportional to the number of electrons. Thus, the neutron scattering experiments
can detect the atoms having few electrons. The neutron can interact with the spins of the
matter because the neutron has the spin, therefore neutron scattering detect the spin structure
of the matter. In addition, the neutron has the good dispersion (energy vs wave number) for
the condensed matter physics study. Electromagnetic wave has the too high energy for the
wave length which is similar to the typical length used for the study of the condensed matter
physics. For example, the characteristic X-ray of CuKa with A = 1.54046 A has the energy of
E = 93.4 x 105 K. (The lattice constants for typical compounds have the order of ~ 10° — 10*
A.) This means that the electromagnetic wave cannot investigate the dynamical properties of
matter. On the other hand, the neutron has the energy of £ = 159 K with the wave length of
A\ = 2.44 A. Therefore, the neutron experiment can study not only the static properties but also
dynamic properties of matter.

Super-HRPD

Figure 2.10: The picture of J-PARC.

2.7 uSR

Table 2.1 shows the elementary particles consisting the matter in the Standard Model. Muon is
one of the elementary particles and generated via the process of natural decay of the m meson
expressed as below

s ut+uy, (2.10)

33



(a) Neutron cross section (b) X-ray cross section

Figure 2.11: The cross sections of neutron (a) and X-ray (b).

The muon has the positive or negative charge (the equation 2.10 is the case for the decay of
7t only) and the mean lifetime is 2.2 ps which is relatively long. The muon decompose to the
electron (positron) and neutrino by /3 decay. The process is given as

T et 4. +7,
peome : (2.11)
po e + Vet

The electron flies out to the direction of the muon spin due to the non-conservation of parity.
This is the important property same as the relatively long lifetime.

Table 2.1: Elementary particles consisting the matter in the Standard Model.

generation 1st 2 nd 3 rd
lepton e Ve " vy T Vs
mass(MeV /c?) 0.511 0 105.66 0| 1776.84 0
charge(e) +1 0 +1 0 +1 0
quark u d ¢ S t b
mass(MeV/c?) | 1.7-3.1  4.1-5.7 | 1290 100 | 173x10% 4190
charge(e) +2 -z +2 -z +3 -z

In the SR experiment, the muon beam is shoot into the matter, and then the intensity map
as a function of the direction of electrons from the decay of muon is investigated. The muon
is generated by the nucleus reaction, for example, the proton accelerated to the high energy is
irradiated to the target nucleus. This process is expressed as

PHAN = 4N + s (et 7t p, )+ (v, v, 70, ) (2.12)

here, é:N’, sT(eT, %, p,...) and s°(y, v, 7%, n, ...) are the nucleus generated by this reaction,
the generation of charged particles and the generation of mesons. The light nucleus is better
because if the nucleus is heavy, the generations of other particles become active. In addition,
the strength for the radiative damage and the good thermal conductivity are needed, therefore
Be, C or Ti are used for the target nucleus. At first, the uSR experiment was applied for
investigating the behavior of hydrogen in the matter, in other words muon was considered
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hydrogen simulator. Recently, it is applied for the study of the fluctuation of internal field in
magnets and the field penetration length of superconductors and so on. Once the muon is shoot
into the matter, the muon stay at the site with the minimum coulomb energy, called muon site,
and makes the precession induced by the internal field on the site, finally the muon decays. After
that, as a mentioned above, the generated electron by the decay flies out along the direction
of the muon spin due to the non-conservation of parity. Therefore, the angle dependence of
the electron intensity provides us the information of the internal field on muon site. The long
lifetime (~ 2.2us) provides the long time scale of measurement. Sometimes, the spin continues
to fluctuate at low temperature in frustrated magnet. Therefore, the uSR experiment is good
experimental method for the frustrated magnets. Figure 2.12 shows the image of experimental
setup. The intensities detected in the front counter and the back counter are regarded as the
F(0,t) and F(m,t), respectively. In this case, the asymmetry function is given as

F(0,t) — aF(m,t)

F(0,1) - aF(m,t) (2.13)

A(t) = AgP(t) =

Figure 2.12: Image of uSR experiment equipment.

2.8 High filed magnetization measurements

2.8.1 non-destructive method

High field magnetization up to 70 T was performed in the center for Advanced High Magnetic
Field Science in Osaka University. The experiments were performed with the Kindo-type non-
destructive multilayered magnet. Figure 2.13(a) and (b) show the coil. The coil is made of silver
copper (AgCu) alloy which has a large tensile strength and a small resistivity. These features
are good for the material of pulse magnet coil. The coil is covered with the Maraging Steel
to prevent from destructing the coil by the electromagnetic stress. During the experiment, the
large Joule heat was induced by the large current, therefore the coil was into the liquid-N3. The
circuit diagram of the system is as shown in Figure 2.14(a), which is basically the LCR circuit.
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The process of generation of high magnetic field as below

1. charge energy into the capacitor by switching on the switch as shown in Fig.2.14(a)

2. switch off the switch after finishing charging

3. Gap switch 1 is switched on and the current will be induced and then the damped vibration
on the LC circuit will start

4. Gap switch 2 is switched on and the current goes to the earth via the resistance 3

The time dependence of the pulse field becomes as shown in Fig.2.14(b). The process 4 is for
preventing the load of the coil and the induction of inverse voltage in the capacitor. In the
measurement, the current induced by the Faraday’s law was detected.

(a) Field (b) CuAgwire

Current

Direction of
electromagnetic stress

Maraging Steel
FRP She

Figure 2.13: (a)(b)Figure of the coil.

(a) (b)

Switch Gap switch 1

Charger ~ Capacitor Resistance 2 COil

Gap
switch 2

Resistance 1 Resistance 3

Figure 2.14: (a)(b)

36



2.8.2 destructive method

The ultra-high field magnetization measurements up to 122 T were performed with destructive
method in Institute for Solid State Physics in The University of Tokyo. The generation of
the ultra-high field with a maximum field Hy . of 122 T, a vertical type single-turn coil, a
destructive pulse magnet [59]. The cryostat type is a helium bath type with the temperature of
4.2 K. The single turn coil and the cryostat are shown in Figure 2.15 (a) and (b), respectively.
The induction voltage (proportional to dM /dt) of a pair of pick up coils, one of which held the
sample inside, was measured in the measurement. The dH /dt was measured with a calibrated
pickup coil placed close to the sample space. The magnetization was obtained by numerically
integrating the dM /dt data. dM/dH data was obtained by dividing the dM/d¢ data with
the dH /dt data. Figure 2.16 (a) and (b) are the pictures of around the single turn coil after
measurement and the experimental room, respectively. This experiment is carried out in the
experimental room, because it is dangerous. Figure 2.17 is the picture at the moment of magnetic
field generation, it is almost explosion.

(a) (b)

Figure 2.15: (a) Single turn coil used for the measurements. (b) Picture of setup of the mea-
surements.
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(a) (b)

Figure 2.16: (a) Picture of the setup after measurement. (b) Room for the measurement.

Figure 2.17: Picture of the moment of ultra-high field magnetization with the semidestructive
method in ISSP in the University of Tokyo.
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Chapter 3

results and discussions

3.1 spin-3/2 system : Li;Cr3SbOg

3.1.1 Synthesis

Powder sample of Li;CrzSbOg (LCSO) was synthesized by the conventional solid state reaction
method in evacuated silica tube (Figure 3.1 (a)). The starting materials were covered with Ag
tube in the evacuated silica tube.

(a) (b)

/ \
/ \
/3h 3h'

(c)
Ag tube

evac. silica tube

Figure 3.1: (a) A quartz silica tube (left) and Ag tube (right). (b) Powder sample of LisCr3SbOs.

At first, I tried to synthesize the LCSO with the starting materials of stoichiometric mixture
of Li;Os, Cry03 and SboO3. However, the obtained powder included the LiCrO5 as an impu-
rities. From this result, I guessed SboO3 didn’t react with Li,Cr-oxides due to the sublimation
of SbyO3. Therefore, next, I tried to synthesize the sample with the excess SbyO3 in order to
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make the partial pressure of SboO3 in the evacuated silica tube high. The impurity level was
decreased by increasing the amount of excess of SboOgz, but SboO3 remains at the high level of
amount of excess SboO3. I thought that the remained excess SboO3 can be removed by heating
again in an evacuated silica tube, so that I tried to reheat the obtained powder in the same
manner in the first sintering. The times schedule is shown in Fig. 3.1 (b) After 2 nd sintering,
the obtained powder became the single phase of LCSO, which is checked by X-ray diffraction.
The excess ShoO3 evaporated and reacted with the silica tube because the inner-wall of the
evacuated silica tube changed after 2 ne sintering. The obtained powder has clear green color
as shown in Fig. 3.1 (c), which indicates that the obtained powder is insulator. Actually, there
are a lot of detail conditions (which will be shown in appendix). In this process, about 1.5 g
of LCSO powder sample can be obtained at one time. Therefore, the neutron experiment was
performed the mixture of 3, 4 batches. Generally, about the number of batches, the smaller the
better.

3.1.2 Crystal structure refinement

Crystal structure was determined by using powder neutron diffraction experiments performed
with Super-HRPD in J-PARC in Japan with Z-Rietveld version 1.1.2 software [60, 61]. The
neutron experiments were needed because X-ray could not detect the Li ions due to the few
electrons of Li ions.

Figure 3.2: NPD of LisCrzSbOsg.

The experimental data (red crosses), the fitting result (blue line), the calculated background
(black line), the deifference between the observed data and the calculated data (deep blue line)
and the positions expected to show the Bragg peaks (green marks) are shown in Fig.3.2. T fixed
the March-Dollase function parameter which indicates the preferred orientation of sample to 1.0.
The constrains for the anisotropic Debye-Waller factors were used in these in ref.[76]. These
constrains are summarized in Table 3.1.
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Table 3.1: Constrains for the anisotropic Debye-Waller factors in P6gmec.

2a | B11 = B22 =2B12 | B23 = B13
2b | B11 = B22 =2B12 | B23 = B13
6c B11l = B22 B23 =-B13

The fitting is good enough to conclude the final structure of LioCr3SbOg. The space group
and lattice constants are P63/mc (No. 186), and a = 5.83286(1) A and ¢ = 9.50445(1) A,
respectively. The crystal parameters are summarized in Table 3.2.

Table 3.2: Crystal parameters of LioCrzSbOs.

Atom Occ. X y z site
Bi11 B22 B33 B12 B23 B13
Cr 1 0.17096(7) | 0.82904(7) 0.26150(6) 6¢c

0.43(2) | 0.43(2) 0.37(3) 0.21(2) -0.00009(104) | 0.00009(104)
Lil 1 0.33333 0.666667 0.9503(3) 2b
0.84(5) | 0.84(5) 0.62(8) 0.42(3) 0 0
Li2 1 0 0 0.5385(3) 2a
1.21(7) | 1.21(7) 0.54(9) 0.61(4) 0 0
Sb 1 0.33333 0.66667 0.5363(1) 2b
0.35(2) | 0.35(2) 0.30(4) 0.16(1) 0 0
01 1 0 0 0.3539(1) 2a
0.48(2) | 0.48(2) | 0.42(3) 0.24(1) 0 0
02 1 0.33333 0.66667 0.15328(9) 2b
0.57(3) | 0.57(3) 0.47(4) 0.29(2) 0 0
03 1 0.48165(4) | 0.51836(4) 0.39135(6) 6c
0.49(1) | 0.49(1) 0.42(2) 0.25(2) -0.02(1) 0.02(1)
04 1 0.1660(1) | 0.8340(1) 0.64364(7) 6c
0.47(2) | 0.47(2) 0.45(2) 0.22(2) 0.02(5) 0.02(5)

The Debye-Waller factors are the attenuation cased by thermal motion of atoms, therefore
the Debye-Waller factors are roughly proportional to atomic mass. The obtained Debye-Waller
factors in the Rietveld analysis are consistent with the atomic masses. The Bsz and B3 of Cr
ion have large error bars, therefore I cannot give a discussion based on these values.

The crystal structure of LCSO determined by the Rietveld analysis is shown in Fig.3.3.
Basically, LisCrgSbOg can be understood as the B-site ordered double spinel like structure with
the small modulation of the B site. The structure consists of the CrOg layer, and LiO4 and
SbOg layer. The CrOg layer has the breathing kagome lattice made of Cr ions and LiO4 and
SbOg layer is non-magnetic. As a result, the magnetic layers are separated by the non-magnetic
LiO4 and SbOg layers, therefore it is expected that LCSO is 2 dimensional magnet. The local
environment of Cr ions are significantly important to understand the magnetic properties of
LCSO. There are 2 kinds of Cr - Cr bond; the short and long distances are 2.8403(9) and
2.9925(9) A, respectively. Therefore, the breathing anisotropy of bond length is dpong ~ 5
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(a) Li (b) 2.8403(9)A  94.5(16) 101.04(4)°

Cr \ \
Cr
RN 2 /
~_ ‘e
Sb\ 2.9925(9) A ' .
90.47(4)" 94.4(4)°

Figure 3.3: (a) Perspective view of crystal structure of LCSO. (b) Kagome layer of LCSO.

%. There are 4 kinds of Cr - O - Cr bond angles; 90.47(4) ° (short bond), 94.4(4) ° (short
bond), 94.5(16) ° (long bond) and 101.04(4) ° (long bond) as shown in Fig.3.3. The important
point is that the occupancies of Li ions is 1 because the frustrated magnetism is sensitive to
external perturbation such as the ions defects. In frustrated magnet, the external effects tend to
induce spin glass state. The ground state of LCSO is not a spin glass (introduced later), which
indicates that there is few external perturbative effects. These are consistent with each other.
The thermal factor of Li ions is relatively large due to the small mass of Li ions. More detail
information of crystal structure analysis is introduced in Appendix.

3.1.3 Breathing anisotropy

Breathing anisotropy is the important parameter for understanding the magnetic propterties of
LCSO, therefore it is needed to estimate the breating anisotropy 6 = J/J1. At first, breathing
anisotropy was estimated by the crystal structure determined by the powder neutron diffraction
and its rietveld analysis. Figure 3.4, 3.5 show the interactions estimated by the crystal structure.

The red points and the red lines are the experimental data reported in previous studies and
these linear fits, respectively [62, 63, 64, 65, 66]. The interactions in LCSO were estimated by
using the linear fits. From bond distances, J; = 97.52 K and J, = 26.05 K, and the breathing
anisotropy dq = Jo/J; = 0.27. From bond angles, J; = 84.3 K and J, = 27.39 K, and the
breathing anisotropy d, = Ja/J1 = 0.32. The both anisotropies are stronger than that of
a model material of spin-1/2 BKAFM DQVOF (6 = 0.55) [58]. This result states that the
breathing anisotropy shold affect the magnetism of LCSO. Therefore, it is needed to estimate
the breathing anisotropy accurately. For further accuracy of breathing anisotropy, the breathing
anisotropy was estimated by the DFT calculation within GGA+U (GGA : Generalized Gradient
Approximation and U : the on site Coulomb potential) based on the crystal structure performed
by O. Jescke (Okayama University). The DFT calculation considered the 9 interactions among
Cr ions as shown in Figure 3.6.

The results are summarized in Table 3.3 as a function of U.

The U is determined by the Weiss temperature from the Curie-Weiss fitting of magnetic
susceptibility. The Curie-Weiss fit of magnetic susceptibility of LCSO gave 6w = - 480 K,
which suggests that the U = 1.43 eV. Therefore, J; = 152.4, J, = 24.8 K, and the breathing
anisotropy dppr = 0.163. It is smaller(stronger) than these estimated by the crystal structure;
04 = Jo/J1 = 0.27 and §, = Jo/J1 = 0.32. This difference comes from the large J; in the DFT
calculation. The J, estimated by the crystal structure and DFT calculation are almost same
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Cr-Cr bond distances

A 2.8403(9) A

J;=97.52 (K)
2.9925(9) A

J, =26.05 (K)

o= JZ/JI =0.27

Figure 3.4: Exchange interactions and breathing anisotropy estimated by Cr-Cr bond distances
of LigCI‘ngOg.

Cr-O-Cr bond angles

90.47(4)° 94.4(4)

J, =843 (K)

94.5(16)° 101.04(4)°

J1=27.39 (K)

Figure 3.5: Exchange interactions and breathing anisotropy estimated by Cr-O-Cr bond angles
of LigCI‘ngOg.
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Figure 3.6: The considered interactions in DFT calculation of LioCr3gSbOsg.

to each other. The larger J; from DFT calculation maybe comes from the local environments.
Figure 3.7 shows the local environments of small (a) and large (b) triangles.

The small triangle (Fig.3.7 (a)) has Cr - O - Sb - O - Cr interaction path. This path can
make the J; stronger than that estimated by the crystal structure. The estimation from the
crystal structure doesn’t consider the higher order paths such as Cr - O - Sb - O - Cr. The
same situation is realized in BagCoNbyOg [67]. BagCoNbyOg and BazCoSbyOg have the same
crystal strcuture, but the exchange enteraction of BagCoNbsOg is much smaller than that of
BazCoSb2Og (both interactions are antiferromagnetic). The authors pointed out the reason
is different of Nb and Sb [67]. They claimed that the Co - O - Sb - O - Co path should be
antiferromagnetic because the outer orbital of Sb%T is d orbital. On the other hand, the outer
orbital of Nb®* is p orbital, therefore the Co - O - Nb - O - Co path should be ferromagnetic.
As a result, Co - O - O - Co and Co - O - Nb - O - Co paths almost are canceled out each
other, therefore the exchange interaction between Co ions in BagCoNbyOg becomes very weak.
It is reasonable to think that the same situation is realized in LCSO, consequently LCSO has
the large breathing anisotropy corresponding to dppr = 0.16.

3.1.4 Magnetic and heat capacity measurements

Figure 3.8(a) shows the temperature dependence of the zero field cooling process of magnetic
susceptibility at H = 5 T (blue circles) and Curie-Weiss fitting (red solid line), respectively.
Fig.3.8(b) shows the temperature dependence of magnetic susceptibility below 50 K (left axis)
and its temperature differential (right axis). The obtained parameters by Curie-Weiss fitting
are pefy = 3.87 ('spin-3/2 and g = 2.0 ) and Ow = -480 K.

The susceptibility deviates above from Curie-Weiss curve below 150 K, shows a broad peak
around 40 K, increases below 20 K, and exhibits an anomaly indicative a magnetic transition
at 4.3 K. The magnetic transition temperature is called 7%. Figure 3.9 shows the temperature
dependence of magnetic susceptibilities in the several magnetic fields H = 0.1, 1, 3 and 5 T (left
upper axis), these temperature differentials (left lower axis), and the temperature dependence
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Sb .
(a) v M

Figure 3.7: Local environments of the small (a) and large (b) triangles.

@ b .

Figure 3.8: (a) Magnetic susceptibility and Curie-Weiss fitting. (b) The magnetic susceptibility
below 50 K (blue circles) and its temperature differential (red solid lines) of LizCr3SbOs.
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Table 3.3: Results of DFT calculation for magnetic interactions in LisCrzSbOsg.

UEV) | L (K) | LX) | JsEK) | JXK) | J5K)
1.25 | 161.8(1) | 27.4(1) | L.3(1) | 1.5(1) | 0.8(1)
1.43 152.4 24.8 1.2 1.4 0.7
15 | 148.8(1) | 23.8(1) | L.1(1) | 1.3(1) | 0.7(1)
175 | 137.1(1) | 20.6(1) | 0.9(1) | L.I(1) | 0.5(1)
2.0 | 126.6(1) | 17.7(1) | 0.7(1) | 0.9(1) | 0.4(1)
225 | 117.0(1) | 15.1(1) | 0.6(1) | 0.8(1) | 0.3()
25 | 1083(1) | 12.8(1) | 05(1) | 0.7(1) | 03(1)

U (eV) | Jea (K) | Job (K) | J7 (K) Jg fcw (K)
125 | 3.0(1) | L4(1) | 0.3(1) | 0.4(1) | -514
1.43 2.8 1.3 0.3 0.3 -480
15 | 27(1) | L3 | 0.3(1) | 03(1) | -467
175 | 24(1) | Li(n) | 02(1) | 02(1) | -425
50 | 22() | Li() | 02(1) | 02() | 387
225 | 20(1) | LO(1) | 0.2(1) | 0.1(1) | -353
25 | 1.8(1) | 0.9(1) | 0.2(1) | 0.1(1) | -323

of heat capacities in several magnetic fields H = 0, 1, 3 and 5 T (fight axis).

About the magnetic susceptibilities, the open circles and closed circles are the zero filed cooled
(ZFC) and field cooled (FC) processes, respectively. The d(M/H)/dT are the temperature
differentials of ZFC data. As shown in Fig.3.9, the peak positions in d(M /H)/dT robust against
the magnetic field up to 5 T. The heat capacities also show a peak at the temperature where
the d(M/H)/dT shows the peak, thus the magnetic transition occurs at this temperature T*.
The heat capacities are also robust against the magnetic field up to 5 T. The low temperature
susceptibilities don’t show divergence between the ZFC and FC at all fields. This indicates that
the ground state of LCSO is not a spin glass state.

Figure 3.10 shows the magnetization of ICSO measured with SQUID up to 5 T at 2 K.

It is just linear field dependence without any anomaly. Tha moment ~ 0.063up/Cr at 5
T indicates that 1/9 and 1/3 of saturation magnetization can be observed at ~ 30 and 80 T,
respectively.

3.1.5 ESR experiments

The X-band ESR experiments were performed in order to evaluate the g-value and the estimate
its anisotropy precisely. Figure 3.11 shows the X-band ESR spectrum of LCSO at T' = 292 K.
After making the baseline correction, the spectrum is fitted by the following field (H) derivative
of the Lorentzian function f(H).

df(H) 2A(H — Hyes)
dH  |(H — H.s)? + BJ? (3.1)
FiH) = - (3:2)

(H—H,s)>?+ B

The observed ESR spectrum is reproduced well by the single Lorentzian function, which
states that the spin of Cr®* is isotropic Heisenberg in LCSO. From this fitting, the g-value was
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Figure 3.9: The magnetic susceptibilities in several magnetic fields (left upper axis), these
temperature differentials (left lower axis) and the heat capacities in several magnetic fields
(right axis). About the magnetic susceptibilities, the open circles and closed circles are the ZFC
and FC data.

Figure 3.10: The magnetization measured with SQUID up to 5 T at 2 K of LioCr3SbOs.
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estimated as g = 1.967 (Hyes = 0.3372 T) at the fixed freuency of 9.283 GHz.

Figure 3.11: The X-band ESR spectrum of LCSO powder at T = 292 K.

Here, the nolm of Dzyaloshinsky-Moriya (DM vector) was estimated by

ID| ~ (Ag/2)J (3-3)
and then

D] ~ 2.5K (3.4)

|D2| ~ 0.4K (3.5)

in Lig CI‘3 SbOg .

3.1.6 Microscopic measurements of Li;Cr;SbOg

The neutron scattering and uSR experiments on LCSO powder sample were performed in order
to investigate the ground state at H = 0 T. Figure 3.12(a) shows the temperature dependence
of the intensity at (1/3,1/3,0). Fig. 3.12 (b) and (c) show the field dependence of intensities
around (1/3, 1/3, 1/2) (a) and (2/3, 2/3, 1/2) at 1.57 K.

The temperature dependence of the intensity at (1/3,1/3,0) at the absence of magnetic
field(Fig. 3.12(a)) indicates that the development of v/3 x v/3 type 120° correlation below T™*.
The temperature dependence of the intensity at (1/3,1/3,0) could be reproduced by the following
power-law function OP(T) = a[(Tx —T)/Tx]? with 3 = 0.19(2) which is close to that (8 = 0.25)
of Fe-jarosite (model material of spin-5/2 KLAFM) [70] (the red line in Fig. 3.12(a)). The field
dependence of the intensities at (1/3,1/3,1/2) and (2/3,2/3,1/2) are robust against the magnetic
field at least up to 10 T. These results suggest that the magnetic structure doesn’t change by
the magnetic field at least up to 10 T. The moment was estimated as 2.5 pg which is smaller
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H=0T '=157K I'=157K
(1/3,173,0) (@) (1/3,1/3,172) (b)  (2/3,2/3,1/2) (c)

I (arb. units)

T (K) 0 (A1) O (A

Figure 3.12: (a) The temperature dependence of the intensity at (1/3,1/3,0). (b) and (c)
represent the field dependence of intensities at (1/3,1/3,1/2) and (2/3,2/3,1/2), respectively.

than the expected value 3 up for spin-3/2, which indicates that the spin fluctuation exists below
T*.

Next, I performed the puSR experiments in order to investigate the spin dynamics. Figure
3.13 (a) and (b) muon stopping sites corresponding to the local minima of electrostatic potential
positions in LCSO and the internal field distribution from the nuclear dipolar field, respectively.
These electrostatic potential positions were obtained by a density functional theorem (DFT)
calculation using the Vienna ab-initio simulation package (VASP) [68]. As shonw in Fig. 3.13,
the local minima of electrostatic potential locate at around a Wyckoff position 6¢ site which
locates inside the kagome hexagons near O4. Additionally, no local minima between kagome
layers was found.

Figures 3.14 show the zero-field uSR (ZF-uSR) spectra at several temperature at H = 0
T (circles) and these fittings (lines, by equation 3.6) (a), the longitudinal filed xSR (LF-uSR)
spectra at several fields up to 2 T at 22 mK (b), and the temperature dependence of fitting
parameters (c¢) - (g).

The ZF-uSR spectra don’t show the clear oscillation indicative the static field at the muon
sites in LCSO even below the transition temperature 7" = 4.3 K. This result indicates that the
existence of fluctuating spins even below 7. The ZF-uSR spectra can be fitted by the following
function defined as

A(t) = A1[2/3cos(2m ft + ¢)exp(—)\T1t)]B + 1/3exp(AL1] + Azexp(—Aqt) (3.6)

here, A; and As, f, B, Ar1, AL1 and Ao are the proportion of asymmetries, the stretching
exponent, the longitudinal relaxation rate, the transverse relaxation rate and the relaxation rate
of Ay component, respectively. This fitting function means that there are two components A;
and A, which indicate the slowly fluctuating spin and the rapidly fluctuating spin, respectively.
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04

Figure 3.13: (a) The kagome layer of LCSO. The light blue regions represent the muon stop-
ping sites in LCSO. (b) The internal field deistribution from the nuclear dipolar field of LCSO
calculated by the depelec205 code [69] (i is muon sites).

The Ay component appears below T* only and the fractional yield of A; and As components
are almost constants below T*. The A1, Ar; and f shows saturation behavior with decreasing
temperature below T*. The 8 shows the almost constant value all temperatures in this exper-
iment (22 mK - 10 K). The A2 shows weak decreasing tendency below T and finite value at
the lowest temperature (22 mK). The longitudinal relaxation rate and the transverse relaxation
rate represent the relaxation from the fluctuation and from the difference of the phase of the
precession. Based on above results, there are the slowly fluctuation spins and the rapidly fluc-
tuation spins below T* at least down to 22 mK. In addition, there is no evidence for the phase
separation, therefore these two component distribute homogeneously.

Combining the neutron experiment and puSR experiment, the magnetic state below T is
understood by the state with /3 x v/3-type 120° structure correlation from the neutron and with
two components A; and As which are the slowly fluctuating spins and the rapidly fluctuating
spins, respectively. Figure 3.15 shows the schematic image of the magnetic state from the
neutron and uSR experiments.

3.1.7 Magnetization process

Fig.3.16 shows the high field magnetization up to 70 T measured in the Center for Advanced
High Magnetic Field Science (AHMF) in Osaka University. The absolute value was calibrated by
the SQUID data. A magnetization plateau at the 1/9 of the saturation magnetization realizes
in the range of magnetic field between 23.8 and 52.5 T. The width of the 1/9 plateau AH
corresponds to 0.38 Ji, here the J; obtained by the DFT calculation. When AH was scaled
by the J estimated by the Curie-Weiss fitting, AH = 1.1J — 0.5J = 0.6J, which is larger
than that of theoretical expectation for the 1/9 plateau in spin-1/2 KLAFM. This is the first
observation of a clear 1/9 plateau in kagome based materials. In pure KLAFMs, it is expected
that 1/3 plateau can appear in spin-3/2 systems, but 1/9 plateau can appear in only the spin-
1/2 system [24, 41, 29]. Therefore, it should be new frustrated magnetism realized in KLAFM
with breathing anisotropy.

50



=)

(a) o '.. I*_..'. O

oo
®

fractional yield
o o
> o

T T T T
%

o o
[N}

A

B
Mg (us )

N B O®O O =~ N W

w1
~]
¢
et

£ (ps)

hri(ps )

=)
9
3
3
3
3
3

(b)

N
o
T
P
~]
ICD

/(MHz)
2ot
1

A (1)
-
-

N
o
T
. -
»
.
»
o
~T
oQ
T~

5
T

o

ot
ot

-
—e
—o—i

1

B
2

o
o
T
1

o
=)

£ (pus)

Figure 3.14: (a) The ZF-uSR spectra at several temperatures at H = 0. (b) The LF-uSR spectra
up to 2 T at 22 mK. (c¢) The temperature dependence of fractional yields A; (red) and Ay (blue)
corresponding to two components in the fitting function. (d) The temperature dependence of
the relaxation rates for the longitudinal relaxation part of A; (red, left axis) and Ay (blue, right
axis) components. (e) The temperatuure dependence of the relaxation rate for the transverse
relaxation part of A;. (f) The temperature dependence of the precession frequency f. (g) The
temperature dependence of the stretching exponent .
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with slow fluctuation without any structure

Figure 3.15: The image of the magnetic state of Li;CrzSbOg below T* base on the v/3 x /3
type 120° structure.

Aforementioned, it is predicted that the 1/3, 23/27 and 25/27 plateaus appear in spin-3/2
KLAFMs theoretically [41, 29]. T performed the high field magnetization measurements up to
99 T and 122 T at 4.2 K with destructive pulse magnet in the Institute for Solid State Physics
(ISSP) in the University of Tokyo in order to reveal whether the 1/3 plateau appears or not in
LCSO. The shots up to 99 T and 122 T are named as shot A and shot B, respectively in this
thesis. Figure 3.17 shows the pickup coil signal proportional to the dM /dt and the magnetic
field waveform H(t) as functions of the time of shot A. The green line in Fig.3.17 is the dM /dt
curve after smoothing. The dM /d¢ with increasing field was very noisy due to the switching
noise. The dM /dt shows 3 anomalies denoted by labels a, b, ¢, ¢’, b’, a’. The one-to-one
correspondence between a and a’, b and b’, and ¢ and ¢’ indicates that magnetic transitions
occurs at these magnetic fields. The time dependence of magnetic field is asymmetric for the
times coming from the deformation of the coil. The high field magnetization up to 99 T obtained
by integrating the dM /dt data numerically is shown in Figure 3.18 as a green line. In Fig.3.18,
the high field magnetizations up to 55 T at 4.2K and up to 70 T at 1.4 K measured in AHMF
in Osaka University are also drawn as an orange line and a blue line, respectively. The data of
shot A reproduces the high field magnetization measured in AHMF in Osaka University below
70 T, which indicates shot A has good data quality enough to discuss about the magnetization
process of LCSO. After that, M shows plateau like behavior up to 99 T, and the value is smaller
than 1/3 of saturation magnetization. The anomaly a and a’, b and b’; and ¢ and ¢’ correspond
to Hey, Heo, H.s, respectively. There are small hysteresis at all critical fields (Hcy, Hea and Hes)
However, it is not clear whether these hysteresis are the intrinsic properties of LCSO or not
because the field decreasing process accompanies the mechanical deformation of the single-turn
coil.

Figure 3.19 shows the time dependence of the pickup coil signal proportional to the dM /d¢
and the magnetic field waveform H (t) of shot B. The anomaly labeled by a is not clear probably
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Figure 3.16: High field magnetization (red line) and its field differential (green line) up to 70 T
of LiQCI‘3SbOg.
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Figure 3.17: Time dependence of pickup coil signal proportional to the dM /dt (red and green
lines) and magnetic field (blue line) of shot Aup to 99 T of LioCrzSbOs.
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b c R
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Hcl Hc2 Hc3
23.8T 525T 70T

Figure 3.18: High field magnetization up to 99 T normalized by the high-field magnetization up
to 70T of LioCrsSbhOg (left axis). Its field differentials are also shown (right axis). The red line
is the dM /dH after smoothing.
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due to switching noise, but others are clear and quantitatively same as these of shot A. Figure
3.20 shows the high field magnetization up to 122 T obtained by integrating the dM /dt¢ data
numerically. From this result, the 1/3 plateau like anomaly continue up to 122 T at least.

Li,Cr;SbOg 42K
shot B

“«— Q
«—
«— O

«— Q

18
o

Figure 3.19: Time dependence of pickup coil signal proportional to the dM /dt (red and green
lines) and magnetic field (blue line) of shot B up to 122 T of LisCrzSbOs.

3.1.8 Calculation

The exact diagonalization (ED) calculation of magnetization process of breathing kagome lattice
antiferromagnet (BKLAFM) considering the quantum fluctuation within the perturbation the-
ory because spin-3/2 has small quantum fluctuation, with C. Hotta (the University of Tokyo).
The starting Hamiltonian is

N
H=Y J;Si-S;—hYy S (3.7)
4,9 i=1
As a result, the phase diagram M /Mg, vs breathing anisotropy § = Jo/J; was obtained as
shown in Figure 6.6(a). One can find that the 1/9 plateau phase appears for § < 0.424. The
present system Li;CrzSbOg (LCSO) has the breathing anisotropy corresponding to § = 0.163,
therefore it is located in the region with the 1/9 plateau. The magnetization process was
calculated at the case for § = 1/6 = 0.16667 as shown in Figure 6.6(b). (The detail calculation
will be put in the appendix chapter.)
At first, the 1/3 plateau is described by the state with that each triangles have 2 up and 1
down spins as shown in Figure 3.22(a). This state has is purely classical state called uud state
because the exchange relationship < Sf'S¥ + 575 >= 0 as shown in Figure 3.22(a).
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Figure 3.20: Ultra-high field magnetization up to 122 T of Li;CrsSbOs.
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Figure 3.21: (a) The phase diagram obtained by the calculation. (b) The magnetization process
obtained by the calculation with 6 = 1/6.
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(a) 1/3 plateau

(b) 1/9 plateau

Figure 3.22: The images of the 1/3 plateau (a) and 1/9 plateau (b).

The 1/9 plateau is described by the superposition of the states shown in Figure 3.22(b) in
the present calculation. The 1/9 plateau has degeneracy, which indicates that the state is one
of the spin liquid.

3.1.9 Discussion

Li;Cr3SbOg (LCSO) is spinel based material (maybe called B-site ordered double spinel). I
discuss the magnetic properties of LCSO in terms of the relationship with other Cr-based
spinel compounds. Cr-based spinels are the famous frustrated magnets, for example ZnCrsQOy,
CdCry04 and HgCry04. ZnCry04, CdCry0O4 and HgCroO4 have the frustration factors f =
|0w|/Tx ~ 33.3 (Bw = -390 K) [73, 74, 75], 9.1 (fw = 70 K) [ref] and 5.3 (b = -32 K) [ref],
respectively. In LCSO the frustration factor is estimated to 480/4.3 = 111.6 which suggests
that the magnetic frustration is stronger that those of Cr-based spinel compounds. In spinel
system of AB5Qy4, B ions form a pyrochlore lattice which is one of the typical frustrated lattice.
In this series, the spin-lattice coupling plays an important role, and "order by distortion” was
observed. In other words, the structural distortion solves the magnetic frustration (degeneracy
of the ground state) which leads to antiferromagnetic order in these Cr-spinel compounds. This
coupling and the strong frustration also play an important roles for the magnetism in magnetic
field. ACry0y series shows the various magnetization curves including the several magnetization
plateaus, and these plateaus can be explained by the specific spin structures [73, 74, 75]. There-
fore, ACroQ4 series is frustrated classical system with strong spin-lattice coupling. On the other
hand, LCSO doesn’t show any behavior which is thought to be a evidence for the structural
transition. The absence of the evidence of structural transition indicates there is not so strong
spin-lattice coupling in LCSO. In addition, the magnetic state below 7™ has the spin fluctuation
and the uSR spectra indicate that the fluctuation continues to remain to the lowest tempera-
ture. The 1/9 magnetization plateau comes from the strong breathing anisotropy and the small
quantum fluctuation of spin-3/2. Therefore, LCSO can be regarded as the frustrated semiclas-
sical system without (with small) spin-lattice coupling. When the A-site of spinel is ordered,
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the system becomes breathing pyrochlore introduced in previous chapter. The reported actual
materials are LiGaCryOg and LilnCryOg. Ga-compound and In-compound have the strong an-
tiferromagnetic interactions correspond to fw = 658.8 K and 331.9 K, respectively [?]. The
Monte Carlo simulations suggest that breathing pyrochlore model with J' = 0.5J (J = 53.3 K)
and isolated tetrahedra model with J = 56.8 K reproduce the Ga data and In data, respectively.
Below 120 K, the magnetic susceptibility of LCSO deviates above from the Curie-Weiss law The
temperature has the same scale of J; estimated by the DFT calculation.

Simply, one can speculate that the deviation comes from the breathing anisotoropy. However,
at this stage, the origin of the increase of the magnetic susceptibility is not revealed yet. In
the lower temperature region, the magnetic susceptibility shows the sharp increasing tendency
around 20 K. The increasing tendency of magnetic susceptibility of LCSO around 20 K may
indicate the effect of Dzyaloshinskii Moriya (DM) interaction. Kagome lattice has no inversion
symmetry at the middle of the two magnetic ions, which means that the finite DM interactions
must exist (introduced the previous chapter). In addition, LCSO has the breathing anisotropy
corresponding to ~ 5 % crystallographically, thus it is expected that there are two types of
DM vectors. From rough estimation of the absolute value of DM vector by |D| ~ (Ag/2)J,
|Di| ~ 2.5 K, |Dy| ~ 0.4 K. The ground state of LCSO is v/3 x v/3 type 120 ° structure
with the spin fluctuation, which is confirmed by the powder neutron and pSR experiments. In
therms of 120° spin structures, there are two candidates of 120 ° structure, v/3 x /3 type and
g = 0 type (introduced in the introduction chapter). The theoretical studies for the classical
KAFM (CKAFM) suggest that the V3 x /3 type 120° can be selected by the entropic effect
[36]. In addition, the second nearest neighbor interaction can select the ground state. From
the theoretical prediction on pure KAFMs with classical limit, v/3 x /3 type 120° structure is
stabilized when the second nearest neighbor interaction is ferromagnetic. On the other hand,
when the second nearest neighbor interaction is antiferromagnetic, the ¢ = 0 type 120° structure
is selected. Figure 3.23 (a) and (b) show the image of J;-J5-J4 KAFMs and the phase diagram for
antiferromagnetic Ji, respectively. (here, the Hamiltonian is givenas H = - _, .. J0S;-S;) As
shown in Fig. 3.23 (b), the v/3x /3 type 120 ° structure is realized when the .J; is ferromagnetic.
From the DFT calculation, the Jy/|J;| = 1.4/152.4 = 0.0092 (for J; of BKAFM) or 1.4/24.8 =
0.056 (for Jo of BKAFM), and Jg/|J;| = 1.3/152.4 = 0.0085 or 1.3/24.8 = 0.052. This indicates
that the magnetism of LCSO is not disturbed by the further far interaction so much, and LCSO
is located around the boundary of ¢ = 0 type 120° structure, v/3 x v/3 type 120° structure
and cuboc 1 structure. The energies per site of Ji, Jo and Jq KAFMs are shown in Figure
3.24 [72]. When the breathing anisotropy exists, the energies considering only the 1 st nearest
neighbor interaction becomes —(J; + J2). The three candidates introduced here have the same
energy, which means the breathing anisotropy cannot eliminate the degeneracy of these states
by the breathing anisotropy only. From these discussions, it is expected that the further far
interactions and the breathing anisotropy cannot be the origin of selection of the v/3 x v/3 type
120° structure as the ground state, and LCSO is expected to be the almost ideal breathing
kagome lattice antiferromagnet. Therefore, the candidates are the two types of DM interactions
and the entropic effect discussed in ref.[36]. The origin of the selection of v/3 x v/3 type 120
° structure is actually not revealed yet. The neutron and uSR experiments suggested that the
ground state has spin fluctuation even down to 22 mK. Simply, this fluctuation should come
from the small quantum fluctuation of spin-3/2 and the location of LCSO on the phase diagram
of ref.[72] which is located around the phase boundary.

The quantum fluctuation makes the boundary obscure. Spin-3/2 has a few quantum fluctu-
ation, and thus it is regarded as the intermediate between quantum spin and classical spin.

I give the discussion by comparing with the theoretical magnetization curve calculated for
pure KAFMs. Figure 3.25 shows the magnetization curve of LCSO and that of theoretical stud-
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Figure 3.23: (a) The definitions of the exchange interactions Ji, J2 and J4. (b) Phase diagram
of the classical Ji-Jo-Jgq kagome lattice antiferromagnet [71].

ies. The magnetization of LCSO is different from the calculated one, in particular, the energy
scale of magnetic field is different. The magnetization of LCSO stands up earlier than these
theoretically calculated magnetizations. In addition, the 1/9 plateau is not predicted clearly in
the previous theoretical magnetizations. The numerical diagonalization magnetization has the
relatively flat field region at 1/9, however there is no remarks and discussions about this in the
paper. The tensor network study clearly shows that there is no 1/9 plateau in magnetization
of spin-3/2 KAFM. Therefore, it can be concluded that LCSO basically cannot be described as
the pure spin-3/2 KAFMs.

Next, I discuss the magnetization curve with the calculated one. Figure 3.26 shows the
magnetization curve of LCSO and the theoretical one by the breathing kagome antiferromagnet
model introduced in previous chapter. The energy scales of the magnetic field is same to each
other. In addition, the width of the 1/9 plateau is roughly similar to each other (write the width
of 1/9 plateau of experiment and theory) Another feature of the calculated magnetization is the
jump at the lower boundary of 1/3 plateau. Figure 3.27 shows the enlarged view around the
lower boundary of 1/3 plateau. The dM/dH shows the peak structure at the lower boundary of
1/3 plateau. Even though it is not jump, the tendency of the field dependence of magnetization
is similar to the theoretical one. This is also supporting result for consistency between the
experimental and theoretical studies. However, the 1/9 and 1/3 plateaus in LCSO show the
finite slope, which will be contributions of other interactions. Figure 3.28 shows the H/.J; -
0 phase diagram calculated by C. Hotta with data critical fields of LCSO. The region of 1/9
plateau shows relatively good agreement with the theoretical one. However, the critical fields of
1/3 plateau are different from these of calculation.

Here, the some open questions remain. At first, it is not revealed whether the structural dis-
tortion occurs or not yet. As mentioned above, the Cr-spinels tend to show structural distortion,
therefore, it is important to reveal that. The difference between the experimental magnetiza-
tion and calculated magnetization. In order to reveal the magnetism of breathing KAFM, the
quantitative comparison and detailed discussion is needed. In KAFMs, the DM interaction
can induce the finite slope on the plateaus. However, LCSO is not pure KAFM but breathing
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Figure 3.24: Energies of candidates for the ground state of Jy, Jo and Jqy KLAFMs [72].
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Figure 3.25: The magnetization curve measured with destructive method in ISSP in the Uni-
versity of Tokyo. The calculated magnetizations for the pure kagome lattice antiferromagnet
are plotted also in the graph.
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Figure 3.26: The magnetization curves measured with destructive method and calculated in this
work.
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Figure 3.27: The magnetizations and those field differentials as functions of magnetic fields.

KAFM, therefore, it is difficult to discuss quantitatively here. Another future work is to reveal
tha entire magnetization curve of LCSO. This provides us the information about the upper
boundary of 1/3 plateau and the exsistence of plateua at higher field. Therefore, the single
crystal of LCSO is desired. I am trying to prepare the single crystal of LCSO (the result until
today will be introduced in Appendix)

3.2 spin-2 system : LisMn3SbOg

3.2.1 spinels

Spinel series compounds AB> X4 (X = O, S and Se) are famous series compounds of frustrated
system which has the wide variety of atomic sets. Figure 3.29 (a) - (e) show the views of crystal
structure of AB>O4 from several directions and with lines which is the guide for eye. A and B
sites are the tetrahedral and octahedral site, respectively in a unit cell. The A and B sublattices
form a diamond and a pyrochlore lattices, respectively as shown in Fig. 3.29 (b) - (d). The
pyrochlore lattice can be regarded as the kagome and triangular lattices stacking along c-axis
alternately (Fig. 3.29 (¢)). Fig. 3.29 (e) shows the crystal structure with all A, B and oxygen
ions and the pyrochlore lattice as the black line being the guide for eye. The right side of Fig.
3.29 (e) shows the local environments of undistorted and distorted octahedra and these energy
levels of d electrons. Spinel series provides surprisingly rich variety of physical phenomena
such as metal-insulator transition, frustrated magnetism and structural transition and so on.
Also in terms of the magnetism, spinel compounds show many magnetism such as ferro-, ferri-
and antiferromagnetism which depend on the kinds of atom consisting the compounds. Spinel
compounds can have several valence set for example A*B3°t03~, A2*B3T0]~, A*TB3T05
and so on. In this section, A2+B§’+O?f series is taken up because the magnetic ion is B3* ion,
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Figure 3.28: The phase diagram with the data of LCSO.
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which is the similar situation of that of LiaM3SbOg (M = Cr, Mn and Fe).

3.2.2 2-3 Mn-spinels

2-3 Mn-spinels were investigated intensively such as MgMn,QOy4, ZnMnsO4 and CdMnsO4. Table
3.4 summarizes the basic magnetic properties of these three 2-3 Mn-spinels, which suggests that
these 3 Mn-spinels are spin-2 antiferromagnets with the strong antiferromagnetic interaction and
the magnetic frustration. AMn,O4 spinels have Jahn-Teller active Mn3* ion in the octahedral B
site, therefore all AMnyOy spinels have the tetragonal structure below the structural transition
temperature T as shown in Tab.3.4.

P. Ghigna et al [77] investigated the magnetism of Mg; _,Mng,Oy4 systematically by means
of SQUID magnetometry and pSR studies. According to the ref.[77], MgMn2O,4 shows the reen-
trance spin glass like behavior which is confirmed by the temperature dependence of magnetic
susceptibility, the field dependence of magnetization, the time dependence of magnetization af-
ter removing the magnetic field and the uSR results (the temperature dependence of relaxation
time and the width of internal field and so on). It is claimed that these complex magnetism in
MgMnsQ4 comes from the geometrical frustration on the B site in spinel forming the pyrochlore
lattice.

In ZnMnsOy, very often, temperature, synthesis process and chemical composition can re-
arrange the cations among the tetrahedral and octahedral sites forming either mixed or inverse
spinel. Therefore, the different authors report the different results of magnetic properties [80, 79].
In addition, the some different spin structures were suggested [81, 82, 83], therefore the intrinsic
microscopic magnetic property of ZnMnsQy is not revealed completely yet. In addition, recent
study on ZnMnyOy4 suggests that the different behavior from others [79].

CdMnz0Oy is a spin-2 frustrated antiferromagnet which has the tetragonal symmetry with
the space group I4;/amd. CdMnsO,4 shows the local symmetry recovery to Cubic symmetry
at the temperature of ~ 600 K without macroscopic structural transition, which can be simply
understood as the Jahn-Teller assisted phenomenon (no macroscopic structural transition was
detected by X-ray diffraction at 820 K) [78]. The origin of absence of macroscopic structural
transition is not revealed yet. The low temperature magnetism of CdMnsO4 can be regarded
as either ferrimagnetic or spin glass like state.

From above previous studies, the AMnsQy4 series compounds show the complex magnetism
at low temperature and the sensitivity for the chemical disorder, which is typical character for
the frustrated antiferromagnets.

Table 3.4: Basic magnetic properties of 2-3 Mn-spinels.

spin | Ow(K) | In(K) | f Ts(K) references
MgMn,Oy4 | 2 - 500 49 10.2 | 850 (C-T) [77, 84]
ZnMn,O; | 2 | -537 | 215 | 25.0 | 1050 (C-T) | (84, S0]
CdMn,O4 | 2 - 470 70 6.7 | 600 (C-T) [85, 86]

3.2.3 Synthesis

Powder samples of LisMn3SbOg (LMnSO) was prepared under high pressure (P = 2.5 GPa) by
following the reaction equation as given as

LlQO + Ml’l203 + {I?SbQOE, (38)
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Figure 3.29: (a) Crystal structure of AB20Oy4 spinel. (b) B sublattice of AB304 spinel. (c)
View of the B sublattice along the [111] direction and the black and gray lines are the network
between B sublattice corresponding to kagome and triangular lattices, respectively. (d) A
sublattice forming diamond network. (e) Crystal structure of spinel with all ions (A, B and O
ions) and the black line represents the pyrochlore lattice made of the B sublattice (left), the
undistorted and distorted local octahedral environments of B site.
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The =z is the degrees of freedom of the amount of SboO5. The pressure dependence was
investigated roughly, but the 2.5 GPa is bit better than the other pressures. Figure 3.30 shows
the time schedule for the high pressure experiments (a) and the picture of obtained powder (b).
The color of powder is black, when the resistance of the sample was measured by a tester it has
~ 10 M Q, which indicates that the sample is an insulator. (The pallet after high pressure
experiment is hard, which is enough to measure the resistance by a tester.) For stoichiometric
starting material (z = 1), the sample included relatively large amount of spinel impurity which
disturbs the magnetic measurement. I looked for the appropriate condition by increasing the
amount of ShyO5.

| (b)
r(C) T.. . (C)
0c - 3330 Om
1 i
' > t(h)

Figure 3.30: (a) Time schedule for the high pressure experiments for Li;Mn3SbOg. (b) Picture
of the obtained powder from the high pressure experiments.

Sample check was performed by XRD measurements. Figure 3.31 shows the XRD patterns
of each sample synthesized with several conditions. Within my experiments, when the starting
material includes 30% (x = 1.3), the spinel phase almost disappear. It was confirmed by the
intensity of the peak with 400 index of spinel phase. The sample #15 (x = 1.3) doesn’t have the
peak with 400 index of spinel phase. Figure 3.32 shows the XRD result of LMnSO #15 (above
red line) and the simulation of LMnSO with lattice constants a = 5.9691(4), ¢ = 9.7513(6)A.
The indexes for almost of all peaks can be assigned by these of simulation of LMnSO. Table 3.5
summarizes the ionic radius of Cr®*, Mn?* and Fe* [94]. According to the ionic radius, if the
Mn3t ions in LMnSO take the low spin state, the lattice constants tend to become smaller than
these of LCSO and LFSO. The lattice constants of LMnSO are larger than these of LCSO ( a
= 5.83286(1) Aand ¢ = 9.50445(1) A) and LFSO (a = 5.9512(2)(4) A, ¢ = 9.5379(3)A). This
indicates that the Mn3* ions take the high spin state in LMnSO.

Table 3.5: Tonic radius of Cr3+, Mn3+ and Fe3* [94].

coordination | spin state | radius
Cr 6 - 0.615

Mn 6 low spin 0.58
Mn 6 high spin | 0.645
Fe 6 low spin 0.55
Fe 6 high spin | 0.645

The LMnSO sample prepared by high pressure in this experiment should contain the similar
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structure of LCSO including the breathing kaogme lattice. There are some unknown peaks and
the peaks from LiSbOj which is non-magnetic impurity. The existence of LiSbOg induces the
Li defect of LMnSO sample. I tried to structure refinement by Rietveld analysis, but it was
not succeeded. The peak intensity ration is different largely from the LCSO structure. This
probably comes from the difference of the space group, atomic positions, preferred orientation
and stacking fault and so on. Because the high pressure synthesis takes out the high pressure
phase via a quench process, the sample can have a strain, domain and so on. Therefore, the
detail crystal structure and the occupancy of Li ions is not revealed yet. Generally, it is difficult
to obtain the perfect single phase sample by the high pressure synthesis. I guess this is the best
quality around this condition. Anyway, it is probably ture that the almost of sample #15 is
hexagonal LisMnzSbOg phase.

LizMn3 SbOg
Hye "
*
* * % o
Hk " "

* 1 from LiSbO; (non-magnetic impurities)

« : from spinel phase (index is 400) (magnetic impurities)

Figure 3.31: The XRD data of each synthesis condition for LioMn3SbOsg.
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Figure 3.32: The XRD data of sample No. 15 (LiO + 1.5 MnsO3 + 1.3 Sb2O5) for LioMn3SbOsg
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3.2.4 Magnetic measurements and heat capacity

Figure 3.33 shows the magnetic susceptibilities for zero field cooled (ZFC) and field cooled (FC)
processes and the inverse susceptibility in 0.1 T and its Curie-Weiss fit above 150 K. The result
of Curie-Weiss fit suggests that the effective moment peg = 4.74 and the Weiss temperature O
= -117.7 K. This effective moment indicates that the S = 2 with ¢ = 1.93, which indicative
of the high spin state of Mn3*. The large negative Weiss temperature indicates that the net
magnetic interaction among Mn3* is strong and antiferromagnetic in LMnSO. The magnetic
susceptibility deviates from the Curie-Weiss curve below 150 K and shows the increase around
60 K. This indicates that an existence of spontaneous magnetization moment in LMnSO. In
the lower temperature, there is the difference between the ZFC and FC processes. Figure 3.34
shows the magnetic susceptibilities of LMnSO at several fields below 70 K. The ZFC and FC
data are represented by the open circles and closed squares, respectively in the graph. The low
temperature magnetic susceptibilities are suppressed by magnetic field easily.

Figure 3.33: Magnetic susceptibilities for ZFC (blue open circle) and FC (red closed triangles)
processes (left axis), the inverse susceptibility (red open squares, right axis) and its Curie-Weiss
fit (green line, right axis) of Li;Mn3SbOg in magnetic field of 0.1 T.

Figure 3.35 shows the magnetization curve of LMnSO at several temperatures up to 7 T.
The magnetization at 1.8 K shows the clear hysteresis with the coercive field of ~ 0.2 T (red
circles). There is no hysteresis the data at 30 K (green circles). The room temperature data
doesn’t show ferromagnetic behavior (blue circles).

Figure 3.36 shows the temperature dependence of heat capacity of LioMn3SbQOg. The data
doesn’t show any clear peak indicative the phase transition.

Figure 3.37(a) shows the temperature dependence of heat capacity (red circles), its 3 Debye
model fitting result (blue line) and the extra C = C - 3 Debye fitting result (green line). Fig.
3.37(b) shows the temperature dependence of magnetic susceptibility (left axis), its temperature
dependence (right upper axis) and Cex (right lower axis). The heat capacity above 150 K was
fitted by 3 Debye model well as shown in Fig.3.37(a). The extra heat capacity Cox shows the
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Figure 3.34: The magnetic susceptibilities of LMnSO below 70 K in several fields. The open
circles and closed squares are the ZFC and FC data, respectively.

Figure 3.35: The magnetization curve of LMnSO at several temperatures in the range of fields
of -7to 7 T.
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Figure 3.36: The temperature dependence of heat capacity of LioMn3SbOsg.

peak structure in the same temperature range where the magnetic susceptibility increases. This
indicates that the Cqx can be regarded as the magnetic component.

I estimated the extra entropy by integrating the Cey/T as shown in Figure 3.38. The esti-
mated entropy corresponds to ~ 30 J K~! mol~! which is relatively close to the 3 x Rlnd = 34.56
JK~! mol~!. The 3 x RIn4 is the expected entropy for LMnSO including three Mn?* (spin-2).

3.2.5 Discussion

The detail crystal structure could not be determined because the Rietveld analysis was not
succeeded. However, all peaks can be assigned by the XRD simulation from the same structure
of LipCrzSbOg (LCSO). This means that the structure is similar to that of LCSO which is
B-site ordered double spinel compound. Therefore, it can be expected that LMnSO also has
breathing kagome lattice. In LMnSO, the net magnetic interaction is antiferromagnetic (fw
= -117.7 K). The deviation from Curie-Weiss curve below 150 K means that the development
of spin correlation. The sharp increase of magnetic susceptibility and the peak of Cyy indicate
that the establishment of long range order around 50 K. In addition, the estimated entropy is
relatively close to that expected for the magnetic entropy fo LMnSO. The field dependence of
magnetization suggests that the existence of a spontaneous magnetic moment at low tempera-
ture. The moment is not full moment expected from the Curie-Weiss analysis. The moment at
7 T is about 0.6 pp which is roughly corresponds to 1/7 of the saturation magnetization. These
results state that the ground state of LMnSO is a ferrimagnetic state. Although Mn37 ion is
Jahn-Teller active ions, there is not structural transition because the site symmetry of Mn3* is
significant low (.m.) for the quench of degeneracy of e, orbitals. The absolute value of Weiss
temperature is smaller than that of other 2-3 Mn-spinel compounds, which generally indicates
that the different local environment of Mn3*t. However, the detail local environments of Mn
ions are not clear, then the quantitative discussion of magnetic interactions is difficult at this
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Figure 3.37: (a) The temperature dependence of heat capacity C (red circles), its 3 Debye model
fitting (blue line) and the heat capacity subtracted by the 3 Debye fitting result (green line)
Cox of LisMn3SbOg. (b) The temperature dependence of magnetic susceptibility at 0.05 T (left
axis), its temperature differential (right upper axis) and the extra heat capacity Cex (right lower
axis).
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Figure 3.38: The temperature dependence of Cqy (left axis) and the entropy obtained by inte-
grating the Cey (right axis) of LisMnzSbOsg.

stage. Above discussions don’t have contradiction for the experimental result of the sample pre-
pared by the procedure introduced above. Absence of magnetic impurities is good for magnetic
measurement, but existence of LiSbOjz indicates that the defect of Lit ion in LMnSO. Spinel
compounds is often sensitive to the chemical disturbance such as ion defect and ion mixing and
so on. Therefore, it is needed to investigate the chemical properties more carefully in order to
reveal the intrinsic magnetic property of LMnSO.

3.3 spin-5/2 system : Li;Fe3SbOg

3.3.1 2-3 Fe-spinels

2-3 Fe-spinels AFes04 (A = Zn and Cd) are also 3D geometrical frustrated systems due to the
edge-shared tetrahedra of B-sites corresponding to pyrochlore lattice. Table 3.6 summarizes the
basic magnetic data for ZnFesO4 and CdFe;0y4 [97, 98]. Figure 3.39 shows the temperature de-
pendence of magnetic susceptibility of ZnFe;Oy4 (a), the neutron diffraction intensity of ZnFe,Oy4
(b), the magnetic susceptibilities of ZnFe;O4 and CdFes04 (c), the elastic neutron diffraction
intensity of CdFesO4 at @ = (3/4, 3/4, 2) (d), the inelastic neutron scattering intensity of
CdFep04 at Q = (3/4, 3/4, 2) (e), and the counter map of neutron scattering of CdFe;O4 at
1.8 (f) and 270 (g) K. At first, the important different point from 2-3 Mn-spinels is that The
Fe3t is not Jahn-Teller active because it has 3d® (tg’g7 eé) electronic configuration. Therefore,
both Zn- and CdFe;O4 don’t show symmetry lowering to tetragonal phase at any temperature.

ZnFe;04 has the positive Weiss temperature of 6w = 120 K which suggests that the domi-
nant interaction among Fe3* ions is ferromagnetic as shown in Fig.3.39 (a). Pyrochlore lattice
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ferromagnets can be a frustrated system when the easy-axis anisotropy as seen in AsLnoO7
systems (Ln = rare earth elements). However, Fe3* is usually Heisenberg spin due to the
3d® electronic configuration which doesn’t have the orbital moment in the ground state. In
the case of ZnFe;Oy4, the magnetic frustration occurs between the antiferromagnetically cou-
pled third nearest neighbor spins [97]. K. Kamazawa et al revealed that ZnFe;O4 shows not
long-range order but the short-range spin correlation and the spin fluctuation at low temper-
ature by the neutron experiments on the high-quality single crystal of ZnFe,O4 [97] without
the drastic change at T = 13 K as shown in Fig.3.39 (b). The reason for that the occur-
rence of magnetic frustration even though the nearest neighbor interaction is ferromagnetic, is
that the nearest neighbor interaction has temperature dependence, and then it becomes small
and the third nearest neighbor interaction becomes dominant interaction at low temperature
[97]. In addition, K. Kamazawa et al claimed that the temperature dependence of nearest
neighbor interaction comes from the temperature modulation of local Fe3T-O-Fe3* environment
[97]. Therefore, although the nearest neighbor interaction is ferromagnetic, it is concluded that
ZnFe;Qy is three-dimensional geometrical frustrated system.

CdFe5 04 has antiferromagnetic interaction which is suggested by the negative Weiss tem-
perature of Oy = —53 K (Fig.3.39 (c)). This result states that the ~ 90° Fe3"-O-Fe3" exchange
interaction is located around boundary between the ferro- and antiferromagnetic and sensitive
for the chemical pressure. CdFe;O4 shows not a long range order down to 0.1 K but the strong
diffuse scattering at (3/4,3/4,2) without drastic increase at Tx [98] (Fig.3.39 (d)). The diffuse
scattering pattern on the (1-10) scattering at 1.8 K shown in Fig.3.39 (f) very similar to that of
ZnFe;04, which suggests that it can be explained by the same manner as in the case of ZnFe;Oy,
i.e., the local zero energy modes stemming from the space-filing collinear AF hexagons.

Table 3.6: Basic magnetic properties of 2-3 Fe-spinels.

spin | Ow(K) | In(K) | f | Ts(K) | references
ZnFe;04 | 5/2 | + 120 13 9.2 - [97]
CdFey04 | 5/2 - 53 13 4.1 - [98]

3.3.2 Synthesis

Powder samples of LisFe3SbOg (LFSO) was prepared under high pressure (P = 2.5 and 4.0
GPa) by following the reaction equation given as

LisO 4 Fea O3 + £SbyO5 (39)

The x is the degrees of freedom of amount of SboO5. Figure 3.40 shows the time schedule
for the high pressure experiments (a) and the picture of obtained powder (b). The resistance
of the sample was measured by a tester, but it has ~ 10! M Q which indicates that the sample
is an insulator. As same as the case of LMnSO, when the starting material is stoichiometric (z
= 1), the obtained powder contains an impurity having the spinel structure which is magnetic
impurity. I tried to find the good condition by changing the amount of SboO5. Figure 3.41
shows XRD results of each conditions of the preparation of LFSO. The peak height of spinel
becomes small with increasing the excess SboOs and it is almost vanishes at = 1.35 (sample
# 13). Figure 3.42 shows the XRD result of LFSO #13 (above red line) and the simulation of
LFSO with lattice constants a = 5.9512(2)(4) A, ¢ = 9.5379(3)Aand the space group P63mec.
The XRD data in Fig. 3.42 has LFSO, LiSbOgs, small spinel and unknown peaks. The peaks
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Figure 3.39: Temperature dependence of magnetic susceptibility (a) and intensity of neutron
diffraction (b) of ZnFe;O4. Temperature dependences of magnetic susceptibilities of ZnFe,Oy4
and CdFepOy4 (c). Temperature dependences of neutron diffraction intensity of CdFe;Oy4 (d),(e).
Counter maps of CdFe2O4 at 1.8 (f) and 270 (g) K.
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coming from LFSO in Fig. 3.42 can be assigned by the simulation pattern for LFSO, spinel
peak is very small, and LiSbOg is non-magnetic compound. Therefore, the almost of obtained
powder is LFSO and the bulk measurement on the obtained sample provides us the magnetic
properties of LFSO.

(a) (b)
7(°C) T (°C)
30 m
] :CW/"/' 33.3°C/m Om
Nm

> ¢ (h)

Figure 3.40: (a) Time schedule for the high pressure experiments for LisFe3SbOg. (b) Picture
of the obtained powder from the high pressure experiments.

3.3.3 Magnetic measurements and heat capacity

Figure 3.43 shows the magnetic susceptibility and the inverse susceptibility of LioFe3SbOg. The
green solid line is the Curie-Weiss fit at the temperature range of 250 - 300 K. The fitting
result indicates that the Curie constant C' = 1.95 and the Weiss temperature 8w = 69.8 K. The
theoretical value of Curie constant for the spin-5/2 with g = 2 is 4.375 (the theoretical linear
curve is shown as the broken black line). Actually, the slope of 1/x decreases with increasing
temperature. In this case, the magnetic interaction should be strong antiferromagnetic. At
the low temperature, the relatively sharp maximum appears around 50 K and the divergence
between the ZFC and FC data appears below 20 K.

Figure 3.44 shows the low temperature magnetic susceptibilities in several magnetic fields.
The open circles and open triangles are the ZFC and FC data, respectively. The FC data of
the magnetic field of 0.1 T shows the constant at the lowest temperature. The temperature of
the onset for the difference between the ZFC and FC data is suppressed by the magnetic field
easily.

Figure 3.45 (a) and (b) show the field dependence of magnetization of LFSO at several
temperatures. The results suggest that the existence of spontaneous magnetic moment at low
temperature.

Figure 3.46 shows the temperature dependence of heat capacity of LioFe3SbOg. The data
doesn’t show any distinct peak indicative the phase transition.

3.3.4 Discussion

Although the detail structural analysis could not be succeeded, the crystal structure should be
similar to that of LCSO with breathing kagome lattice. The interaction from the Curie-Weiss
fit (fw = 69.8 K) is positive which suggests that the magnetic interaction is ferromagnetic.
However, the Curie constant estimated by the Curie-Weiss fit (C' = 1.95) significantly smaller
than the expected value for spin-5/2 (C = 4.375). Therefore, the any reason for this must exist
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« : from spinel phase (index is 400) (magnetic impurities)

Figure 3.41: The XRD results of each synthesis condition for LisFe3SbOsg.
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Figure 3.42: (a) (b) The XRD data of Li;Fe3SbOg No. 13.
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Figure 3.43: Magnetic susceptibility and inverse susceptibility of LisFe3SbOs.

01T

1T

5T

Figure 3.44: Low temperature magnetic susceptibilities in several magnetic fields of LisFezSbOsg.
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(a)

(b)

Figure 3.45: The field dependence of magnetization at several temperatures of LisFezSbOg.
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Figure 3.46: The temperature dependence of heat capacity of LisFezSbOsg.

such as the very strong interaction, ion defect and ion mixing and so on. The field dependence of
magnetization indicates that the spontaneous magnetic moment, but there is almost no coercive
field. This is bit strange behavior, but the origin of this can not be revealed here. In addition,
the absolute value of magnetization depends on the cooling process, therefore there is difference
between the magnetization value in Fig.3.45(a) and (b).
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Chapter 4

Conclusion

I give the conclusion from my studies about breathing kagome lattice antiferromagnts (BKLAFMs).
I succeeded synthesizing three new model materials for breathing kagome lattice compounds
LisCrsSbhOg (LCSO, spin-3/2), LiaMn3SbOg (LMnSO, spin-2) and LisFe3SbOg (LFSO).

The experimental result of LCSO revealed that LCSO is good model material for spin-3/2
BKLAFM with the strong magnetic frustration (f ~ 112). The ground state of LCSO is the
V3 x /3-type 120° structure with the spin fluctuation below 7% = 4.3 K. In magnetic field,
LCSO shows the 1/9 plateau and 1/3 plateau. In particular, the 1/9 plateau is expected to be
one of the spin liquid state which is realized on BKL with small quantum fluctuation of spin-3/2.
Therefore, the 1/9 plateau state is the novel magnetism realized on BKLAFM. The 1/3 plateau
is purely classical state called uud state. These plateaus are the first experimental realizations
of clear plateau in kagome based compound.

The experimental results of LMnSO revealed that LMnSO is spin-2 BKLAFM with the
spontaneous magnetic moment below ~ 50 K. The temperature dependence of magnetic sus-
ceptibility and the analysis of heat capacity suggest that the ground state of LMnSO is the
ferrimagnetic state with conventional magnetic order.

The experimental results of LESO revealed that the ground state has the spontaneous mag-
netic moment. However, the analysis of magnetic susceptibility doesn’t correspond to theoretical
value expected for spin-5/2 case. Therefore, detail chemical study and quantitative analysis are
needed to reveal the physical property of LFSO.

LMnSO and LFSO show the spontaneous magnetic moment at low temperature, therefore
these are not simple frustrated system. However, even in the breathing kagome lattice ferro-
magnet, interesting physical phenomena such as non-reciprocal magnon excitation and so on
are expected to appear. Therefore, it is expected that these are good playgrounds for study of
physical phenomena realized on breathing kagome lattice.
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Chapter 6

Appendix

6.1 more detail synthesis condition for preparing of Li,Cr3SbQOg

In main part of LCSO, the rough synthesis condition was introduced. Here, I will give the more
detail synthesis condition. The inner diameter, outer diameter and length of quartz silica tube
are 10.6 mm, 12.8 mm and 150 mm, respectively. The inner diameter, outer diameter and length
of Ag tube are 7.0 mm, 7.8 mm and 70 - 80 mm, respectively. The best amount of starting
material is 2.5 g of stoichiometric mixture of LioOs + CroO3 + SbyO3 and excess 0.5 g of SbyoO3
encapsulated in Ag tube. The degree of vacuum is ~ 10° Pa order vacuumed by oil rotary pump.
The grinding was performed well (~ 20 min) by mortar and pestle made of agate in grove box.
The shape of the bottom of quartz silica tube is also important, it should be sharp. If the
bottom is flat, the contact area between Ag tube and quartz silica tube becomes large, which
often leads to the break of bottom of Ag tube. In this case, the excess SboOg3 tend to evaporate
early, and it could not have the enough time to react with the starting material. As a result, the
obtained powder contain the LiCrOs which is the Li-Cr-oxide without Sb. Therefore, the shape
of bottom of quartz silica tube should be sharp. The temperature schedule is also significantly
important. The time schedule used in experiment was introduced in main part (synthesis of
LCSO section). The temperature raising and cooling rates should be relatively fast. When
these are slow, other impurities could appear. I think that it is difficult to synthesize the single
phase of LCSO. When the condition satisfies above rules, the possibility of the succeed is ~ 80
%. Finally, it needs the check by the careful XRD experiment.

6.2 more detail parameters for the Rietveld analysis of
powder neutron diffraction of Li;Cr3SbOg

In the main part of LCSO, the basic parameters such as lattice constants, space group and
atomic positions and so on only. Here, I introduce the more detail parameters for the Rietveld
analysis of LCSO. The fitting function was the TOF profile function Om function included in
the Z-Rietveld software. The background was estimated by the Legendre polynomial function.
The sample density and the crystallite size were refined and these were defined as 4.9(1) g cm ™3
and 2.0(1) pm, respectively.
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6.3 detail explanation of the calculation

I investigated the effect of breathing anisotropy on the magnetization process by the exact diag-
onalization (ED), classical and perturbative methods calculation with C. Hotta (the University
of Tokyo). The starting Hamiltonian is

N
H=> J;S-8;—h> S (6.1)
i, i=1
Spin-3/2 has the 4 states, so that the full ED calculation could not be available for large N.
Therefore, we consider the classical ground state. The classical Hamiltonian of four state Potts
model as expressed below

N
Hy =Y JySiSi—hY_S: (6.2)
] Jj=1

where the four levels per each spins are considered , S} = -3/2, -1/2, 1/2 and 3/2. We
evaluated the exact energy of the relatively small cluster.

When all the triangles consist of a red bullet (5% = 3/2), a blue bullet (S* = —3/2), and a
red star (S* = 1/2), the classical energy expressed as eq.6.2 is given as

2+ BN (6.3)

It is described by the loop model: one can connect the red bullet and the red star and form
a closed loop of length 7,0, = 6 + 4 x (integer). The total number of bonds that contribute to
the loop is 2N /3. The degeneracy of these loop configurations is the same as the fully packed
loop model, which is the 3-edge-colouring problem on a honeycomb lattice. 1/3 plateau is purely
classical state called uud state in this calculation as shown in Figure 6.1.

Ecl =

1/3 state 8 415
x 172
X -1/2
® -3/2

purely classical state uud/triangle
(SR‘S}“+S"'S;") =0 (exactly) for all pairs of spins

Figure 6.1: Spin state of 1/3 plateau

About 1/9 plateau, the energy gain of quantum fluctuation is considered. Operating the
eq.6.1, the exchange between S* = 3/2 and S* = 1/2. The classical energy increases by dE. =
J(1/2)2 + J(3/2)* — (2J)(1/2) x (3/2) = J or J’ ((1) and (2) cases in Fig.6.2), depending on
the choice of pairs.
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Figure 6.2: Image of the perturbation process on S* = 3/2 and 1/2 bond.

There are ,100pChioop/2 different configuration of spins forming the loop, and the eigen state of
the Hesenberg Hamiltonian is formed by mixing them. If the exchange energy gain overwhelms
the classical energy loss of mixing the higher energy configurations, the quantum state will
replace the classical lowest energy state. The shape of the loop does not change by this exchange.
There are always two blue bullets in the neighboring sites for the spins belonging to this loop,
and they are not allowed to exchange with the spins forming a loop. The classical interaction
energy of spins forming a loop with those outside remains always the same during this exchange.
Therefore, one can independently evaluate the quantum energy gain of each loop. By performing
ED to the nj40p-chain with half sites occupied by red bullet and half by red star, and evaluating
Eq.6.1 and subtracting e = 3ny00p(J1 + J2)/8, the quantum energy gain, e;(nioop) is obtained.
Figure 6.3 shows the quantum energy gain per bond , e4(no0p/Mioop), @s functions of Jo/J; for
Nyoop = 6, 10,14, 18, 22.

-0.18 - ' v .
-0.19 14 =R
-020 f A b
€% Moy | 7 £ iy *_
-022 [ ' g
-0.23 i

-0.24 -

- 0.25 1 1 1 1
0 10.2 0.4 0.6 08 1.0

Jz/J] = 1/6 Jz/Jl

Figure 6.3: Quantum energy gain per bond, e,/no0p, as a function of Jy/Jy.

At Ji = Ja, the njo0p = 6 case gains the energy the most; the M/M; = 1/9 of the uniform
spin-3/2 kagome lattice is the plaquette long range range ordered phase (Actually, this state
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is not stable.). For larger breathing anisotropy, the difference of energy gain per bond for
different loop length is suppressed. Particularly, at Jo/J; = 1/6 the energy difference is as small
as €l°°P(6)/6 — ek°P(10)/10 ~ 7 x (1075), and €l°°P(10)/10 — el*°P(14)/14 ~ O(1077). This
indicates that there is a quasi degeneracy in the configuration of loops. Although, to be precise,
the ground state selects the plaquette order, this quasi degeneracy remains relevant down to
the temperature of kT ~ O(107°J). From above discussions, the 1/9 plateau state can be
described as the superposition of the each triangles consist of S* = 3/2, 1/2, and -3/2 as shown
in Figure 6.4.

1/9 state

plaquettes

g g : stripes
» B » .
Ground state is an qual weight superposition of 12 states ~ 5
+ its resonating analogues. .
P
9 »
/ o

~ resonating analogue of stripe-1

Figure 6.4: Some images of snap shots of 1/9 plateau state.

Next, I will discuss the boundary of 1/9 plateau. In the lower field boundary, it has not
been revealed yet. In the higher field boundary, it is evaluated by considering the energy loss
with creating the one magnon. There are 2 ways for creating the one magnon, (1) replacing a
red star (5% = 1/2) with a red bullet (S* = 3/2), and (2) replacing a blue bullet (5% = —3/2)
with a blue star (S* = —1/2). The classical energy loss is J; + Jo and 2(J; + Js) for (1) and (2)
cases, respectively. The excitation energy de; 911 is evaluated as the energy difference between
the loops with (1/2,3/2) = (Nioop/2; Nioop/2) and (Nioop/2 — 1, Mioop/2 + 1). Figure 6.5 shows
dey /941 as a function of Jy/J; for several loops. When .J5/.J; > 0.42, the energy gap is absent,
i.e. there is no 1/9 plateau.

I give the discussion of the lower instability of 1/3 plateau. It is considered by evaluating
the quantum energy gain of putting one down-spin magnon into a loop, namely (1/2, 3/2) =
(0, nioop — 1). This is a kinetic energy of a free fermion with alternating hopping ¢ = J;/2 and
Ja/2. The lower branch of magnon band dispersion is given as,

Jy + J3)? J1 — Ja)?
e(k) = —\/(1—’—42)c052k + %sinzk‘ (6.4)
and k = 27 /N x integer. In doping one S* = —1 magnon per loop, the kinetic energy gain

is —(J1 + J2) (since for PBC we have k = 0 level for all n;,0,), and there is no potential energy
loss. There are many different choices of loop configurations: the maximum number is N/9
when all loops are my,,, = 6 hexagons. Suppose that we have n-different loops (n < N/9),
whose energy is E(n) = Eq — (J1 + J2)n— (IN/2 — n)h. Therefore, there occurs a magnetization
jump at h = J; +Js just below the 1/3 plateau, and the magnetization decreases as M = N/2 —
N/2 - N/9=T7N/18.
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Figure 6.5: One magnon excitation energy from a nop

state.

Figure 6.6: The phase diagram (a) and the magnetization curve (b) of the model.
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6.4 single crystal of Li;Cr3SbOg

Figure 6.7 shows the SEM image of micro-crystal of LisCrzSbOg obtained by LiCl flux method.
The SEM-EDS composition analysis suggests that the ratio of Cr:Sb = 2.44:1, which is almost
consistent with the expected ratio for LioCrzSbOs.

Figure 6.7: The SEM image of micro-crystal of Li;Cr3SbOg obtained by LiCl flux method.
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