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Abstract 

The quantum Kagome magnets have been intensively investigated for studying the 

exotic states, including quantum spin liquid (QSL), superconductivity, topological 

phases, etc.. Our research has focused on different Kagome magnets and scoped in in-

plane ferromagnetism, ‘q=0’ type antiferromagnetism, and absence of magnetic order. 

In α-Cu3Mg(OH)6Br2, we have observed Bose–Einstein condensation of magnons with 

applied magnetic field along the c axis, and found that the out-of-plane Dzyaloshinskii 

Moriya (DM) interaction plays a centraler role in controlling the U(1) symmetry. 

YCu3(OH)6Cl3 displays performs ‘q=0’ type antiferromagnetic order, whilewith 

substituting Y by lanthanides Ln3+ (Ln = Nd-Dy), the Ln3+ has dominatesd the low 

temperature magnetic behaviors but shows little impact on the magnetic order of 

Kagome lattice of Cu2+. For Y3Cu9(OH)19Cl8 and related analogous compounds, we 

have observed two magnetic orders: oOne is at in approximately near 2 K, and another 

magnetic order is withinaround 25-30 K. For Zn-barlowite, when Zn content x is larger 

than 0.6, the ferromagnetic order can be totally suppressed, and Zn0.8Cu3.2(OH)6FBr 

becomes is a new QSL candidate. In the controlledmparative Raman experiments, we 

observed magnetic excitations of spinon-pairs and magnons in the QSL candidate 

Zn0.8Cu3.2(OH)6FBr and antiferromagnetically-ordered compounds EuCu3(OH)6Cl3, 

respectively. For Zn0.8Cu3.2(OH)6FBr, we have monitoredobtained low-temperature 

profile of Raman spectra of for one-pair spinons.    
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Chapter 1 Introduction  

Quantum spin liquid (QSL) is an exotic state in condensed matter which has been 

searched for near a half-century. QSL exhibits no symmetry-breaking and long-

range entanglement, featuring es unique properties like no phase transition and 

non-local excitations, and always connects with the current hot area like high-

temperature superconductivityies, fractional quantum Hall effect, and quantum 

computation [1–5].  

1.1 Frustrated magnetism 

The magnetic properties in matters usually origin from spin of electrons, orbital 

angular momentum as well as nuclear moment and can be classified into 

paramagnetism (PM), ferromagnetism (FM), and antiferromagnetism (AFM).  

As shown in Figure1.1, the spins in PM arrange randomly with disordered state, 

whereasile both FM and AFM are ordered states, with spins parallel or antiparallel 

to the neighboring spins.  

 

 

Figure1.1 Examples of magnetism. (a) is PM, (b) is FM and (c) is AFM. 

(d) illustration of geometrical frustration in triangular lattice. 
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When the Ising-model spins (where the spins can only spin up and down) is 

implanted to AFM magnets with triangular lattice (Fig.1 (d)), frustration happens 

because it is impossible to satisfy the antiparallel condition in such kind of 

lattice [6]. Namely, two-fold degeneracy exists in such kind of triangular lattice 

with equal ground state. Usually, the geometrical frustration would suppress the 

magnetic order down to lower temperatures, compared to the unfrustrated 

magnets, as shown in Figure 1.2.  

 

For frustrated magnets, the defined frustration index f has been proposed to 

describe how systems would be frustrated and it is calculated by 𝑓 =  
|𝜃𝑐𝑤|

𝑇𝑁
 

(where TN is the critical temperature at which the magnetic system possesses the 

long-range order, and 𝜃𝑐𝑤 is the Curie-Weiss temperature, which can be deduced 

from the temperature behavior of the inverse magnetic susceptibility to the Curie-

Weiss law 𝜒 =
𝐶

𝑇−𝜃𝐶𝑊
 or 𝜒−1 ∼ T − 𝜃𝑐𝑤). Typically, the critical temperature TN 

is much lower than |𝜃𝐶𝑊| for the frustrated systems and the f ＞ 1 [7]. 

As mentioned above, geometrical frustration brings about the degeneracy to the 

ground state, with extensive entropy left behind the low temperature regimeange. 

Figure 1.2 Comparison of magnets with frustration and without 

frustration. 
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Geometrical frustration is possible to appear on special structures (Figure1.3) 

and has attracted much attention for searching for new quantum phase, including 

spin ice, valence bonds solids, nematic phase, and QSLs [2,6,8,9]. Table 1.1 has 

been summarized some interesting magnets which hosts the specular lattice. 

 

 

The transitional metal elements with effective magnetic moment S = 1/2 like Co2+, 

Cu2+ or Jeff = 1/2 like Ru3+ and Ir4+ have been intensive studied. Most of the 

studies cases show strong antiferromagnetic interactions, within the strongly-

frustrated region. Among them, Herbertmithite has been a the famous QSL 

candidate with Kagome lattice of Cu2+ in the past 15 years. 

Beyond above materials, κ-(BEDT-TTF)2Cu2(CN)3 (κ-ET) [29,30] with triangular 

spin dimmers and Na4Ir3O8 
[31] with hyper-Kagome lattice have been investigated 

intensively as potential QSL candidates. 

 

Figure 1.3 Frustration on particular lattices. (a) Triangular lattice, (b) 

Kagome lattice (c) honeycomb lattice and (d) pyrochlore lattice. 
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Table1 Magnets with particular lattices. 

Ccompound Lattice TN (K) θcw (K) Ground State 

Ba3CoSb2O9
 [10,11] Triangle 3.8 −51 

Heisenberg AFM 

with 1/3-plateau 

Ba3CuSb2O9 [12] Triangle - −55 possible QSL 

Na2BaCo(PO4) [13] Triangle 0.15 −2.5 
Heisenberg AFM 

with 1/3-plateau 

α-RuCl3 [14–16] Honeycomb 8~14  θab= 39.6  zig-zag 

α-LiIrO3
 [17–19] Honeycomb 15 θc = -250 spiral 

H3LiIr2O6 [20] Honeycomb - −105 possible QSL 

BaCo2(AsO4)2 [21,22] Honeycomb 5.4 θab= 33.8 
weakly correlated 

FM chains 

YCu3(OH)6Cl3
 [23] Kagome 15 −100 AFM 

Herbertsmithite [24] Kagome - −300 possible QSL 

Cu4(OH)6FBr [25] Kagome 15 −136 FM 

Cu3Zn(OH)6FBr [26] Kagome - −200 possible QSL 

Dy2Ti2O7 [27] Pyrochlore - 0.5 spin ice 

Ho2Ti2O7 [28] Pyrochlore - 1.9 spin ice 

1.2 Quantum spin liquid 

Since P.W. Anderson gave the birth of QSLs by proposing a resonating valence 

bond (RVB) model on triangular lattice, the theories of QSL have gone through 

much development for the connotation. 
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1.2.1 Resonating valence bond theory  

The antiferromagnetic spins are able to form spin-zero singlets (valence bonds or 

called for spin dimers) whose the wave function is depicted as  

|Ψ⟩ = ∑(𝑎(𝑖1𝑗1⋯𝑖𝑛𝑗𝑛))|(𝑖1𝑗1)⋯ 𝑖𝑛𝑗𝑛⟩                                

Where (i,j)= 
1

√2
(|↑𝑖↓𝑗⟩ − |↓𝑗↑𝑖⟩) (↑ and ↓ represent the up and down spins), as 

shown in Figure 1.4. As shown in Figure 1.4 (a), the uniformed dimmer-

configuration is also called valence bond solids (VBS) and is merely the 

superposition of direct-product states of spin dimers. VBS lacks quantum 

entanglemententanglement, and the translational symmetry of lattice has been 

broken. In contrast, entangled states exist in resonating valence bond states (RVB), 

as shown in Figure 1.4 (a). The bonds in RVB could be formed by neighboring 

spins with short range entanglement or entanglementd between two spins in long 

distance, with strong fluctuation shuffling the spin dimers [1,2].   

 

 

When ‘slave-particle representation’ is mapped to the Heisenberg model 

Figure 1.4 Resonating valence bond model on triangular lattice. (a) VBS 

state, (b) RVB state with short-range and long-range entanglement. 
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𝐻 = 𝐽∑ 𝑆𝑖𝑆𝑗𝑖𝑗 , gauge symmetry has been also introduced, and the QSL is then 

described as deconfined gauge field couple with fractionalized excitations: 

spinons.  

1.2.2 Experimental identification for QSL 

Up to now, no single measurement is sufficient to identify whether a magnet 

belongs to QSL. Instead, comprehensive measurements are required to diagnose 

the ‘true’ QSL candidate, which features no symmetry-breaking and long-range 

entanglement. The term of ‘no symmetry-breaking’ has exclude any phase 

transition including structural phase transition, magnetic order, and lattice 

symmetry breaking. The magnetization measurement can basically distinguish 

QSL candidates from ordered magnets or spin-glass, and predominant 

interactions in the magnets can be estimated by applying Curie-Weiss law to the 

temperature-dependent magnetic susceptibilities. The specific heat reveals the 

heat contribution from electrons, magnetic excitations, and phonons and would 

display anomaly relateding to phase transitions. Neutron scattering is a powerful 

tool for research of quantum magnets, both elastic neutron scattering and inelastic 

neutron scattering. The elastic neutron scattering not only detects the structural 

transition, but also serves as the most convenient (perhaps the unique) tool for the 

determination of magnetic structures. Inelastic neutron scattering can be used to 

study the low energy quasi-particle excitations like magnons and spinons, with 

spin waves and fractionalized excitations, respectively. Similar to neutron 
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scattering, the Raman spectroscopy can also provide information of lattice 

vibrations and magnetic excitations, especially, more sensitive to the subtle 

structural distortion which is not obvious in elastic neutron scattering or specific 

heat measurements. Since the magnetic impurities or defects usually mask the 

intrinsic nature in quantum magnets, electron spin resonance (ESR), and nuclear 

magnetic resonance (NMR), and muon spin relaxation (µSR) measurements are 

useful techniques for probing the local magnetism and uncovering the intrinsic 

magnetic behavior. In addition, exchange anisotropic term in the Hamiltonian, 

e.g., (for example Dzyaloshinskii Moriya (DM) interaction,) can be evaluated 

from ESR spectra, and existence of spin gap can be deduced from NMR. 

Moreover, thermal conductivity can detect the nonlocalized spin excitations and 

determine whether spin gap exists or not. In fact, the advanced measuringement 

techniques have been developed and widely used for the quantum magnets, 

especially promoting a deep understanding of QSL.   

1.3 Previous studiesy on ‘frustrated magnets’ 

In this section, previous experimental study on ‘frustrated magnets’ including 

spin liquid candidates is summarized gone through briefly, including some 

remarkable achievement, as well as the remaining puzzles left behind.  
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1.3.1 Spin ice model 

 

 

The spin ice model is the classical example of illustration for geometrical 

frustration. Spin ice model was proposed on the pyrochlore lattice which consists 

of corner-sharing tetrahedra, and each tetrahedron contains four Ising spins in the 

form of “two-in, two-out” Ising spins [8] (Figure 1.5(a)), analogous to water ice 

model which hasve six degenerated states and results into residual entropy of 

~1/2R ln(3/2) (R is the gas constant), which is in accordance with theoretical 

prediction and has been previously reported in Dy2Ti2O7 
[27]. Some interesting 

proposal such as like quasiparticle monopoles and magnon Hall effect has been 

proposed and verified on the frustrated pyrochlore magnets, which further 

inspires both the theoretical and experimental research works. The “all-in/all-out” 

(Figure 1.5(b)) spin construction in pyrochlore lattice is usually absent of 

frustration and belongs to Weyl semimetal accomplished by metal-insulator 

phase transition (Cd2Os2O7 
[32,33] and R2Ir2O7 (R = rare earth elements)) [34–36].  

Figure 1.5 (a) “two-in, two-out” configuration in pyrochlore lattice. The 

in and out spins are marked by red and green arrows, respectively. (b) 

“all out” spins in pyrochlore lattice. 
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1.3.2 Triangular lattice 

Since the geometrical frustration and RVB model are first illustrated on triangular 

lattice, the magnets with triangular lattice have been served as popular platform 

for searching QSL and received intensivee study theoretically and experimentally 

studies. 

Ba3CuSb2O9 was initially reported to consisting with triangular lattice of Cu2+ [12]. 

However, electric-dipole interactions between Sb5+-Cu2+ causes Cu-Sb 

dumbbells and forms decorated honeycomb lattice. Actually, Ba3CuSb2O9 is 

described as spin-orbital liquids, where Cu2+ in frustrated lattice and [CuO6] 

octahedra accompanied by Jahn-Teller distortion gives rise to orbital 
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degeneracies [37,38]. Even if no magnetic orders are detected down to 0.2 K in the 

specific heat measurement [12], combined with no spin freezing being probed for 

the local magnetic moment by µSR at the low temperature of 20 mK, while NMR 

experiment suggests the ground state would be for to be a random singlet state 

(correlated around 50 K) [39] , and the thermal Hall effect further reveals the 

absence of gapless excitation in Ba3CuSb2O9 
[40]. 

Free from disorder on magnetic lattice, YbMgGaO4 with perfect triangular lattice 

of Yb3+ ions has been depicted as an into U(1) QSL candidate, suffered by 

disorder between Mg and Ga [41]. The specific heat and magnetic susceptibilities 

have shown the absence of magnetic order down to 60 mK [41], and the persistent 

dynamic spin has been confirmed at 48 mK by µSR [42]. The diffusive spectra on 

inelastic neutron scattering experiments by two independent research groups has 

been represented as evidence for existence of fractionalized spinons [43,44]. 

However, lacking the contribution of magnetic thermal conductivity brings 

controversy to the scenario of U(1) QSL for YbMgGaO4 
[45]. Other Yb based 

triangular lattice magnets like AYbM2 (A = alkali metal elements, and M = O, S, 

Se) also host possibly host the ground state of QSL and have been widely 

studied [46–50]. 

Na2BaCo(PO4)2 is a recently discovered QSL candidate and consists of triangular 

Figure 1.6 Examples of QSL candidates with triangular lattice.  

(a) Ba3CuSb2O9, (b) YbMgGaO4 and (c) Na2BaCo(PO4)2  
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lattice of Co2+, with θw ~ -30 K [51]. It was firstly reported that  no magnetic order 

was being observed with on specific heat and elastic neutron scattering down to 

0.3 K [51], followeding by the absence of spin freezing on µSR at 80 mK [52]. Since 

Co2+ possibly goes through transition from S = 3/2 from a high temperature 

(above 150 K) to S = 1/2 at a low temperature (around 20 K), the intrinsic 

antiferromagnetic interactions of Na2BaCo(PO4)2 with spin-1/2 estimated by 

Curie-Weiss law comes to -2.5 K [13]. The antiferromagnetic order is observed at 

around TN = 148 mK in the specific heat[13], with unusual excitations in the 

thermal conductivity above TN. Interestingly, Na2BaCo(PO4)2 exhibits the 1/3-

plateau at the field-dependent magnetization, which can be related to up-up-down 

phase [13]. Despite of manyuch controversiesy onf magnetic order among different 

research groups, Na2BaCo(PO4)2 shows interesting quantum magnetic phase and 

still attractesd much attention.  

1.3.3 Kitave model 

Since Kitaev proposed spins S = 1/2 model with competing Ising interactions on 

honeycomb lattice, as shown in Figure 1.7, and Kitaev gaveives an exact solution 

on this model which can realizes QSL with Majorana fermions and Z2 gauge 

fluxes [19,53].  
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The Hamiltonian of pure Kitaev model can be written as[19] 

 HK=  ∑ Kγγ ∑ Si
γ
Sj

γ
〈ij〉                                             (1) 

K is called Kitaev constant, and γ is the inequivalent bond and denoted as x, y 

and z. It is more realistic to achieve the Ising anisotropy in magnetic ions with 

effective angular moment jeff = 1/2 by spin-orbital coupling, rather than in pure S 

= 1/2 systems. Here are some examples of jeff  = 1/2 in d electrons.  

 

Figure 1.7 Kitaev model on honeycomb lattice. The nearest-neighboring 

bonds are inequivalent and marked into red, green and blue.  
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The degenerated orbitals of d-electron ions in octahedral ligand usually split into 

eg and t2g, and the t2g possesses the lowest energy. For dn (n ≥ 5), as shown in 

Figure 1.7, ions possibly behave high-spin and low-spin states. Both the 3d7 in 

high-spin state and 4d5 in low-spin state can realize the ground state of jeff = 1/2 

through the spin-orbital coupling, for example, Co2+, Ru3+ and Ir4+, and much 

efforts for exploring ation of for Kitave-QSL has been put forward to these ions 

in honeycomb lattice [54]. 

In real materials, the nearest-neighboring Heisenberg interactions should be 

taken into accountunder consideration, and the Hamiltonian of Heisenberg-

Kitaev is[53]: 

HHK= J∑ SiSj〈ij〉 +∑ Kγγ ∑ Si
γ
Sj

γ
〈ij〉                                      

In more complicated case, an additional term “isotropic antiferromagnetic off-

diagonal exchange interaction” should be also taken into account, beyond the 

simple Kitaev physics [55]. 

Figure 1.8 High-spin and low-spin state for d5 and d7
 in octahedral ligand. 

The blue dots and red dots represent spin up and down, respectively. 
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α-RuCl3 is a two-dimensional chloride with honeycomb lattice of Ru3+ , and it 

orders around 7 K ~ 14 K [14-16], depending on detailed heavily in samples-

dependent,.  but tThe extra field about 8 T applied in honeycomb plane can 

suppress the magnetic order and result in into the QSL state [56,57]. Neutron 

scattering has revealed in-plane zig-zag magnetic structure and confirmed the 

ground state of jeff = 1/2 for Ru3+ [16]. Above the quantum critical field of 8 T, 

unconventional gapless excitation has been observed by NMR [56]. The thermal 

Hall conductivity experiment has exhibited quantized plateau with half-integer, 

as the most peculiar evidence of Majorana fermions [58]. Despite that confirming 

the Kitaev interaction was confirmed by inelastic neutron scattering experiments, 

the spin waves have suggested to have additional terms for α-RuCl3, beyond the 

Figure 1.9 Examples of QSL candidates with triangular lattice. 

(a) α-RuCl3, (b) H3LiIr2O6 (H atoms are not shown) 

and (c) BaCo2(AsO4)2 
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pure Kitaev model [55]. On the other hand, the space group of α-RuCl3 among 

P3112, C2/m, and R-3 is under debating [16,59,60]. 

The A2IrO3 (A = Li, Na and Ag) family were reported as in space group C2/m 

with honeycomb lattice of Ir4+ and Kitaev interaction [17,18,61,62]. By substituting 

Li+ in Li2IrO3 with H+, the H3LiIr2O6 does not show is absent of magnetic order 

down to 50 mK, with estimated θw ~ -105 K [20]. Both the NMR and specific heat 

have captured the fermionic excitations. Moreover, the Raman continuum has 

suggested the Kitaev interactions was  to be around 26 meV [63]. However, the 

dynamic disorder of H+ at low temperatures has been proved by high-resolution 

dielectric measurements and brought ings shadow to the Kitaev physics of 

H3LiIr2O6
 [64]. 

BaCo2(AsO4)2 and γ-BaCo2(PO4)2 are another two magnets with honeycomb 

lattice of Co2+, which can realize jeff = 1/2 at the high spin statecase. 

Due to a lacking of the large bulk crystal of γ-BaCo2(PO4)2, BaCo2(AsO4)2 has 

been is intensively studied. BaCo2(AsO4)2 orders at 5.4 K and forms weakly 

correlated ferromagnetic chains, exhibiting strong magnetic anisotropy of θin = 

33.8 K and θout = -167.7 K, for in-plane and out-of-plane, respectively [21]. A “one-

third plateau” has been observed in the field-dependent magnetization below 5.4 

K, which is possible corelated to “up-up-down” magnetic structure [65]. The 

unusual enhancement in the thermal conductivity measurement at low 

temperatures for the polarized state of for BaCo2(AsO4)2 is analogous to the case 

of α-RuCl3, implying possible field-induced Kitaev QSL state on honeycomb 
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lattice [21]. However, more experiments are required for demonstrating the 

identification of the Kitaev scenario. 

1.3.4 Kagome lattice 

 

 

Many exotic ground states are often proposed on Kagome lattice, including QSL. 

Due to the coupling among the different interactions, for example, the nearest-

neighboring exchange interaction J1, the second nearest-neighboring interaction 

J2, and the next nearest-neighboring interaction Jd, and Dzyaloshinskii-Moriya 

(DM) anisotropic interaction, etc. Considering a simple J1-J2 model, and the 

Hamiltonian is: 

𝐻 = J1 ∑ SiSj+〈ij〉 J2 ∑ SiSk〈𝑖k〉                                       (3) 

Figure 1.10 (b) gives a ferromagnetic structure, and it can be achieved for 

Figure 1.10 (a) illustration of interactions on kagome lattice. (Dẑ is the 

out-of-plane component of DM interaction) (b) the ferromagnetic phase, 

(c) √3×√3 state, (d) q = 0 state with positive vector chirality and (e) q 

= 0 state with negative vector chirality 
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negative J1 and J2. For √3×√3 state (In Figure 1.10(c)), in which the magnetic 

unit cell is three times of the crystal unit cell, J1 > 0 and J2 < 0. For q = 0 state, in 

which the magnetic unit cell equals to crystal unit cell, J1 > 0 and J2 > 0. In more 

complicated cases, exotic states called “Cuboc” state is possible to be realized on 

Kagome lattice. For √3×√3 and q = 0 state, the coplanar spins on each triangle 

have vector chirality, and it is defined as: 

κ =
2

3√3
( S1×S2 + S2×S3 + S3×S1)                                  (4) 

S1, S2 , and S3 are spins in a single triangle with anticlockwise angular separation 

of 120°. As a consequence, q = 0 state has uniform vector chirality either positive 

or negative, as shown in Figures 1.10 (d) and (e), while √3×√3  state has 

staggered vector chirality, as shown in Figure 1.10(c).  

In addition, metallic systems which hosting Kagome lattices exhibit 

unconventional electron behaviors and nontrivial band structures, attracting lot of 

attentions in condensed physics. For example, half-metallic Co3Sn2S2 reveals 

large anomalous Hall effect (AHE) [66], flatbands have been observed in 

ferromagnetic Fe3Sn2 
[67], TbMn6Sn6 carries Chern-gapped Dirac fermions [68] 

and AV3Sb5 with Kagome lattice of mixed-valence V5+/V4+ has been found to be 

unconventional superconductor with topological band structure [69–72]. Our 

research mainly focuses on exploring new QSL candidate on Kagome insulators 

with strong frustration. Up to now, however, most of knowledge about Kagome 

QSL is based on study ofor herbertsmithite, which has greatly promoted the 

perception in QSL. 
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1.3.5 Herbertsmithite  

Herbertsmithite (ZnCu3(OH)6Cl2) belongs to the system of specimen of ZnxCu4-

x(OH)6Cl2 
[73]. For x < 1/3, ZnxCu4-x(OH)6Cl2 is in monoclinic space group of P 

21/n and called clinoatacamite, while for x = 1, ZnCu3(OH)6Cl2 is known as 

Herbertsmithite with in space group of R -3m, with ABC-stacked layers of Cu2+ 

along the c axis, as shown in Figure1.11(c). 

 

 

Clinoatacamite has magnetic order around 6.5 K [73]. With Zn increasing Zn 

content, the magnetic order is gradually suppressed, and ZnxCu4-x(OH)6Cl2 is 

nearly absent of long-range  magnetic order for x ≥ 0.66, which shows dynamic 

spins down to 50 mK in the µSR measurement  [74], consistent with no magnetic 

phase transition for powder sample of herbertsmithite in the specific heat and 

magnetic susceptibilities down to 50 mK [24]. However, conflicting debates on 

whether spin gap exists in herbertsmithite still remain unsolved.  

For polycrystals, and singlet formation has been evidenced by the local spin 

susceptibilities probed by 17O- and 35Cl-NMR, indicating a gapless scenario QSL 

for herbertsmithite, [75,76] in coincidence with inelastic neutron scattering for 

Figure 1.11 Crystal structure of (a) clinoatacamite, (b) herbertsmithite 

and (c) kagome lattice of Cu2+. 



 

19 

 

ZnCu3(OD)6Cl2 powder [77]. High- temperature ESR spectra of powder 

herbertsmithite estimateds that the out-of-plane DM interaction was ~ 15 K which 

would account for the absence of spin gap [78].  

However, things have changed after single crystals of herbertsmithite wereas 

obtained. 2D-NMR of ZnCu3(OD)6Cl2 single crystals suggests the existence of a 

small gap [79], and this finite gap has been confirmed by 17O-NMR measurements 

on for single crystals of ZnCu3(OH)6Cl2 in 2015 [80]. Later iIn 2020, a French 

research group proposed gapless-QSL model for herbertsmithite by 17O-NMR 

spectra with ruling singling out the contribution of defects [81]. On the other 

another hand, although a hallmark evidence of spinon excitation has been 

observed in inelastic neutron scattering experiment for herbertsmithite with no q-

dependent but rather flat excitation bands, and no spin gap was strongly indicated 

in the beginning of explanation [82]. Nevertheless, the presence of a small spin gap 

(∼ 0.7 meV) has been recommended after subtracting the impurity contribution 

in the low energy inelastic neutron scattering [83]. The existence of spin gap has 

not been confirmed become unsolved problems, leaving behind much controversy.  

The anti-site disorder of Cu/Zn for ZnCu3(OH)6Cl2 compound in is another 

inevitable problem. Although the X-ray anomalous scattering study measurement 

has excluded the possibility for of Zn occupying the Kagome site [84], several 

NMR experiments [75,76,79] have suggested ~ 15% the magnetic defects of Cu2+ 

invading the interlayer site of Zn2+ , which was are as well as responsible for low 

energy excitations in specific heat or inelastic neutron scattering. Some 
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theoretical proposal even claimed random singlet for the ground state of 

herbertsmithite, rather than QSL [85]. 

In fact, symmetry of herbertmithite seems to be frail. The fourfold and asymmetry 

features observed shown in the previous polarized angular-dependent Raman 

spectra are against contrary toto the C3 rotation symmetry within the constraint 

of space group R-3m [86]. The magnetic torque measurement has disclosed the 

uniaxial symmetry in herbertsmithite, as a result of reduced symmetry between 

the a* axis and the b axis with χ
a*  ≠ χb

 [87]. In recent multi-harmonic optical 

polarimetry, the second harmonic generation has been surprisingly 

observedtained, as evidence of subtle parity breaking [88].  

In summary, great breakthrough of Kagome QSL has been made based on 

herbertsmithite, which bridges well theory and experiment in some 

aspectsrespects. On the other hand, problems such as including anti-site disorder 

and subtle symmetry breaking have remained unsolved, and the magnetic defects 

also masks the intrinsic nature of spin gap, even the ground state of QSL for 

herbertmithite is under debatesuspecting.  

For a full Driven by the exploring further understanding of the role of magnetic 

exchange interactions in for Kagome magnets, the scope of this thesis contains 

several magnetic systems types realized in Kagome magnets. Magnetization and 

specific heat are mainly used for the thermodynamic property ies 

studymeasurements, and EPR spectra and Raman spectra were measured are 

performed for comprehensive studiesy. 
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1.4 Thesis research program 

 Our research in this thesis aims to perform comprehensive studstudies y on 

Kagome magnets, including thermalo-dynamic and spin dynamics study. Our 

main goals are as follows:  

At first, we plan to successfully grow single crystals of for Kagome quantum spin 

liquid candidate of Zn-Barlowite, and the thermodynamic measurements such as 

like magnetic susceptibilities and specific heat will also be accomplished before 

the dynamic study. 

Secondly, we plan to explore figure out the formation of magnetic orders in 

Kagome lattice. Therefore, ordered Kagome magnets with various ground states, 

like ferromagnetic order and antiferromagnetic orders, have been also studied for 

a as comparison with QSL candidate of Zn-Barlowite. In addition, we will also 

study the influence of lanthanide magnetization and lattice distortion of for 

Kagome magnets. 

Thirdly, to probe different magnetic excitations, we will perform the spin dynamic 

study of for Kagome magnets by controlled comparative Raman experiments on 

QSL candidates and antiferromagnetically AFM ordered Kagome magnets.  

The basic methods for experiments and facilities will be introduced below. 

1.4.1 Crystal growth by the hydrothermal method 

To synthesize polycrystals and grow bulk crystals for the hydroxy compounds 

with Kagome lattice of Cu2+, the hydrothermal method will be used. Under high 
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vapor-pressure and temperatures, the hydrothermal method usually can provide 

large solubility for transitional metal oxides, like CuO, CoO, etc., which is 

beneficial for crystallization when temperatures goesare cooling down. 

As shown in Figure 1.12(a), the raw materials and water are transferred into a 

Teflon liner and sealed by steel-autoclave. Then the Teflon-lined autoclave is 

placed into the pProgrammed-controlled furnace, shown in Figure 1.12 (b). 

 

 

1.4.2 Thermodynamic characterization method 

 

 

Figure 1.12 (a) Teflon-lined autoclave. (b) Programmed-control furnace. 

Figure 1.13 The Physical Property Measurement Systems. 
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The thermodynamic measurements were mainly performed on a Quantum Design 

Physical Property Measurement System, which is a commercial equipment and 

has been widely used for scientific characterizations. In our measurements, the 

highest magnetic field is up to 14 T, and the lowest temperature is down to 350 

mK when PPMS is equipped with Helium-3 system.   

 

1.4.3 Raman spectroscopic study  

 

 

It has been well-known that when light hits the surface of substance, the photons 

can interact with molecular, both elastically and inelastically. The elastic 

scattering is called Rayleigh scattering, and there is no energy loss for the incident 

light. The inelastic scattering is called Raman scattering, and it contains two 

signals: the Stokes shift light with lower energy (ν0-Δν), and the anti-Stokes shift 

light with higher energy (ν0+Δν). The Raman signals can be used to identify the 

vibrational modes for phonon peaks and diagnose the structural/magnetic phase 

transitions. 

Figure 1.14 (a) Interactions between molecular vibration and photons. 

(b) Light scattering progress  
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Beyond interacting with vibrational molecular, the incident light also can 

interplay with electrons in materials, namely, to probe the dynamic spins and the 

magnetic excitations. 

1.5 Thesis outlines 

The thesis is organized as follow: Chapter 1 introduces the background of 

quantum spin liquid (QSL), including the basic concepts frustration, RVB model, 

and several models for realization for realization of QSL, as well as previous 

research of Kagome QSL based on herbertmithite. In Chapters 2 and 3, we mainly 

focus on the study effect ofn Kagome lattices, by introducing bringing in rare 

earths and distortions, respectively. In Chapter 4, we have studied Bose–Einstein 

condensation of magnons in a ferromagnetically- dominantdominated 

antiferromagnet α-Cu3Mg(OH)6Br2, in which the DM interaction serves as a 

controlled condition for of particle conservation term. In Chapter 5, we have 

studied new Kagome magnets Zn-barlowite (ZnCu3(OH)6FBr). At the end of the 

thesis, conclusions have been summarized, and we have made plans for future 

studiesfurther research. 
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Chapter 2 The lanthanide setting in Kagome magnets 

 2.1 Introdcution to kapellasite and YCu3(OH)6Cl3 

Kapellasite has the same chemical formula to herbertsmithite, both of them are 

ZnCu3(OH)6Cl2
 [89]. However, kapellasite is in space group P 3̅  1 with AA 

stacking for the Kagome layer of Cu and the Zn locating in the center of 

hexagonal circle. kapellasite is an alternative QLS candidate with no magnetic 

phase transition down to 20 mK [90,91].  

 

 

when the elements in ZnCu3(OH)6Cl2 are substituted, for example Zn replaced by 

M2+(M=Mg, Cd or Ca) and Cl- replaced by Br- or (NO3)
-, could yield compounds 

like MCu3(OH)6Cl2 (M=Mg, Ca) [92,93], CdCu3(OH)6(NO3)2
 [94] and 

Cu3Mg(OH)6Br2
 [95]. Many of these compounds are found to have magnetic order 

and could be treated as platform for the different ground states in Kagome lattices. 

In fact, Zn2+ can be replaced by Y3+ and YCu3(OH)6Cl3 with perfect Cu-Kagome 

layers and free of the Y-Cu anti-site disorder has been proposed as an ideal 

quantum KAFM [23], which has a “q = 0” type AFM order with negative chirality 

Figure 2.1 kapellasite crystal structure. (a) Unit cell and (b) kagome 

lattice of Cu2+. 
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due to a large DM interaction [96,97]. Replacing Yttrium with light lanthanides, 

RCu3(OH)6Cl3 (R = Nd, Sm, Eu) compounds still show strongly frustrated 

behaviors in despite of forming the canted AFM order with the Neel temperature 

(TN) ranges from 15 to 20 K [98,99]. To our knowledge, except for EuCu3(OH)6Cl3, 

no available single crystals have been grown for thermodynamic measurement. 

2.2 Polycrystals synthesis and crystal growth  

The polycrystals and single crystal of YCu3(OH)6Cl3 and its analogous has been 

reported by Sun wei et al [23,98]. We developed an easier route for synthesis of 

polycrystals of LnCu3(OH)6Cl3 (Ln =Y, Sm, Eu, Gd, Tb and Dy) and a 25 mL 

Teflon-lined autoclave has been used. The mixture of LnCl3·6H2O and CuO in 

stoichiometric ratio were grounded thoroughly and transferred into autoclave and 

then heated at 200 ℃ for 10 hours. After washing the products by ethanol, blue 

powder of LnCu3(OH)6Cl3 was obtained. 

As for single crystal growth of LnCu3(OH)6Cl3 except for YCu3(OH)6Cl3. 

Mixture of LnCl3·6H2O (2 g) and CuO (0.65 g) was placed into autoclave, 

together with 5 mL deionized water. The temperature setting as following: 

Room temperature
2 ℎ𝑜𝑢𝑟𝑠
→     270 ℃

380 ℎ𝑜𝑢𝑟𝑠
→       150 ℃

𝑝𝑜𝑤𝑒𝑟−𝑜𝑓𝑓
→         Room temperature, 

and then cooled down to room temperature directly. For YCu3(OH)6Cl3, the amount 

of water should be controlled within 1 mL, since extra water would result into 

another compound Y3Cu9(OH)19Cl8
 [100], which will be discussed in Chapter 3. 

Within the limitation of water during the crystal growth, large bulk crystals of 
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YCu3(OH)6Cl3 are still not available.  

Our method served as a universal route for synthesis and growth of 

LnCu3(OH)6Cl3, and almost-milimeter (mm)-scale single crystals were obtained, 

except for YCu3(OH)6Cl3, TbCu3(OH)6Cl3 and DyCu3(OH)6Cl3. Despite great 

effort has been tried, the crystals are only 100 micrometers (µm) for 

YCu3(OH)6Cl3 and are hard to grow up. For TbCu3(OH)6Cl3 and DyCu3(OH)6Cl3, 

we have obtained the crystal structure for the first time, and the single-crystal X-

ray diffraction experiment was carried out for GdCu3(OH)6Cl3, TbCu3(OH)6Cl3 

and DyCu3(OH)6Cl3, the crystallographic information has been summarized in 

Table 2.  

 

 

 

However, it is pity that in the crystal growth progress of TbCu3(OH)6Cl3 and 

DyCu3(OH)6Cl3, we also obtained crystals in distorted Kagome lattice, analogous 

Figure 2.2 (a) Powder x-ray diffraction pattern and refinement for 

YCu3(OH)6Cl3. (b) As-grown crystals for YCu3(OH)6Cl3, 

SmCu3(OH)6Cl3, GdCu3(OH)6Cl3 and EuCu3(OH)6Cl3. 
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to Y3Cu9(OH)19Cl8, namely, Tb3Cu9(OH)19Cl8 and Dy3Cu9(OH)19Cl8. Since 

Tb3Cu9(OH)19Cl8 has similar appearance to TbCu3(OH)6Cl3, and it is hard to 

distinguish them. Therefore, we used powder sample for further study. 

 

LnCu3(OH)6Cl3 crystalize in space group P-3m1, and each Cu2+ is surrounded by 

four equivalent O2- ions and two Cl- ions, forming a distorted [CuO4Cl2] 

octahedron with the Cu-Cl bond significantly longer than the Cu-O bond, as 

shown in Figure 2.3. [CuO4Cl2] octahedrons connect to each other by sharing the 

edge of one O2- ions and one Cl- ions to build the Kagome plane of Cu ions in the 

ab plane. It is worth noting that analogous distorted octahedra [CuO4Cl2] in 

Table2 Crystallographic Information and Results of Single Crystal X-ray 

Structure for MCu3(OH)6Cl3(M = Gd, Tb, Dy). 

 Formula GdCu3(OH)6Cl

3 

TbCu3(OH)6Cl3 DyCu3(OH)6Cl

3 T (K), radiation 300, Mo Kα, 300, Mo Kα, 300, Mo Kα, 

Color aquamarine 

blue 

aquamarine 

blue 

aquamarine 

blue 

Density (g/cm3 ) 4.092 4.131 4.175 

Mr, Z 556.30, 1 557.82, 1 561.55,1 

Μ (mm-1) 15.093 15.678 16.197 

System Trigonal Trigonal Trigonal 

Space group P 3̅m1 P 3̅m1 P 3̅m1 

a (Å) 6.8066(2) 6.7823(3) 6.7660(4) 

c (Å) 5.6264(2) 5.6290(4) 5.6331(4) 

V (Å3) 225.747(18) 224.24(3) 223.33(4) 

S 1.301 1.251 1.272 
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herbertsmithite and Y3Cu9(OH)19Cl8 increase the splitting in ligand-field of d 

orbitals and lower the energy level of 𝑑𝑧2 with a large d-d gap around 1-2 eV, 

 

 

unveiling the insulating nature of charge transfer insulator [101].  

Cu2+ and Ln3+ are connected by sharing the edge of two O2-. There are two 

inequivalent positions for Cl-, Cl-1 is shared by three Cu2+ and Cl-2 connects to 

two Ln3+ along the c axis. The Ln3+ is 8-coordinated by six O2- ions and two Cl 

ions, and settles in the center of the hexagonal circle of Cu. All the O2- ions 

possess the same coordination and connect to two Cu2+, one Ln3+ and one 

hydrogen atom. Thus, these two kinds of sub-lattices of Cu Kagome-lattice and 

Ln-triangular-lattice coexist in this structure. The linkages of quasi-two-

dimensional Kagome planes connect to each other by the Ln-Cl bond along the c 

Figure 2.3 Crystal structure of LnCu3(OH)6Cl3 (Ln = Y, Sm, Eu, Gd, Tb, 

Dy).(a)Unit cell structure, (b) [CuO4Cl2] octahedron and [LnO6Cl2] 

polyhedron, (c) Kagome plane formed by Cu2+, (d) cell parameters of 

LnCu3(OH)6Cl3. 
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axis to build the whole framework.  

The nearest Cu-Cu distance is 3.40330(11) Å for GdCu3(OH)6Cl3, 3.39115(16) Å 

for TbCu3(OH)6Cl3 and 3.3830(3) Å for DyCu3(OH)6Cl3. The distance between 

the two nearest Ln3+(Gd-Gd, Tb-Tb and Dy-Dy are 6.8066(3) Å, 6.7823(4) Å and 

6.7660(5) Å, respectively) is two times of the distance of Ln-Cu (3.40330(11) Å 

for Gd-Cu, 3.39115(16) Å Tb-Cu and 3.3830(3) Å for Dy-Cu), which could result 

in weaker interaction of Ln-Ln than the interactions of Cu-Cu and Ln-Cu. The 

Cu-O-Cu super-exchange bond angles are 118:78°, 118:19°, and 117:7° for 

GdCu3(OH)6Cl3, TbCu3(OH)6Cl3 and DyCu3(OH)6Cl3, respectively. The values 

are comparable to the antiferromagnetic type Barlowite (117:4°) and 

herbertsmithite (119°). Figure 2.3 (d) has illustrated the cell parameters of 

LnCu3(OH)6Cl3 vary with lanthanide, in which with the atomic number 

increasing, the unit cell parameters, the distances of Cu-Cu and angles of Cu-O-

Cu decrease slowly, except for EuCu3(OH)6Cl3. 

2.3 Thermodynamic measurement on YCu3(OH)6Cl3 family 

2.3.1 Thermodynamic study on YCu3(OH)6Cl3 

The polycrystals of YCu3(OH)6Cl3 have been applied for the study of magnetic 

susceptibilities and specific heat. As shown in Figure 2.4 (a), splitting between 

zero field cooling (ZFC) and field cooling (FC) at 0.005 T has been observed, 

which is related to spin-glass behavior. A sudden increasement in susceptibilities 

at 15 K (shown in Figure 2.4 (a) and (b)) corresponds to the formation of q=0 
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magnetic order. The high temperature behavior above 150 K has been fitted by 

the Curie-Weiss law and yielded C = 0.496 emu·K/mol Cu2+ and θ = -120 K. The 

effective moment µeff per Cu2+ is 1.99 µB and is in consistent with previous 

report[23].  

 

 

The field-dependent magnetization curve (MH) was collected at 2 K with no 

obvious hysteresis loop (Figure 2.4 (d)). The MH curve is almost linear up to 7 T 

and the magnetic moment is only 0.06 µB with no sign of saturation.  

A hump is observed at 15 K in Figure 2.5 (b) which represented as AFM order 

temperature with no obvious shifting when magnetic increased to 5 T. The phonon 

Figure 2.4 Magnetization of YCu3(OH)6Cl3. (a) ZFC and FC 

susceptibilities at 0.005 T. (b) temperature dependent magnetic 

susceptibilities under different fields. (c) inverse magnetic 

susceptibilities and fitted by Curie-Weiss law. (d) The field dependent 

magnetization at 2 K. 
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contribution to the specific heat could be well-fitted by a modulated Debye-

Einstein model [102,103]: 

 

 

 

𝐶𝑃 = 𝐴𝑇 + 𝑓 ∗ 9𝑛𝑅(
𝑇

𝜃𝐷
)3 ∫

𝑥4𝑒𝑥

(𝑒𝑥−1)2
𝑑𝑥 + (1 − 𝑓) ∗ 3𝑛𝑅 ∗ (

𝜃𝐸

𝑇
)2

𝑒
𝜃𝐸
𝑇

(𝑒
𝜃𝐸
𝑇 −1)2

𝜃

𝑇
0

              (2) 

where A is contribution of electrons and can be fixed to zero in for YCu3(OH)6Cl3 

due to its insulator nature. R is gas constant, n is atom numbers per unit 

cell, f is a parameter for scaling Debye model and Einstein model, θD and θE are 

Debye temperature and Einstein temperature, respectively. Finally, we obtained 

θD =233 K and θE = 649 K. 

Figure 2.5 Specific heat of YCu3(OH)6Cl3 at different field. (a) Cp and 

(b) Cp/T. Red line is phonon contribution fitted by modulated Debye-

Einstein model. (c) is Cm (Cm is specific heat subtracted by fitting data). 

(d) Magnetic entropy under 0 T and 5 T. 
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The magnetic entropy was integrated by Cm/T from 2 K to 50 K (Cm is the specific 

heat subtracted by the contribution of phonon and electrons) and saturate at only 

0.33 Rln2, without response to magnetic field. Thus, much component of 

dynamic spin remains to the lower temperature which is in coincidence with the 

µSR result that the long magnetic order and dynamic spin coexist in 

YCu3(OH)6Cl3
 [104]. 

2.3.2 Thermodynamic study on SmCu3(OH)6Cl3 

 

  

Magnetic properties of SmCu3(OH)6Cl3 has been reported by Sun et al [98], and 

Figure 2.6 Magnetization of SmCu3(OH)6Cl3. (a) ZFC and FC 

susceptibilities at 0.01 T. (b) temperature dependent magnetic 

susceptibilities under different fields. (c) inverse magnetic 

susceptibilities and fitted by Curie-Weiss law. (d) The field dependent 

magnetization at 2 K. 
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we performed the study of single crystal for the first time. We observed splitting 

between ZFC and FC under low field (0.01 T), and sudden increase and drop in 

magnetic susceptibilities are shown at 17 K and 8 K, respectively (Figure 2.6 (a) 

and (b)).  

 

  

We have estimated θ = -180 K by Curie-Weiss law, although it is not accurate for 

rare earth ions where the ground states always split due to the existence of crystal 

field. Moreover, the magnetic moment of SmCu3(OH)6Cl3 (Figure 2.6 (d)) at 2 K 

is much larger than YCu3(OH)6Cl3, showing the obvious effect on magnetic 

behavior of Sm3+ at low temperature. 

As show in Figure 2.7, we have performed specific heat with magnetic field 

within ab plane and along c axis. For both directions, broad hump has shown up 

Figure 2.7 Specific heat of SmCu3(OH)6Cl3 with field applied along c 

axis and in ab plane. (a) Cp and (b) Cp/T with magnetic field along c axis. 

(c) Cp and (d) Cp/T with magnetic field in ab plane. 
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at around 17 K, no response to magnetic fields up to 9 T, contrast to low-

temperature specific heat which increases monotonically with magnetic field 

booming up.  

At low fields, the specific heat behaves almost the same (Figure 2.8(a)), but 

magnetic anisotropy mainly contributed by Sm3+ under high magnetic field (9 T) 

could result into different results at low temperature, as shown in Figure 2.8(b). 

 

 

The magnetic anisotropy also has been characterized by ESR spectra, as shown 

in Figure 2.9. The in-plane magnetic phase transition orders at 2.5 K and probably 

might be associated with Sm3+. For B|| c axis, dips at near 4 T exist above TN = 

17 K, and we have no exact idea about these signals. Moreover, the extra peak 

shown at 10 K shifts toward low field with temperature cooling and can be regard 

as relating to the AFM state of SmCu3(OH)6Cl3.  

Figure 2.8 Specific heat comparison of SmCu3(OH)6Cl3 at different field. 

(a) B = 1 T and (a) B = 9 T. 
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2.3.3 Thermodynamic study on EuCu3(OH)6Cl3 

 

 

 

Figure 2.9 Temperature dependent ESR spectra of SmCu3(OH)6Cl3 with 

magnetic field parallel to (a) ab plane and (b) c axis. 

Figure 2.10 Magnetization of EuCu3(OH)6Cl3 for B||ab plane. (a) ZFC 

and FC susceptibilities at 0.01 T. (b) temperature dependent magnetic 

susceptibilities under different fields. (c) inverse magnetic 

susceptibilities and fitted by Curie-Weiss law. (d) The field dependent 

magnetization at 2 K. 
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The magnetic susceptibility of EuCu3(OH)6Cl3 has rapid increase around 17 K 

(Figure 2.10 (a), (b) and Figure 2.11(d)), as reported previously [99]. Note that the 

ground state of Eu3+ is nonmagnetic and magnetic moment of EuCu3(OH)6Cl3 is 

close to YCu3(OH)6Cl3, but van vleck paramagnetism for Eu3+ should be under 

consideration.  

 

 

To build fundamental understanding the interactions in EuCu3(OH)6Cl3, we 

simply used Curie-Weiss law to estimate the Weiss temperature. The in-plane 

Weiss temperature θ = -382 K (Figure 2.10 (c)) with small ferromagnetic 

hysteresis loop (Figure 2.10 (d)), while Weiss temperature for B|| c axis, θ = -81 

Figure 2.11 Magnetic anisotropy of EuCu3(OH)6Cl3 for B||c axis. (a) 

temperature dependent magnetic susceptibilities under different fields. 

(b) inverse magnetic susceptibilities and fitted by Curie-Weiss law. (c) 

The field dependent magnetization at 2 K. (d) magnetic anisotropy for 

EuCu3(OH)6Cl3. 
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K (Figure 2.11 (b)) without hysteresis loop (Figure 2.11 (c)). 

The magnetic anisotropy in EuCu3(OH)6Cl3 is apparent (Figure 2.11 (d)). As 

show in Figure 2.12, we have performed specific heat with magnetic field along 

c axis. Broad hump has shown up at around 17 K, no magnetic response for both 

the magnetic order and low temperature specific heat. 

 

 

2.3.4 Thermodynamic study on ReCu3(OH)6Cl3 

No obvious modification of the ‘q = 0’ magnetic order around 15 K happens after 

Y3+ in YCu3(OH)6Cl3 is substituted by light rare earth element like Sm3+ and Eu3+. 

The heavy rare earth element like Gd3+ or Tb3+ is possible to cause extra influence 

on Kagome lattice of Cu2+, expecting Kondo effect observed in 3d-4f heavy 

fermion metals. Driven by the expectation for Kondo physics, we have 

successfully introduced heavy rare earth element into the kappellasite structure 

and obtained three new LnCu3(OH)6Cl3 compounds (Ln= Gd, Tb and Dy). 

However, as mentioned before, Tb3Cu9(OH)19Cl8 and Dy3Cu9(OH)19Cl8 were 

Figure 2.12 Specific heat of EuCu3(OH)6Cl3 under zero field and 5 T 

along c axis. (a) Cp and (b) is Cp/T. 
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also grown at the same time for LnCu3(OH)6Cl3. Then we used the polycrystals 

of LnCu3(OH)6Cl3 to study comparatively the rare earth element effect on the 

magnetic order of Kagome lattice of Cu2+.  

 

 

Table 3 Cell parameters comparison between 300 K and 4 K for 

LnCu3(OH)6Cl3. LnCu3(OH)6Cl3 are abbreviated to LnCu3 

 300 K  4 K 

GdCu3 a = b = 6.8019 Å a = b = 6.7923 Å 

c = 5.6240 Å c = 5.5925 Å 

Rwp = 9.47, Rbragg = 3.76 Rwp = 10.0, Rbragg = 4.21 

TbCu3 a = b = 6.7888 Å a = b = 6.7797 Å 

c = 5.6219 Å c = 5.5932 Å 

Rwp = 13.1 Rbragg = 6.35 Rwp = 13.7, Rbragg = 7.13 

DyCu3 a = b = 6.7655 Å a = b = 6.7631 Å 

c = 5.6130 Å c = 5.6052 Å 

Rwp = 6.61, Rbragg = 3.58 Rwp = 6.61 Rbragg = 3.9 

As shown in Figure 2.13, the powder sample is of high purity and no peak-

Figure 2.13 Powder X-ray diffraction patterns (PXRD) and refinement 

for LnCu3(OH)6Cl3. (a)-(c) Refinement for PXRD at 300 K.(d)-(f) X-ray 

diffraction of LnCu3(OH)6Cl3 under various temperature. 
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splitting or new peak emerges as temperature decreases to 4 K, suggesting that 

no structure transition happens to LnCu3(OH)6Cl3. 

The detailed cell parameters are listed in Table 3. As excepted at 300 K, the lattice 

parameters deceasing from Gd3+ to Dy3+ in coincidence with the decreasing of 

ions radius (r = 1.053 Å, 1.04 Å, 1.027 Å for Gd3+ ,Tb3+ and Dy3+, respectively). 

However, for 4 K, a and b shows contrast behavior with c, which is possibly 

associated with the anisotropic thermal expansion. 

Figure 2.14 has shown the temperature-dependent magnetization for 

LnCu3(OH)6Cl3 (Ln = Gd, Tb, Dy), with YCu3(OH)6Cl3 served as a reference. 

For YCu3(OH)6Cl3, the magnetic susceptibilities increase suddenly at 15 K, 

which has been associated with the negative-vector chirality 120° magnetic 

structure, confirmed by neutron scattering [96]. Continuing cooling temperature, 

the drops at 3-4 K correspond to possible spin-glass state. Compared to the small 

magnetic moment of Cu in YCu3(OH)6Cl3, magnetic susceptibilities of 

LnCu3(OH)6Cl3 are much larger, suggesting that the dominant contribution to the 

magnetization arise from lanthanides, especially at low temperatures. As shown 

in Figure 2.14 (b)-(d), under low fields, LnCu3(OH)6Cl3 present similar 

temperature-dependent magnetization curves as YCu3(OH)6Cl3, with a rapid 

increase at about 16 ~ 17 K and followed by a drop at lower temperatures. The 

ZFC and FC data 0.005 T begin to split after the rapid increase, which can be 

ascribed to the possible in-plane canted ferromagnetic component, as previously 

pronounced in RCu3(OH)6Cl3 (R = Nd, Sm, Eu)] [98,99]. It indicates that Cu-
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Kagome lattice of LnCu3(OH)6Cl3 may have a same physics like YCu3(OH)6Cl3, 

and form a certain magnetic structure at TN , which needs to be determined by 

neutron scattering. In contrast to the robust magnetic order in YCu3(OH)6Cl3, TN 

of LnCu3(OH)6Cl3 can be suppressed easily by small fields. 

 

 

As shown in Figure 2.15, the high temperature behavior of inverse magnetic 

susceptibility above 150 K has been fitted by the Curie-Weiss law with C = 9.52 

K·emu·mol-1, 13.76 K·emu·mol-1, 16.05 K·emu·mol-1 and θ = -13.98 K, -16.37 K, 

-13.72 K for Gd-, Tb- and Dy compounds, respectively. The small Weiss 

temperature θ values are significant different from Nd-, Sm- and Eu-analogues  

whose θ ranges from -100 K to -300 K with a distinct spin frustration compared 

Figure 2.14 Temperature-dependent magnetization of YCu3(OH)6Cl3 and 

LnCu3(OH)6Cl3 (Ln = Gd, Tb, Dy) at selected fields. Inset in (a) is the 

zoom-in data and insets in (b)-(d) are the ZFC and FC curves collected 

at 0.005 T 
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to TN ∼ 15 K. 

 

 

 

 

The field-dependent magnetization curves (M - H) of LnCu3(OH)6Cl3 (Ln = Gd, 

Tb, Dy) were collected at 2 K, referred to YCu3(OH)6Cl3, as shown in Figure 2.16 

Figure 2.15 Temperature dependence inverse magnetic susceptibilities 

1/χ under field of 0.3 T. The solid lines are the fitting-plots of Curie-

Weiss law. 

Figure 2.16 Field-dependent magnetization of YCu3(OH)6Cl3 at 2 K and 

LnCu3(OH)6Cl3 (Ln = Gd, Tb, Dy) at selected temperatures 
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(a)-(d).  

The magnetization of GdCu3(OH)6Cl3 saturates to a large value of 

7.69 µB at 7 T, suggesting that Gd3+ and Cu2+ are both polarized. TbCu3(OH)6Cl3 

and DyCu3(OH)6Cl3 seems to be saturated with a linear increase under higher 

fields, which could be ascribed to the temperature-independent Van Vleck 

paramagnetism. It is noted that magnetic moment of each Cu2+ at 2 K is only 0.06 

µB for YCu3(OH)6Cl3 (µ0H = 7 T), the heavy rare earth cations Ln3+ (Ln = Gd, 

Tb and Dy) dominate the low temperature magnetization behaviors. 

Figure 2.17 shows the temperature-dependent specific heat Cp(T) of 

LnCu3(OH)6Cl3 (Ln= Gd, Tb, Dy) at zero field, compared to YCu3(OH)6Cl3, 

SmCu3(OH)6Cl3 and EuCu3(OH)6Cl3. An obvious shoulder anomaly was 

observed at around 15-17 K for each compound, corresponding to the rapid 

increase of magnetic susceptibility, which proves the forming of intrinsic 

magnetic order. Different from decaying to zero for YCu3(OH)6Cl3 and 

EuCu3(OH)6Cl3, Cp(T)/T of LnCu3(OH)6Cl3 shows much more complex 

behaviors below TN , like emerging a broad peak or increasing continually. Such 

a difference in specific heat indicates that heavy lanthanides have a considerable 

influence on the magnetic order state of Cu-Kagome lattice. At low temperature 

(2 K), up-turn has been observed for LnCu3(OH)6Cl3 and SmCu3(OH)6Cl3, 

confirming the dominant role for Ln3+ and Sm3+ and nonmagnetic role of Eu3+. 

To estimate the low temperature contribution from Ln3+, we subtracted Cp(T) of 

YCu3(OH)6Cl3 from LnCu3(OH)6Cl3 and SmCu3(OH)6Cl3. It is pointed out that 
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this subtraction may be not accurate, but reasonable to analyze the influence of 

magnetic rare earth ions on the Cu-Kagome system qualitatively since they have 

the same structure. As shown in Figure 2.17 (b), the specific heat contributions 

from Ln3+ play a dominated role at low temperatures. For Tb3+ and Dy3+, broad 

peaks appear at 6 K and 2.5 K, respectively. For Sm3+ and Gd3+,𝐶𝑝
𝑆𝑚3+and 𝐶𝑝

𝐺𝑑3+ 

show a rapid upturn as temperature decreases, and probably form a peak below 2 

K as well. Combined the results of magnetic susceptibility, the anomalies in 

𝐶𝑝
𝐿𝑛3+-T curves suggest a possible forming of short range order. 

 

 

Therefore, lanthanides have no essential change on the negative vector-chirality 

120° spin structure formed at 15~17 K for Kagome lattice of Cu2+. However, the 

low field magnetic susceptibilities and zero field specific heat data have shown 

distinct influence of lanthanides which also mask the Weiss temperature θ by 

Curie-Weiss law. To determine the intrinsic interaction for YCu3(OH)6Cl3 and its 

analogous compounds, we performed low-temperature Raman spectroscopy for 

Figure 2.17 zero field specific heat comparison for YCu3(OH)6Cl3 and 

LnCu3(OH)6Cl3 (Ln = Sm, Eu, Gd, Tb, Dy). (a) for Cp, (b) for Cp/T and 

for 𝐶𝑝
𝐿𝑛3+ .𝐶𝑝

𝐿𝑛3+  is obtained by subtracting specific heat of YCu3(OH)6Cl3 

from LnCu3(OH)6Cl3 (Ln = Sm, Eu, Gd, Tb, Dy). 
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further study. 

2.4 Raman Study for quantum Kagome magnets 

2.4.1 Introduction to Raman spectroscopy  

Although neutron scattering is perhaps the most powerful tool for characterizing 

quasiparticles excitation in magnets, lots of barriers still exists like requiring 

large-volume single crystals or substituting large scattering cross-section 

elements by isotope elements. On the other hand, Raman scattering can be used 

for probing magnetic excitations like magnons or spinons [105–109], which has been 

proved to be functional well in superconductors or some QSL candidates. Small 

sample with micrometer (μm) scale can be used for Raman scattering, and Raman 

spectroscopy are more convenient to equip in the laboratory. Moreover, vibration 

modes in Raman spectra are sensitive to structural phase transition, especially for 

some subtle structural symmetry-breaking which is not easily detected by 

thermodynamic measurement or XRD.  

Raman susceptibilities 𝜒′′(𝜔) and integrated Raman susceptibilities χR uncover 

the dynamic properties of magnetic excitations. Raman susceptibilities 𝜒′′(𝜔) 

can be deduced from Raman intensity I(ω) [110,111] : 

𝜒′′(𝜔) =  𝐼(𝜔)(1 − 𝑒−ℏ𝜔/𝑘𝐵𝑇)                                      (3) 

The integrated Raman susceptibilities χR are obtained by  

𝜒𝑅 =
2

𝜋
∫

𝜒′′(𝜔)

𝜔

∞

0
𝑑𝜔                                               (4)  

In our Raman experiment, three types of polarization configuration are used, as 
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shown in Figure2.18. 

Two polarizers are used for filtering polarized light. In XX, the two polarizers are 

parallel to each other and rotate simultaneously. In XY, the two polarizers are 

perpendicular to each other and rotate simultaneously. For X-only, the polarizer 

2 is fixed and only the polarizer 1 is rotated. 

In the Raman experiment on YCu3(OH)6Cl3 and SmCu3(OH)6Cl3, laser 

wavelength is 633 nm, while for EuCu3(OH)6Cl3, 514 nm laser was used. 

 

 

 

2.4.2 Raman study for YCu3(OH)6Cl3 

With the help of first-principle calculation, we have calculated the theoretical 

Raman modes for YCu3(OH)6Cl3, which are in good accordance with our 

experimental results. Based on the space group P 3̅ 1, YCu3(OH)6Cl3 has total 

Figure 2.18 Polarization configurations in Raman experiment. 
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active Raman modes ΓRaman: 7A1g + 13Eg.  

Table 4. Assignment of Raman modes for YCu3(OH)6Cl3. 

 

Raman positions (cm-1) Assignment 

102 Cl- (Eg) 

170 Cl- (Ag) 

329 O2- (Eg) 

340 O2- (Eg) 

363 O2- (Ag) 

383 O2- (Ag) 

486 O2- (Eg) 

651 O2- (Eg) 

 

 

 

Since we care more about the magnetic continua, we have ignored the high-

frequency Raman modes which originate from vibrations of H atoms and 

Figure 2.19 The calculated Ag Raman modes. The red arrows are the 

vibrations directions. 
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performed measurement below 800 cm-1. Figure 19 and 20 have shown the 

calculated vibration modes for YCu3(OH)6Cl3 in Ag and Eg channel, respectively.  

 

 

As shown in Figure 2.21(a), we have given assignment to the Raman peak in our 

measurement range (below 800 cm-1). Below 200 cm-1, two vibration peaks are 

assigned to Eg and Ag mode of Cl- ions, and five O2- peaks are shown in 300~800 

cm-1, noting that peak at 320 cm-1 are superposition of two Eg peak. The detailed 

Raman modes have been summarized in Table 4. 

With temperature cooling, intensity of phonon peaks increases, and slopes of low-

frequency continua changes remarkably from negative to positive (Figure 

2.21(c)). In Raman susceptibilities χ’’ which have been subtracted phonon peaks 

Figure 2.20 The calculated Eg Raman modes. The red arrows are the 

vibrations directions. 
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(Figure 2.21(d)), a maximum emerges from the continua with temperature 

cooling down to 25 K at around 70-80 cm-1, related to one spin-flip progress, in 

line with θ ~ -120 K deduced from magnetic susceptibilities and J1 = 80 K by 

theoretical calculation. Therefore, it is functional to use Raman to study 

interactions in YCu3(OH)6Cl3. 

 

 

We also noticed the slope change on Raman susceptibility χ’’ (Figure 2.22 (a)). 

As shown in Figure 2.22 (b), we have plotted together the integrated Raman 

susceptibilities χR and low-frequency Raman slope, referring to static magnetic 

susceptibilities χ. With temperature cooling down to about 100 K, the χR and slope 

increase, much higher than TN =15 K in χ, which can be ascribed to the short-

Figure 2.21 Raman spectra of YCu3(OH)6Cl3 at different temperatures. 

(a) Assignment of Raman peak below 800 cm-1. (b) and (c) are the Raman 

intensity in 0-800 cm-1 and 0-300 cm-1, respectively. (d) is the dynamical 

Raman susceptibility χ’’ after subtracting the phonon peak. 
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range coherent formed above TN and is often reported in frustrated magnets. 

 

 

 

 

 

As shown in Figure 2.23, after applying polarization to Raman experiment, we 

observed the intensity difference at high temperature (300 K) for the low 

frequency continuum (lower than 200 cm-1), while the intensity difference 

Figure 2.22 (a) Linear fitting to the low-frequency (10-60cm-1) Raman 

susceptibility χ’’ for high temperature (300 K) and low temperature (25 

K). (b) Temperature-dependent magnetic susceptibilities compare with 

Integrated Raman susceptibilities χR and low-frequency Raman slope. 

Figure 2.23 polarized Raman spectra of YCu3(OH)6Cl3 at high 

temperature (300 K) and low temperature (25 K). (a) is intensity and (b) 

is Raman susceptibility χ’’. 
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vanishes at low temperature (25 K). The intensity difference in Ag channel can be 

assigned to thermal excitation of the magnetic fluctuations. 

 

 

By IXY - IXX, we obtained the Low frequency Raman intensity in Ag channel, as 

shown in Figure 2.24(a). With temperature cooling down, the integrated Raman 

susceptibilities χR decrease (Figure 2.24(c)), in contrast to Raman susceptibilities 

in Eg channel which increases (Figure 2.24(d)).  

2.4.3 Raman study for SmCu3(OH)6Cl3 and EuCu3(OH)6Cl3 

The Raman spectra of SmCu3(OH)6Cl3 (Figure 2.25) and EuCu3(OH)6Cl3 (Figure 

Figure 2.24 Polarized Raman spectra of YCu3(OH)6Cl3. (a) Low 

frequency intensity in Ag channel. (b) Low frequency intensity in Eg 

channel (c) Integrated Raman susceptibilities χR in Ag channel. (d) 

Integrated Raman susceptibilities χR and low-frequency Raman slope Eg 

channel. 
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2.26) are similar to YCu3(OH)6Cl3. Again, we observed that Raman 

susceptibilities in Ag channel vanish with temperature cooling, as shown in Figure 

2.25 (b) and 2.26 (b), the same as YCu3(OH)6Cl3, indicating Raman 

susceptibilities in Ag is correlated with thermal fluctuation and can be activated 

at high temperatures.  

 

 

With Temperature cooling, we have noticed the enhancement of Raman 

susceptibilities in Eg channel for both SmCu3(OH)6Cl3 and EuCu3(OH)6Cl3, as 

shown in 2.25 (c) and 2.26 (c). However, the integrated Raman susceptibilities χR 

Figure 2.25 Polarized Raman spectra of SmCu3(OH)6Cl3. (a) Intensity in 

XX and XY polarization at high temperature (300 K) and low 

temperature (25 K). (b) The difference intensity obtained by subtracting 

XY from XX. (c) Raman susceptibilities after subtracting phonon peak 

χ’’ in XY polarization. (d) Integrated Raman susceptibilities χR in XY 

polarization. 
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of EuCu3(OH)6Cl3 increase monotonically while χR of SmCu3(OH)6Cl3 shows 

nonmonotonic behavior between 50-100 K. We cannot exclude the factors of 

instrument or sample, but the broad profiles at low temperature (20 K) have 

shown large proportion of magnetic fluctuations.  

 

 

With temperature cooling down below TN~15 K, a sharp peak has emerged from 

the broad continua, for YCu3(OH)6Cl3, SmCu3(OH)6Cl3 and EyCu3(OH)6Cl3, as 

shown in Figure 2.27-2.29. The sharp peaks are interpreted as magnon peaks in 

Raman spectra and the peak position is correlated with the nearest interaction J1.  

Figure 2.26 Polarized Raman spectra of EuCu3(OH)6Cl3. (a) Intensity in 

XX and XY polarization at high temperature (300 K) and low 

temperature (4 K). (b) The difference intensity obtained by subtracting 

XY from XX. (c) Raman susceptibilities after subtracting phonon peak 

χ’’ in XY polarization. (d) Integrated Raman susceptibilities χR in XY 

polarization. 
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Figure 2.27 Low-temperature Raman spectra of YCu3(OH)6Cl3 in XY 

polarization.  

Figure 2.28 Low-temperature Raman spectra of SmCu3(OH)6Cl3 in XY 

polarization. 
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Figure 2.30 has given a direct comparison of Raman spectra for YCu3(OH)6Cl3, 

SmCu3(OH)6Cl3 and EyCu3(OH)6Cl3 at temperatures above TN ~ (20-25 K) and 

temperatures below TN. At temperatures above TN, YCu3(OH)6Cl3, 

Figure 2.29 Low-temperature Raman spectra of EuCu3(OH)6Cl3 in XY 

polarization. 

Figure 2.30 Low-frequency Raman spectra comparison for 

MCu3(OH)6Cl3 (M= Y, Sm, Eu) at (a) temperatures above TN ~ (20-25 

K) and (b) temperatures below TN. The intensities have been scaled for 

comparison and the phonon vibration peaks have been left behind for 

direct identification.  



 

56 

 

SmCu3(OH)6Cl3 and EyCu3(OH)6Cl3 show similar broad peak profile, while 

sharp peaks have evolved from the broad continua. 

Due to dominant effect of rare earth element on ReCu3(OH)6Cl3 (Re= Sm, Eu,Gd, 

Tb and Dy) at low temperature, the Weiss temperatures deduced by Curie-Weiss 

law from high temperature magnetic susceptibilities are often deviated from 

intrinsic interactions. However, all the maxima shown at low temperature above 

TN almost peak at 70-80 cm-1, as shown in Figure 2.30 (a), and the one-magnon 

signals unveil the fact the rare earth ions cause little effect on the negative vector-

chirality 120° spin structure formed by Kagome lattice of Cu2+, which is quite 

reasonable since no itinerant electrons exist in these insulator compounds and the 

localized magnetic moment of lanthanide ions is hard to interact with the Cu2+. 

It is noted that extra peaks at around 200 cm-1 and 230 cm-1 are relating to the 

first excitation of Eu3+ and Sm3+, respectively. With temperature cooling below 

TN, broad maximum of ReCu3(OH)6Cl3 gradually becomes sharp peak around 75 

cm-1 (Figure 2.30 (b)), and we assigned the one-magnon peak relating to the q = 

0 type magnetic order. 

As we have mentioned before, although no structural phase transition for 

herbertsmithite was detected by thermodynamic measurement or neutron 

scattering, subtle structure symmetry-broken has been confirmed by SHG signals.  

When we backed to Raman spectra of herbertsmithite, with similar broad hump 

continua shown at low temperature, the angular-dependent continua in Eg mode 

are not content with C3 symmetry which should be contained in space group R-



 

57 

 

3m. In this way, the angular-dependent Raman spectra can be used to check the 

subtle structure symmetry. We have accomplished the angular-dependent Raman 

spectra for EuCu3(OH)6Cl3 at high temperature (290 K) and low temperature (4 

K), respectively.  

 

 

Figure 2.31- Figure2.33 are the polarized-angular-resolved Raman spectra for Eg 

peak, Ag peak and low frequency continua, respectively.  

For the Eg peak, the circular shape in polar plot (Figure 2.31 (g)) at high 

temperature and low temperature satisfies C3 symmetry in space group P-3m1. 

For the Ag peak, it shows in XX polarization with rounded shape in polar-plot and 

disappear in XY polarization, and the intensity of Ag peak in X-rotated 

polarization should follow (cos 𝜃)2 in the polar-plot, as shown Figure 2.32 (g). 

Figure 2.31 Polarized-angular-dependent Raman spectra for Eg O peak 

of EuCu3(OH)6Cl3. (a)-(c) XX, XY and X Polarization at high 

temperature (290 K). (d)-(f) XX, XY and X Polarization at low 

temperature (4 K). (g) polar plot of O peak in different polarization 

configuration at high temperature and low temperature. 
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For the low-frequency continua, it contains Ag channel thermal excitations and 

behaves like Ag phonon peak as shown in Figure 2.33. With temperature cooling, 

the Ag signals vanishes and the Eg continua enhances, as Eg phonon peak in Figure 

2.31. Therefore, we have excluded the subtle lattice symmetry-broken in  

EuCu3(OH)6Cl3 by angular-resolved Raman spectra at high temperature and low 

temperature. 

Figure 2.32 Polarized-angular-dependent Raman spectra for Ag O peak 

of EuCu3(OH)6Cl3. (a) and (d) Polarization comparison of Ag O peak at 

high temperature (290 K) and low temperature (4 K), respectively. (b) 

and (c) are angular-dependent Raman spectra of Ag O peak at 290 K in 

XX and X polarization. (e) and (f) are angular-dependent Raman spectra 

of Ag O peak at 4 K in XX and X polarization. (g) polar plot of O peak 

in different polarization configuration at high temperature and low 

temperature. 
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2.5 Chapter Conclusion 

We have performed comprehensive study including temperature-dependent 

powder X-ray diffraction, electron spin resonance, temperature/field-dependent 

magnetization, specific heat and Raman spectroscopy on series kapellasite-type 

Kagome magnets LnCu3(OH)6Cl3 (Ln= Y, Sm, Eu, Gd, Tb and Dy), we have 

found: 

1. After substitution, the lanthanide ions have dominated the low-temperature 

magnetic behaviors for LnCu3(OH)6Cl3. 

2. The lanthanide ions have little impact on magnetic orders and the nearest 

interactions of Kagome-Cu2+ due to the insulator nature. 

Figure 2.33 Polarized-angular-dependent Raman spectra for low-

frequency continua of EuCu3(OH)6Cl3. (a)-(c) XX, XY and X 

Polarization at high temperature (290 K). (d)-(f) XX, XY and X 

Polarization at low temperature (4 K). (g) polar plot of integrated 

intensity for low-frequency continua in different polarization 

configuration at high temperature and low temperature. 
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3. The Raman spectra at various temperature has also exclude the structural phase 

transition and probed magnon excitations below TN ~15 K. 
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Chapter 3 Distorted Kagome lattice 

Since we have studied the magnetic properties for magnets with perfect Kagome 

lattice, here we will study the distorted Kagome magnets as a reference to the 

impact on Kagome lattice. 

3.1 Distorted Kagome lattice 

Distortion in polyhedron usually lowers energy barriers of ions in ligand 

compared to the perfect octahedron with degenerated electron state, as a 

consequent, enriching the electron configuration. The lattice distortion also 

induces perturbation to pure Heisenberg antiferromagnet model and intrigues 

randomness to exotic ground state, ranging from ordered state to valence bond 

glass state. While we grew YCu3(OH)6Cl3 and its analogous compounds 

LnCu3(OH)6Cl3 (Ln = Sm, Eu, Gd, Tb and Dy), another series compounds 

Y3Cu9(OH)19Cl8 and Ln’3Cu9(OH)19Cl8 (Ln’= Ho, Er, Tm, Yb and Lu) with 

sightly distorted Kagome lattice of Cu2+ also were obtained. 

3.2 Structure Comparison for Y3Cu9(OH)19Cl8 and YCu3(OH)6Cl3 

Y3Cu9(OH)19Cl8 was first reported by Pascal Puphal [100], and it crytallizes in 

space group R-3, with slightly distorted Kagome lattice of Cu2+ formed by three 

inequivalent Cu-Cu bonds. The formula Y3Cu9(OH)19Cl8 is very close to 

YCu3(OH)6Cl3, which is in space group P 3̅m1 with uniformed Cu-Cu bonds and 
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forms perfect Kagome lattice of Cu2+. In YCu3(OH)6Cl3, [YO4Cl2] octahedra 

connect each other along c axis, while Y3+ in Y3Cu9(OH)19Cl8 forms two kinds of 

octahedra [YO4Cl2] and [YO6].  

 

 

In spite of different crystal structure for Y3Cu9(OH)19Cl8 and YCu3(OH)6Cl3, the 

XRD patterns for the two compounds are hard to be distinguished, as shown in 

Figure 3.2(a). For YCu3(OH)6Cl3 in space group P 3̅m1, all Raman active modes 

ΓRaman: 7A1g + 13Eg. For Y3Cu9(OH)19Cl8 in space group R-3, Raman active 

modes include ΓRaman: 29Ag + 291Eg + 292Eg. Thus, Y3Cu9(OH)19Cl8 is in lower 

symmetry and has more phonon peak in Raman spectra compared to 

YCu3(OH)6Cl3. As a result, Raman spectroscopy can diagnose YCu3(OH)6Cl3 

Figure 3.1 Structure comparison between YCu3(OH)6Cl3 and 

Y3Cu9(OH)19Cl8. (a) 2×2×3 cell for YCu3(OH)6Cl3, (b) unit cell of 

Y3Cu9(OH)19Cl8, (c) perfect Kagome lattice of Cu2+ in YCu3(OH)6Cl3 

and (d) distorted Kagome lattice of Cu2+ in Y3Cu9(OH)19Cl8. 
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from Y3Cu9(OH)19Cl8, as shown in Figure 3.2(b). 

 

 

3.3 Thermodynamic study on single crystals of Ln3Cu9(OH)19Cl8 

3.3.1 Introduction to crystal growth method 

Crystal growth of Y3Cu9(OH)19Cl8 by normal hydrothermal method. Mixture of 

YCl3·6H2O (2 g) and CuO (0.65 g) was transferred into a 25 mL Teflon-lined steel 

autoclave, together with 10 mL deionized water. The temperature sets as: 

Room temperature
2 ℎ𝑜𝑢𝑟𝑠
→     270 ℃

𝑡𝑤𝑜 𝑤𝑒𝑒𝑘𝑠
→       150 ℃

𝑝𝑜𝑤𝑒𝑟−𝑜𝑓𝑓
→         Room temperature, 

and then the aquamarine blue crystals with hexagonal shape were obtained. 

Crystals of Ln’3Cu9(OH)19Cl8 (Ln’= Ho, Er, Tm, Yb and Lu) can be obtained by 

a similar method, as shown in Figure 3.3. 

Figure 3.2 X-ray diffraction pattern and Raman vibration mode 

comparison between YCu3(OH)6Cl3 and Y3Cu9(OH)19Cl8. (a) Stimulated 

XRD for YCu3(OH)6Cl3 and Y3Cu9(OH)19Cl8. (b) Raman spectra for 

YCu3(OH)6Cl3 and Y3Cu9(OH)19Cl8. 
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3.3.2 Thermodynamic study on Y3Cu9(OH)19Cl8 

In Y3Cu9(OH)19Cl8, the Cu-Cu bonds range from 3.24 to 3.37 Å, close to 

equivalent Cu-Cu bond ~ 3.37   Å in YCu3(OH)6Cl3. Consequently, we have 

obtained Weiss temperature θ = -88.79 K, comparable to interaction in 

YCu3(OH)6Cl3, in order of magnitude ~ - 100 K. In our study for Y3Cu9(OH)19Cl8, 

no obvious AFM magnetic order shown in the magnetic susceptibilities down to 

2 K, and we have only observed a sudden increase in magnetic susceptibilities 

around TN1 = 28 K (Figure 3.4 (a)) and broad hump shows at 32 K in specific heat 

(Figure 3.4 (c)). The phase transition around 28 ~ 32 K is firstly confirmed in our 

study. The upturn in the low-temperature specific heat may relate with spin 

freezing of Cu2+, which also have been treated as antiferromagnetic order in 

Figure 3.3 Photo images for Y3Cu9(OH)19Cl8 and its analogous 

compounds which are substituted by rare earth elements from holmium 

to Lutetium. 
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previous report[100], but remains much controversy in recent µSR study for 

Y3Cu9(OH)19Cl8 that has revealed persistent dynamic spins down to 20 mK. 

W.Sun et al later claimed that Y3Cu9(OH)19Cl8 orders at TN = 11 K and the order 

at around 2 K can be attributed to impurity CuO. Moreover, we have probed the 

magnetic phase transition at 2 K according to ESR spectra (Figure 3.5), and we 

will discuss in detail later. 

 

 

We doubt and exclude the upturn at 2.2 K in Y3Cu9(OH)19Cl8 associating with 

CuO impurities. In our study for the Kagome-Cu2+ team rival, we always use CuO 

Figure 3.4 Thermodynamic properties for Y3Cu9(OH)19Cl8. (a) 

Temperature dependent magnetic susceptibilities under different fields. 

Inset is ZFC and FC curve under 0.01 T. (b) and (c) are specific heat with 

field parallel or perpendicular to the distorted Kagome plane. (d) Curie-

Weiss fitting to the inverse magnetic susceptibilities. (e) Phonon 

contribution fitting by Debye-Einstein model. (f) Magnetic entropy under 

different fields. 
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as staring materials for synthesizing hydroxy cuprates, and the upturn at 2.2 K is 

not often observed, especially absent in YCu3(OH)6Cl3, EuCu3(OH)6Cl3, 

ZnCu3(OH)6Cl2 and ZnCu3(OH)6FBr, along with α-Cu3Mg(OH)6Br2. 

After subtracting the phonon contribution, magnetic entropy in Y3Cu9(OH)19Cl8 

is saturated at ~ 0.4 Rln2, as shown in Figure 3.4 (f), suggesting much spin-

fluctuation remains down to 2 K, despite magnetic order forming at 2 K and 30 

K. 

 

 

Figure 3.5 Electron spin resonance (ESR) spectra for Y3Cu9(OH)19Cl8. 

(a) ESR spectra at various temperatures for the fixed frequency with field 

parallel to ab plane. (b) ESR spectra at various temperatures for the fixed 

frequency with field parallel to c axis. (c) ESR spectra for the increasing 

frequencies with field parallel to ab plane. (d) ESR spectra for the 

increasing frequencies with field parallel to c axis. 
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We have collected the ESR spectra with fixed frequency and temperature, 

respectively. As shown in Figure 3.5 (c), when magnetic field is applied within 

Kagome plane (B||ab plane) at 2 K, three filed-induced modes ω1(2.1 T) ω2 (4 T) 

and ω3 (6.2 T) are observed for 171.794GHz. ω1 and ω3 appear at 10 K (Figure 

3.5(a)) and exhibit frequency-dependent behavior (Figure 3.5(c)), while ω2 shows 

at 2 K for B||ab plane and B|| c axis, with frequency of 171.794GHz and 121.090 

GHZ, respectively, which can be regarded as characteristic mode for the AFM 

order as observed in specific heat. For B|| c axis (Figure 3.5(d)), ω3 disappears 

and a frequency-independent mode ω4 has emerged, suggesting obvious magnetic 

anisotropy.   

3.3.3 Thermodynamic study on Lu3Cu9(OH)19Cl8 

When Y3+ in Y3Cu9(OH)19Cl8 is substituted by non-magnetic lanthanide element 

lutetium, we have obtained isostructural compound Lu3Cu9(OH)19Cl8. 

Lu3Cu9(OH)19Cl8 crystalizes in space group R-3, with cell parameters a = b= 

11.43 Å, c = 17.32 Å, slightly smaller than Y3Cu9(OH)19Cl8 (a = b= 11.56 Å, c = 

17.21 Å). As shown in Figure 3.6 (a), a sudden increase at ~ 19 K and a distinct 

drop at 3 K in the magnetic susceptibilities, probably ascribed to the correlation 

of spins and spins- freezing, respectively. No divergence shows between the ZFC 

and FC curves, ruling out the state of spin-glass, similar to Y3Cu9(OH)19Cl8. 

However, we have obtained Weiss temperature θ = - 43.3 K. No magnetic 

hysteresis loop has been measured, as shown in Figure 3.6 (c). In the specific heat 
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results (Figure (3.6(d)), two anomaly peaks show at 2.8 K and 25 K, in line with 

TN2 = 3 K and TN1 = 19 K in temperature-dependent magnetic susceptibilities. 

With external field increasing, the TN2 is gradually suppressed to lower 

temperature while TN1 remain constant. After subtracting phonon contribution, 

we have obtained the magnetic entropy 0.33 Rln2 per Cu2+, suggesting the 

unreleased huge fluctuation below 2 K, as claiming in Y3Cu9(OH)19Cl8.  

 

 

 

Figure 3.6 Thermodynamic properties for Lu3Cu9(OH)19Cl8. (a) The in-

plane temperature dependent magnetic susceptibilities under different 

fields. Inset is ZFC and FC curve under 0.005 T. (b) Curie-Weiss fitting 

to the inverse magnetic susceptibilities. (c) In-plane field-dependent 

magnetization at 2 K. (d) specific heat with field parallel to the distorted 

kagome plane. (e) Phonon contribution fitting by Debye-Einstein model. 

(f) Magnetic entropy under different fields. 
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3.3.4 Thermodynamic study on Yb3Cu9(OH)19Cl8 and Tm3Cu9(OH)19Cl8 

When Y3+ in Y3Cu9(OH)19Cl8 is substituted by magnetic lanthanide ions with low 

spins, for example, Yb3+ (S=1/2) and Tm3+ (S=1)., we obtained Yb3Cu9(OH)19Cl8 

and Tm3Cu9(OH)19Cl8. Contrast to Y3Cu9(OH)19Cl8 and Lu3Cu9(OH)19Cl8, both 

Yb3Cu9(OH)19Cl8 and Tm3Cu9(OH)19Cl8 are absent of divergence between low-

field ZFC and FC and show no magnetic phase transition down to 2 K in 

temperature-dependent magnetic susceptibilities (Figure 3.7(a) and Figure 3.8(a)). 

We obtained Weiss temperature θ = - 71.5 K and - 51.95 K for Yb3Cu9(OH)19Cl8 

and Tm3Cu9(OH)19Cl8, respectively. In the field-dependent magnetization (Figure 

3.7(c) and Figure 3.8(c)), Yb3Cu9(OH)19Cl8 saturates at ~3 T with magnetic 

moment of 6 µB/f.u., while Tm3Cu9(OH)19Cl8 grows linearly with increasing 

magnetic field above 4 T, probably arising from van vleck paramagnetism for 

Tm3+. For Yb3Cu9(OH)19Cl8 and Tm3Cu9(OH)19Cl8, specific heat shows λ- 

anomaly at around 2.4 K, which can associate to magnetic order of Cu2+, as 

discussed in Y3Cu9(OH)19Cl8 and Lu3Cu9(OH)19Cl8. With increasing field, TN in 

Yb3Cu9(OH)19Cl8 has been pushed to higher temperature of 5 K, but the TN in 

Tm3Cu9(OH)19Cl8 are gradually suppressed to lower temperature. For 

Tm3Cu9(OH)19Cl8, phase transition at 28 K has been observed in specific heat, 

similar to Y3Cu9(OH)19Cl8 and Lu3Cu9(OH)19Cl8. 
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According to specific heat of Y3Cu9(OH)19Cl8 and Lu3Cu9(OH)19Cl8, we have 

noticed two distinct phase transitions happen at TN1 (2~3 K) and TN2 (25~30 K). 

For Yb3Cu9(OH)19Cl8 and Tm3Cu9(OH)19Cl8, lanthanide ions can hardly interact 

with Cu2+ due to the insulator nature and lack of itinerant electrons. The low 

temperature magnetic moment is larger than magnetic moment of 0.06 µB per 

Cu2+ at 2 K under 7 T, indicating the dominant role of lanthanide ions for the low 

temperature magnetic behavior. Since Yb3+ and Tm3+ which are in paramagnetic 

state can dominate the low-temperature magnetic behavior, as a consequent, 

absence of magnetic phase transition and hysteresis have shown in the 

Figure 3.7 Thermodynamic properties for Yb3Cu9(OH)19Cl8. (a) The in-

plane temperature dependent magnetic susceptibilities under different 

fields. Inset is ZFC and FC curves under 0.01 T. (b) Curie-Weiss fitting 

to the inverse magnetic susceptibilities. (c) in-plane field-dependent 

magnetization at 2 K. (d) specific heat with field parallel to c axis. 
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temperature-dependent and field-dependent magnetization for Yb3Cu9(OH)19Cl8 

and Tm3Cu9(OH)19Cl8 (Figure 3.7 and 3.8), as we have discussed in 

YCu3(OH)6Cl3 and LnCu3(OH)6Cl3 (Ln = Sm, Eu, Gd, Tb and Dy) (Ln = Sm, Eu, 

Gd, Tb and Dy) in chapter 2. 

 

 

3.3.5 Magnetic susceptibilities study on Er3Cu9(OH)19Cl8 and Ho3Cu9(OH)19Cl8 

When Y3+ in Y3Cu9(OH)19Cl8 is substituted by heavy lanthanide ions Er3+ and 

Ho3+, we obtained Er3Cu9(OH)19Cl8 and Ho3Cu9(OH)19Cl8. As discussed above, 

Figure 3.8 Thermodynamic properties for Tm3Cu9(OH)19Cl8. (a) The in-

plane temperature dependent magnetic susceptibilities under different 

fields. Inset is ZFC and FC curves under 0.01 T. (b) Curie-Weiss fitting 

to the inverse magnetic susceptibilities. (c) in-plane field-dependent 

magnetization. (d) specific heat with field parallel to ab plane. 
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For Er3Cu9(OH)19Cl8 and Ho3Cu9(OH)19Cl8, we observed no magnetic phase 

transition in the field-dependent magnetic susceptibilities down to 2 K, due to the 

dominant role of paramagnetic lanthanide ions Er3+ and Ho3+, as shown in Figure 

3.9 (a) and Figure 3.10 (a). Although it is not accurate to apply Curie-Weiss law 

to lanthanide element with strong field effect, we performed Curie-Weiss fitting 

to Er3Cu9(OH)19Cl8 and Ho3Cu9(OH)19Cl8 for simply qualitative understanding 

the dominant role of the heavy lanthanide ions.  

 

 

Moreover, the field-dependent magnetization also verifies that Er3+ and Ho3+ have 

dominate the low-temperature magnetic properties. 

Figure 3.9 Thermodynamic properties for Er3Cu9(OH)19Cl8. (a) The in-

plane temperature dependent magnetic susceptibilities under different 

fields. (b) ZFC and FC curves under 0.01 T. (c) Curie-Weiss fitting to the 

inverse magnetic susceptibilities. (d) in-plane field-dependent 

magnetization. 
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3.4 Raman study for Y3Cu9(OH)19Cl8 & Yb3Cu9(OH)19Cl8 

To further probe the magnetic fluctuation on distorted Kagome lattice of Cu2+, we 

have performed massive Raman spectra at various temperatures. The Raman 

polarization configuration is the same as Figure2.18, and the Laser wavelength is 

532 nm. 

3.4.1 Raman study for Y3Cu9(OH)19Cl8 

For Y3Cu9(OH)19Cl8, no extra phonon peak or peak splitting has been observed   

Figure 3.10 Thermodynamic properties for Ho3Cu9(OH)19Cl8. (a) The in-

plane temperature dependent magnetic susceptibilities under different 

fields. (b) ZFC and FC curves under 0.01 T. (c) Curie-Weiss fitting to the 

inverse magnetic susceptibilities. (d) in-plane field-dependent 

magnetization. 
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In Figure 3.11(a), we observed from room temperature to 25 K, ruling out 

structure phase transition during in the cooling progress. The intensity difference 

at low frequency (10-300 cm-1) between XX polarization and XY polarization, 

suggesting the existence of Ag channel, and the low-frequency spectra in XX and 

XY polarization overlaps, suggesting the vanishing of the Ag channel thermal 

excitation, which further shows at Figure 3.11(b), in which obvious drops have 

been observed for 10-70 cm-1. After subtracting the phonon peaks and Bose factor 

Figure 3.11 Raman spectra of Y3Cu9(OH)19Cl8 at different temperatures. 

(a) Intensity in XX and XY polarization at high temperature (300 K) and 

low temperature (25 K). (b) evolution of Raman intensity in 0-300 cm-1 

at selected temperatures. (c) contour map of χ’’(ω). (d) Temperature-

dependent integrated Raman susceptibilities χR and low-frequency 

Raman slope.  
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n(ω), we have obtained Raman susceptibilities 𝜒′′(𝜔) , as shown in Figure 

3.11(c), which shows the maximum around 100 cm-1 between 50-100 K. In the 

integrated Raman spectra, we observed roughly enhancement from room 

temperature down to 75 K, and a sudden decrease has been observed, which is 

possibly associated with spin correlation around 30 K in specific heat. 

3.4.2 Raman study for Yb3Cu9(OH)19Cl8 

When magnetic lanthanide ions Yb3+ implement into the distorted Kagome lattice, 

we also probed magnetic excitation from the Raman spectra. As shown in Figure 

3.12 (b), the maximum position for Yb3Cu9(OH)19Cl8 almost capable of 

Y3Cu9(OH)19Cl8, indicating the very similar interaction for the two compounds, 

with slightly different Weiss temperature (θY = - 88.7 K and θYb = - 71.5 K).  

 

 

Moreover, we also observed intensity difference at the low frequency ( less than 

50 cm-1), probably contributed by the Yb3+ for the low-energy excitations.  

Figure 3.12 (a) evolution of Raman intensities for Yb3Cu9(OH)19Cl8 at 

selected temperatures. (b) Raman spectra comparison for 

Y3Cu9(OH)19Cl8 and Yb3Cu9(OH)19Cl8.  
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We can directly observe the impact of lattice distortion on Kagome magnets by 

comparison between YCu3(OH)6Cl3 and Y3Cu9(OH)19Cl8/ Lu3Cu9(OH)19Cl8, as 

plotted in Figure 3.13(a). A sudden increase in temperature-dependent magnetic 

susceptibilities has been observed (17 K for YCu3(OH)6Cl3, 28 K for 

Y3Cu9(OH)19Cl8 and 19 K for Lu3Cu9(OH)19Cl8), and follows AFM order which 

peaks at 5 K, less than 2 K and 3 K, for YCu3(OH)6Cl3, Y3Cu9(OH)19Cl8, and 

Lu3Cu9(OH)19Cl8, respectively. For the three compounds with the magnetic 

moment at 2 K under field of 7 K is ~0.06 µB per Cu2+, far less than 1 µB for Cu2+ 

in saturation, indicating strong frustration exists in all the three compounds. 

Figure 3.13 Properties comparison for YCu3(OH)6Cl3 Y3Cu9(OH)19Cl8 

and Lu3Cu9(OH)19Cl8. (a) Temperature-dependent magnetic 

susceptibilities, (b) field-dependent magnetization at 2 K, (c) zero-field 

specific heat and (d) Raman spectra comparison for YCu3(OH)6Cl3 and 

Y3Cu9(OH)19Cl8. 
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Y3Cu9(OH)19Cl8, and Lu3Cu9(OH)19Cl8 show two anomaly peaks in the specific 

heat (TN12~3 K and TN2 25 ~32 K), while YCu3(OH)6Cl3 shows broad hump at 

TN = 15 K. Since Y3Cu9(OH)19Cl8 releases more magnetic entropy compared to 

YCu3(OH)6Cl3, YCu3(OH)6Cl3 leaves behind more fluctuation to the low 

temperature below 2 K, in line with coexisting magnetic order and persistent spin 

dynamics revealed by µSR, which also can be uncovered by our Raman spectra, 

shown in Figure 3.13(d). The cut-off energy of one-magnon excitation for 

YCu3(OH)6Cl3 and Y3Cu9(OH)19Cl8 terminates at 300 cm-1. Compared to 

Y3Cu9(OH)19Cl8, YCu3(OH)6Cl3 has more pronounced low-energy excitation at 

25 K, suggesting more spin fluctuation in the low temperature, as evidenced by 

specific heat result 

3.5 Chapter Conclusion  

Here we make a short conclusion for the series distorted Kagome 

antiferromagnets. 

1. Despite of strong antiferromagnetic interactions for several the distorted 

Kagome compounds, the Y3Cu9-family have two ordering temperatures for each 

compound, and the high-temperature phase transition around 30 K has been first 

confirmed by our experiments which need to figure out in the future research. 

2. Yb3Cu9(OH)19Cl8 and Tm3Cu9(OH)19Cl8 are absence of magnetic order in the 

magnetic susceptibilities, but the specific heat results show two distinct phase 

transitions, TN1~3 K, TN2~30 K, indicating that the paramagnetic state Yb3+ and 
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Tm3+ have dominated the low temperature magnetic behaviors in the distorted 

Kagome antiferromagnets, similar to the lanthanide ions in LnCu3(OH)6Cl3. 

3. Although we can exclude Y3Cu9(OH)19Cl8 and its analogous compounds from 

the strong frustrated materials due to the high temperature phase transition around 

30 K, we still found that large portion of magnetic entropy and fluctuation 

remains in the distorted Kagome magnets below 2 K, suggesting the dynamic 

spins at low temperatures, which deserves advanced spectroscopic experiments 

like inelastic neutron scattering or NMR experiments. 
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Chapter 4 Bose–Einstein condensation on α-Cu3Mg(OH)6Br2 

Having studied the Kagome antiferromagnets with robust order, TN in 

YCu3(OH)6Cl3 is immune to the magnetic fields in our laboratory conditions. 

However, it is easier to tune the critical temperatures or fields in a ferromagnets. 

Therefore, Kagome ferromagnet can serve as the platform to tune the quantum 

criticality in Kagome lattice and also provide an example to study the origin the 

magnetic order in Kagome magnets. In the recent decades, perhaps one of the 

most basic quantum phase transitions is Bose–Einstein condensation of magnons 

in quantum magnets. 

4.1 Bose–Einstein condensation 

BEC depicts the ideal Bose particles populated on the same ground state, and 

usually bridges new matter phase like superfluid and supersolid [112,113]. BEC was 

first used for the explanation of superfluid for the low-temperature liquid helium, 

and eventually observed in ultracold atoms. This general concept has been 

mapped for magnons in quantum magnets or excitations in semiconductors [114].  

For a simple XXZ model antiferromagnets, considering only the nearest 

neighboring interaction J, the Hamiltonian with applied field along z axis can be 

written as: 

𝐻 = J//∑ (𝑆𝑖
𝑥𝑆𝑗
𝑥 + 𝑆𝑖

𝑦
𝑆𝑗
𝑦
)〈𝑖𝑗〉 + J⊥∑ 𝑆𝑖

𝑧𝑆𝑗
𝑧

〈𝑖𝑗〉 − 𝑔𝑧𝑢𝐵𝐻∑ 𝑆𝑖
𝑧

𝑖               (5) 

J// and J⊥  are the in-plane and out-of-plane component of J, and gz is the 
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gyromagnetic factor, and μB is the Bohr magneton. After applying Matsubara-

Matsuda transformation, 𝑆𝑖
+⟺ 𝑐𝑖

†
 , 𝑆𝑖

−⟺ 𝑐𝑖  and 𝑆𝑖
𝑧 ⟺ 𝑐𝑖

†𝑐𝑖 −
1

2
  (𝑐𝑖

†
  and 𝑐𝑖 

are Pauli operators for the hard-core bosons), the Hamiltonian can be rewritten in 

the second-quantized form: 

𝐻′ =
J//

2
∑ (𝑐𝑖

†𝑐𝑗 + 𝑐𝑖𝑐𝑗
†)〈𝑖𝑗〉 + J⊥∑ (𝑐𝑖

†𝑐𝑖𝑐𝑗
†𝑐𝑗)〈𝑖𝑗〉 − 𝑢                    (5) 

Where 𝑢 = 𝑔𝑧𝑢𝐵𝐻∑ (𝑐𝑖
†𝑐𝑖 −

1

2
)𝑖 +

J
⊥

2
∑ (𝑐𝑖

†𝑐𝑖 + 𝑐𝑗
†𝑐𝑗)〈𝑖𝑗〉                  (6) 

The first term and second term in H’ are also related to lattice bosons and the 

applied field acts as chemical potential to the systems. Obviously, H’ is under U(1) 

invariant transformation which presents uniaxial symmetry along z axis. Namely, 

for quantum magnets, the particle number conservation requires uniaxial 

symmetry [113]. The extra magnetic field plays role as chemical potential for 

bosons and induces quantum phase transition (QPT), and the quantum critical 

point (QCP) settles at the phase boundaries and separates empty-boson phase 

from single-particle excited state. The BEC-QCP follows the typical power 

law [112,113]: 

𝑇𝑐 ∝ (𝐻𝑐 − 𝐻)
1/𝛿                                               (7) 

Tc is ordering temperature, Hc is critical field and δ is dimension-related critical 

exponent. For two dimensional (2D) and two dimensional (3D) Bose gas, δ equals 

to 1 and 3/2, respectively. 

However, quantum magnets always contain interactions that break the continuous 

uniaxial symmetry at very low temperature (from kelvin to millikelvin), for 

example, dipole-dipole interaction, and DM interactions [113]. As a consequence, 
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the deviation of BEC around QCP can be observed.  

The realization of BEC usually happens to high magnetic field ranges. For 

example, for dimerized materials, like TlCuCl3
 [115], BaCuSi2O6

 [116] and 

Sr3Cr2O8
 [117], BEC of triplets happens at the QCP where the spin gaps are closed 

by applied fields, up to dozens of Tesla. For some easy-plane AFMs like 

Cs2CuCl4
 [118,119] or quasi one-dimensional (1D) AFMs like NaVOPO4

 [120], BEC 

could be observed under 10 Tesla. 

There also proposal for BEC realized in magnets dominated by ferromagnetic 

interactions with small critical field [121], and one of possible case has been found 

in a quasi-2D square-lattice ferromagnet K2CuF4
 [122]. 

In the study of α-Cu3Mg(OH)6Br2, with predominant ferromagnetic interaction, 

we also found 3D BEC of magnons with critical field near 2 T [95]. Moreover, the 

DM plays an important role for conserving the particle-numbers.  

4.2 Crystal structure of α-Cu3Mg(OH)6Br2  

α-Cu3Mg(OH)6Br2 crystallizes in space group P -3 m1 with AA stacking layer 

along c axis. The cell parameters α-Cu3Mg(OH)6Br2 is a = b = 6:28650 Å and c 

= 6:07950 Å, where the Cu forms two-dimensional(2D) Kagome lattice and the 

Mg settles into the center of hexagon, as shown in Figure 4.1(b). 

Previous neutron experiment on powder sample of α-Cu3Mg(OH)6Br2 has 

revealed the inner-plane moments are along b axis while the inter-plane moments 

align antiferromagnetically[95], as shown in Figure 4.1(c).  
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No available single-crystal of α-Cu3Mg(OH)6Br2 has been applied for 

thermodynamic research. In this study, we have successfully prepared single 

crystals of α-Cu3Mg(OH)6Br2.  

The mixtures of 15 mmol CuO, 6 mmol MgBr2, and 10.8 mmol NH4F were sealed 

in 25-mL Teflonlined autoclave with 10 mL water. The temperature set as 

following: 

Room temperature
2 ℎ𝑜𝑢𝑟𝑠
→      270 ℃

380 ℎ𝑜𝑢𝑟𝑠
→        150 ℃

𝑝𝑜𝑤𝑒𝑟−𝑜𝑓𝑓
→          Room temperature. 

After washing with deionized water, the greenish and millimeter-scale crystals 

were obtained (Figure 4.1(d)). The chemical composition was confirmed to be α-

Cu3.26Mg0.74(OH)6Br2 by Inductively Coupled Plasma-Atomic Emission 

Figure 4.1 Crystal structure and interactions illustration of α-Cu3Mg(OH)6Br2. 

(a) The unit cell, (b) Kagome lattice nearest interaction J1 and out-of-plane DM 

interaction 𝐷�̂�. Red arrow represent the in-plane spins towards b axis. (c) The 

inter-plane antiferromagnetism is illustrated by the antiparallel spins between 

neighboring planes. (d) As-grown single crystals of α-Cu3Mg(OH)6Br2. 
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Spectrometry (ICP-AES). 

4.3 Thermodynamic measurement on α-Cu3Mg(OH)6Br2 

The pulsed-field ESR spectra were collected at Wuhan National High Magnetic 

Field Center and accomplished in the field-increasing process among the 

frequency range of 54 to 172 GHz at 2 K. 

The magnetization characterization includes two parts. The first part is the 

magnetic anisotropy which performed on MPMS. For the second part, In order to 

measure the massive magnetization lower than 1.8 K in direct current (DC) mode , 

Hall sensor [123,124] magnetometer has been combined with PPMS which equips 

Helium-3 refrigerator. 

4.3.1 Magnetic anisotropy in α-Cu3Mg(OH)6Br2 

To characterize the magnetic anisotropy of α-Cu3Mg(OH)6Br2, we have 

performed the magnetization along different directions. (the direction 

perpendicular to b axis is defined as b*). Apparently, there is no obvious orders at 

4.3 K. Despite the zero-field spins orientation towards b axis, no obvious 

divergence has been observed between B||b and B||b* in both the temperature 

dependent and field dependent magnetization (Figure 4.2(b) and (c)), in contrast 

to the weakened magnetic susceptibilities of the out-of-plane magnetization (B||c) 

in Figure 4.2(b), suggesting the easy-axis in the Kagome plane. In the field 

dependent magnetization (Figure 4.2(c)), the polarized moments are 0.92 µB/Cu 
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for three directions and saturate at 1 T and 2 T for the in-plane saturation field 

(B||b and B ||b*) and out-of-plane (B||c), respectively 

 

 

The Curie-Weiss law has been applied for the magnetic susceptibilities above 150 

K and yielded θ = 25.3 K and 24.4 K for B||b and B||c, respectively. The g-factor 

is fixed on the results deduced from the frequency-field diagram in ESR spectra 

(Figure 4.3)). The ESR spectra were collected at 2 K, bellow TN = 4:3 K, with 

magnetic field parallel or perpendicular to the Kagome plane. 

Figure 4.2 The magnetic anisotropy characterization for α-Cu3Mg(OH)6Br2. 

(a) single crystal photo of α-Cu3Mg(OH)6Br2, (b) and (c) are temperature 

dependent magnetization under 0.3 T and field dependent magnetization at 2 

K, respectively. (d) The inverse magnetic susceptibilities under 0.3 T. The red 

lines are the Curie-Weiss fitting above 150 K. All data were collected by 

MPMS. 
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The dips in ESR spectra emerging from the field above the saturated field at 2 K 

responses ferromagnetic-resonance model in polarized state. The field of dips 

increases monotonically with frequencies growing, and the slightly different g-

factors correspond to the magnetic anisotropy. 

Having established the recognition that the magnetic anisotropy is mainly existed 

between in-plane and out-of-plane magnetization, we have carried out systematic 

measurement to study the magnetic phase transition for α-Cu3Mg(OH)6Br2 with 

magnetic field parallel or perpendicular to Kagome plane. 

Figure 4.3 (a) and (b) The in-plane ESR spectra and frequency-field diagram 

for α-Cu3Mg(OH)6Br2. (c) and (d) The out-of-plane ESR spectra and 

frequency-field diagram for α-Cu3Mg(OH)6Br2. 
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4.3.2 The in-plane phase transition 

 

 

For the low temperature magnetization measurement, massive magnetization 

curves have been collected by Hall sensor. The uniformed scaling has been 

applied for the measured data. Figure 4.4, the scaled magnetization results on Hall 

sensor at 2 K match well with magnetization collected by MPMS for both B|| b 

axis and c axis.  

When the magnetic field applied within the Kagome plane, we observed two 

critical magnetic points P1 and P2 in the corresponding dM/dB curves (Figure 4.5 

(a)). The sharp peak P1 can be attributed to the spin-flop (SF) transition caused 

by the magnetic field, implying possible canted AFM state. P2 is a gradually 

decayed shoulder associated with polarization. The field dependent specific heat 

shows two critical fields Bc1 and Bc2 corresponding to P1 and P2 as presented in 

the derivative curves Figure 4.5 (a). 

Figure 4.4 The comparison of magnetization results of α-Cu3Mg(OH)6Br2 at 2 

K between scaled magnetization results on Hall sensor and MPMS for B|| b 

axis and c axis.  



 

87 

 

 

 

 

 

With temperature lowering, the critical points P1 and P2 of α-Cu3Mg(OH)6Br2 

Figure 4.5 (a) Extracting in-plane critical points of α-Cu3Mg(OH)6Br2 from 

magnetization and specific heat. (a) P1 and P2 from dM/dB at 1.8 K. (b) Bc1 

and Bc2 respectively from Cp(T )/T at 1.2 K. 

Figure 4.6 The in-plane thermodynamic measurement and phase transition in 

α-Cu3Mg(OH)6Br2. (a) The field dependent magnetization. Data were 

collected by Hall sensor magnetometer. (b) the first derivative curves dM/dB 

for B||b axis at selected temperatures. (c) The temperature dependent specific 

heat (Cp(T )) for B|| b axis. (d) The field dependent specific heat (Cp(B)) for 

B||b axis. 
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shift to higher field until 1 K, where the critical fields respond negligibly to the 

lower temperature (as shown in Figure 4.6 (a) and (b)). Figure 4.6(c) shows the 

Cp(T ) under low magnetic fields for B || b*. The single peak with sharp anomaly 

at about 4.3 K under zero field is gradually suppressed and TN shifts down to 

lower temperature range with field increasing. With B > 1 T within ab plane, the 

magnetic order is fully suppressed. Similar to dM/dB, the two critical fields Bc1 

and Bc2 in Cp(B)/T for B||b (Figure 4.6(d)) increase with temperature cooling 

down, within limitation of 0.5 T and 1 T for Bc1 and Bc2 respectively. 

4.3.3 Magnetization and specific heat for B||c axis 

With the magnetic field increasing along c axis, the ordered temperature TN1 in 

the temperature dependent magnetization (Figure 4.7(a)) and TN2 in Cp(T)/T 

(Figure 4.7 (d)) move to lower temperature. Compared with the in-plane 

antiferromagnetic order suppressed above 1 T in Figure 4.6(c), the 

antiferromagnetic order survives at higher field, in line with the saturated field 

around 2 T for B||c axis. 

Platform has presented in dM/dB curves (Figure 4.7 (b)) and the field dependent 

Cp(B)/T (Figure 4.7 (e)) below critical fields Bc1 and Bc2, respectively. In contrast 

to B||b axis, it is absent of spin flop in the progress of increasing magnetic field 

for B||c axis. The critical fields Bc1 and Bc2 are further determined by the minimum 

dips in the second derivative curves of the field dependent magnetization and the 

first derivative curve of Cp(B)/T (Figure 4.7 (c) and Figure 4.7 (f)), which shifts 
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monotonically to higher field with temperature cooling down. 

 

 

No divergence is observed between field up and down for the field dependent 

magnetization and corresponding derivative curves (Figure 4.8), and we suggest 

the field induced phase transition for B||c axis from AFM state to polarized state 

being the second order phase transition. 

Figure 4.7 The magnetization and specific measurement of α-Cu3Mg(OH)6Br2 

for B||c axis. (a) The temperature dependent magnetization under different 

fields. (b) The field dependence of magnetization (MB) curves and the first 

derivative curves of dM/dB at selected temperatures. (c) The second derivative 

curves of magnetization. Data were collected by Hall sensor magnetometer. 

(d) The temperature dependent Cp(T)/T. (e) The field dependent specific heat 

(Cp(B)). (f) The first derivative curves d(Cp(B )/T)/dB. 
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4.4 Identification of 3D BEC in α-Cu3Mg(OH)6Br2 

 

 

We have extracted the QCPs from the results of magnetization and specific heat, 

as shown in Figure 4.9. The in-plane critical fields for P1 and P2 correspond to 

spin-flop and polarization, respectively, and remain constant at 0.47 T and 0.98 T 

below 1 K (Figure 4.9 (a)), which reminds of the first-order phase transition 

usually observed in the quantum phase diagram of heavy-fermion materials 

Figure 4.8 The Field dependent magnetization MB ((a)) and corresponding 

first((b)) and second ((c)) derivative curves on MPMS with field up and down 

at 1.8 K for α-Cu3Mg(OH)6Br2 with magnetic field along c axis. 

Figure 4.9 Identify critical exponents of α-Cu3Mg(OH)6Br2 by applying the 

power law 𝑇𝑐 ∝ (𝐵𝑐 − 𝐵)
1/𝛿. (a) for B|| b axis and (b) for c axis. 
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induced by magnetic field or pressure. Applying the power law for P1 and P2 to 

analyze the critical exponent δ, we have obtained δ1 = 0.49 and δ2 = 0.36. 

For B||c axis, QCPs from magnetization and specific heat almost have overlapped 

in relatively wide range. We have obtained Bc = 2.06 T and δ = 0.66 from the 

power law, which serves as evidence of 3D BEC of magnons.  

In fact, α-Cu3Mg(OH)6Br2 can be depicted by the nearest neighbor Heisenberg 

model comprising nearest neighboring J1, interlayer coupling interaction J⊥, and 

the out-of-plane DM interaction. The DM interaction often emerges in Kagome 

magnets, which brings in-plane magnetic order for Kagome lattice, separating 

antiferromagnets from QSL. Similar to several Kagome magnets, the out-of-plane 

DM interaction is often much larger than the in-plane component, which can be 

neglected. Thus, the Hamiltonian of α-Cu3Mg(OH)6Br2 with field along c axis is: 

𝐻 = −𝐽1∑ ∑ (𝑆𝑛,𝑖 ∙ 𝑆𝑛,𝑗)〈𝑖𝑗〉𝑛 + 𝐷�̂� ∑ ∑ (𝑆𝑛,𝑖 × 𝑆𝑛,𝑗)〈𝑖𝑗〉𝑛   

+𝐽⊥∑ ∑ (𝑆𝑛,𝑖 ∙ 𝑆𝑛,𝑗)〈𝑖𝑗〉𝑛 − 𝑔𝜇𝐵𝐻∑ ∑ (𝑆𝑛,𝑖)〈𝑖〉𝑛                        (8)  

𝐷�̂�  is the out-of-plane DM interaction, and DM term 𝐷�̂�(𝑆𝑛,𝑖 × 𝑆𝑛,𝑗) upon 

different direction of polarization can be written as [125]: 

𝐻𝐷𝑀
||
= −

1

2
∑ (𝐽𝑆𝑖

+𝑆𝑗
+ + 𝐽∗𝑆𝑖

+𝑆𝑗
+)〈𝑖𝑗〉                                    (9) 

and  

𝐻𝐷𝑀
⊥ = −

𝐷

2
∑ ((𝑆𝑖

+ + 𝑆𝑖
−)𝑆𝑗

𝑧 − (𝑆𝑗
+ + 𝑆𝑗

−)𝑆𝑖
𝑧

〈𝑖𝑗〉                        (10) 

(9) and (10) are re the DM term with fully polarized magnetization M parallel 

and perpendicular to 𝐷�̂� , respectively. In Eq.(9), 𝐽  =  𝐽1 + 𝐽⊥ −  𝑖𝐷 . U(1) 

symmetry has been maintained for 𝐻𝐷𝑀
||

  after Matsubara-Matsuda 
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transformation, while it has been broken for 𝐻𝐷𝑀
⊥ . Under this circumstance, DM 

anisotropy would act the role of particle-nonconservation term and expectantly 

responses to divergence between the in-plane and out-of-plane QTP behaviors 

and BEC of magnons. 

The polarized state is empty of magnons, and the symmetry would become 

broken spontaneously from the polarized state transformed into antiferromagnetic 

state. For α-Cu3Mg(OH)6Br2 with B||c axis, the polarized spins are parallel to 𝐷�̂�, 

and the uniaxial symmetry along c axis is reserved. However, when the magnetic 

field is perpendicular to 𝐷�̂�, in our case, B|| b axis, uniaxial symmetry has been 

broken and 𝐷�̂�  plays a role of particle-nonconservation term. In fact, DM 

interaction causing particle-nonconserving has been observed in Kagome 

ferromagnet Cu[1,3-benzenedicarboxylate(bdc)] [126] which has analogous 

magnetic structure to α-Cu3Mg(OH)6Br2. In the inelastic neutron scattering 

experiment for Cu(1,3-bdc), excitation gaps are formed with magnetic field 

perpendicular to Kagome plane, while no gap opens for field parallel to Kagome 

plane. Moreover, magnon damping has been proposed to be ascribed to the DM 

interaction which acts as particle-nonconserving term.   

It is worth noting that we have neglected the in-plane DM interaction in our model. 

In fact, DM interaction has both in-plane and out-of-plane components. 

According to first-principle calculation, the ferromagnetic nearest neighboring 

interaction and out-of-plane DM interaction 𝐷�̂� have theoretical value of -39.7 

K and 22.5 K, respectively. Due to the obvious impact of 𝐷�̂�, we have observed 
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deviation of 3D BEC for B||b axis at the beginning. QCPs of B||c axis have 

followed 𝑇𝑐 ∝ (𝐵𝑐 − 𝐵)
2/3 down to 0.4 K. Therefore, we estimated the in-plane 

DM interaction smaller than 0.4 K. 

4.5 Magnetic phase diagrams for α-Cu3Mg(OH)6Br2 

In conclusion, we have systematically studied the phase transition for α-

Cu3Mg(OH)6Br2, with magnetic field parallel and perpendicular to the Kagome 

plane. The magnetic phase diagrams have been drawn out for B||b and B||c axis 

according to magnetization and specific heat results. 

 

 

The magnetic phase diagrams of α-Cu3Mg(OH)6Br2 for the in-plane and B||c have 

been determined by thermodynamic measurement results as shown in Figure 4.10. 

With temperature cooling, α-Cu3Mg(OH)6Br2 from paramagnetic state 

Figure 4.10 The magnetic phase diagram of α-Cu3Mg(OH)6Br2. (a) The in-

plane magnetic phase diagram. Phase boundaries are determined by the P1 and 

P2 from dM/dB, along with TN and Bc from Cp(T) and Cp(B), respectively. (b) 

The magnetic phase diagram for B||c axis. The phase boundaries determined 

by QCPs (TN1, TN2, Bc1 and Bc2) from magnetization and specific heat.  



 

94 

 

transforms into antiferromagnetic state at 4.3 K. When the field is applied along 

b axis, spin-flop occurs and results into canted-AFM state at low field. Further 

increasing field, all the spins are polarized. The in-plane critical fields maintain 

constantly at 0.47 T and 0.98 T below 1 K (Figure 4.10 (a)). Applying external 

magnetic field along c axis, AFM order is directly induced to polarized state once 

the applied fields exceed the critical fields (Figure 4.10(b)).  

For B||c axis, the critical points at the phase boundary can be well fitted by 𝑇𝑐 ∝

(𝐵𝑐 − 𝐵)
2/3  where Bc = 2:06 T (as shown in Figure 4.10 (b)), as hallmark 

evidence for 3D BEC of magnons. For B||b, the TN and critical fields for P1 and 

P2 above 1 K have been fitted by 𝑇𝑐 ∝ (𝐵𝑐 − 𝐵)
1/𝛿(as shown in Figure 4.10 (a)). 

The best fitted parameters δ equals to 0.49 and 0.36, for P1 and P2, respectively. 

The in-plane critical exponent δ deviated from 2/3 represents particle-

nonconserving of magnons resulted by 𝐷�̂� . The spin Hamiltonian for M||ab 

cannot satisfy U(1) symmetry after Matsubara-Matsuda transformation [127]. In 

contrast to the U(1) symmetry preserved for the polarized state with field along c 

axis, the external field applied within Kagome plane generates 𝑀 × 𝐷�̂� ≠ 0 for 

the polarized state and the uniaxial symmetry in α-Cu3Mg(OH)6Br2 has been 

broken. Consequently, 𝐷�̂�  acts as particle-nonconserving terms and causes 

deviation for the in-plane 3D BEC of magnons.  

Suffering from variance of stoichiometric formula α-Cu3Mg(OH)6Br2 in our 

single crystals, it exits chemical disorder between Cu2+ and Mg2+, which is 

probably responsible for the slight difference of TN and θ with previous results on 
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powder sample[95]. The concentration of the nonmagnetic ions Mg2+ performs as 

site-dilution but will not break the uniaxial symmetry for B||c axis. The BEC of 

magnons come about once the AFM state of α-Cu3Mg(OH)6Br2 translates into 

polarized state with magnetic field along c axis. Since the chemical doping could 

bring about dirty bosons [128–131] and realize the transition from BEC to Bose 

glass(BG), the BEC phase boundary often shifts with changing on value of order 

parameter critical exponent δ. 

4.6 Chapter Conclusion 

We have systematically studied the thermodynamic properties of α-Cu3Mg(OH)6Br2 

on single crystals. α-Cu3Mg(OH)6Br2 antiferromagnetically orders at 4.3 K, and the 

obvious magnetic anisotropy has been observed between in-plane and out-of-plane. A 

small magnetic field (<0.5 T) causes a spin-flop for the AFM state within the 

Kagome plane and results into canted-AFM, and then is fully polarized at field of 1 

T. Unlike the easy-axis existed in Kagome plane, a higher magnetic of 2 T is in need 

to polarize the inter-layer spins, with the absence of spin-flop in the progress. The 

temperature-field phase diagram has been drawn out according to the field dependent 

magnetization and specific heat results. We have mapped out the magnetic phase 

diagram of α-Cu3Mg(OH)6Br2 for in-plane (B||b axis) and out-of-plane( B||c axis) 

according to systematic measurement on magnetization and specific heat. We depict 

the Hamiltonian of α-Cu3Mg(OH)6Br2 with Heisenberg model compromising 

ferromagnetic nearest neighboring interaction J1 and out-of-plane Dzyaloshinkii-
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Moriya interaction Dz which accounts for the origin of spin-flip transition and 

deviation of 3D BEC of magnons for B||b axis. 
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Chapter 5 Quantum spin liquid candidate Zn-Barlowite (ZnCu3(OH)6FBr) 

5.1 Previous study on Barlowite and Zn-Barlowite  

The fact that understanding of Kagome QSL has mostly relied on the study of 

Herbertsmithite embarrasses the situation where much controversy still remains, 

especially recent report subtle parity symmetry breaking in Herbertsmithite. 

Therefore, an additional option for Kagome QSL is in urgent necessity. 

Barlowite (Cu4(OH)6FBr) consists of AA-stacking Kagome lattice of Cu2+ which 

has been separated by inter-layer Cu2+ which is in site-splitting, as shown in 

Figure 5.1. In Barlowite, a structural phase transition occurs at around 262 K from 

P 63/mmc to P nma [132,133]. Despite Barlowite reflecting Weiss temperature –100 

K by Curie Weiss fitting, ferromagnetic magnetic order induced by interlayer 

Cu2+ has been found at 15 K [25]. Substituting the inter-layer Cu2+ by non-

magnetic Zn2+, a new QSL candidate Zn-barlowite (ZnCu3(OH)6FBr) was 

obtained [26,132,134,135]. Zn-barlowite belongs to space group P 63/mmc and with 

AA stacking of Cu-Kagome lattice along the c axis. Zn replacing the interlayer 

Cu in Barlowite (Cu4(OH)6FBr) which orders ferromagnetically at 15 K will be 

fully suppressed and resulted into a possible quantum spin liquid state. 

The polycrystal of ZnCu3(OH)6FBr has been successfully synthesized and proven 

to be no existence of phase transition from the measurement on temperature 

dependence on specific heat and magnetic susceptibility down to 50 mK, and The 

gapped spin excitation also has been observed in NMR [26]. The recent µSR study 
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also confirmed no static magnetic order in the highly substituted ZnxCu4-

x(OH)6FBr (x＞0.5) [133–135]. 

 

 

Despite crystals of Zn-barlowite has been grown several groups, however, no bulk 

crystals with milimeters-scales and high component of Zn were obtained.  

5.2 Crystal growth  

The famous QSL candidate Herbertmithite has been successfully synthesized in 

laboratory in 2004 [73], it is still lacking single-crystals until T.H. Han et al grown 

crystals by a three temperature-zone hydrothermal transport method in 

2011 [136,137]. Most of study and understanding of Herbertsmithite have relied on 

their measurement data. It took nearly another ten years that the European 

scientists and Japanese scientists obtained crystals of Herbertsmithite, 

independently.  

Since Zn-Barlowite has been successfully prepared in laboratory in 2017 [26], it is 

not available to perform research on single crystal samples due to the challenged 

task for crystal growth. Even for Barlowite which has been reported in 2014 [25], 

it is difficult to obtain single crystals, because it is unavailable for purchasing 

Figure 5.1 Unit cell structure for Cu4(OH)6FBr and ZnCu3(OH)6FBr. 
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perbromic acid reported in previous work[25]. In this work, we have optimized 

method for growth of Barlowite as well as hydrothermal transport method for 

crystal growth of Zn-Barlowite . 

5.2.1 Growth of Barlowite and Zn0.3-barlowite by hydrothermal method 

Barlowite. Raw materials including CuO, MgBr2 and NH4F mixed with 10 mL 

deionized water were transferred into Teflon-lined steel autoclave. The 

temperature controlling procedure are following: 

Room temperature
2 ℎ𝑜𝑢𝑟𝑠
→     270 ℃

3 𝑤𝑒𝑒𝑘𝑠
→     150 ℃

𝑝𝑜𝑤𝑒𝑟−𝑜𝑓𝑓
→         Room temperature 

Finally, the black crystals with hexagonal shape were obtained, as shown in 

Figure 5.2 (a). 

 

 

For crystal growth of Zn-barlowite, we firstly used a normal hydrothermal 

method with CuO, ZnBr2 and NH4F acted as raw materials. However, only Zn-

barlowite with low Zn-concentration were obtained. Great effort has been tried, 

it is hard to improve concentration of Zn for the as-grown crystals, instead, with 

upper limit of 0.3, as shown in Figure 5.2 (b). 

Figure 5.2 As-grown crystals grown by hydrothermal from autoclave-vessel. 

(a) Barlowite and (b) Zn-Barlowite with low Zn concentration. 
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5.2.2 Zn0.8-Barlowite grown by optimized hydrothermal transport method 

To obtain Zn-Barlowite with high concentration of Zn, a optimized two-

temperature-zone hydrothermal transport method has been used, as shown in 

Figure 5.3. The starting materials (CuO (5 g) , ZnBr2 (35 g) and NH4F(3 g)) are 

transferred into silica tube and sealed with 40 mL deionized water. Then the silica 

tube was placed into two-temperature-zone furnace, with high-temperature zone 

of 200~220 ℃, and low-temperature zone of 140~160℃. Inductively Coupled 

Plasma-Atomic Emission Spectrometry (ICP-AES) shown that the ratio Zn/Cu is 

larger than 0.25 in Zn-barlowite and indicated more than 80% interlayer Cu was 

replaced by Zn. The largest crystal of Zn0.8-Barlowite is up to 17 mg, as shown 

Figure 5.4 (b). 

 

 

The two-temperature-zone hydrothermal transport method is also suitable for 

growth of Herbertmithite, as shown in Figure 5.4 (a).  

Figure 5.3 Illustration of hydrothermal transport method and crystals grown in 

different periods. 



 

101 

 

 

 

5.3 Thermodynamic study on Herbertsmithite and Barlowite family 

5.3.1 Magnetic susceptibilities and specific heat study on Herbertsmithite 

 

 

 

 

 

Figure 5.4 As-grown crystals for QSL candidates by hydrothermal transport 

method. (a) Herbertsmithite (b) Zn-Barlowite 

Figure 5.5 Magnetic susceptibilities for Herbertsmithite.  

Figure 5.6 Specific heat for Herbertsmithite with field applied along c axis.  
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Figure 5.5 and 5.6 have shown the temperature dependent magnetic 

susceptibilities and specific heat measurement on single crystal sample of 

ZnxCu4-x(OH)6Cl2. No magnetic order and no splitting between the low-field 

(0.01 T) FC and ZFC curve have been detected in our measurement. At low 

temperature (below 10 K), the magnitude of magnetic susceptibilities of our 

sample is comparable with previous report for Herbertmithite[136]. Curie-Weiss 

fitting also shows strong antiferromagnetic interaction in Herbertsmithite with 

θcw= -321 K. Moreover, the specific heat has ruled out magnetic phase transition 

or structural phase transition for Herbertsmithite. However, broad anomaly 

associated with impurities or nuclear Schottky contribution has been observed 

around 2 K, which will be discussed in following concepts. 

5.3.2 Magnetic susceptibilities and specific heat study on Barlowite 

We performed temperature-dependent magnetic susceptibilities for Barlowite, 

with magnetic field in-plane (B|| ab) and perpendicular to the Kagome plane (B||c). 

As shown in Figure 5.7, we have observed obvious ferromagnetic phase transition 

for both B|| ab and B|| c. With increasing magnetic field, the ferromagnetic order 

has been survived at B = 1 T, in agreement with previous report[25]. However, the 

Curie-Weiss fitting has been applied to the inverse magnetic susceptibilities at 1 

T and yielded θab = – 97.7 K and θc = – 95.6 K for B|| ab and B|| c, respectively, 

quite different from the results with θc = – 147 K and θab = – 108 K fitted by 

magnetic susceptibilities at 0.05 T. The difference is probably ascribed to effect 
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of magnetic field on the magnetic susceptibilities, even in paramagnetic state. 

 

 

Moreover, we have observed obvious magnetic anisotropy shown in MT, and it 

can be reduced with large magnetic field, as shown in Figure 5.8, suggesting 

easy-axis exists in ab plane. 

 

 

The ferromagnetic order also shows in the in-plane field-dependent 

magnetization (MB), as shown in Figure 5.9. For B||ab, linear behavior for MB 

Figure 5.7 Temperature-dependent magnetic susceptibilities for Barlowite at 

fields for B|| ab ((a)-(c)) and B|| c axis ((d)-(f)). The y axes of Fig.(b) and (e) 

are in logarithmic plotting.  

Figure 5.8 Magnetic anisotropy for Barlowite at (a) B = 0.01 T and  

(b) B = 1 T.  
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curve at 20 K suggests the paramagnetic state above 15 K. At 15 K, small 

hysteresis loop appears, and grows more obvious with temperature cooling 

down. At 2 K, coercive force Hc = 0.026 T and remanence Mr = 0.09 μB. 

 

 

 

  In 

specific heat, obvious anomaly has shown at around 15 K (Figure 5.10), in 

accordance with magnetic phase transition occurring at 15 K. The structural phase 

transition at around 260 K is not obvious in our measurement, despite we have 

used H-grease, properly used for high-temperature specific heat measurement. 

Instead, we confirmed the structural transition by Raman spectroscopy. 

Figure 5.9 (a) Field-dependent Magnetization (MB) for Barlowite for B|| ab at 

selected temperatures. (b) Zoom-in for MB curves. 

Figure 5.10 Zero-field magnetic specific heat at low-

temperature. 
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Applied magnetic field along Kagome plane (B||ab) or along c axis, we observed 

a gradual suppression for the magnetic order for both directions, as shown in 

Figure 5.11 However, the ferromagnetic order survived at 9 T, the largest 

magnetic field in our measurement. 

5.3.3 Magnetic susceptibilities and specific heat study on Zn0.3-Barlowite 

For the low-Zn concentration sample, Zn0.3-Barlowite, we observed the 

ferromagnetic phase transition at 15 K, but a small magnetic field about 0.1 T can 

easily suppressed the ferromagnetic order, as shown in Figure 5.12(a). The Curie-

Weiss fitting to inverse magnetic susceptibilities at 1 T also yields θab = – 118 K, 

larger than θab = – 97.7 K for Barlowtite, indicating that the ferromagnetic 

Figure 5.11 Specific heat for Barlowite. (a) and (b) specific heat with external 

fields for B|| ab and B|| c, respectively. (c) and (d) Cp/T for B|| ab and B|| c, 

respectively. 
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interaction arising from inter-layer Cu2+ has been weakened by Zn2+ substation in 

Zn0.3-Barlowite. Magnetic hysteresis loop still shows in the field-dependent 

magnetization at 2 K, with coercive force Hc = 0.012 T and remanence Mr = 0.005 

μB, less than the value in Barlowtie. 

In the specific heat of Zn0.3-Barlowite, as shown in Figure 5.13, no anomaly peak 

has been observed, only left upturn at around 2 K in Cp/T. The fact that the 

ferromagnetic order shows up in low-field magnetic susceptibilities and 

disappears in specific heat suggests that the ferromagnetic order induced by 

interlayer Cu2+ and the ferromagnetic interaction in Zn0.3-Barlowite has been 

Figure 5.12 Magnetization for Zn0.3-Barlowite. (a) Temperature-dependent 

magnetic susceptibilities at different fields. (b) Curie-Weiss fitting for inverse 

magnetic susceptibilities of B = 1T. (c) Field-dependent Magnetization (MB) 

for Barlowite for B|| ab at 2 K. (d) Zoom-in for MB curves 
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greatly weakened. 

 

 

5.3.4 Magnetic susceptibilities and specific heat study on Zn0.8-Barlowite 

 

 

Figure 5.13 Specific heat for Zn0.3-Barlowite. (a) Cp under different fields for 

B|| ab and (b) Cp/T B|| ab (the x axis is in logarithmic plotting)  

Figure 5.14 Magnetization for Zn0.8-Barlowite. (a) Temperature-dependent 

magnetic susceptibilities at different fields. Inset is FC and ZFC curves under 

small field of 0.005 T. (b) Curie-Weiss fitting for inverse magnetic 

susceptibilities of B = 1T. (c) Field-dependent Magnetization (MB) for 

Barlowite for B|| ab at 2 K. (d) Zoom-in for MB curves 
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With increasing the concentration of Zn, we have noticed that the ferromagnetic 

order at 15 K has totally disappeared in Zn0.8-Barlowite, especially the 

temperature dependent magnetic susceptibilities at 0.005 T, shown in Figure 5.14 

(a). The Weiss temperature θab = – 221 K is far larger than Zn0.3-Barlowite (θab = 

– 118K) and Barlowite (θab = – 97.7). Moreover, the magnetic hysteresis also has 

disappeared in the field-dependent magnetization at 2 K, as shown in Figure 

5.14(d), further confirming absent of magnetic order for our Zn0.8-Barlowite 

crystals. 

 

 

Figures 5.15 and 5.16 have shown the zero-field specific heat and specific heat 

under different magnetic fields, respectively. No anomaly peak appears in specific 

measurement, instead, upturn has shown up in Cp/T below 10 K. With increasing 

magnetic field within Kagome plane or along c axis, no field-induced magnetic 

phase transition occurs. However, we have observed suppression to the low 

temperature upturn in Cp/T. A hump has been observed in Cp/T at 9 T for B|| ab 

and B|| c (Figure 5.16 (b) and (d)). 

Figure 5.15 Zero-field specific heat for Zn0.8-Barlowite. The x axes of (a) Cp 

and (b) Cp/T are in logarithmic plotting. 
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Here we give a brief comparison among Barlowite, Zn0.3-Barlowite and Zn0.8-

Barlowite. As shown in Figure 5.17 (a) and (b), the ferromagnetic order at 15 K 

and hysteresis loop at 2 K is suppressed and disappeared, with Zn increasing. The 

magnitude of moment has also been greatly reduced with increasing 

concentration of Zn. For Zn0.8-Barlowite, the magnetic moment ~ 0.03 emu/mol 

formular is related to small amount of residual inter-layer Cu2+.   

Figure 5.16 Specific heat for Zn0.8-Barlowite under different magnetic field 

for B|| ab and B||c, respectively. (a) Cp and (b) Cp/T for B|| ab. (c) Cp and (d) 

Cp/T for B|| c. The x axes of (a) and (c) are in logarithmic plotting. 
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From personal view, the weird thing is upturn in Cp/T below 10 K for Zn0.3-

Barlowite and Zn0.8-Barlowite, which is usually seen in previous study on 

Kagome QSL candidates, for example, Herbertmithite[136,137] and Kapellasite[89-

91]. It has been ascribed to either nuclear Schottky anomaly of Cu2+ or contribution 

of Cu2+ impurities. Comparing Zn0.3-Barlowite and Zn0.8-Barlowite at zero field, 

we observed a decrease in the low-temperature upturn with Zn increasing, but 

further increasing Zn would affect less dramatically compared with specific heat 

results of other high-Zn polycrystals. The upturn has been reported on new QSL 

candidate YCu3(OH)6.5Br2.5 which is free from anti-site disorder Zn/Cu [138,139].  

Actually, the upturn is affected by magnetic field in Zn0.3-Barlowite, and the 

upturn in Zn0.8-Barlowite responses less to the magnetic field. At B= 9 T, the 

upturn in Zn0.3-Barlowite is less than Zn0.8-Barlowite. Thus, we speculate that the 

upturn arises from intrinsic excitation along with inter-layer residual Cu2+ 

impurities. 

Figure 5.17 Comparison of thermodynamic properties for Barlowite and Zn-

Barlowite series. (a) Low-field magnetic susceptibilities, (b) field-dependent 

magnetization at 2 K. 
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5.4 Raman study for Herbertsmithite, Barlowite and Zn- Barlowite 

5.4.1 Room-temperature Raman spectra for Herbertsmithite  

As we have mentioned before, loss of discrete point group symmetry has been 

revealed by resent SHG experiment [88]. When we backed to the Raman study for 

Herbertsmithite in 2010 [86], the four-fold symmetry for Eg mode at 363 cm-1 has 

already uncovered the sign of subtle symmetry broken. For Herbertsmithite in 

space group R-3m, the total Raman active modes ΓRaman = 5A1g+ 7Eg, and the Eg 

mode should contain C3 symmetry. The round-like behavior should appear in 

angular-rotated polarized Raman spectra, but actually is absent in previous 

report[86]. 

Figure 5.18 Comparison of low temperature Cp/T among between Zn-

Barlowite and Barlowite.  
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We measured Raman spectra for our Herbertsmithite samples (Figure 5.19). 

Unexpectedly, we have observed two Bg phonon peaks which are definitely 

impossible to appear according to the symmetry constrain of space group R -3m. 

In fact, the Bg mode is allowed in P 21/n, the space group for atacamite 

(Cu4(OH)6Cl2). Although Herbertsmithite is in rhombohedral symmetry, 

symmetry of ZnxCu4-x(OH)6Cl2 is sensitive to concentration of Zn, ranging from 

monoclinic to rhombohedral. Since residual inter-layer Cu2+ has been proposed 

to remain in Herbertsmithite, the local symmetry of inter-layer Cu2+ is probably 

lowered than rhombohedral symmetry. Note that Herbertsmithite still can be 

regarded as QSL candidate, since subtle symmetry broken has not changed 

thermodynamic properties and low energy excitations.  

Figure 5.19 Raman spectra for herbertsmithite collected at room-temperature. 

(a) Raman spectra in XX- and XY-polarization. (b) angular-rotation for XX- 

and XY-polarization. 



 

113 

 

5.4.2 Raman spectra study on Barlowite 

 

 

Both Barlowite and Zn-Barlowite are in space group P63/mmc, Raman active 

phonon modes ΓRaman = 4A1g + 9E2g + 6E1g (6E1g is not visible in our measurement 

when the light polarization lies in the Kagome plane). We have assigned the 

Raman peaks of Barlowite to the vibration modes, according to first-principles 

calculation for Zn-Barlowite, as shown in Figure 5.20 (a). With temperature 

cooling from 290 K to 200 K, structural phase transition occurs from P 63/ mmc  

to Pnma and we have observed extra phonon mode at 62 cm-1 for the Kagome 

Cu2+ vibration as well as peak splitting for Br- (at 75 cm-1), inter-layer Cu2+ (at 

150 cm-1) and F- (at 190 cm-1), as shown in Figure 5.21.  

The P mna structure persists to 40 K, and extra Cu2+ peak at 62 cm-1 and peak-

splitting for Br-, inter-layer Cu2+ and F- has disappeared at 30 K, indicating a 

second phase transition at 30 K, which is absent in the specific heat measurement 

and not mentioned in other study for Barlowite at low temperature. 

Figure 5.20 Raman spectra for Barlowite. (a) Assignment of Raman modes. 

(b) Raman spectra at different temperatures. 
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As shown in Figure 5.22, Raman peak similarity at 4 K is close to 290 K, and we 

speculate that the low temperature structure (below 30 K) is the same as room 

temperature. Namely, from 300 K to 4 K, crystal structure of Barlowite goes 

through: 𝑃63/𝑚𝑚𝑐
260 𝐾
→   𝑃mna

30 𝐾
→  𝑃63/𝑚𝑚𝑐 . The variable-temperature xrd 

in laboratory has been applied to distinguish the structure phase transition, but 

neither of the two structural phase transitions has been measured. Therefore, we 

expect to find opportunity to further confirm the low-temperature structural phase 

Figure 5.21 Evolution of Raman spectra for Barlowite from room temperature 

to 4 K. (a) Peak-splitting for Br- and emerging of in-plane splitting of Cu2+. 

(b) Peak splitting for inter-layer Cu2+ and F-. 
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transition by neutron scattering or Synchrotron XRD. 

 

 

  

Figure 5.22 Comparison of Raman spectra for Barlowite. (a) to (c) are 

Comparison between high temperature (290 K) and low temperature (4 K) for 

no polarization, XX- and XY-polarization, respectively. (d)-(f) comparison of 

XX- and XY-polarization for temperature at 290 K, 200 K, and 4 K, 

respectively. 
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5.4.3 Raman spectra study on Zn0.8-Barlowite 

 

 

Table 5. Assignment of Raman modes for Zn-Barlowite. 

Raman positions (cm-1) Assignment 

74 Br- (E2g) 

126 Zn2+ (E2g) 

172 F- (E2g) 

355 O2- (E2g) 

401 O2- (E2g) 

430 O2- (A1g) 

488 O2- (E2g) 

521 O2- (A1g) 

920 H+( E2g) 

1016 H+( A1g) 

1028 H+( E2g) 

3352 H+( E2g) 

3467 H+( A1g) 

According to first-principle calculation on Zn-Barlowite, we have assigned the 

theoretical vibration mode to Raman peaks in our measurement, as shown in 

Table5 and Figure 5.23 (a).  

Figure 5.23 Raman spectra for Zn-Barlowite. (a) Assignment of Raman 

modes. (b) Raman spectra at different temperatures. 
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The theoretical calculation matches well with experimental results, suggesting 

Zn-Barlowite sample in good quality. 

 

 

Figure 5.26 has shown the angular-dependent polarized Raman responses for 

Zn-Barlowite in three different polarization configurations (XX, XY, and X-only). 

Figure 5.24 Theoretical Ag Raman vibration modes for Zn-Barlowite.  

Figure 5.25 Theoretical Eg Raman vibration modes for Zn-Barlowite.  
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The angle-rotated results for integrated intensities of low energy continua (10-60 

cm-1), Br- peak in E2g mode, and O2- peak in A1g have been plotted in (b), (c) and 

(d), respectively. Both the A1g and E2g modes follow the theoretical functions in 

all configurations.  

 

 

After subtracting phonon contributions, we obtained the magnetic scattering 

signals. Figure 5.27 shows the magnetic Raman continua in E2g mode at selected 

Figure 5.26 Polarized and angular-resolved Raman spectra for Zn-Barlowite.  

(a) Raman spectra in XX- and XY polarization for high temperature (290 K) 

and low temperature (4 K). (b), (c) and (d) are angle-resolve polarized Raman 

for low-energy continua, the Br- E2g phonon (75 cm-1) intensity, and the O2- 

A1g phonon (429 cm-1) intensity, respectively. The dash-dotted lines are 

theoretical curves for C3 rotation symmetry. 
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temperatures. 

The intensities grow from 290 K to 50 K, and persistent to 4 K and the 

integrated Raman susceptibilities shows maximum at 50 K, as shown in Figure 

5.28. The non-monotonic behavior can be linked with maximum at around 50 K 

in Knight shift spectra [26]. 

 

 

 

 

By subtracting XY-polarized spectra from XX-polarized spectra, we obtained the 

Figure 5.27 Evolution of E2g magnetic response (in XY polarization) 

from 290 K to 4 K. 

Figure 5.28 Magnetic response of Raman spectra in E2g channel. (a) Color map 

of E2g Raman spectra (after subtracting the phonon peaks). (b) Temperature 

dependence of the E2g integrated Raman susceptibility ∫
𝜒(𝜔)′′

𝜔

780

10
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magnetic continua in A1g channel, shown in Figure 5.29 (a), which is activated at 

high temperatures, and vanishes at low temperatures (Figure 5.29 (b)). 

After integrating 
𝜒(𝜔)′′

𝜔
  from 10-780 cm-1, the A1g integrated Raman 

susceptibilities show monotonic decreasing behavior and vanishes at ~ 50 K, 

suggesting the A1g continuum measures the thermal fluctuation of the interacting 

Kagome spins. 

 

 

As shown in Figure 5.30, in contrast to Zn-Barlowite which exhibits broad hump 

at low temperatures, EuCu3(OH)6Cl3 has the substantial magnetic continuum 

above TN = 17 K with the profile similar to Zn-Barlowite at 4 K, but sharp peaks 

emerge below TN = 17 K. For EuCu3(OH)6Cl3, the continuum at 4 K can be 

divided into ‘one-magnon’ peaked at 75 cm-1 (9.4 meV) and ‘two-magnon’ broad 

hump peaked at 147 cm-1 (18.3 meV), as shown in Figure 5.31. Similarly, we 

schematically described the E2g Raman continuum in Zn-Barlowite at 4 K as: one-

Figure 5.29 Magnetic response of Raman spectra in A1g channel. (a) A1g 

magnetic response at selected temperatures obtained by subtracting XY 

contribution from XX polarization (XX-XY). (b) Color map of Ag Raman 

spectra (after subtracting the phonon peaks). (c) Temperature dependence of 

the A1g integrated Raman susceptibility ∫
𝜒(𝜔)′′

𝜔

780

10
. 
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spin pairs (1P) and two-spin pairs (2P). 

 

 

 

 

The one-pair component peaks at 150 cm-1 (1.4 J), and the two-pair component 

peaks at 400 cm-1 (3.8 J), resembling the energy features of magnons in 

EuCu3(OH)6Cl3. The magnon excitations at 4 K then are viewed as the bound 

state of the spinons, in sharp peak profile, different from broad continuum (1P) at 

Figure 5.30 Comparison of the low-temperatures Raman response. (a) E2g 

channel in Zn-Barlowite and (b) Eg channel in EuCu3(OH)6Cl3. 

Figure 5.31 Comparison Raman continua for the E2g channel in Zn-Barlowite 

and Eg response in EuCu3(OH)6Cl3 at 4 K. 
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low temperature in Raman spectra, which can be used as unique signature for 

QSL. The one-pair Raman continuum provides proofs of related with 

fractionalized excitations for identifying QSL state.  

We have applied power law to the one-pair component of the E2g magnetic Raman 

continuum at low frequency from 10-70 cm-1, with a significantly nonmonotonic 

temperature dependence, as shown in Figure 5.32.  

 

 

The low-energy continuum evolves from α < 1 above 50 K to α > 1 with 

temperature cooling down, but much less than 3 in prediction for a Dirac spin 

liquid[106].  

 

Figure 5.32 Power-law behavior for E2g magnetic Raman continua at low 

frequency in Cu3Zn. (a) and (b) are power-law fitting 𝜒′′ ∝ 𝜔𝛼 at low and 

high temperatures, respectively. (c) Temperature dependent Temperature 

dependent exponent α for the power-law fitting 
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We also found asymmetric lineshape for Cu3Zn at the F- mode, reveling the 

magnetic-phonons interactions. The phonon peak at 173 cm-1 in Zn-Barlowite is 

assigned to F-. From the Temperature-dependent Fano asymmetric parameter 1/|q| 

and line width Γ, we have observed enhancement of magnetic correlation between 

the magnetic interaction and the F-, indicating strong magnetic fluctuation of Zn-

Barlowite at low temperature (below 50 K). 

Figure 5.33 Temperature dependent Temperature dependent exponent α for the 

power-law fitting. 

Figure 5.34 Fano peak of F- in Zn-Barlowite. (a) Fano peak and fitting. (b) 

asymmetric parameter 1/|q| as function of temperature. (c) line width Γ as 

function of temperature.  
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5.5 Theoretical calculation on Kagome magnets 

To better understand the origin of the magnetic order in the Kagome magnets, 

theoretical calculation works for the Kagome magnets with different ground 

states in our study have accomplished by our collaborators. The first-principles 

calculations were performed by the Vienna Ab Initio Simulation Package 

(VASP)[140-142], with valence electrons pseudopotential of Cu 3d fixed within 

GGA+U (U3d= 6 eV) scheme[143]. The exchange interactions includes the nearest 

interaction J1, the second nearest interaction J2, the third nearest interaction J3, 

DM interaction D, as shown in Fig.5.35. The calculated results are listed in Table6. 

 

 

According to the calculated results, the absence of magnetic order in QSL 

candidate Zn-Barlowite is probably related to small DM interaction, with 

|D/J1|~0.05, while the ordered magnets (α-Cu3Mg(OH)6Br2, YCu3(OH)6Cl3 and 

Figure 5.35 Exchange interactions J1, J2, and Jd and DM interaction in the 

Kagome lattice. 
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SmCu3(OH)6Cl3) have large ratio |D/J1| (>0.3). It is in agreement with previous 

theoretical and experimental works on Kagome magnets that DM interaction 

usually leads to the formation of magnetic order. It could be short-cut route to 

design and search for new QSL candidate on Kagome lattice by minishing DM 

interaction, for example, changing the superexchange angle of Cu-O-Cu or 

substituting ligand anions Cl-.   

Table6. Theoretical calculated results of exchange interaction on 

Kagome magnets. 

Formula 

J1 

(meV) 

J2 

(meV) 

Jd 

(meV) 

D  

(meV) 

α-Cu3Mg(OH)6Br2 -3.57 -0.18 1.12 1.19 

YCu3(OH)6Cl3 10.21 0.12 -0.09 3.45 

SmCu3(OH)6Cl3 13.55 0.14 -0.08 3.83 

ZnCu3(OH)6FBr 24.13 -0.01 -0.65 1.12 

5.6 Chapter Conclusion 

In this chapter, we have introduced our study on single crystals of two QSL 

candidates: Herbertsmithite and Zn-Barlowite. To obtain large and high Zn 

concentration bulk crystals, a two-temperature zone silica-tube method has been 

developed and high-qualified crystals has been grown by this method. 

Systematical thermodynamic measurement and Raman spectra have been studied, 

and the main conclusion are following: 
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1. Despite lacking magnetic order in magnetic susceptibilities and specific heat, 

Herbertmithite suffers from subtle symmetry-breaking issues, revealed by Raman 

spectra with inexpectant Bg phonon peaks. 

2. Raman spectra also detected the peak-splitting for Barlowite which 

corresponds to structural phase transition around 200 K. However, with 

temperature continuing cooling down, below 40 K, we observed Raman spectra 

similar to the spectra measured at room temperature, suggesting a possible second 

structural phase transition below 40 K, and further structural analysis by 

synchrotron X-ray should be performed in the future. 

3. The Raman spectra has also been used to probe magnetic excitations for QSL 

candidates Zn-Barlowite. Comparing the low temperature Raman spectra with 

EuCu3(OH)6Cl3 which shows sharp peaks below TN ~ 15 K, Zn-Barlowite shows 

broad continua at 4 K, which can be interpreted as excitations of spinnon pairs. 

4. The theoretical results show that large ratio |D/J1| account for the origin of 

magnetic order in Kagome magnets. 

6. Thesis Conclusion 

We have grown single crystals and performed comprehensive studiesy on the 

Heisenberg- magnets with various ground states, including ferromagnet, 

antiferromagnet, and QSL candidates. Through systematic thermodynamic 

studiesy on various Kagome magnets, along with the discussion with theorists 
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who have performed the first-principles calculations on the interaction parameters 

of for Kagome magnets, we have understood that the magnetic orders are related 

to the DM interactions, which is widely existsed in Kagome magnets and brings 

about the magnetic orders. From the theoretical point of viewaspect, the small 

DM interactions cannot result into the ordered state, and this maybe a the 

promising route to design and search for new QSL candidates in Kagome lattices. 

We Besides figureding out the role of DM interactions in the Hamiltonian for 

different Kagome magnets and , we also found unexpected results for each case 

of Kagome magnets in our experiments.   

1. In α-Cu3Mg(OH)6Br2 with in-plane ferromagnetic interactions, we observed 

BEC of magnons along the c axis and the deviation of 3D BEC for in-plane 

applied-magnetic-field induced magnons. Although the DM interaction does not 

disturb the ground state of for the ferromagnetic Kagome magnets, it can serves 

as the primary U(1) symmetry-breaking term, and the out-of-plane component Dz 

acts as “on/off” effect for  particle-conservation of the magnons for the B||c axis 

and B||ab plane. The chemical composition of Cu/Mg also can also be changed 

for α-Cu3Mg(OH)6Br2, and the Bose-glass state could be also achieved by proper 

modification by chemical doping. 

2. The initial goal of introducing ducing the lanthanide elements into the 

kapellasite structure of YCu3(OH)6Cl3 was to induce bring about the competition 

between the itinerant 3d electrons and with the lanthanide 4f electrons in the “4f-

3d” systems. However, due to the insulating characteristicor nature, we found the 
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lanthanides ions (Ln3+) are quite localized, and 4f-3d interactions can be almost 

neglected. After substituting into the YCu3(OH)6Cl3, the Ln3+ has dominated the 

low-temperature magnetic behaviors but caused little direct impact on the 

magnetic order of Kagome Cu2+.  

3. With the expectation that the lattice distortion could give disturbance to the 

robust magnetic order in a perfect Kagome lattice, we have performed systematic 

studiesy on the distorted Kagome magnets of Y3Cu9(OH)19Cl8 and its analogous 

compounds. We found that the distorted Kagome magnets have strong 

antiferromagnetic interactions, but they also have two magnetic orders: Oone is 

at  in neararound 2 K, and the other another magnetic order occurs within is 

around 25-30 K. The high-temperature phase transitions need to be figured out in 

the future studiesy.  

4. We have successfully grown millimeter-scale single crystals for a series of Zn-

Barlowite, where x = 0, 0.3, and 0.8. Through massive thermodynamic 

measurements, we confirmed a ferromagnetic order in Barlowite (Cu4(OH)6FBr) 

and Zn0.3Cu3.7(OH)6FBr. Zn0.8Cu3.2(OH)6FBr is absent of magnetic order down to 

0.3 K in our measurements, confirming that Zn0.8Cu3.2(OH)6FBr is a promising 

QSL candidate. 

In the Raman experiments of Cu4(OH)6FBr, we have observed the peak-spiting 

in Raman spectra, which agrees with the structural phase transition in this 

materials, Zn0.8Cu3.2(OH)6FBr is absent of peak-splitting and sharp magnon peaks, 

ruling out the magnetic orders. According to the controlledmparative Raman 
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experiments, we observed deconfinement and confinement of spinon-pairs in the 

QSL candidate of Zn0.8Cu3.2(OH)6FBr and AFM EuCu3(OH)6Cl3, respectively. 

For Zn0.8Cu3.2(OH)6FBr, we have obtained low-temperature profile of Raman 

spectra for one-pair spinons. 

The future plans 

We will continue the research works on the spin-1/2 Kagome magnets in the 

future. The arrangements are as following: 

1. Since we have observed BEC of magnons in α-Cu3Mg(OH)6Br2, Bose glass 

(BG) is possible to be realized by changing the chemical composition of Cu/Mg. 

We need to grow various Mg-concentration α-Cu4-xMgx(OH)6Br2 crystals with 

various Mg-concentrations and figure out depicted the magnetic phase diagrams 

that are strongly  affected by the Mg-concentration. 

It is also important for us to perform the inelastic neutron scattering (INS) 

studiesexperiment  to look for topological flat-band of magnons in α-

Cu3Mg(OH)6Br2.  

2. Since we have confirmed Zn-Barlowite in the QSL scenario, we still need to 

improve the Zn-concentration, aiming to up to 95% of substitution. For neutron 

scattering experiment, we need to deuterate samples, and new route for crystal 

growth is required. The NMR experiment and INS will also be arranged for single 

crystals of Zn-Barlowite to further confirm the existence of spin gaps. 

3. One of fantasy plans fFor QSL candidates, it would be very interesting to  is 
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to realizeing superconductivity through electrons/holes doping. Driven by this 

goal, chemical doping experiments is deserved to carry out. For Zn-Barlowite or 

herbertsmithite, high- pressure hydrothermal method can give it a try as be a 

promising route. 

4. Although Zn-Barlowite can be accepted as a QSL candidate, absence of 

magnetic order in thermodynamic measurement and lacking of rotational 

symmetry-breaking in angle-resolved Raman spectra, the antisite disorder 

between Zn/Cu still remains unsolved, and we will also explore new Kagome 

QSL candidates. From the points of material-design, iIt is interesting to look for 

other Kagome lattices with different transitional metal elements with Kagome 

lattice, for example, Co2+, Cr3+ or Ru3+, etc.  

The research for exploring QSL will never stop. 
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