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Τα πάντα ρει, μηδέποτε κατά τ’αυτό μένειν.

–Ηράκλειτος

Everything flows, nothing stays the same.

–Heraclitus



Abstract

Quantum spin liquids (QSLs) are novel states of matter that exhibit exotic elec-

tronic ground states and fractionalized excitations as a consequence of many-body

entanglement. They do not break symmetry or any Landau-type order parame-

ters and are instead better characterised by their projective symmetry groups. An

ideal candidate is the two-dimensional S= 1/2 kagome Heisenberg antiferromagnet

(KHAFM), where quantum spins form a geometrically frustrated lattice of corner-

sharing triangles. Research into experimental realisations of QSLs was fuelled in

1973 when Phillip W. Anderson proposed that these states could underpin the tran-

sition to high-TC superconductivity.

The syntheses, crystal and magnetic structures, bulk magnetometry and inelas-

tic neutron scattering (INS) studies of two series of frustrated S = 1/2 magnets are

presented. The claringbullite series, ZnxCu4–x(OD)6FCl, includes the x = 0 sam-

ple that is orthorhombically distorted and the x = 1 material that represents the

‘ideal’ KHAFM. Seven exchange interactions, including Dzyaloshinskii-Moryia,

were used to model the gapped spin wave excitations of the x = 0 sample, us-

ing semi-classical linear spin wave theory (LSWT). The x = 1 sample has gapless

(E ≥ 0.27 meV) diffuse magnetic scattering and is found to be a good quantum spin

liquid candidate, where the strongest correlations are between the kagome layers.

The averievite series, ZnxCu5–x(VO4)2O2CsCl, includes the x = 0 sample that

has a monoclinic distortion, and the x = 1 and x = 2 materials (the latter is the

KHAFM) where the kagome lattices are found to be distorted by an in-plane rotation

of equilateral triangles. Preliminary LSWT calculations based on two Heisenberg

exchanges and a collinear magnetic structure, capture the main features of the aver-
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ievite spin waves. Despite a transition in the magnetic susceptibility of x = 1 aver-

ievite and the spin wave-like excitations, no magnetic Bragg peaks are observed,

suggesting a glassy ground state. For x = 2 averievite, the gapless (E ≥ 0.3 meV)

diffuse scattering evidences a QSL and obeys a scaling behaviour, indicating prox-

imity to a quantum critical point.



Impact Statement

Quantum spin liquids (QSLs) are novel states of highly entangled matter, found

in crystalline solids, where atomic magnetic moments do not freeze their direc-

tions even at T = 0 K. Instead, due to quantum mechanical effects, they continue

to fluctuate and point along many directions simultaneously. Research into their

experimental realisation was fuelled when Phillip W. Anderson suggested in 1973

that they could be manipulated to form high-temperature superconductors. Super-

conductivity arises when an electric current flows with zero resistance, producing

no thermal energy. Superconductors are already being used in nuclear magnetic res-

onance (NMR) equipment and magnetic resonance imaging (MRI) in the medical

field, but are only effective at low temperatures of the order of 10 Kelvin. By better

understanding exotic quantum states such as superconductivity it is hoped that the

states could become available at higher temperatures, where expensive cryogenic

equipment would not be required to apply these technologies. This is particularly

interesting for the use of superconductors and quantum computers.

Classical computers store information in bits with values of "0" or "1", whereas

in quantum computers information is stored in quantum bits (qubits) in a superpo-

sition state of "0" and "1" simultaneously. The other crucial aspect of quantum

computing is entanglement – in a pair of entangled qubits, changing the state of one

qubit instantaneously changes that of the other, speeding up computer processing

times by several orders of magnitude. This can hugely impact areas where progress

is hindered by processing times, such as in the fields of artificial intelligence, drug

design and cryptography.

Highly entangled QSL states could therefore provide the grounds for robust
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quantum computation. However, quantum entanglement and how to manipulate it

is still not well understood necessitating further study of QSL states. The most

promising materials to realise QSLs are the kagome magnets, where the magnetic

moments form a lattice of corner-sharing triangles. QSL states arise from the geom-

etry of the kagome lattice frustrating conventional magnetic order, combined with

strong quantum fluctuations of small atomic magnetic moments.

Few good experimental examples of the QSL state exist in the literature, so

this thesis aims to expand the library of materials. This thesis presents studies of

two series of materials, the Zn-doped claringbullite and Zn-doped averievite series,

where chemical doping leads to end-members with a kagome lattice. Studies of the

magnetic behaviours of the end-members Zn-claringbullite, ZnCu3(OD)6FCl, and

Zn2-averievite, Zn2Cu3(VO4)2O2CsCl, show them to be good QSL candidates.

This thesis also furthers the academic study of frustrated magnets. Semi-

classical linear spin wave theory (LSWT) was used to model the spin waves ob-

served in powder inelastic neutron scattering data of claringbullite using differ-

ent exchange energies. A sizeable model of seven exchange parameters (including

Dzyaloshinskii-Moriya) is proposed. The phase space of possible exchange models,

which also stabilise the experimentally determined magnetic structure, was probed

using a new protocol developed for the analysis of claringbullite. Using it in con-

junction with LSWT has pushed the bounds of inelastic powder data analysis and

shown the possibilities to study complicated spin wave spectra of other complex

magnets.
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Chapter 1

Introduction

The earliest records we have of magnetism date back to the Ancient Greeks in 600

B.C.E., when Thales of Miletus noted that lodestone, a form of the mineral mag-

netite Fe3O4, attracts iron [1]. Its first practical use is attributed to the Chinese with

the invention of the compass, which by the 12th century had also been introduced

in Europe [2]. However, magnetism was not systematically studied as a physical

phenomenon until the work of W. Gilbert in the 16th century [3]. At a time when

it was still believed that lodestone had healing powers and could be demagnetised

with garlic, Gilbert’s experiments were a crucial step forward in understanding, for

example, how iron could be magnetised and even identified that the Earth itself be-

haves like a magnet [4]. One of the most significant advancements in the study of

magnetism was its unification in classical physics with electricity in electromag-

netic theory through the works of Faraday, Ampere, Ørsted [4] and most notably

Maxwell [5] during the 19th century. Another turning point came in the early 20th

century with the developments of quantum mechanics, and relativity, by Einstein,

Schrödinger, Dirac, Heisenberg, Bohr and many others, which provided insight into

the microscopic properties of magnetism [4]. Later in the 20th century, in addition

to academic progress, advancements in magnetism were also crucial in technolog-

ical developments of consumer electronics, including magnetic resonance imaging

(MRI) in radiology [6], memory storage [7] and cooling devices [8].

The magnetism we are concerned with in this thesis is frustrated magnetism.

Frustration is a term introduced in the field of magnetism in 1977 by G. Toulouse
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and describes the inability of a system to satisfy all pairwise interactions simul-

taneously due to local constraints [9]. Experimental and theoretical research on

frustrated magnets was fuelled in the late 20th century, when P. W. Anderson pro-

posed the resonating valence bond (RVB) model as a new type of electronic state

that underpins the transition to high-TC superconductivity [10, 11]. Valence bonds

(VBs) are nonmagnetic singlets formed from quantum entangled spin pairs. Within

this model, different spin pairings on a lattice can give rise to an extensive manifold

of degenerate VB configurations and in the presence of strong quantum fluctua-

tions, a resonance between them occurs that results in a superposition state. The

RVB state arises when VBs are exclusively formed from nearest-neighbour (n.n.)

spin interactions, but VBs can also form from long-ranged entangled spins produc-

ing a family of states known as quantum spin liquids (QSLs). Unlike conventional

magnets that are characterised by a phase transition to long-range order, QSLs do

not break symmetry in the conventional way and are instead characterised by their

macroscopic degeneracies, entanglement and exotic phenomena, such as fractional

excitations [12]. QSLs represent a class of topological materials and attempts to

classify them are based on their properties at zero temperature using their ‘quantum

order’ [13].

In 2-dimensions, the most promising model for realising a QSL ground state

is the kagome lattice of vertex-sharing triangles made of S = 1/2 Heisenberg spins

[14]. However, its experimental realisation has proven to be challenging and re-

mains at the forefront of experimental condensed matter physics. The best ma-

terial realisations include: herbertsmithite, γ ZnCu3(OH)6Cl2, which is perhaps

the only known experimental example of the S = 1/2 RVB state [15]; kapella-

site, α ZnCu3(OH)6Cl2, a chiral QSL [16]; and the more recent Zn-barlowite,

ZnCu3(OH)6FCl, reported to be a Z2 QSL [17] – the simplest type of spin liquid

in 2-dimensions with short-range correlations and gapped excitations [14]. Eluci-

dating the intrinsic kagome physics in these materials has been complicated by ma-

terial imperfections, such as site defects or possible lattice distortions and other en-

ergy scales such as antisymmetric exchange. Further understanding of QSL ground
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states that occur in experimental systems demands the expansion of the library of

experimental materials.

In this thesis two series of S = 1/2 kagome magnets are synthesised and stud-

ied: the deuterated claringbullite series, ZnxCu4–x(OD)6FCl for x = 0 and 1 and the

averievite series, ZnxCu5–x(VO4)2O2CsCl for x = 0, 1 and 2.

Claringbullite and its x = 1 Zn-doped variant, ‘Zn-claringbullite’, are hydrox-

ide materials previously synthesised and characterised structurally and using bulk

magnetometry [18]. Chapter 5 presents the syntheses of claringbullite and Zn-

claringbullite and diffraction studies that show the crystal structures to be in agree-

ment with previous reports. The magnetic structure of the parent material is found

to be similar to that of its polymorph barlowite [19] and to the recently reported

claringbullite magnetic structure [20]. Chapter 6 details inelastic neutron scatter-

ing measurements on both claringbullite and Zn-claringbullite. The analyses of the

spin-pair correlations of both materials, strongly suggest that the correlations be-

tween kagome layers are critical in understanding their magnetic behaviours. There-

fore, a key aspect in understanding Zn-claringbullite as a candidate quantum spin

liquid is in the limit of observed dynamic interlayer correlations being stronger than

intra-kagome ones.

Undoped averievite is formed of Cu2+ pyrochlore slabs and has been previously

synthesised and doped to the x= 1 level [21], whilst the x= 2 material, to the best of

our knowledge, is synthesised and studied here for the first time. Chapter 7 details

structural, bulk magnetometry and imaging studies and Chapter 8 presents inelas-

tic neutron scattering measurements. The x = 0 undoped material has a magnetic

phase transition below TN = 22 K, in agreement with the literature [21]. For the

x = 1 material, magnetic susceptibility evidences a transition at T = 3.5 K, but no

magnetic Bragg peaks are observed using neutron scattering. It is possible that the

ordered moments are too small to be differentiated from the background of the data,

however the phase transition and absence of magnetic Bragg peaks could indicate

a spin glass-like system. For the previously unreported x = 2 material, we suggest

that the kagome lattice is formed of equilateral triangles rotated in the plane, thereby
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distorting the hexagons. No magnetic phase transition is observed in its magnetic

susceptibility down to T = 2 K and a continuum of excitations is observed using

inelastic neutron scattering at T = 1.5 K. The energy dependence of its magnetic

scattering follows a scaling behaviour that indicates proximity to a quantum critical

point and evidences that x = 2 averievite is a good candidate quantum spin liquid.

The study of three members of the averievite series indicates at least three different

types of ground states in this set of materials, providing an ideal playground for

tuning magnetic order.
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Chapter 2

Brief introduction to magnetism

This chapter introduces some fundamental concepts of magnetism, which are re-

quired to understand the magnetic properties of the claringbullite and averievite

series presented in this thesis. Both series of materials are insulators and to un-

derstand their magnetic behaviours, we need to understand spin and orbital angular

momentum in a free ion, the effect of a crystal field and exchange interactions.

Much of this chapter is based on Blundell [1] and Khomskii [2], and these should be

referred to for more details. For an understanding of critical phenomena Collins [3]

was referred to and for the theory of scattering Squires [4] and the less mathematical

Boothroyd [5] texts were used.

2.1 The atomic magnetic moment
The basic component in the field of magnetism is the magnetic moment. Classically,

it is most easily understood as an orbiting electric charge equatable to a current loop.

The magnetic moment, dµ , lies perpendicular to the plane of the loop of current, I,

that has area, |dS|. For a finite sized current loop, many equal infinitesimal current

loops with an associated magnetic moment, dµ , are summed over to give the total

µ:

µ =
∫

dµ = I
∫

dS, (2.1)

where µ is in units of A m2. The magnetic moment is a magnetic dipole, analogous

to an electric dipole, with two monopoles separated by a distance parallel to the
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Figure 2.1: Schematic of a magnetic moment µ lying perpendicular to a loop of current I
with a total area equal to the sum of all the infinitesimal equal current loops that have area
|dS|.

vector dS (see Figure 2.1).

In this classical picture, at the atomic level, the electrons are massive parti-

cles with orbital motion. Therefore both their electric charge and orbital angular

momentum contribute to the resulting magnetic moment. This moment lies in the

same direction to its angular momentum, L, and they are related by

µ = γL, (2.2)

where γ (in SI units of C kg−1) is the gyromagnetic ratio.

The magnitude of a magnetic moment is usually expressed in Bohr magnetons,

µB, which is approximately equal to the magnetic moment of an electron spin. The

Bohr magneton is derived by considering a hydrogen atom where an electron with

charge −e and mass me orbits a proton. For a circular orbit with radius r, veloc-

ity v and an orbital period τ , the angular momentum in the ground state is given

as mevr = ℏ and the current produced by the electron is I = −e/τ . Therefore its

magnetic moment is given as

µ = πr2I = − eℏ
2me

≡ −µB =−9.274x10−24 A m2. (2.3)

2.2 Isolated magnetic moments
In a free ion the magnetic properties are determined by unpaired electrons in par-

tially filled shells, which result in non-zero spin and orbital angular momenta. These
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are both quantum mechanical properties where the latter was introduced in Section

2.1. The electron spin is the intrinsic angular momentum of the electron and results

from its internal structure.

2.2.1 Orbital and spin angular momenta

The Pauli exclusion principle states that no two fermions can occupy the same quan-

tum states, and for an electron in an atom these are commonly defined by four quan-

tum numbers [6]. These are the principle quantum number n corresponding to the

electron’s energy level, the orbital quantum number l, the orbital magnetic quantum

number ml and the spin quantum number ms.

The orbital angular momentum has a magnitude
√

l(l +1)ℏ, where l takes

values from 0 to n− 1. The component of the orbital angular momentum along a

particular direction is mlℏ, where ml takes values from −l to l and distinguishes

between the orbitals in a subshell.

Along a particular direction an electronic spin with quantum number s has a

magnitude msℏ, where ms can have 2s+ 1 possible values ranging from −s to s in

integer steps. For an electron the spin angular momentum is s = 1
2 , so ms =±1

2 and

the spin angular momentum has a component of ±ℏ
2 along a particular axis, also

referred to as spin "up" or "down". Similarly to the orbital angular momentum, the

spin angular momentum has a magnitude of
√

s(s+1)ℏ.

The total spin and orbital angular momenta of an ion are given as S = ∑i si and

L = ∑i li, respectively. According to these summations, only unpaired electrons

contribute to the magnetic moment and electrons in closed shells cancel to give

net zero spin and orbital momenta. So far we have considered the consequence of

electrons moving around a nucleus. In a real atom, the nucleus is not stationary,

which affects the energy levels of the electrons. This is a relativistic effect that

results in a coupling between the spin and orbital angular momenta and is termed

spin-orbit coupling (SOC). For weak SOC, the total angular momentum is then

given as

J = L+S, (2.4)
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which is known as Russel-Saunders or L-S coupling. The strength of SOC increases

following a Z4 dependence and for heavier atoms the individual spin and orbital

angular momenta of an electron couple to give a new quantum number j. This

results in the total angular momentum better described as J = ∑i ji.

Each electronic energy state with L and S has a total angular momentum quan-

tum number J that can take values from |L−S| to L+S. In the absence of SOC or

an external magnetic field all J levels are degenerate. The SOC then acts as a pertur-

bation that removes the degeneracy, resulting in what is knows as the fine structure.

Each J level has a multiplicity of 2J +1, with the different levels mJ taking values

from −J to J in integer intervals. The degenerate mJ levels can be split by applying

a magnetic field, which is known as Zeeman splitting [7].

2.2.2 Hund’s rules

The most energetically favourable combinations of L and S in the electronic ground

state of an ion, are determined by Hund’s rules [8]. These are given below in order

of decreasing importance, such that the first has to be satisfied before the subsequent

ones are considered.

1. The electronic wave function is arranged such that S is maximised. In this

case, the Coulomb energy is minimised as a result of the Pauli exclusion

principle, which does not allow electrons with the same spin to be in the

same place.

2. Electrons must be placed in orbitals such that L is maximised. Clasically, this

can be pictured as electrons orbiting in the same direction, therefore minimiz-

ing the Coulomb repulsion.

3. Spin-orbit energy must be minimized: if a shell is less than half full then

J = |L−S| and if it is more than half full J = |L+S|.

Based on Hund’s rules, the effective magnetic moment of the ground state is

given by

µeff = gJ[J(J+1)]1/2
µB, (2.5)
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where gJ is the Landé g-factor given by

gJ =
3
2
+

S(S+1)−L(L+1)
2J(J+1)

. (2.6)

For 4 f atoms, the experimental effective magnetic moments from bulk magnetom-

etry measurements are usually in agreement with equation 2.5. In the case of the 3d

transition metals the agreement is often poorer following the common assumption

that the orbital momentum in 3d ions is quenched as the crystal field is assumed to

be larger than the SOC, giving L = 0 and J = S. However, the SOC does often have

to be considered as a small perturbation that leads to a non-zero L. In this thesis, the

only magnetic ion considered is Cu2+ that has an outer shell electron configuration

3d9 with one unpaired electron or hole. Following Hund’s rules, there are 5 spin up

and 4 spin down electrons resulting in S = 1/2 and if the orbital momentum (L = 2)

is assumed to be quenched, the effective total angular momentum J = S = 1/2. This

is an approximation and it will be seen that for both claringbullite and averievite (in

Chapters 6 and 8, respectively), SOC is present and its effects lead to anisotropic

magnetic interactions, which will be explained in Section 2.4.2.

2.2.3 Crystal field effects

The behaviour of magnetic ions depends on both their own electronic states, as

well as the electric field arising from their coordination environment. In d ions the

degeneracy of the energy levels is lifted due to the orbital overlap with neighbouring

atoms. However, in 4 f ions this effect is less prevalent as there is poor orbital

overlap between the ligands and the shielded f orbitals. As this thesis only deals

with the Cu2+ magnetic ion, this section will focus on the 3d orbitals.

In a spherical environment the 3d orbitals are degenerate, but in a crystal lattice

the orbital degeneracy is lifted. Often they split into two groups: the t2g orbitals

which point between the x, y and z axes and are triply degenerate (dxy, dxz and dyz);

and the eg orbitals which point along these axes and are doubly degenerate (dz2 or

d3z2−r2 and dx2−y2). In an octahedral environment, the eg orbitals directly overlap

with the ligand orbitals and the strong Coulombic repulsion leads to an increase in
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the energy of their occupying electrons. On the other hand, the t2g orbitals have

less overlap and their electrons do not experience a strong Coulombic repulsion

and their energy is lowered. The energy difference between electrons in the two

sets of orbitals is known as the crystal field energy. Importantly, there are other

coordination environments, such as the tetrahedral one where the eg levels have a

lower energy than the t2g ones.

In partially filled 3d orbitals, the electrons occupy the lowest energy ones first.

However, the precise order of orbital occupation is determined by the relative mag-

nitudes of the crystal field energy and the Coulomb energy cost of placing two elec-

trons in the same orbital. When the crystal field energy is smaller than the Coulomb

energy the electrons singly occupy the orbitals, whereas for the opposite case the

electrons pair up in the lowest energy orbitals first.

In certain cases, there is an energy gain in further lifting the degeneracy of the

Figure 2.2: Orbital splitting for a Cu2+ 3d9 ion in an octahedral environment. To remove
the degeneracy of the eg orbitals, a distortion occurs and the axial ligands moved away
from the metal ion along the z axis. Eventually a square planar coordination environment is
realised. The corresponding orbital energy levels are shown. Adapted from [9].
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3d orbitals by a spontaneous geometric distortion. This is named the Jahn-Teller

effect [10]. Taking the example of a Cu2+ 3d9 ion in an octahedral coordination

environment, where the eg orbitals directly overlap with the ligand ones, there is

a significant gain in energy through a distortion. In both the averievite and clar-

ingbullite series, the octahedral coordination environments are distorted around the

Jahn Teller active Cu2+ ion. A schematic of this is shown in Figure 2.2. On the

other hand, in the Zn-doped compounds the coordination environment around the

non-Jahn Teller active Zn2+ ion (which has a full outer shell) is more spherical.

The differences in the coordination environment symmetries can be seen in crystal

structure refinements by looking at the bond lengths between Cu2+/Zn2+ ions and

the surrounding ligands. Equal equatorial and axial bond lengths can indicate the

site has a more spherical environment and therefore is preferentially occupied by

the Zn2+ ion.

For a Jahn-Teller active ion at high temperature, the thermal fluctuations will

cause degenerate configurations of the highest energy orbital to be occupied inter-

changeably and this is known as the dynamic Jahn-Teller effect (see Figure 2.3) [12].

As temperature decreases and thermal fluctuations become weaker, the Jahn-Teller

effect can lead to a static distortion accompanied by a crystallographic symmetry

lowering as the energy barrier between degenerate states cannot be overcome. In

systems where there is a high concentration of Jahn-Teller ions, a cooperative dis-

Figure 2.3: The Jahn-Teller distortion of a 3d9 ion in an octahedral environment is often an
axial elongation of the metal-ligand bonds as shown in Figure 2.2. Three states are usually
possible where the axial elongation occurs along one of the three axes. When the thermal
energy is larger than the energetic barrier between the three states, the system will fluctuate
between them. This is known as the dynamic Jahn-Teller effect. Taken from [11].
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tortion may occur as the local distortion around one ion requires a distortion in the

environments of all other ions [13].

These effects indicate that the the local coordination environment of a magnetic

ion, which affects the relative orbital energies, therefore also has important conse-

quences in the electronic orbital occupancy. This in turn affects the spin interactions

in a magnet, which will be expanded on in Section 2.4.

2.3 Magnetisation and magnetic susceptibility

A material’s bulk magnetic properties are a consequence of the magnetic field gener-

ated on an atomic scale. Magnetic solids have a large number of magnetic moments

which, per unit volume, are defined as the magnetisation, M, of a material. When

these materials are subject to an external magnetic field, H, a magnetic flux, B, is

induced such that

B = µ0(H+M), (2.7)

where µ0 is the permeability of free space. The degree of magnetisation in response

to an applied magnetic field is given by the magnetic susceptibility, χ:

M = χH. (2.8)

The units of χ in SI units are dimensionless, but these are not conventionally

used. Instead, χ is expressed in electromagnetic units (emu), which come from

the centimetre-gram-second (cgs) system. In this thesis, the magnetic suscepti-

bility is typically quoted as the molar susceptibility per magnetic ion, with units

"emu mol−1 Cu−1", given by

χm =
χMr

mn
, (2.9)

where Mr is the relative molecular mass of the material, m is the sample mass and n

is the number of magnetic atoms per formula unit. When χ > 0, the material is gov-
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erned by an attractive force to the applied magnetic field known as paramagnetism,

whereas when χ < 0 the material is repelled and this is termed diamagnetism. The

origins of paramagnetism and diamagnetism will be detailed in the following sec-

tions.

2.3.1 Diamagnetism

In a classical picture of Langevin, diamagnetism arises from an applied magnetic

field inducing an opposing magnetic field in the orbiting electrons. Therefore, all

materials experience a degree of diamagnetism that can be approximated to be pro-

portional to the number of electrons in a system [1, 14] The contribution of dia-

magnetism to the magnetic susceptibility is often an order of magnitude weaker

than paramagnetism. In this thesis, a diamagnetic correction has been made in all

magnetometry studies and will be detailed in the relevant sections.

2.3.2 Paramagnetism

Paramagnetism arises from unpaired electrons. In the absence of an external mag-

netic field and assuming weak interactions between the electrons, the magnetic mo-

ments point in random directions. When an external magnetic field is applied, the

magnetic moments align parallel to it.

In a classical description of paramagnetism the quantization of magnetic mo-

ments is ignored and effectively this equates to J = ∞, though an accurate depen-

dency of χ with temperature is still obtained [1]. When a magnetic field B is ap-

plied in the z direction, the average moment that aligns along it, µz, is given by the

Langevin function, L(y):

L(y)≡ coth(y)− 1
y
=

µz

µ
, (2.10)

where y = µB/kBT , T is the temperature and µ is the total magnetic moment. In a

weak magnetic field, y is small and equation 2.10 becomes

L(y) =
µz

µ
≈ y

3
=

µB
3kBT

. (2.11)
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When all moments are aligned along the field, the saturation magnetisation is

reached Msat = nµ , where n is the number of magnetic moments per unit volume.

The measured magnetisation is given as M = nµz = nµL(y). In small fields, χ

from equation 2.8 can also be approximated as χ = µ0M/B. Combining this with

equation 2.11 gives the temperature dependence of the magnetic susceptibility:

χ =
nµ0µ2

3kBT
=

C
T
, (2.12)

where C is the Curie constant. The inverse temperature dependence of magnetic

susceptibility was first described by Pierre Curie and is known as the Curie law.

Within quantum mechanics, these classical moments are treated as quantum

spins with J = 1/2, so mJ =±1/2. The spins are quantised along the z direction and

the resulting magnetisation can take two values ±ngJµBmJ , where gJ is the Landé

g-factor that is the electronic gyromagnetic ratio. The response of a paramagnet to

an applied magnetic field is then described by the Brillouin function, BJ(y), for any

half-integer value of J:

BJ(y) =
2J+1

2J
coth

(
2J+1

2J
y
)
− 1

2J
coth

y
2J

. (2.13)

In the limit of J = ∞, BJ(y) can be reduced to the Langevin function L(y) (equation

2.10) and in the limit of J = 1/2 it becomes tanh(y). In a weak field y becomes

small and equation 2.13 can be written as

BJ(y) =
(J+1)y

3J
. (2.14)

The magnetisation is given as M = MsatBJ(y), where Msat is the saturation mag-

netisation, and by substitution in equation 2.14, the magnetic susceptibility can be

defined as

χ =
nµ0g2

Jµ2
BJ(J+1)

3kBT
=

nµ0µ2
eff

3kBT
. (2.15)

Although equation 2.15 is very similar to equation 2.12, this quantum mechanical
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approach gives the effective magnetic moment as expressed in equation 2.5, en-

abling the determination of the Landé g-factor. In real materials, spin correlations

often lead to a deviation from an ideal paramagnet and the Brillouin function is

no longer a good description of a system’s magnetic behaviour. These correlations

arise from interactions between the spins that will be detailed in Section 2.4.

2.3.3 The Curie-Weiss law

The Curie law, equation 2.12, is used to describe an ideal paramagnet of non-

interacting spins for which the magnetic susceptibility is inversely dependent on

temperature. As temperature decreases the strength of magnetic interactions begins

to outweigh thermal disorder and correlations build up and strengthen between the

magnetic moments. This is seen as an increase in the curvature of the measured

magnetic susceptibility away from the linear behaviour of the Curie law.

The magnetisation of a material can be approximated by an internal magnetic

field that arises from each magnetic moment experiencing an average magnetic field

from all other spins in the system that it interacts with. This internal field is known

as the Weiss molecular field, λ , and although not an accurate representation of a real

system, it helps to understand the magnetic behaviour of experimental materials.

The strength of the Weiss molecular field must be incorporated in the definition of

a material’s transition temperature. A ferromagnet spontaneously orders below a

critical temperature termed the Curie temperature, which is defined as

TC =
gJµBJ(J+1)λMsat

3kB
. (2.16)

Similarly, an antiferromagnet orders below the Néel temperature, which is defined

as

TN =
gJµBJ(J+1)|λ |Msat

3kB
. (2.17)
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Including λ in the Brillouin function results in

BJ(y) =
M

Msat
≈ gJµB(J+1)

3kB

(
B+λM

T

)
. (2.18)

For the magnetic susceptibility of a ferromagnet, we can combine equations 2.16

and 2.18 to get

χ ∝
C

T −TC
. (2.19)

The same can be done for an antiferromagnet by replacing −TC in equation 2.19

with +TN. A more general equation can be written known as the Curie-Weiss equa-

tion, where −TC and +TN are replaced by the Weiss temperature, θW. θW > 0 cor-

responds to a ferromagnetic mean field and θW < 0 indicates an antiferromagnetic

mean field [15]. If the spin correlations are zero θW = 0. However, the opposite

is not always true as θW = 0 could arise from competing exchange interactions of

opposite signs cancelling each other out to create a net mean field of zero. This

is important to consider in frustrated materials as they often have many competing

exchange interactions contributing to the mean field.

A plot of the inverse susceptibility as a function of temperature is shown in Fig-

Figure 2.4: Inverse susceptibility as a function of temperature for an ideal paramagnet
(orange), an antiferromagnet (blue) that goes through a magnetic phase transition at TN and
a ferromagnet (red) with a Curie temperature TC. The linear regions can be extrapolated to
determine the Weiss temperature θW and the Curie constant, C.
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ure 2.4 for a paramagnet, an antiferromagnet and a ferromagnet. It can be seen that

the linear high-temperature paramagnetic regions, can be extrapolated to χ−1 = 0 to

determine the Weiss temperature, θW, from the x intercept and the Curie constant,

C, from the slope. It should be noted that in experimental materials, there is often

curvature in the paramagnetic region above the critical temperature due to the build-

up of short-range correlations. Therefore, care should be taken experimentally with

choosing an appropriate linear region for application of the Curie-Weiss law.

2.4 Magnetic order and excitations
The interactions between magnetic moments can lead to various types of magnetic

order, from long-range magnetic order to exotic quantum spin liquid states. There

exist different properties that a system must possess to be classified as a quantum

spin liquid, such as not breaking Landau type symmetry and experimental signa-

tures of exotic spinon excitations, which can be challenging to determine conclu-

sively [16]. On the other hand, long-range magnetic order can be clearly observed

in experiment. In this thesis, phase transitions to magnetic long-range order were

observed as a discontinuity in direct current (DC) magnetic susceptibility measure-

ments as a function of temperature. Below the phase transition, the magnetic scat-

tering was measured using neutron diffraction and used to refine a model magnetic

structure.

2.4.1 Isotropic magnetic interactions

Magnetic moments interact with each other via different interactions. The simplest

one is the through space magnetic dipolar interaction, the strength of which depends

on the relative orientations of the magnetic moments and the distance between them.

This is a weak interaction typically of the order of ∼ 1 K that in most studies does

not lead to long-range magnetic order, only becoming significant in materials that

order at milliKelvin temperatures.

Electrostatic interactions between the unpaired electrons of neighbouring mag-

netic atoms, can lead to magnetic exchange interactions. These are understood

quantum mechanically in terms of Pauli’s exclusion principle, which requires the
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electronic wavefunction to be antisymmetric for electrons in spatially overlapping

orbitals. For a two-spin system, S1 and S2, the Hamiltonian is written as

H = E0 + JS1 ·S2, (2.20)

where J is the exchange integral and E0 is a constant energy term. The sign of J

leads to an energy minimisation of the Hamiltonian for a parallel (J < 0) or an-

tiparallel (J > 0) alignment of spins. For a system with multiple spins, each spin

Si will have a pairwise interaction with every other spin S j, according to the mean

field arguments introduced earlier. The spin part of the Hamiltonian, termed the

Heisenberg Hamiltonian, is given as

H = ∑
i, j

Ji j Si ·S j, (2.21)

where Ji j is the exchange integral for the interaction between sites i and j. Ex-

change interactions can occur between neighbouring atoms (direct exchange) or via

one or more intermediate ions, known as superexchange. The strength and sign of

superexchange depends on the degree of orbital overlap, which is in turn strongly

dependent on the ∠M-O-M angle as shown in Figure 2.5. For a metal ion with a sin-

gle electron in the dx2−y2 orbital, an ∠M-O-M angle of 180° kinetically favours an-

tiferromagnetic interactions over ferromagnetic ones, because the anti-parallel spin

alignment allows the spins to be delocalized over the magnetic and non-magnetic

orbitals. The geometry of the dx2−y2 orbitals allows for direct overlap with the oxy-

gen px orbital that facilitates the superexchange. If the spins were parallel, the Pauli

exclusion principle would prevent this delocalization and the interaction would be

less energetically favourable. Figure 2.5b shows that for a 90° ∠M-O-M angle a

ferromagnetic superexchange would be favoured.

This type of analysis has led to the semi-empirical series of Goodenough-

Kanamori rules, which can be used to predict the sign of J based on the ∠M-O-M

superexchange angle and orbital occupation [17, 18]. It is however important to
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Figure 2.5: a. Antiferromagnetic superexchange in a metal oxide with an 180° orbital
overlap between the dx2−y2 orbitals of the metal ions and the px orbital of the oxygen atom.
Three possible spin arrangements are shown for an antiferromagnetic interaction. For par-
allel spins in the two 3dx2−y2 orbitals, only one configuration would be allowed according
to Pauli’s exclusion principle. An anti-parallel spin alignment is kinetically favoured. b.
Ferromagnetic superexchange is preferred for a 90° ∠M-O-M angle. Based on a figure in
[1].

note that these rules are limited to µ2-O bridging ligands1. When there are more

ligands, such as for a µ3-O bridging group, it is best to compare with other exper-

imental materials and results from electronic structure calculations. In this thesis,

averievite has Cu-(µ2-O)-Cu superexchange pathways whereas claringbullite has

Cu-(µ3-OH)-Cu pathways, so the Goodenough-Kanamori rules are only applicable

to the former.

2.4.2 Anisotropic magnetic interactions

In the presence of spin-orbit coupling (SOC), the interaction between the orbitals

and the crystal field give a directional dependence to the magnetic moments. This is

best known as affecting 4 f ions, but also affects to a lesser degree the 3d transition

metals, where SOC is much weaker. One kind of anisotropy that can arise is the

anisotropic symmetric exchange interaction, which is bond-dependant and results

in J having different strengths in different directions. An example of this is seen

in the spin Hamiltonian of the S = 1/2 kagome antiferromagnet vesignieite [19],

which will be discussed in Section 3.3.4. Another type of anisotropic interaction is

1The prefix µn denotes a bridging ligand between metal ions, where n is the number of atoms
bridged.
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antisymmetric exchange also referred to as the Dzyaloshinskii-Moriya interaction

(DMI) [20, 21], which occurs between an ion in a spin-orbit excited state and a

neighbouring ion in the ground state. It can be expressed by

HDM = Di j ·Si ×S j, (2.22)

where Di j is the Dzyaloshinskii-Moriya vector. The DMI acts to align Si and S j

to be at right angles to each other in a plane perpendicular to Di j and is a com-

mon cause of spin canting in antiferromagnets, where collinear or coplanar spins

are tilted away from their common axis or plane inducing weak ferromagnetism. In

the absence of a magnetic structure, from which the degree of spin canting can be

determined, key characteristics include an antiferromagnetic Weiss temperature and

weak ferromagnetism observed as a hysteresis in magnetic field-dependent magneti-

sation data. A non-zero DMI only occurs when the midpoint between two magnetic

atoms is not a centre of inversion symmetry, unlike anisotropic symmetric exchange

which can be non-zero when there is such symmetry [22]. In this thesis the DMI

will be considered for both claringbullite and averievite, as it is allowed by symme-

try in their low orthorhombic and monoclinic symmetries, respectively.

2.4.3 Long-ranged magnetic structures

A magnetic structure is a long-range ordered arrangement of spins, where the ar-

rangement depends on the type and strength of the various exchange interactions.

Some examples of magnetic structures are shown in Figure 2.6. In the high-

temperature limit, where thermal fluctuations are much stronger than the exchange

interactions, the system acts as a paramagnet with non-interacting or isolated mag-

netic moments. Below a transition temperature, the magnetic exchange interactions

typically result in long-range magnetic order. Such a spin ordering transition de-

pends on the geometry and dimensionality of the crystal lattice, as well as the spin

dimensionality arising from e.g. single-ion anisotropy effects.

The simplest magnetic structure is a ferromagnetic one in which all spins are

parallel, giving a net magnetisation in the direction of the moments. Another com-
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Figure 2.6: Examples of different magnetic structures arising from various exchange inter-
actions. Taken from [23].

mon structure is the collinear antiferromagnet, which can be thought of as two sub-

lattices of parallel spins aligned anti-parallel to each other resulting in a net zero

magnetisation. Similar to antiferromagnets are ferrimagnetic structures, where two

sublattices point in opposite directions and have different moment sizes, resulting

in a non-zero magnetisation. In some other materials competition between further-

neighbour exchange interactions can cause helimagnetism, where the spins are ro-

tated about an axis from one layer to the other. In such structures, the magnetic unit

cell may not be an integer multiple of the underlying crystallographic unit cell i.e.

not commensurate with it, and is termed an incommensurate magnetic structure.

The types of magnetic structures that can be realised can be expanded by intro-

ducing magnetic frustration, which can lead to more complicated non-collinear or

non-coplanar magnetic structures.

2.4.4 Phase transitions in magnetic systems

Spontaneous magnetic order appears below a critical temperature, TC, and gives rise

to the magnetic structures as described in the previous section. These phase tran-
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sitions involve a symmetry lowering, whereby the removal of symmetry elements

results in a defined symmetry-breaking. For example, a ferromagnet in its paramag-

netic phase has complete rotational symmetry as the spins can point in any direction.

But below TC, the spins will all point in a unique direction thereby reducing the rota-

tional symmetry, as well as breaking time-reversal symmetry that relates a magnetic

moment with its reversed state. Such magnetic phase transitions can be understood

in terms of various simple models, with one of the mean-field approaches given by

Landau’s theory of continuous (second order) phase transitions. In this theory, the

magnetic behaviour near TC is written in terms of a Taylor series expansion of the

free energy as a function of an order parameter. The order parameter characterises a

symmetry breaking at the phase transition, taking a finite value below TC and a zero

value above it. The order parameter that characterises the transition from para- to

ferromagnet is the magnetisation and the free energy F(M) is expanded as

F(M) = F0 +α(T )M2 +bM4, (2.23)

where F0 and b are constants, and α(T ) is a temperature dependent parameter. The

ground state is that which minimises the free energy i.e. when dF(M)/dM = 0 and

d2F(M)/dM2 > 0. The expressions for these conditions are then

2α(T )M+4bM3 = 0 and 2α(T )+12bM2 > 0. (2.24)

Above TC, in the paramagnetic phase, the magnetisation must be zero, therefore

α(T )> 0. Below TC, M must have a finite value leading to

α(T ) = −2bM2. (2.25)

This then requires a change of sign in α(T ) above and below the critical tempera-

ture. Therefore α(T ) can be replaced by (T −TC)α0, where α0 is a positive con-

stant. Substituting this back into equation 2.23 gives the graphical results in Figure
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Figure 2.7: Free energy of a ferromagnet, F(M), as a function of the magnetisation order
parameter M above, below and at the critical temperature TC. At and above TC the magneti-
sation is zero, below TC the minima of F(M) are non-zero values of M. Taken from [1].

2.7. The solutions to dF(M)/dM = 0 can now be written as

M = 0 and M =±
(
(TC −T )α0

2b

)β= 1
2

, (2.26)

where β = 1/2 is the critical exponent using this mean-field approach. The second

solution is only valid for T < TC. It is important to keep in mind that mean field

theories do not account for correlations and fluctuations that become important near

TC, but these fluctuations are reflected in the broad and flat minimum of F(M) at

M = 0.

Within this macroscopic theory magnetic behaviours can also be understood

using microsopic models, such as the nearest-neighbour Heisenberg model (see

equation 2.21). In this model, the dimensionality of the lattice and spin is repre-

sented in terms of the different interactions between spins.

Critical exponents can be calculated from the various microscopic models us-

ing the renormalisation group method, which is a mathematical formulation that

can be applied due to the exponents being unrelated to the microscopic interactions

in the system. The value of a critical exponent depends on three things: (i.) the

dimensionality of the system, (ii.) the symmetry of the order parameter and (iii.)
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whether the interactions are short- or long-ranged. Experimental and theoretical

studies have found that some systems share the same critical exponents despite dif-

ferences in their microscopic properties, and so can be grouped into universality

classes. For example, in experimental materials the magnetisation is indeed found

to behave as (TC −T )β , but β is not always 1/2, as results from Landau theory in

equation 2.26, and its value depends on the nature of the phase transition [2].

In the Ising model of spins that are constrained to lie along the z-axis, the

Heisenberg Hamiltonian becomes

H = ∑
i, j

Ji j Sz
i ·Sz

j. (2.27)

On a 1-dimensional lattice a spin chain is formed and no magnetic ordering tran-

sition occurs: the energy cost of flipping a spin is always E = J and this becomes

negligible compared to the increasing entropy gain as the spin chain becomes larger.

Therefore at T > 0, spin flipping occurs spontaneously and the critical temperature

is zero. In a 2-dimensional lattice, both the entropy gain and the energy cost related

to flipping the Ising spins scale with the size of the spin flipped region. This com-

petition results in these systems having a magnetic ordering transition at a non-zero

critical temperature.

Materials with weak spin-orbit coupling and quenched orbital moments have

isotropic Heisenberg spins and are thought of as 3-dimensional vectors that can

point in any direction in real space. However, these microscopic models can be dif-

ficult to solve exactly leading to discrepancies between experimental and theoretical

values of critical exponents [1].

The discussion so far has focused on phase transitions at finite temperatures,

but when TC is suppressed to T = 0 K quantum effects become important [2]. In

such a case, the system is disordered even at T = 0 as a result of quantum fluctu-

ations and the point at T = 0 is named the quantum critical point (QCP). In many

cases, the suppression of TC requires an external perturbation such as pressure or

a magnetic field, expressed by the parameter g. Figure 2.8 shows the QCP occurs

when g is at the critical strength, gC. At gC quantum fluctuations dominate the
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Figure 2.8: Suppression of the critical temperature TC as a function of a parameter g, such
as pressure. At the critical strength gc, TC is suppressed to T = 0 and is known as the quan-
tum crtical point (QCP). The hatched region indicates the part of the phase diagram where
quantum fluctuations dominate and the solid grey region shows where classical fluctuations
dominate. The rest of the phase diagram corresponds to the ordered phase. Taken from [2].

system, but become less intense with increasing temperature.

2.4.5 Representational analysis applied to magnetic structures

A magnetic structure comprises of a series of components that are defined with re-

spect to the underlying crystallographic unit cell, using a reciprocal space vector

known as the magnetic propagation vector, k. The propagation vector can be exper-

imentally determined by the positions of the magnetic Bragg peaks in a diffraction

pattern. For a ferromagnet a magnetic unit cell can be defined that is equivalent

to the crystallographic one according to k = 0, with the magnetic Bragg peaks oc-

curring at the same positions as the nuclear Bragg peaks. In the case of antifer-

romagnets, a k = 0 magnetic structure can also arise when there is more than one

magnetic atom per unit cell, which is the case for claringbullite as will be detailed in

Chapter 5. However, taking the example of averievite (see Chapter 7), a doubling of

the crystallographic unit cell in the a direction is required to describe the magnetic

structure, which corresponds to the propagation vector k = (1/2,0,0).

To fully define a magnetic structure, the relative spin orientations are needed

in addition to the propagation vector. One way to obtain these spin orientations is

using representational analysis [24, 25], where irreducible representations (irreps)

describe the transformations of the magnetic structure under the symmetry opera-
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tions of the crystal space group [26]. This provides a number of possible magnetic

structures that can be restricted by using Landau’s theory of second-order phase

transitions, which, within a simple application, says that only one irrep is involved

in a second-order phase transition and all others are zero [27, 28]. This is often the

case in experimental materials, though more complex structures can arise depending

on the details of the terms in the Landau free energy expansion.

Understanding the propagation of a magnetic structure is analogous to describ-

ing the propagation of an electronic wavefunction through a periodic potential in a

crystalline material [29], for which the eigenfunctions are given by Bloch waves:

Uk(r) =Uk(0)e−2πik·t, (2.28)

where the wavefunction at a position r from the origin (0) is given by the translation

vector t and the propagation vector k.

The total magnetisation, Ψ, for the general case of a magnetic structure with

multiple propagation vectors, is also given by a summation of Bloch waves:

Ψ(r) = ∑
k, j

C j
kψ

j
k(0)e

−2πik·t. (2.29)

This describes a symmetry adapted linear combination (SALC) of basis vectors ψ
j

k

for atom j, where ψ
j

k describes the projection of the magnetic moment along an

axis. The contribution of a basis vector to Ψ depends on the mixing coefficient C j
k

and their product determines the magnitude of a magnetic moment.

The group of symmetry elements that leave k invariant within a reciprocal

lattice translation form the little group Gk. The irreps of Gk then determine the

possible magnetic structures. When the symmetry elements of Gk are applied to the

magnetic sites in the crystal structure, the result is represented by the permutation

representation, Γperm. The magnetic moments must be treated separately as axial

vectors; if they are thought of as current loops (as described in Section 2.1) then in-

version symmetry leaves these currents invariant. Applying the symmetry elements

to the magnetic moments, results in the axial representation, Γaxial. The magnetic
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representation, Γmag, is then given by

Γmag = Γperm ×Γaxial, (2.30)

which can be decomposed into the irreducible representations of Gk, Γν :

Γmag = nΓν , (2.31)

where n is the number of times that an irrep appears in Γmag. For a given propagation

vector, these irreps are used to project the basis vectors and the mixing coefficients

are refined to determine the magnetic structure (see equation 2.29).

2.4.6 Magnetic excitations

At non-zero temperatures the magnetic order in a system is disrupted by thermal

fluctuations. In a crystalline solid the thermally excited lattice vibrations are quan-

tised as phonons, whereas for magnetic order the excitations are termed spin waves

and are quantised as magnons. Measuring spin waves is important in understanding

the ground states of magnets and comparison with predictions from models enables

the determination of the exchange parameters.

Spin waves are collective excitations of spin correlations and depend on the

exchange interactions between the spins and single ion spin anisotropies. The dis-

persion of a spin wave can be calculated from the spin Hamiltonian. Such a calcu-

lation requires knowledge of the ground state of the magnetic system i.e. the low-

temperature long-range ordered magnetic structure, and the exchange interactions.

A commonly used method to calculate spin wave dispersions is linear spin wave

theory (LSWT), which describes small fluctuations around the classical magnetic

ground state and so works best at low temperatures and for large spins (S ≥ 3/2)

[30]. LSWT involves: (i.) substituting the spin operators with expressions involv-

ing the boson creation and annihilation operators; (ii.) simplifying the real magnetic

Hamiltonian to a quadratic form, which is then diagonalized to obtain the energy

eigenvalues that describe the dispersion [5]. As LSWT is a semi-classical method

it is used as an approximation for S = 1/2 systems and higher order corrections are
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Figure 2.9: (Top.) The ground state |Φ⟩ of a spin-1/2 ferromagnetic spin chain with N
spins. (Bottom.) An excitation is created by flipping a spin at site j, resulting in the spin
state | j⟩. The resulting spin wave has changed the total spin by ∆S = 1. Adapted from [1].

necessary [30].

A simple example to understand LSWT is the S = 1/2 ferromagnetic spin

chain with one magnetic site per unit cell, which has a ground state |Φ⟩ where all

spins point along the z direction (see Figure 2.9). Assuming only nearest-neighbour

isotropic exchange, the Heisenberg Hamiltonian (equation 2.21) becomes

H = J ∑
i

Si ·Si+1. (2.32)

Equation 2.32 can be re-written using spin ladder operators S± = Sx ± iSy, where

the raising (lowering) operator S+ (S−) will raise (lower) the z component of the

spin angular momentum by ℏ [1]. If the spin angular momentum is at its maximum

(minimum), the raising (lowering) operator will annihilate the state i.e. S+ |↑z⟩= 0,

S− |↓z⟩= 0. Using these ladder operators, equation 2.32 becomes:

H = J ∑
i

[
Sz

i S
z
i+1 +

1
2

(
S+i S−i+1 +S−i S+i+1

)]
. (2.33)

The ground state energy can be calculated by applying the Hamiltonian to the

ground state, |Φ⟩, following the Schrödinger equation H |Φ⟩ = EΦ |Φ⟩. The spin

ladder operators in equation 2.33 describe the fluctuations of the spins about the

z axis and are therefore zero in the ground state. The ground state energy is then
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given by the first term in equation 2.33 and EΦ = NJS2 where N is the total number

of spins and S = |Sz
i | will be used hereafter. To induce an excitation, a single spin is

flipped at site j as demonstrated in Figure 2.9 and this changes the total spin of the

system by ∆S = 1. The integer spin value of this change defines the excitation as a

boson and such quanta can be experimentally created or annihilated with a neutron.

The excited state can be expressed as | j⟩ = S−j |Φ⟩, for which the energy is

again found by applying the Hamiltonian of equation 2.33:

H | j⟩= (−NS2J+2SJ) | j⟩−SJ | j+1⟩−SJ | j−1⟩ . (2.34)

The Hamiltonian is then diagonalized to obtain the spin wave dispersion by search-

ing for plane wave solutions of type

|q⟩= 1√
N ∑

j
eiq·R j | j⟩ , (2.35)

where q is the wave vector along the spin chain direction, R j is the position of

the spin j and the state |q⟩ corresponds to a spin flip delocalized over all N sites.

The perturbation caused by a single spin flip has a short wavelength and so a large

energy cost would be associated with it. If this energy is delocalized over many

sites, the perturbation has a long wavelength where the spins deviate a small amount

from their equilibrium position; this excitation requires a vanishingly small amount

of energy to create. Equation 2.35 essentially defines a spin wave and the spin

procession around their z axes is illustrated in Figure 2.10.

Figure 2.10: The spin precession around the z axis in a ferromagnetic spin chain caused by
a spin wave excitation. Based on a figure in [1].
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Applying the Hamiltonian to the state |q⟩, H |q⟩= Eq |q⟩, yields

Eq = NS2J−2JS(1− cos(qa)), (2.36)

where a is the lattice parameter of the magnetic unit cell. The first part of equation

2.36 is the ground state energy and the second part gives the spin wave dispersion

relation for an isotropic ferromagnetic spin chain:

ℏωFM = 2|J|S(1− cos(qa)). (2.37)

This dispersion is shown in Figure 2.11a and there are two important features to

note: (i.) the amplitude is given by ℏω = 4|J|S, thus enabling the largest J to be

estimated, and (ii.) the low q region can be approximated as a quadratic dispersion

where ℏω ≈ |J|Sq2a2.

A similar calculation can be done to find the dispersion relation for a S = 1/2

antiferromagnetic spin chain, which is given by

ℏωAFM = 2|JS sin(qa)|. (2.38)

This dispersion is shown in Figure 2.11b and for small values of q is approximately

linear with the relationship ℏω ≈ 2|J|Sqa, which is useful to experimentally differ-

a. b.

Figure 2.11: Spin wave dispersions for a. a ferromagnetic spin chain and b. an antiferro-
magnetic spin chain.
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entiate between ferro- and antiferromagnets.

Usually, spin waves are experimentally measured using inelastic neutron scat-

tering (INS). INS allows the measurement of the dynamical structure factor, which

is the Fourier transform of the spin-spin correlation function as will be further de-

tailed in Chapter 4. In the case of strongly correlated systems with only short-range

order, the magnetic excitations are not spin waves and diffuse scattering is observed

instead. Extracting the spin-spin correlation function of such systems, can give

valuable information about the relative spin orientations. INS has been extensively

used to measure excitations of strongly correlated and highly frustrated magnets

where exotic states with well-defined correlations may arise, such as quantum spin

liquids (QSLs). The most celebrated excitations in antiferromagnetic QSLs are ex-

otic S = 1/2 quasiparticles that are termed spinons and the experimental signatures

of spinons will be further discussed in relation to real materials in Chapter 3.

In complex magnetic systems there can be many competing exchange interac-

tions that contribute to the Hamiltonian. Experimentally, the challenge is then to

determine these by calculating the spin wave spectra from correspondingly com-

plicated exchange models and compare them against inelastic neutron scattering

data. This task is made challenging both by the size of the possible phase space of

required parameters, as well as the requirement that the trial values lead to a Hamil-

tonian that is diagonalizable. In this thesis, linear spin wave theory was used for

both averievite and claringbullite to determine the defining exchange interactions of

their magnetic systems. For claringbullite in particular, a complex exchange model

with seven parameters was needed to capture the main features of the complex spin

wave spectra (Chapter 6).
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Chapter 3

Frustrated magnetism

Many magnetic materials go through a phase transition at a temperature equal to

the Weiss temperature, which constitutes a symmetry breaking from the para- to the

ferro- or antiferromagnetic phase. However, such magnetic order can be ‘frustrated’

in magnetic systems where the pairwise interactions compete so that they cannot all

be satisfied simultaneously. In magnetism, frustration leads to a degeneracy of the

spin ground state that can be destroyed by thermal or quantum fluctuations, but

can persist to T = 0 in particular systems, giving rise to exotic ground states. This

chapter will discuss geometric frustration with reference to 2-dimensional and 3-

dimensional lattices and give a brief overview of some significant experimental ma-

terials. As this thesis is focused on insulators, where the electrons are well localised,

most of the materials discussed in this chapter are insulating magnets.

3.1 Geometric frustration in antiferromagnets

Frustration in magnetic systems can destabilise the Néel ground state, so that mag-

netic order occurs at a suppressed temperature or not at all. Finding experimental

materials where the competing exchanges are simple enough to understand but large

enough to reveal exotic physics be an arduous task. Much effort is focused on sys-

tems where the geometry of the magnetic lattice simply causes frustration, even

when only nearest-neighbour exchanges are considered. The degree of frustration
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is often experimentally determined by the frustration index, f , given by

f =
|θW|
TN

, (3.1)

which characterises the suppression of the observed magnetic ordering temperature

TN with respect to the Weiss temperature θW. Care must be taken to differentiate

between the effects of geometric frustration and low dimensionality of the lattice

[1]. For example, a 1-dimensional system inherently prevents long-range magnetic

order, irrespective of spin dimensionality, and so the suppression of TN with respect

to θW is not related to geometric frustration but to the dimensionality of the lattice.

Similarly, in 2-dimensional lattices, such as the kagome lattice of corner-sharing

triangles, long-range magnetic order is suppressed for a spin dimensionality larger

than one. At low temperatures, exotic physics is only expected to arise for geomet-

rically frustrated systems rather than purely low dimensional ones [1].

3.1.1 Triangular motif lattices

The simplest 2-D lattice to host geometrical frustration is the triangular lattice,

where the triangles can either be edge-sharing or corner-sharing. To visualise geo-

metric frustration, we look at a single triangle with Ising spins that can only point

along a single axis and have nearest-neighbour antiferromagnetic interactions, as

shown in Figure 3.1a [2]. The lattice geometry only allows two out of three an-

tiferromagnetic interactions to be satisfied and by consecutive spin flips a total of

six degenerate configurations can be formed, with each being a classical Néel state.

Figure 3.1: a. Ising spins on a triangle with nearest-neighbour antiferromagnetic interac-
tions showing that not all interactions can be satisfied simultaneously. b. An example of a
coplanar 120° compromise structure formed for XY or Heisenberg spins.
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Away from the Ising limit where spins can only point along one axis, for classical

XY or Heisenberg spins a compromise 120° structure is formed as shown in Figure

3.1b.

The most common extended triangular lattice is the edge-sharing one shown in

Figure 3.2a. This lattice was used to introduce the resonating valence bond (RVB)

model for quantum spins in Anderson’s seminal paper [3]. Although it was later

found that the ground state of this model is an 120° long-range ordered one, com-

putational studies found quantum spin liquid phases when next neighbour interac-

tions are present [4]. Much research has recently focused on rare-earth triangular

magnets, where the spin anisotropy reduces the spin dimensionality and works with

the inherent frustration of the lattice to suppress magnetic order [5].

An example of such rare-earth antiferromagnets is YbMgGaO4, formed of an

undistorted Yb3+ triangular lattice with an effective spin-1/2 (Jeff = 1/2). Inelas-

tic neutron scattering measurements showed a continuum of excitations down to

T = 60 mK, an experimental signature of the quantum spin liquid ground state

[6]. It was found that its disordered ground state is a result of competing nearest-

and further-neighbour exchange interactions [6] and anisotropic spins due to strong

spin-orbit coupling [7], whilst the role of the Mg/Ga site disorder remains a topic of

debate [8]. Much attention has also been given to the rare-earth delafossites, such

as NaYbS2 that has been proposed to be an experimental realisation of the S = 1/2

triangular lattice quantum spin liquid [9]. A variety of magnetic behaviours have

actually been observed in triangular magnets, another example being magnetic vor-

Figure 3.2: a. A triangular lattice of edge-sharing triangles. b. A kagome hexagon of
vertex-sharing triangles.
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tices in NaCrO2 that may have applications in the field of spintronics [10, 11]. These

examples showcase the exotic physics that can be realised in materials with mag-

netic triangular lattices.

Expanding the triangular lattice to 3-dimensions yields the pyrochlore lattice

formed of corner-sharing tetrahedra (see Figure 3.3a). The rare-earth titanates are

the most widely studied pyrochlores with the general formula R2T2O7, where two

sublattices of tetrahedra are formed by the magnetic rare-earth cation R and the

diamagnetic transition metal T . Single-ion effects lead to the magnetic moments

behaving as Ising spins, pointing towards the centre of each tetrahedron with n.n.

ferromagnetic interactions [13]. The ground state depends on the relative energy

scales of the dipolar and exchange interactions. Dominant dipolar interactions lead

to long-range magnetic order, whereas dominant exchange interactions form exotic

magnetic states due to the inherent frustration of the magnetic lattice. When the two

interactions are of similar energy scales, short-range order prevails and the spins

obey a local constraint – the 2-in-2-out ‘ice rule’ (Figure 3.3b). These systems

are termed ‘spin ices’ because the arrangement of spins is analogous to the proton

positions in ice, H2O, where two are located closer and two further away from a

central oxygen atom. Perhaps the most intriguing realisation in spin ices is the

magnetic monopole. Treating each spin as having a positive and a negative charge

 

a. b.

Figure 3.3: a. A pyrochlore lattice of corner-shared tetrahedra. Taken from [2]. b. A 2-D
representation of the spin configuration of a pyrochlore lattice on a kagome plane. Shown at
the centre of each triangle are the out-of-plane spins: dots (crosses) refer to spins pointing
inwards (outwards) of each tetrahedron. Taken from [12].
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yields charge-neutral tetrahedra. However, an excitation caused by a single spin flip

results in two neighbouring tetrahedra having net opposite charges, which can be

spatially separated into two magnetic monopoles by consecutive spin flips [14–16].

Apart from spin ices, a 3-dimensional quantum spin liquid may also be realised

on the pyrochlore lattice as shown by exact diagonalization studies based on the S =

1/2 Heisenberg Hamiltonian [17]. An experimental realisation of this is Sc-doped

YMn2, which is an itinerant magnet i.e. the unpaired electrons are in the conduction

band. In this material, the Mn ions form the pyrochlore lattice and Y (or Sc) occupy

the cavities. The undoped material undergoes a magnetic phase transition at T ≈
100 K [18] and by doping Sc onto the Y sites, chemical pressure is created that

suppresses the long-range magnetic order [19]. The magnetic structure factor of

Y0.97Sc0.03Mn2, probed using single crystal inelastic neutron scattering [19], was

found to be similar to that of the S = 1/2 Heisenberg model [17], demonstrating

that the magnetic behaviour of Y(Sc)Mn2 is mainly due to quantum fluctuations.

3.1.2 The kagome lattice

The vertex-sharing connectivity of the kagome lattice (Figure 3.2b) is insufficient to

allow a unique ground state to propagate leading to a macroscopic degeneracy that

scales with lattice size. It is the 2-D lattice with the largest macroscopic ground state

degeneracy and supports zero energy excitations, predicted to suppress magnetic

order even at T = 0 [20, 21]. For S = 1/2 systems, quantum fluctuations become

important yielding a quantum spin liquid ground state, whilst for larger spins other

states such as spin glasses are realised.

Historically, the most widely studied kagome magnets belong to the jarosite

family. These have the general formula AB3(SO4)2(OH)6 where A = Na+, K+, Rb+,

NH +
4 , Ag+ and H3O+, and B = Fe3+, Cr3+ and V3+ [21]. Depending on the magnetic

ion, various spin states are realised from quantum to more classical ones including

S = 1, 3/2 and 5/2 [22]. They crystallise in the R3̄m space group and the transition

metals sit in distorted octahedral environments, coordinated by four equatorial hy-

droxide groups and two axial oxygens belonging to the (SO4)2 groups. Therefore,

the superexchange interactions are mediated by µ3−O groups.
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Despite the macroscopic degeneracy of the kagome lattice, long-range order is

seen as a result of coupling between kagome planes, spin-orbit coupling effects or

site disorder [23]. In earlier works, long-range order was thought to be primarily

caused by the site disorder, but studies on single crystals of stoichiometrically pure

jarosites (A = Na+, K+, Rb+ and B = Fe3+) indicated it to be an intrinsic effect [24].

In the original jarosite (A = K+ and B = Fe3+), the complex magnetic order results

from strong nearest-neighbour antiferromagnetic interactions (|θW |> 600 K) with a

significant Dzyaloshinskii-Moriya component [25], as well as interplanar coupling

(k = (0, 0, 3/2) with respect to the hexagonal setting of the rhombohedral cell)

[21]. The Cr analogue (A = K+ and B = Cr3+) exhibits simultaneous static and

dynamic fluctuations with a partial antiferromagnetic ordering at TN ≈ 2 K and the

residual spins form a gapless spin liquid [26]. In fact, replacing the Fe3+ B-site

cation with Cr3+, leads to magnetic order with a k = 0 propagation vector, indicat-

ing a significant change in the interplanar coupling [21]. A different behaviour is

observed when substituting vanadium on the B-site, as it relieves the frustration and

long-range ordered collinear antiferromagnetic states were observed [27].

Deuteronium iron jarosite (A =H3O+ and B =Fe3+) attracted a lot of attention

due to its spin glass ground state, which is unlike all the other ground states ob-

served in this family of materials [22]. This glassy state is unconventional, in that it

does not arise from random disorder, but from a spin anisotropy resulting from the

distorted octahedral environment around Fe3+ [28].

The wide variety of materials that belong to the jarosite family have furthered

the understanding of unconventional magnetic behaviours in frustrated systems with

different spin values and highlighted the importance of DMIs and interplanar corre-

lations. The latter is an essential characteristic that will be brought up again in the

context of the claringbullite series in Chapters 5 and 6.

3.1.3 The pyrochlore slab lattice

The pyrochlore slab lattice is formed of distinct tetrahedra bilayers. This struc-

ture is present in the widely studied Cr based S = 3/2 materials SrCr9pGa12−9pO19

(SCGO) and Ba2Sn2ZnCr7pGa10−7pO22 (BSZCGO). In BSZCGO the pyrochlore



3.2. Quantum frustration 63

Figure 3.4: SrCr9pGa12−9pO19 (SCGO) pyrochlore slab structure formed of Cr ions sepa-
rated by Cr dimers.

slabs are well-separated, whereas in SCGO there are Cr-Cr dimers between the

layers (see Figure 3.4) that form singlets and do not affect its low-temperature mag-

netic behaviour [29]. Both materials suffer from Ga/Cr site disorder that depletes

the magnetic lattice by 3-4% [21], but the robustness of the ground state is demon-

strated by the dynamic spin fluctuations persisting to T ∼ 100 mK, well below the

glass-like transition at Tg ∼ 2−5 K [30].

A type of pyrochlore slab lattice also appears in the averievite series studied in

Chapters 7 and 8, but is formed of S= 1/2 Cu2+ ions. In SCGO the pyrochlore slabs

are made of kagome-triangular-kagome layers with a slab separation of ∼ 11 Å,

whereas in averievite the formation is triangular-kagome-triangular with a ∼ 5 Å

separation. Unlike SCGO, the spin correlations in averievite are 3-dimensional and

it has a magnetic phase transition at TN = 23 K.

The materials discussed so far focus on S > 1/2, but the role of quantum fluc-

tuations is best assessed when S = 1/2 and this will be discussed in the next section.

3.2 Quantum frustration
In low-dimensional quantum systems long-range magnetic order is not expected

to prevail, instead strong quantum fluctuations can lead to exotic states that do

not break symmetry as conventional magnets do [21]. Entanglement of nearest-
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neighbour unpaired spins (S = 1/2) form non-magnetic singlets (S = 0), called va-

lence bonds, and can be treated as "quantum paramagnets". Valence bonds can

either form a long-range ordered structure known as a valence bond crystal or re-

main dynamic with no long-range order. The latter model is the resonating valence

bond (RVB) model, the simplest type of quantum spin liquid (QSL).

3.2.1 Valence bond crystals

In many Heisenberg models, the valence bond (VB) configuration is favoured and

these systems do not develop Néel order down to T = 0 [21]. The ground state of

the valence bond crystal (VBC) is a single VB configuration (Figure 3.5a), however

this VB configuration is not usually an eigenstate of the Hamiltonian and the ground

state is stabilised by local quantum fluctuations in a mechanism known as "order by

disorder" [21]. The quantum fluctuations create states similar to the "parent" VB

configuration, which are less energetically favourable (e.g. Figure 3.5b).

The excitations of a VBC entail ∆S = 1 transitions, which are gapped and can

be observed as sharp modes in inelastic neutron scattering experiments. Unlike

quantum spin liquids, VBCs do not support fractionalised S = 1/2 (spinon) excita-

tions. Spinon excitations would require a singlet to break, as shown in Figure 3.5c,

resulting in misaligned dimers between the two S = 1/2 entities that would lead to

a state higher in energy than the parent VB configuration. The energetic cost of cre-

ating two spinons is roughly proportionate to the distance between them, preventing

their infinite separation. At a certain distance it becomes energetically favourable

to break another singlet and confine the spinons to their point of creation, returning

the state to the VBC pattern (see Figure 3.5d).

3.2.2 Resonating valence bond liquids and spin liquids

In the case of a VBC, a single VB configuration is chosen as the ground state, which

breaks translational symmetry and leads to a long-ranged dimer order. Monte-Carlo

studies on the S = 1/2 kagome Heisenberg antiferromagnet, have shown that such

order may occur in the presence of a small next nearest-neighbour exchange in

addition to a nearest-neighbour exchange interaction [31]. When there is no en-
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a. b.

c. d.

Figure 3.5: a. A single valence bond configuration formed of nearest-neighbour singlets.
b. Long-range entanglement can lead to different valence bond configurations with further
neighbour singlets. c. Breaking a valence bond (or singlet) results in two spinons (S = 1/2),
which propagate through the lattice causing a rearrangement of valence bonds that has an
energy cost which scales with the distance between the two spinons. d. At a large distance
it becomes energetically favourable to break another singlet. The spinons are confined and
cannot freely propagate, so valence bond crystals do not support spinon excitations.

ergetic preference for a particular VB configuration, the ground state arises from

a superposition of an extensive manifold of equally weighted VB configurations

(see Figure 3.6). This ground state is known as a resonating valence bond liquid

and has no long-range order (of the spins or dimers). Importantly, the absence of

a favoured VB configuration, as in VBCs, implies that spinons cannot be confined

and therefore freely propagate in the lattice. In fact, spinon excitations are one of
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Figure 3.6: A resonating valence bond liquid ground state, arising from the superposition
of equally weighted valence bond configurations with strong quantum fluctuations.

the signatures of a quantum spin liquid state and are observed in inelastic neutron

scattering experiments as a continuum of excitations in energy and momentum.

As QSLs do not break symmetry in the classical sense, they cannot be char-

acterised by Landau’s theory for second order transitions. Instead, they are charac-

terised by a "quantum order" and are classified according to their topology [32]. In

fact, there are different QSLs within the RVB model and beyond this model there

exist many other QSL "flavours". Classifying QSLs relies on both experimental and

theoretical work. For example, on the experimental side, inelastic neutron scattering

or NMR measurements can be used to determine whether the excitations are gapped

or gapless. As will be seen for the experimental materials presented in Section 3.3,

as well as Chapters 6 and 8, finding experimental signatures of these states is not

straightforward.

3.3 Experimental S = 1/2 kagome magnets
Few experimental S = 1/2 kagome antiferromagnets (KAFMs) have been shown

to host a quantum spin liquid ground state. Most of the synthetic materials

studied stem from naturally occurring minerals such as the paratacamite family,

(Zn,Mg)xCu4−x(OH)6Cl2 (see Figure 3.7). The most well-studied of these are the

Zn-paratacamites, which include the best known S = 1/2 kagome antiferromagnet

(KAFM), herbertsmithite, γ-ZnCu3(OH)6Cl2, reported to host a S = 1/2 resonating

valence bond (RVB) spin liquid [33–35]. Other notable materials in this series in-

clude kapellasite, α-ZnCu3(OH)6Cl2 [36], haydeeite, α-MgCu3(OH)6Cl2 [37] and
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‘Mg-herbertsmithite’, γ-MgCu3(OH)6Cl2 [38]. Instead of Zn or Mg, variants with

Cd [39], Ca [40] or even trivalent ions such as Y3+ [41] have been synthesised. The

search for experimental realisations of QSLs beyond the nearest-neighbour RVB

model has driven a lot of research into other S = 1/2 KAFMs, some of which will

be discussed below.

3.3.1 Clinoatacamite and Herbertsmithite, γ-ZnxCu4−x(OH)6Cl2

The thermodynamically stable form of copper hydroxychloride, Cu(OH)3Cl, is the

γ−polymorph clinoatacamite, the parent material of herbertsmithite [42, 43]. Cli-

noatacamite crystallises in the monoclinic P121/n1 space group and has a distorted

Cu2+ pyrochlore lattice [44, 45]. This is formed of three Cu sites: two that are

coordinated by Cu(OH)4Cl2 and form distorted kagome layers, and the interlayer

site that has a Cu(OH)6 coordination [43]. Clinoatacamite is strongly frustrated

with a suppressed magnetic transition at TN ≈ 6 K despite the strong antiferromag-

netic interactions (θW ≈ 180 K) [46]. Its magnetic structure was found to be almost

collinear in the kagome planes with the interlayer site having significant out-of-

a. b.

Figure 3.7: Crystal structures of the a. γ-phase and b. the α-phase of the paratacamite
family, (Zn,Mg)xCu4 x(OH)6Cl2. The diamagnetic ions lie between the kagome layers in
the γ-phase possibly providing superexchange pathways between the kagome layers if there
is subsitution by the magnetic ion, Cu2+. In the α-phase the diamagnetic ions occupy the
centre of the kagome hexagons, in the same plane as the Cu2+ ions, affording a highly 2-
dimensional system.
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plane canting [46]. Interestingly the magnetic excitations observed using inelastic

neutron scattering, do not represent typical spin waves expected from a long-range

ordered magnet. Instead, two responses are seen at ∼ 7 meV and ∼ 1.3 meV,

where the higher energy scattering corresponds to short-range correlations and at

low-energy there is a band of magnetic scattering with a weak dispersion and a

zero-energy gap [45]. The low-energy band could not be well described by spin

wave theory and it was proposed that large anisotropic effects must be taken into

account [45]. The remarkable aspect of these excitations is that the signatures of

short-range correlations and long-ranged order, indicate the coexistence of ordered

and disordered spins in the system as a result of the frustration [45].

Diamagnetic doping of clinoatacamite at the ≥ 1/3 level of the interlayer Cu2+

sites, suppresses the monoclinic distortion and the low-temperature crystal struc-

ture remains in the rhombohedral space group R3̄m [47]. Replacing all interlayer

Cu sites with Zn yields another mineral herbertsmithite, γ−ZnCu3(OH)6Cl2. When

doping clinoatacamite with Zn2+, the diamagnetic ions can either occupy the more

spherically symmetrical interlayer site or the kagome site that has an axially elon-

gated octahedral environment. As Zn2+ is not a Jahn-Teller active ion, it was ex-

pected that it would preferentially dope onto the interlayer site. However, neutron

diffraction, 17O-NMR and magnetic susceptibility measurements indicated 6-10%

Zn/Cu antisite disorder, due to the similar ionic radii of Zn2+ and Cu2+ and their

similar coordination environments [48–50]. The presence of interlayer Cu ions and

a non-magnetic dilution of the kagome layers, has led to a dispute in the litera-

ture about whether the magnetic excitations are gapped and therefore the type of

quantum spin liquid that it hosts [51, 52].

Herbertsmithite was shown to be a highly frustrated magnet from magnetic

susceptibility and muon spin relaxation (µSR) measurements, as no magnetic phase

transition was observed down to T = 50 mK despite the large Curie-Weiss temper-

ature of about −300 K [35, 53, 54]. The nearest-neighbour exchange interaction

was calculated to be J ≃ 17 meV , demonstrating strong antiferromagnetic Cu-Cu

interactions [35]. The suppression of a magnetic phase transition was evidence of
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a. b.

Figure 3.8: a. Inelastic neutron scattering data collected on single crystals of herbert-
smithite at T = 1.6 K. The diffuse continuum of excitations evidence fractionalised exci-
tations, which are characteristic of quantum spin liquids. b. Calculated spectra of the dy-
namical structure factor using the nearest-neighbour resonating valence bond model. Taken
from [33].

a dynamic ground state and diffuse magnetic excitations were observed in single

crystal inelastic neutron scattering measurements indicating short-range spin corre-

lations (see Figure 3.8a) [33]. The excitation continuum suggested fractionalized

excitations, a signature of quantum spin liquids, and the magnetic scattering was

well-described by the nearest-neighbour Heisenberg antiferromagnet model on a

kagome lattice (the RVB model) as shown in Figure 3.8b [33]. To date, this is the

best experimental realisation of the RVB state.

3.3.2 Kapellasite, α-ZnCu3(OH)6Cl2
A common polymorph of herbertsmisthite is the mineral kapellasite, α-

ZnCu3(OH)6Cl2, which has been shown to be a quantum spin liquid with nearest-

neighbour (J1) ferromagnetic and "across hexagon" (Jd) antiferromagnetic inter-

actions (see Figure 3.9a). It crystallises in the P3̄m1 space group, retaining the

three-fold symmetry of the kagome triangles and the Zn2+ lies in the centre of the

kagome hexagons, rather than between the kagome layers as in herbertsmithite

[55]. This affords a more two dimensional structure than herbertsmithite, as any

Cu/Zn antisite disorder would not encourage coupling between kagome layers, but

it could affect the superexchange pathways going through the kagome hexagons.

µSR measurements showed no long-range order down to T = 20 mK and powder

inelastic neutron scattering measurements evidenced gapless diffuse excitations

arising from short-range correlations of the non-coplanar cuboc2 type (see Figure

3.9b) [36]. High temperature series fits to the magnetic susceptibility gave a J1−Jd
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Figure 3.9: a. Kagome lattice of kapellasite formed of Cu2+ (blue) with diamagnetic Zn2+

(green) in the hexagon centre. The exchange interactions up to the third n.n. are shown by
the red lines. b. Cuboc2 structure showing the spin directions as pointing to the vertices of
a cuboctahedron. c. Phase diagram of J2-Jd exchange interactions for a ground state with
ferromagnetic J1, as in kapellasite. All taken from [36].

solution shown on the classical J2 − Jd phase diagram of the nearest-neighbour

ferromagnetic kagome lattice (J1 = −1 and J3 = 0) in Figure 3.9c [36]. Moreover,

the quantum phase diagram for J1, J2 ≤ 0 and Jd ≥ 0 showed that for these ex-

change interactions, kapellasite has a chiral quantum spin liquid ground state [56].

The results on kapellasite emphasise the exotic spin liquid physics that is possible

beyond the nearest-neighbour antiferromagnet, calling for the characterisation of

other S = 1/2 kagome magnets that may host different quantum spin liquid types.

3.3.3 Barlowite and its Zn-doped variants, ZnxCu4−x(OH)6FBr

Beyond the nearest-neighbour S = 1/2 kagome antiferromagnet, long-range en-

tanglement in highly correlated systems can lead to other types of QSLs. Re-

cently much attention in the literature has been given to the mineral barlowite,

Cu4(OH)6FBr, which crystallises in the hexagonal P63/mmc space group at room-

temperature, for both natural and synthetic crystals [57–59]. Similarly to clinoata-

camite, it has a Cu2+ pyrochlore lattice but with an AA stacking of kagome layers

instead of ABC. This results from the substitution of half the Cl– ions in herbert-

smithite with F– ones, resulting in stronger H-bonding with the hydroxide groups

that drives a change in the kagome layering (see Figure 3.10) [60]. At high tem-

perature, the interlayer Cu is disordered over three sites and on cooling it orders
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a. b.

Figure 3.10: a. Stacking of kagome lattice in herbertsmithite showing the triangles are
rotated by 60° from one layer to the next. b. In barlowite the kagome layers have AA
stacking and the interlayer Cu here is shown on the average site. The dashed lines show the
Cu kagome triangles.

onto one of them, driving a hexagonal-orthorhombic distortion between T = 220

and 276 K [60–62]. Single crystal neutron and x-ray studies down to T = 15 K

showed that although there is a preference for the Cu to order onto one of the three

sites, ∼ 16% of them order onto the other two sites [63]. This could locally affect

the superexchange pathways and local magnetic behaviour, but will not necessarily

affect the bulk magnetic properties and collective excitations.

A discrepancy between the low-temperature crystal structures is seen due to

the different hydrothermal syntheses used in the literature. Specifically, electron

diffraction on one set of single crystals indicated a Cmcm low-symmetry phase [64],

whilst other powder and single crystal samples, synthesised using similar reagents,

showed a Pnma phase from synchrotron x-ray and neutron diffraction studies [60,

62, 65]. Another synthetic route was developed to produce single crystals that re-

tained a hexagonal symmetry (P63/m) down to T = 15 K, due to the interlayer Cu

ordering with a more even distribution onto the three possible sites [63]. These

structural differences affect the magnetic behaviour and two magnetic phase transi-

tions were observed in the magnetic susceptibility instead of one [63]. Additionally,

a slightly different magnetic structure was found for this sample than for barlowite

crystallising in the Pnma space group [63, 65].

A more detailed study on powder samples of barlowite using combined neutron



72 Frustrated magnetism

and synchrotron diffraction, indicated that for 1.5≤ T ≤ 90 K the sample comprised

of both a P63/mmc and a Pnma phase (∼ 65% weight percentage) [61, 65]. This

introduces a further complexity in these materials as the exchange interactions can

be significantly different around the distorted interlayer Cu and the "disordered" Cu

in P63/mmc, making it harder to elucidate its magnetic ground state. These studies

highlight a sample dependency in barlowite that in turn underlines the importance

of crystallographic characterisation for each synthetic sample.

Magnetometry and heat capacity measurements showed that barlowite is

highly frustrated with a suppressed ordering temperature of T = 15 K, despite the

strong antiferromagnetic interactions (θW = −136 K) [58, 62]. In an attempt to

suppress the magnetic phase transition, barlowite was chemically doped with dia-

magnetic Zn2+ [62, 64, 66–68]. Powder x-ray synchrotron and neutron diffraction

studies indicated that for doping levels above ∼ 66% of the interlayer sites, the

hexagonal P63/mmc symmetry is retained down to T = 1.5 K [68, 69]. The AA

kagome stacking in barlowite had been predicted to decrease the antisite disorder

observed in herbertsmithite, as the interlayer site is trigonal prismatic (instead of

octahedral in herbertsmithite) and the closed-shell Zn2+ ion prefers it to the more

distorted square planar kagome site [66]. Indeed, µSR measurements suggested

that the kagome dilution by Zn2+ is lower than in herbertsmithite [68], whilst x-ray

anomalous diffraction combined with single crystal x-ray diffraction on a different

sample showed only 5% Cu occupancy of the interlayer sites [69, 70].

Zn-barlowite, ZnxCu4−x(OH)6FBr, has been synthesised with several substitu-

tion levels, the highest ones being x = 0.95 [69] and x = 0.99 [68]. These samples

have a high degree of frustration, showing no magnetic phase transition in magnetic

susceptibility and heat capacity measurements down to T = 50 mK, despite having

a stronger antiferromagnetic mean field (θW ≈ −200 K) than the parent compound

barlowite [62–64]. Furthermore, local probe µSR measurements showed that the

spins continue to fluctuate down to T = 50 mK and a phase diagram of its ground

state showed a robust QSL ground state that prevails down to a substitution level of

x = 0.66 [68, 71]. 19F NMR, INS and µSR measurements down to T ≈ 1.5 K have
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demonstrated gapped magnetic excitations in Zn-barlowite and its ground state has

been proposed to be a topological Z2 spin liquid – the simplest type of gapped spin

liquid, which is essentially an RVB state with short-range correlations [71–73]. If

this is in fact the topological symmetry of Zn-barlowite, it indicates a different quan-

tum spin liquid flavour to e.g. the chiral spin liquid in kapellasite (which has gapless

excitations) [56].

Closely related to the Zn-barlowite series is the isostructural Zn-claringbullite

series, ZnxCu4−x(OH)6FCl [74]. Its structure has been previously characterised

at room temperature, and magnetic susceptibility and heat capacity measurements

showed no magnetic phase transition down to T = 0.8 K. Chapters 5 and 6 will

present the synthesis and structural characterisation of the protonated and deuter-

ated claringbullite, Cu4(OD)6FCl, and Zn-claringbullite, ZnCu3(OD)6FCl, as well

as inelastic neutron scattering measurements showing ZnCu3(OD)6FCl to have a

quantum spin liquid ground state with gapless magnetic excitations.

3.3.4 Vesignieite, BaCu3V2O8(OH)2

Another hydroxide material, unrelated to the paratacamite family, is vesignieite,

BaCu3V2O8(OH)2. In this material, CuO6 octahedra form kagome layers separated

by large VO4 tetrahedra and Ba2+ ions (Figure 3.11a), which suppress interlayer

coupling. In addition, the difference in the charges of Cu2+ and V5+ prevents anti-

site disorder that could affect the superexchange pathways between the kagome lay-

ers. In fact, vesignieite is one of the most ‘ideal’ realisations of a S = 1/2 kagome

antiferromagnet with almost perfect kagome layers and offered strong grounds for

realising a quantum spin liquid.

Polycrystalline samples have been reported to crystallise in the C12/m1 mon-

oclinic space group with a small (< 1%) distortion in the kagome triangles [38, 77],

whereas one set of single crystals was found to crystallise in the high-symmetry

R3̄m space group at room temperature [78]. Powder samples produced using a dif-

ferent synthetic route, developed for the related Sr-vesignieite (SrCu3V2O8(OH)2)

[79], were shown to crystallise in the P3121 space group using synchrotron x-ray

and neutron diffraction [75]. In the P3121 model, the unpaired electron occupies



74 Frustrated magnetism
a. b.

Figure 3.11: a. Vesignieite P3121 crystal structure [75]. The Cu atoms (blue) form kagome
layers which are separated by VO4 groups (orange polyhedra) and Ba2+ ions (purple). b.
The hexagonal coplanar multi-k magnetic structure of vesignieite. The dominant exchange
interaction is the antiferromagnetic third nearest-neighbour one, J3. Taken from [76].

the dx2−y2 orbital [75] rather than the dz2 one as in the C12/m1 structure [77]. In

addition, one of the two Cu sites making up the kagome layers sits in an axially com-

pressed octahedral environment suggesting a dynamic Jahn-Teller effect, whereby

the dx2−y2 orbital fluctuates between two configurations [75].

Despite the distortion in the kagome layers being small and a moderate degree

of frustration (θW ≈−75 K), magnetic susceptibility measurements showed a phase

transition at T ≈ 9 K (irrespective of the high-temperature crystal symmetry) [76,

78, 80]. Below the magnetic phase transition temperature, neutron scattering mea-

surements on deuterated samples indicated a hexagonal coplanar multi-k magnetic

structure shown in Figure 3.11b [76]. Powder inelastic neutron scattering measure-

ments were used to measure the magnetic excitations and linear spin wave theory

was used to model them. It was found that the dominant exchange interaction is the

antiferromagnetic third-neighbour one and has a value of J3 = 2 meV with a weak

symmetric exchange anisotropy (∼ 0.006J3) [76].
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3.4 Experimental S=1 and S=3/2 semi-classical mag-

nets
The magnitude of the spin affects the strength and nature of quantum fluctuations,

potentially changing the ground state of a frustrated magnet. In a system with S = 1

or S = 3/2 we enter a semi-classical regime. Theoretical studies for integer spins

on a kagome lattice, suggest that they behave differently to half-integer spin sys-

tems [81] and can lead to exotic phases such as spin nematics [82]. However,

few experimental examples of S = 1 kagome materials are known [83]. For ex-

ample, the aforementioned jarosites include the series of S = 1 vanadium jarosites,

AV3(OH)6(SO4)2 where A = H3O+, Na+, K+, Rb+, NH+, Tl+ [84–87]. However, the

strong V3+-V3+ intra-planar ferromagnetic interactions and lack of magnetic frus-

tration, with long-range order setting in below T = 50 K, makes them less studied

in the frustrated magnetism community.

Another example of a V-based kagome magnet is NaV6O11, which has three

vanadium sites: the V(1) site that is a S = 1 V3+ ion and forms the kagome lattice;

and two crystallographically different S = 1/2 V4+ ions (V(2) and V(3)) that oc-

cupy interplanar sites [88]. Initially it was expected that the S = 1/2 ions would

provide superexchange pathways between the kagome layers, leading to long-range

magnetic order. However, magnetometry and 23Na-NMR studies found that this

material orders into a spin-singlet ground state below Tt = 245 K with V(1) forming

trimers in the kagome layers [88, 89]. Laboratory powder XRD measurements evi-

denced a distortion in the kagome layers below Tt and it was suggested that orbital

ordering was the driving factor in the formation of the nonmagnetic ground state

[89]. This material highlights the importance of considering the effects of orbital

interactions, in addition to spin-spin interactions, on magnetic behaviours.

Away from vanadium based magnets, interesting cases of Ni-based magnets

have been studied in the context of S = 1 systems, such as Ni3V2O8 where it has

been shown that the magnetic order generates ferroelectricity [90]. Another re-

cently studied Ni magnet is NH4Ni2.5V2O7(OH)2 · H2O, which crystallises in the

hexagonal P63/mmc space group and the Ni2+ ions form depleted kagome layers
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(∼77% site occupancy) separated by bivanadate units [83]. Despite dominant an-

tiferromagnetic interactions (θW = −42 K), there is a ferromagnetic-like ordering

that is suppressed to T = 17 K indicating magnetic frustration and competing ferro-

and antiferromagnetic interactions [83]. For a more in-depth understanding of the

ground state and the Hamiltonian that describes it, inelastic neutron scattering mea-

surements are required. These studies will also be interesting in the context of

understanding the differences between integer and half-integer spins on the kagome

lattice.

Experimentally it has been shown that increasing the spin to S = 3/2 still al-

lows for quantum fluctuations to prevail as T → 0 K. The most well-known ex-

ample is SCGO, discussed earlier in the context of pyrcochlore slab lattices [91,

92]. The Cr3+ ions form pyrochlore slabs (bilayers of tetrahedra), separated by non-

magnetic Cr dimers, with Ga atoms partially substituting the kagome layers [21,

93]. It has strong antiferromagnetic exchange interactions, (θW = −492 K) and the

nearest-neighbour exchange interactions between Cr ions is mediated through di-

rect overlap of their orbitals, known as direct exchange, so the Hamiltonian used to

describe this system only involves nearest-neighbour Heisenberg exchange [21, 94].

Magnetic susceptibility measurements evidence a transition to a spin glass state at

Tg ∼ 2− 5 K, but µSR measurements showed that despite the magnetic sublattice

dilution the spins remain dynamic down to T = 100 mK (with a noticeable slowing

down around Tg) [94]. Although the paramagnetic defects occupying part of the

magnetic sublattice freeze at Tg, Ga-NMR showed them not to be the driving force

of the freezing [95]. This implies an unconventional glassy behaviour not directly

related to the concentration of defect spins. Neutron scattering measurements have

shown that an intrinsic spin-glass state arises from quantum fluctuations, possibly

providing evidence for a class of topological glassy states [96].

Although it is evident that exotic ground states can be realised in larger spin

systems such as S = 3/2, the quantum fluctuations will be reduced relative to

S = 1/2 materials and so the search for QSLs retains its focus on S = 1/2 kagome

magnets. This thesis will discuss two series of materials, the claringbullite and aver-
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ievite series, which have end-members that are S = 1/2 kagome Heisenberg anti-

ferromagnets and are proposed to host a quantum spin liquid ground state. Chapter

5 will present the structural characterisation of the claringbullite series, followed

by inelastic neutron scattering measurements in Chapter 6 to investigate the mag-

netic excitations. Similarly, Chapters 7 and 8 will detail the structural and magnetic

characterisations of the averievite series.
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Chapter 4

Experimental techniques

This chapter outlines the synthetic methods and characterisation techniques used

in this thesis. For each characterisation, a brief theoretical background is given

followed by an instrument description and an explanation of the data analysis. For

the theory of x-ray and neutron scattering, the texts by Squires [1] and Boothroyd

[2] were used.

4.1 Synthetic methods

Material synthesis was done via two routes: the hydrothermal method and solid state

synthesis. Hydrothermal synthesis was carried out in ‘Parr Instruments’ stainless

steel autoclave bombs containing a 15 mL Teflon-lined acid-digestion vessel. All

bombs were equipped with spring-loaded closures to maintain an internal pressure

and could be heated up to a maximum of 220 °C, above which the Teflon lining

could be impaired. Hydrothermal synthesis was used for the claringbullite series

samples and the specific synthetic steps are detailed in Chapter 5.

Solid state synthesis was used for the averievite series samples in Chapter 7.

The reagents were either ground manually using a pestle and mortar or pulverised

using the Pulverisette 0 (Fritsch) agate ball mill and pressed into pellets. The pellets

were heated in alumina crucibles in a Carbolite chamber furnace. Further details on

the syntheses are given in Chapter 7.
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4.2 Powder diffraction

The materials presented in this work were characterised using powder X-ray diffrac-

tion (PXRD) and powder neutron diffraction (PND). Initial characterisation of all

samples was done using PXRD on a laboratory diffractometer. For the averievite

series, PXRD was also carried out on the beamline 11-BM at the synchrotron Ad-

vanced Photon Source (APS), Argonne National Laboratory, USA. Neutron diffrac-

tion was carried out for the averievite series on HRPD and WISH at the ISIS Neu-

tron and Muon source, UK (see Chapter 7) and for the claringbullite series on D2B

and D20 at the ILL, France (see Chapter 5).

4.2.1 Diffraction theory

The Bragg peaks measured in a scattering experiment arise from the elastic scat-

tering of radiation, usually neutrons, photons or electrons, from a sample. In a

diffraction experiment, the total scattering is measured as no differentiation is made

between the elastic and inelastic processes. Diffraction is based on crystalline ma-

terials acting as diffraction gratings, when the incident radiation has a wavelength

similar to the inter-planar separation, d. The diffracted waves can undergo construc-

tive or deconstructive interference, with only the former being observed. For waves

to interfere constructively, the well-known Bragg’s law must be satisfied:

nλ = 2dsinθ , (4.1)

where θ is the angle of incidence and constructive interference occurs for integer

values n of the incident wavelength λ (Figure 4.1a). In general, a scattering event

can be characterised by the changes in momentum and energy of the impacting

particle. The momentum transfer, Q, is given by

Q = ki −k f , (4.2)

where ki and k f are the initial and final wavevectors, respectively. Diffraction is an

elastic scattering process, so the energy transfer, E, is zero and |ki|= |k f |= 2π/λ .
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Figure 4.1: a. Illustration of Bragg’s law for radiation with wavelength λ and an incident
angle θ , scattering from parallel planes of atoms separated by a distance d. b. Vector
diagram showing the momentum transfer, Q, for elastic scattering with initial and final
wavevectors ki and k f . Adapted from [3].

From the vector diagram for elastic scattering depicted in Figure 4.1b it can be

shown that

Q = |Q|= 4πsinθ

λ
. (4.3)

Bragg’s law indicates that diffraction provides information on the lattice spac-

ings, d. However, information is also gained about the positions and types of atoms

in a sample through the measured peak intensities, I, which are related to the struc-

ture factor, Fhkl , by

I ∝ F2
hkl. (4.4)

Fhkl is the sum of scattering amplitudes of all waves from each atom in a unit cell.

It is expressed as

Fhkl =
N

∑
j=1

f jexp[−2iπ(hx+ ky+ lz)], (4.5)

where f j is the scattering form factor for an atom j, with fractional coordinates x, y

and z on a Miller plane defined by the indices h, k, and l, and N is the total number

of atoms in a unit cell.

The type of radiation used, determines the details of the scattering and the



90 Experimental techniques

type of atomic information Bragg diffraction can give. X-rays interact with the

diffuse electron cloud around an atom and so f j is the Fourier transform of an atom’s

electron density. The form factor decays with sinθ/λ , therefore diminishing the

observed intensities at high scattering angles. As the scattering strength of X-rays

depends on the atomic number, it can be difficult to distinguish elements located

near each other in the periodic table and light elements with few atoms are often

challenging to identify.

When the incident radiation consists of neutrons, two types of scattering occur:

nuclear and magnetic scattering. The former arises from an interaction with the

atomic nuclei and the form factor is usually denoted as the scattering length, b j.

The scattering length varies drastically across the periodic table and for isotopes of

an element, which can allow light elements and ones with a similar atomic number

to be differentiated. In addition, the nucleus is several orders of magnitude smaller

than the electron cloud, making nuclei point scattering centres and so b j shows no

Q dependence. Magnetic scattering arises from the interaction between the neutron

spin and unpaired electrons. Therefore, the form factor is similar to that for X-ray

scattering, but decays even faster with Q as the interaction is only with one (or a

few) electron(s).

Thus far, the atoms have been assumed to be stationary in the lattice. In reality,

thermal and quantum vibrations result in the atoms being temporarily displaced

from their equilibrium position. The former is accounted for by the Debye-Waller

factor and leads to a modification of equation 4.5 to become

Fhkl =
N

∑
j=1

f jexp[−2iπ(hx+ ky+ lz)]exp
(−Q2⟨u2⟩

2

)
, (4.6)

where ⟨u2⟩ is the mean squared displacement of an atom from its equilibrium po-

sition. This describes an isotropic displacement and can be expanded to describe

anisotropic displacement ellipsoids using six terms: u11, u22, u33, u12, u13 and u23.

Another effect in polycrystalline samples that affects the peak intensities re-

sulting from F2
hkl , is preferred orientation of crystallites. Contrary to atomic thermal
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vibrations, preferred orientation redistributes peak intensity systematically and is a

result of crystallites having two or fewer axes of preferential growth. Therefore,

needle-like or sheet-like crystallites are often not packed with a random orientation.

To minimise this effect, all samples were ground using a pestle and mortar prior to

diffraction measurements.

Neutrons have an advantage over X-rays with regards to the Q dependence of

nuclear scattering, however X-rays are more easily accessible as they are available

in laboratory diffractometers or even portable devices. In addition, the flux and res-

olution that can be obtained with synchrotron radiation is a few orders of magnitude

higher than with neutrons. An advantage of neutrons is that it enables the measure-

ment of magnetic scattering, though advances have been made in X-ray magnetic

scattering in recent years. Due to the magnetic form factor discussed earlier, low Q

data is particularly important for the characterisation of magnetic Bragg peaks.

4.2.2 Laboratory powder X-ray diffraction

Laboratory powder X-ray diffraction was used in this thesis to check sample pu-

rity after synthesis. In the lab, X-rays are generated by releasing electrons from a

heated tungsten filament cathode and accelerating them towards a metal target (an-

ode). When the impacting beam energy is higher than a certain threshold (that de-

pends on the metal target), core electrons are ejected and an electron from a higher

atomic shell relaxes into the vacancy by releasing an X-ray photon. This photon

has an energy equal to the difference between its initial and final state, and so the

wavelengths of the characteristic X-rays depend on the choice of metal target.

In general, diffractometers operate in one of two geometries: Debye-Scherrer

(transmission mode) or Bragg-Bretano (reflection mode). In the Debye-Scherrer ge-

ometry, a collimator is used on the incident radiation to achieve a parallel beam that

illuminates a stationary sample and the detector is rotated. The sample is usually

loaded into a capillary to reduce the effects of preferred orientation, but a drawback

of transmission geometry is absorption by heavy atoms. Bragg-Bretano geometry

has two modes: (i.) the sample and detector are rotated or (ii.) the source and the

detector are rotated about a fixed sample. This geometry is better suited for samples
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with heavier atoms that are highly absorbing.

In this thesis, measurements were made on two Stoe Stadi-P diffractometers in

Debye-Scherrer geometry: one equipped with a Mo source (λ = 0.7093 Å) in flat-

plate mode and the other with a Cu source (λ = 1.5406 Å) where the sample was

mounted in 0.2 mm capillaries. They have micro strip solid state Dectris Mythen

1K position-sensitive detectors (PSDs) that give high-resolution data due to the low

dead time. For the Cu source, a Ge(111) monochromator is employed to remove

Kα2 radiation, only letting through Kα1 X-rays. The flat-plate mode allowed for

use of a larger sample and fast counting times, but is more prone to the effects of

preferred orientation than a capillary, and so the measurements were only used to

determine lattice parameters.

4.2.3 Synchrotron powder X-ray diffraction

At synchrotron facilities, radiation is produced by accelerating electrons in a circu-

lar path to relativistic speeds. Electrons are produced by heating a cathode under

vacuum and are accelerated in a linear accelerator (linac) using radio frequency cav-

ities. They enter a booster ring where they are further accelerated to an energy of a

few GeV and are injected into the storage ring as electron ‘bunches’. In the storage

ring, magnets are used to change the path of the electron bunches causing electro-

magnetic radiation to be emitted in a tangential direction to their path of travel and

go down the beamlines to the sample. The magnetic devices in the storage ring, ei-

ther result in more focused beams with discreet energies or less focused beams with

a continuous energy spectrum and their use depends on the type of data required.

In this thesis, the 11-BM beamline at the APS, USA was used for the averievite

series (Chapter 7), as high resolution data was required for structural characterisa-

tion. A diagram of 11-BM is shown in Figure 4.2. It operates at an energy of

15− 30 keV. The white beam is collimated in the initial hutch by a mirror with Si

and Pt stripes, and the desired wavelength is chosen using a Si(111) double-crystal

monochromator. The second crystal focusses the beam horizontally and a mirror is

used for vertical focusing. This beamline uses 12 independent Si(111) crystal anal-

ysers and LaCl3 scintillation detectors for high-resolution data collection in ∼1 h
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Figure 4.2: Diagram of the high-resolution 11-BM beamline at the Advanced Photon
Source (APS), Argonne National Laboratory, USA. Experiments in Chapter 7 were per-
formed with λ ≈ 0.46 Å. Taken from [4].

(∆Q/Q ≈ 1.4 · 10−4). For these experiments, samples were put into Kapton tubes

with an inner diameter of 0.8 mm.

4.2.4 Neutron powder diffraction

In this thesis, powder neutron diffraction was carried out on the instruments WISH

and HRPD at the ISIS Neutron and Muon Source, UK, and on D2B and D20 at

the ILL. The neutrons at the two facilities are produced in different ways: ISIS

has a spallation source whereas the ILL has a reactor source. Spallation involves

bombarding a heavy metal with protons that excite the metal nuclei, causing them

to disintegrate and release neutrons. At ISIS, the neutrons are released in short

(<1 ms) intense pulses. A reactor source operates on the basis of fission and pro-

duces neutrons constantly. The ILL is in fact one of the most intense neutron sources

in the world. The neutrons produced at both facilities are thermalised in modera-

tors to change their energy before being delivered to different beamlines. They can

be approximately classified as cold neutrons (∼ 20 K, 3 – 20 Å), thermal neutrons

(∼ 300 K, 1 – 3 Å) and hot neutrons (∼ 2000 K, 0.3 – 1 Å).
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As WISH and HRPD are at a spallation source, the pulsed neutron beam is

exploited in the time-of-flight (TOF) technique. The neutron has a de Broglie wave-

length

λ =
ht

mnL
, (4.7)

where mn is the mass of the neutron, L is the path length and t is the time-of-flight.

Combining this with Bragg’s law (equation 4.3) yields

t =
4πmnLsinθ

hQ
, (4.8)

where Q = 2π/d. Many detectors arranged in banks are therefore placed at fixed

scattering angles around the sample and each detector measures a full diffraction

pattern. High Q values are accessed from low-angle banks where the flux is also

highest, whereas high-angle banks provide higher resolution data up to lower Q and

with lower flux.

TOF diffractometers can be optimised for either higher resolution or higher

intensity. The resolution of the diffraction peaks in Q, δQ, depends on the uncer-

tainties in the time-of-flight, δ t, the path length, δL, and the scattering angle, δθ .

These are related by

(
δQ
Q

)2

=

(
δ t
t

)2

+

(
δL
L

)2

+(cotθδθ)2 . (4.9)

Therefore, the resolution in Q can be optimised by using long flight paths, conse-

quently increasing t. Detectors are placed in banks at different scattering angles and

the highest resolution data is obtained from the high-angle banks as cotθ tends to

zero.

HRPD is one of the world’s highest resolution neutron powder diffractometers

due to the long neutron flight path, ∼ 96 m, that ensures an almost Q independent

δQ/Q in backscattering geometry. This makes it the ideal instrument for studying

subtle structural distortions. WISH receives a high flux of cold neutrons from a
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solid methane moderator, which combined with the inherent low background of a

pulsed neutron source, makes it optimal for measuring magnetic Bragg peaks.

D2B and D20, being found at a reactor source, are constant wavelength diffrac-

tomters. Similarly to the lab-based x-ray diffractometers discussed earlier, they are

in Debye-Scherrer transmission mode. The resolution function is very similar to

that for TOF and is expressed as:

(
δQ
Q

)2

=

(
δλ

λ

)2

+(cotθδθ)2 . (4.10)

For high-resolution, the incident wavelength dispersion δλ must be minimised,

which is achieved by a high monochromator take-off angle. On D2B, this takes

a value of 135°, making it a very high-resolution thermal neutron diffractometer. A

sum over the 2-D Debye-Scherrer cones is used to obtain 1-D diffraction patterns.

The sum either yields high intensity data (full detector height) or higher resolution

data (middle third of the detectors). The latter was used for the Rietveld refinements

in Chapters 5 and 7. D20 is a high-intensity two-axis diffractometer, used in this

work to observe the weak magnetic Bragg peaks of claringbullite in Chapter 5.

4.2.5 Powder diffraction data analysis

Powders are a collection of crystallites, hence the analysis of powder diffraction

data involves data averaged over all crystallite orientations so multiple structural

solutions may exist for a given data set. Analysis of diffraction data usually begins

with a known nuclear structural model, which is then refined using least-squares

refinement methods. Care must be taken as multiple local minima can exist in

the refinement and in some cases the related structures do not make physical or

chemical sense.

The first step in a structural refinement is to assign an hkl index to the observed

Bragg peaks in order to determine the space group. This can be a challenge for low

symmetry systems as many peak positions may contribute to a single reflection. In

general, the correct Bravais lattice2 can be determined, but finding the exact space

2A Bravais lattice is an infinite periodic array of discrete lattice points where each point has
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group may involve doing a full structural refinement for all possible solutions to

determine the one that gives the best fit and makes the most physical and chemical

sense. This task can be further complicated by additional impurity peaks. To min-

imise peak overlap, high-resolution data is preferred, as the instrumental broadening

of the peaks is minimised making it easier to index the peaks. Appropriate lattice

constants and profile function parameters are found using a whole pattern fitting

method, such as the Pawley [5] or Le Bail [6] methods, where intensity is treated

as an individual refinement parameter and the unit cell contents are not taken into

account.

Once the phase has been verified, a full structural analysis is done to deter-

mine the atomic positions. In most cases, the initial atomic positions are based on

isostructural materials and Fourier difference maps can be useful to locate unknown

atoms based on missing electron density. The structure is then refined using non-

linear least-squares minimisation in a method known as Rietveld refinement [7].

In this technique, each data point is treated as an observable yi and the difference

between all calculated yic and observed values must be minimised. The quantity

minimised in a refinement is given by

∑
i

wi(yi − yic)
2, (4.11)

where wi = 1/yi is the statistical weighting of yi. Parameters of each phase that

are convoluted into yi include lattice parameters, unit cell symmetry, atomic coordi-

nates and site occupancies (also affected by thermal factors). Global parameters are

also included such as a background function, sample absorption and the instrumen-

tal contribution to the peak profile. Several programs exist for structural refinement

and in this thesis they were done using the TOPAS 7 software [8] and the FullProf

suite [9]. The advantages of TOPAS 7 used in this thesis were the ability to model

atypical peak shapes and define new functions. On the other hand, FullProf is par-

ticularly useful for magnetic structure refinement. Potential magnetic structures for

refinement, were formed using the software SARAh [10] that uses representational

identical surroundings and the translation of a single point defines every other point.
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analysis.

4.3 Inelastic neutron scattering
Inelastic neutron scattering (INS) differentiates between elastic processes, that give

rise to Bragg peaks, and inelastic processes, where excitations in the system are

created or annihilated through energy exchange with the incident neutrons. Exci-

tations in a sample include e.g. magnons, collective excitations of spins, phonons,

collective vibrations of the crystal lattice, and crystal-field excitations.

In an inelastic scattering event, |ki| ̸= |k f | and Q = |Q| is related to the scat-

tering angle 2θ through

Q2 = k2
i + k2

f −2kik f cos2θ . (4.12)

For a neutron with mass mn, the energy change during the scattering process is given

by

E = Ei −E f = ℏω =
h2

2mn

(
1

λ 2
i
− 1

λ 2
f

)
=

ℏ2

2mn
(k2

i − k2
f ). (4.13)

The aim of a scattering experiment is to measure the energy transfer E and mo-

mentum transfer Q. Usually, this is achieved by either keeping ki or k f constant

and spectrometers usually work in one of these modes, known as direct and indirect

geometries, respectively. These two types of instruments result in different trajecto-

ries as shown in Figure 4.3. All experiments in this thesis were performed on direct

geometry instruments.

Inelastic scattering is a measurement of the partial differential cross-section,

which is the number of neutrons scattered by the sample into a solid angle dΩ with

an energy E f between E ′ and dE ′. This is given by

d2σ

dΩdE ′ = N
k f

ki
b2S(Q,ω), (4.14)

where S(Q,ω) is the dynamic structure factor and b is the scattering length related
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Figure 4.3: Trajectories for time-of-flight spectrometers with detectors at various angles
for (left.) direct and (right.) indirect geometries. Reproduced from [11].

to the scattering cross-section by b2 = σ/4π . The dynamic structure factor is a

double Fourier transform in space and time of the time-dependent pair-correlation

function, G(r, t):

S(Q,ω) =
1

2πℏ

∫
G(r, t)ei(Q·r−ωt)drdt. (4.15)

Its Q dependence gives information about the relative positions of the atoms,

whereas its E or time dependence gives information about the atom dynamics.

Throughout this thesis the convention S(Q,E = ℏω) will be used which has di-

mension 1/energy.

For nuclear scattering, equation 4.14 has a coherent and an incoherent contri-

bution:

d2σ

dΩdE ′ =
(

d2σ

dΩdE ′

)
coh

+

(
d2σ

dΩdE ′

)
inc

. (4.16)

Essentially these correspond to measuring the correlations between atoms or fol-

lowing the dynamics of a single atom by measuring a self-correlation function. For

the two scenarios, b2 is substituted for b2
coh or b2

inc and S(Q,ω) for Scoh(Q,ω) or

Sinc(Q,ω).

Magnetic scattering arises when the neutron interacts with the spin and orbital
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momenta of an unpaired electron. The partial differential cross-section is given as:

d2σ

dΩdE ′ = N
k f

ki
(γr2

0)Smag(Q,ω), (4.17)

where γ is the neutron magnetic moment and r0 is the classical electron radius.

The product γr0 = 1.348 fm is the strength of the dipole interaction between the

neutron and the unpaired electron. Smag(Q,ω) is the Fourier transform of the spin-

spin correlation function and gives information on the positions and dynamics of

magnetic moments.

All INS measurements in this thesis were performed on direct geometry time-

of-flight (TOF) instruments at the ILL and the ISIS Neutron and Muon Source.

The essential components of a TOF instrument will be described here and specific

details on the instruments used will be given in Sections 4.3.2 and 4.3.1. At a

reactor source, the continuous neutron beam is pulsed using a chopper (the beam at

a spallation source is already pulsed) and then monochromated by a second chopper

or a crystal monochromator. The monochromated and pulsed beam scatters from the

sample into a wide array of position-sensitive detectors, which are used to analyse

the final positions and energies of the neutrons by measuring their time of flight.

Instruments that deliver cold neutrons were used to probe low-energy excitations,

whilst thermal-neutron instruments were used to measure high-energy excitations

up to E ∼ 30 meV. Section 4.3.3 will detail how the raw data was reduced and

treated before it was analysed.

4.3.1 Thermal neutrons: PANTHER & MERLIN

The thermal-neutron TOF spectrometers PANTHER at the ILL and MERLIN at

the ISIS Neutron and Muon Source, were used to measure high-energy magnetic

excitations. PANTHER is a high-flux medium-resolution spectrometer, receiving a

constant beam of neutrons from the ILL reactor source and is shown in Figure 4.4.

It has an optional sapphire filter and five disk choppers (only two at the time of the

experiments in this thesis), which pulse the continuous beam into packets, exclude

the neutrons that are too fast/slow from each packet and reduce the background. A
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Figure 4.4: Diagram of the thermal-neutron time-of-flight spectrometer PANTHER at the
ILL, France. Taken from [12].

double-focusing monochromator is used to select the incident neutron energy and

controls the neutron flux by altering the beam divergence. The beam is further

pulsed using a Fermi chopper before it is delivered to the sample. The neutrons

scatter onto PSDs that are located 2.5 m from the sample inside a vacuum chamber.

The array of PSDs consists of 2 m high and 22 mm wide tubes filled with 3He gas,

covering an angular range of −16° to 136°.

MERLIN is a medium intensity medium-resolution spectrometer at the ISIS

Neutron and Muon Source. It includes a background chopper and Fermi chopper to

monochromate the beam and has an array of PSDs located 2.5 m from the sample

that are 3 m high and cover an angular range of −45° to 135°. The combination of a

Gd chopper and a disk chopper allows measurements with several incident energies

to be made simultaneously.
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4.3.2 Cold neutrons: IN5 & LET

In order to observe low-energy magnetic excitations, INS data were collected on

the cold-neutron TOF spectrometers IN5 at the ILL and LET at the ISIS Neutron

and Muon Source. IN5 has six choppers to deliver a pulsed monochromatic beam

to the sample. The first set of choppers cut the beam into packets, the second set

of choppers removes contamination from very slow or very fast neutrons that have

made it into these packets and the final set of choppers monochromate the beam by

further reducing the allowed wavelengths of the beam packets. The neutrons then

scatter off the sample into PSDs which are 4 m high 25.4 mm wide tubes filled with
3He that cover an angular range from −12° to 135°.

LET receives a pulsed source of neutrons and has five choppers: two which

further chop the neutron bunches that arrive from the source, two which exclude the

very fast or very slow neutrons that contaminate each packet due to frame overlap

and one which reduces the background noise. The PSDs cover an angular range

from −40° to 140°. Similar to MERLIN, measurements using multiple incident

energies can be made simultaneously.

4.3.3 Data treatment

All data treatment was done using the Mantid Workbench software [13]. In general,

the reduction included the following steps:

1. The raw data counts were normalized to the beam monitor counts to correct

for the fluctuating neutron flux from the neutron source;

2. The detector efficiency was corrected for by normalizing to a vanadium run;

3. An absorption correction based on the elemental composition was applied;

4. A flat time-independent background was subtracted;

5. If available an empty can measurement collected with the same incident en-

ergy as the sample was subtracted;

6. Defective detectors were masked;
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7. Normalization to the number of formula units;

8. The time-of-flight axis was converted to energy transfer, E, and the spectrum

numbers were converted to momentum transfer, Q, to give the dynamic struc-

ture factor S(Q,E).

During the averievite measurements on IN5 (Chapter 8) there was an issue with

the beam monitor and it could not be used for normalization. So instead of dividing

by the beam monitor counts, the raw data counts were divided by the time of data

collection in seconds.

Empty can measurements were made at the lowest measured temperature of

the sample for all incident energies for all the experiments PANTHER and the IN5

averievite experiment. The empty can measurements multiplied by a scale factor

were subtracted from the sample data. When no empty can measurement was made,

the flat background multiplied by a scale factor was subtracted. These scale factors

were determined using detailed balance analysis, described below.

During a scattering process with fixed incident energy, an incident neutron can

either create or annihilate an excitation in the scattering system, causing the neutron

to either lose (E > 0) or gain (E < 0) energy. At T = 0 K, there are no thermal

fluctuations in the scattering system so the neutron cannot gain energy resulting in

S(Q,E < 0) = 0. At finite temperatures the probability of energy gain and loss,

S(Q,E) and S(Q,−E), is described by the principle of detailed balance:

S(Q,−E) = e(−E/kBT )S(Q,E), (4.18)

where kB is the Boltzmann constant and T is the temperature of the scattering sys-

tem [1]. This principle must be obeyed for a system in thermal equilibrium. Data

collected at temperatures comparable to the incident neutron energy (E = kBT ) was

used to ensure that the reduced S(Q,E) is correct. The fulfilment of equation 4.18

was ensured by altering the sample transmission, the scale factor of the empty can

subtraction, and the scale factor of the flat background in the data reduction process.

At finite temperatures, thermal fluctuations lead to the population of excited
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magnetic states and phonons of a material. To extract the response function of a

system in the absence of thermal fluctuations, S(Q,E) is divided by the Bose popu-

lation factor resulting in the imaginary part of the dynamic susceptibility, χ ′′(Q,E).

This is described by the fluctuation dissipation theorem:

χ
′′(Q,E) = (1− e−E/kBT )S(Q,E), (4.19)

where the exponential is the Bose factor, kB is the Boltzmann constant and T is the

temperature.

4.3.4 Normalisation to absolute units

In Chapter 6, the inelastic neutron scattering data of claringbullite and its Zn-doped

variant is normalised to the nuclear Bragg peaks, to provide a meaningful compari-

son between data collected on different instruments. The nuclear Bragg peaks were

obtained by integrating over the elastic lines of S(Q,E) (−0.2 ≤ E ≤ 0.2 meV) at

T = 25 K for claringbullite (Ei = 19.2 meV) and T = 1.7 K for Zn-claringbullite

(Ei = 20.03 meV). A Rietveld refinement was done in FullProf and the FullProf

scale factor was used to normalise S(Q,E), by dividing it by the scale factor s. This

is given by

s = FPScale× 2π2NV
45λ 3 , (4.20)

where FPScale is the FullProf scale factor for the relevant phase, λ is the wavelength

of the incident neutron beam and N is the number of atoms in a unit cell with

volume V [14]. The Rietveld refinements for the elastic lines of the two data sets

are shown in Appendix A. The crystal structures were fixed to those obtained on

D2B at T = 1.5 K (refinements shown in Chapter 5), and the isotropic displacement

parameters were refined.

4.3.5 Linear spin wave theory

Semi-classical linear spin wave theory (LSWT) is used in Chapters 6 and 8 as re-

alised in the program SpinW [15], to model the spin wave excitations observed
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using inelastic neutron scattering data collected below TN. The key steps of LSWT

were outlined in Section 2.4.6. Although LSWT is a powerful tool for calculating

spin wave dispersions, there are some drawbacks. As it is a semi-classical method

it works best for systems with S ≥ 3/2, whilst for quantum S = 1/2 systems it is

an approximation and higher order corrections are necessary [15]. Furthermore,

reduced moment sizes in magnetic structures determined by diffraction cannot be

taken into account as LSWT considers spin values, rather than moment sizes. This

can have consequences on the energies and/or intensities of the spin waves and the

implications in relation to claringbullite are detailed in Chapter 6.

The main difficulty we faced when using SpinW for claringbullite, was that

the Hamiltonian was not positive definite and diagonalization led to complex solu-

tions rather than positive real values. This occurs when the magnetic structure does

not correspond to the classical ground state of the Hamiltonian. Claringbullite was

particularly challenging in this regard, because the frustration leads to a canted spin

structure that is very sensitive to the different energy terms. Therefore, it was nec-

essary to relax the magnetic structure to the ground state of the energy terms and

for this we used the classical optimisation optmagsteep provided in SpinW [15].

Treating the spins as vectors, for a fixed propagation vector and magnetic unit cell,

it iteratively rotates the spins towards the local magnetic field in order to produce

the minimum energy structure. It should be noted that this procedure relates to a

local energy minimum and not necessarily the global minimum, which may be prob-

lematic in the case of complex and/or frustrated systems. When using this method

for claringbullite, we argue that the spin waves of the resultant magnetic structures

remain suitable within the limit of the magnetic moments represented as S = 1/2

spins. A more detailed discussion is presented in Chapter 6. Furthermore, it is

noted that this method of optimisation has previously been used in the study of the

frustrated triangular magnet YbZnGaO4 [16].

4.3.6 Reverse Monte Carlo

When a magnetic system only has short-range order, such as in the paramagnetic

state, the magnetic excitations are not spatially extended magnons and diffuse mag-
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netic scattering is observed. In this case, linear spin wave theory no longer holds.

One way to analyse the inelastic diffuse scattering is using the reverse Monte Carlo

(RMC) method, which minimises the least-square difference between the calcu-

lated and experimental data. The advantage of such an approach is that it provides

a model-free analysis as it is not based on a Hamiltonian and therefore yields unbi-

ased solutions. The corresponding disadvantage is that for powder data much spatial

information is averaged.

This method was used as implemented in the program SPINVERT [17], which

calculates the magnetic scattering cross-section, Smag(Q), and compares it to the

experimental one. Without a spin Hamiltonian the spin-pair correlation function

⟨Si ·S j⟩ can be determined, but not the exchange interactions J. Furthermore, since

the samples investigated in this thesis are powders, the directional component of the

spin correlations is lost as an averaging occurs over all spatial directions.

SPINVERT takes into account the magnetic unit cell and the magnetic atom

sites, and generates a supercell (whose size is determined by the user) in which

random spins are rotated by a small amount. The cost function that is minimised at

each atom site is

χ
2 =W ∑

Q

[
Icalc(Q)− Iexp(Q)

σ(Q)

]2

, (4.21)

where Icalc(Q) and Iexp(Q) correspond to the calculated and experimental Smag(Q),

respectively, W is an empirical weighting factor and σ(Q) is the experimental un-

certainty. The magnitude of the magnetic moments are included in an overall scale

factor s that is also refined. For data placed on an absolute scale, s can be used to

determine the refined effective magnetic moment µ through the relation

s = µ
2 = g2S(S+1), (4.22)

where g is the Landé g-factor.

The RMC method as realised in SPINVERT is based on the following assump-

tions: (i.) the input data is solely of magnetic origin; (ii.) all atoms are assumed
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to have the same magnetic properties; (iii.) all atoms and their corresponding spins

must be fixed to a specific site, so displacive disorder (such as that found for the

x = 2 Zn-doped averievite sample in Chapter 7) cannot be taken into account; (iv.)

there is no magnetoelastic coupling.

The Fourier transform of Smag(Q) is the spin-pair correlation function in real

space. For the best Smag(Q) calculated by SPINVERT, the spin-pair correlation

function can be plotted using the program SPINCORREL [17].

4.4 Magnetometry

Bulk magnetometry measurements were made on all samples to measure the mag-

netic susceptibility as a function of temperature and the sample magnetisation as a

function of field. These data were useful to extract mean-field information about the

paramagnetic states of the samples and their ordering temperatures. Data were col-

lected using vibrating sample magnetometry (VSM) and a superconducting quan-

tum interference device (SQUID).

A SQUID is an ideal device to measure bulk magnetometry as its resolution can

reach 10−17 T [18], which is important for frustrated systems with small moments.

Data were collected on a Magnetic Property Measurement System (MPMS-XL)

using the DC-SQUID. The sample was placed in a plastic capsule with cotton to

keep it in place and the capsule was inserted into a plastic straw with two additional

straws on either side to keep it in place. This was then attached to a non-magnetic

rod, placed inside a cryostat and liquid helium was used to reach a temperature of

T = 2 K. A SQUID operates using the DC Josephson effect, where quantum tun-

nelling enables current to flow indefinitely between two superconducting wires con-

nected by two insulating links. The DC-SQUID includes two Josephson junctions as

shown in Figure 4.5a, which each allow the flow of a maximum amount of current,

IC. In the absence of a magnetic field, a current IC applied to the superconducting

loop will split into two equal currents, IC/2. When the sample is oscillated through

the coil it produces a magnetic flux that induces a current in the superconducting

loop in one direction. This decreases the current at one junction and increases it at
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Figure 4.5: a. Schematic of superconducting loop in a DC-SQUID with two Josephson
junctions. b. A schematic of the second order gradiometer setup of a SQUID with two
coils in the middle wound one way and two parallel coils on either side wound the other.
The sample is moved perpendicular to the coils creating a changing magnetic flux which is
quantised as described in the text. c. The periodic change of flux in one coil related to the
output voltage. The periodicity is equal to one quantum flux, Φ0. Based on figures from
[19] and [20].

the other one up to a maximum value of IC, after which it is energetically favourable

for the current to change direction. The induced current increases proportionally to

the magnetic flux, which is quantised in units of Φ0 = 2πℏ/2e ≈ 2.07 ·10−15 T m2,

so the current changes periodically with the flux quanta. The flux quanta are directly

related to the change in voltage across the superconducting loop, which is measured

using an amplifier. In order to minimise effects from magnetic fields unrelated to

the experiment, a SQUID is normally set up as a second order gradiometer whereby

two coils are placed on either side of a parallel double coil wound in the opposite

direction (see Figure 4.5b).

Vibrating sample magnetometry (VSM) data were collected on a Quantum De-

sign Physical Property Measurement System (PPMS-9T), where the sample is os-

cillated at a particular frequency (40 Hz) and amplitude (1-3 mm) through fixed

pickup coils. The sample causes an alternating magnetic flux that induces a voltage

in the pickup coil, which is then converted to the magnetisation. This method offers

rapid data collection times but the sensitivity is about three times lower than for a

SQUID [18].
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4.5 Scanning electron microscopy
Scanning electron microscopy (SEM) is a technique used to image solid samples

at the nano- or micro-metre scale. It uses a focused beam of high-energy elec-

trons with a resolution of ∼ 1 nm. The beam is scanned across the surface of the

sample, ionizing the atoms and the emission of secondary electrons produces high-

resolution images. Insulating samples must be coated with a conducting layer of

sputtered carbon or gold, which also prevents the build-up of charge. The narrow

electron beam results in a large depth of field that produces images with a character-

istic 3-dimensional appearance to them. This is useful for characterising the surface

structure of a sample.

As well as being used for imaging, SEMs can also be fitted with energy dis-

persive X-ray (EDX) detectors for compositional analysis. As each element has

a different characteristic emission wavelength, analysis of the emitted X-ray ener-

gies provides qualitative information about the existent elements. To determine the

concentration percentages of the elements present, a quantitative analysis is done

on the peaks in the spectra using automated software. For accurate results the in-

strument must be calibrated against a standard and the spectrum is best collected

from a flat, polished sample surface. This method is less sensitive for lighter ele-

ments and when elements have a similar electron count, Z, emission-line overlap

can complicate analysis.

The Zn-doped averievite samples that were measured by SEM-EDX (Chapter

7) are insulators and were placed on conductive carbon tape instead of being sput-

tered with a conductive layer. Measurements were made on a LEO 1530 microscope

fitted with an EDX detector at room temperature.
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Chapter 5

Crystallographic and bulk

magnetisation studies of the

claringbullite series:

ZnxCu4-x(OD)6FCl for x = 0 and 1

5.1 Introduction

The most widely studied material in the context of the S = 1/2 KAFM is herbert-

smithite, but beyond the n.n. dimer QSL there exist other flavours of QSLs. In the

search for new candidate QSL materials, one that has recently gained attention is

barlowite and its Zn-doped variants, for which an overview of the current findings

were given in Chapter 1. Inelastic neutron scattering and µSR measurements on

Zn-doped barlowite samples have evidenced a quantum spin liquid ground state [1,

2] and these findings have sparked interest in the isostructural claringbullite and its

Zn-doped variant, ZnxCu4–x(OH)6FCl for x = 0 and 1 [3].

Single crystal diffraction measurements on barlowite have shown a hexagonal-

orthorhombic phase transition at T = 276 K [4]. A similar phase transition has

also been observed using single crystals of undoped claringbullite, with some crys-

tals undergoing a crystallographic phase transition to Pnma below T = 100 K and

another below T = 10 K [4]. This difference could change the magnetic phase tran-
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sition temperature, which for a different single crystal has been reported to be at

T1 = 15 K [5], and could imply different exchange couplings. The difference in the

ordering temperatures between claringbullite and barlowite has been studied using

static density functional theory and was attributed to the competing interactions at

the interlayer site between those from the kagome layers and the ordering of the

interstitial Br– vs. Cl– ions [4].

A different synthesis has been developed to grow barlowite single crystals that

crystallise in the hexagonal space group P63/m at T = 2 K [6]. This indicates that

different synthetic methods can alter the low-temperature crystal structures of these

materials, thereby altering their magnetic properties.

Yue et. al. reported claringbullite to have strong net antiferromagnetic ex-

change (θW = −135 K) and a suppressed magnetic phase transition at T = 15 K evi-

dencing magnetic frustration, as well as a weak ferromagnetic component [5]. Sim-

ilar to barlowite and many other antiferromagnets, claringbullite has been chemially

doped with diamagnetic Zn2+ i.e. ZnCu3(OH)6FCl, in an effort to suppress the mag-

netic order. Room temperature laboratory XRD measurements showed it to also

crystallise in the P63/mmc space group [7]. However, to the best of our knowledge,

temperature studies to explore the possibility of a transition to lower crystal sym-

metry at low temperature, have not yet been done. Magnetometry and heat capacity

studies on ZnCu3(OH)6FCl showed suppression of long-range magnetic order down

to at least T = 0.8 K and evidenced a similar entropic behaviour to herbertsmithite

and the new QSL candidate Zn-barlowite, ZnCu3(OH)6FBr, suggesting it is also a

QSL candidate [2, 3, 7, 8].

The synthesis of ZnCu3(OH)6FCl, from now on referred to as Zn-

claringbullite, was previously achieved with only a Zn to Cu ratio of 0.7:3 instead of

the stoichiometric one, indicating the presence of Cu2+ ‘impurities’ on the kagome

lattice [7]. Although magnetic order was found to be suppressed at this level of

diamagnetic doping, the sample still suffered from similar site disorder to herbert-

smithite. To further investigate its ground state magnetic behaviour, we synthesised

undoped claringbullite and Zn-claringbullite to provide a fuller comparison with
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the magnetically ordered state.

5.2 Synthesis
In the literature, single crystals and polycrystalline samples of claringbullite and Zn-

claringbullite were synthesised using hydrothermal methods [4, 5, 7] and a solution

method [4]. This section details the synthetic methods attempted to produce clar-

ingbullite and Zn/Mg-doped claringbullite samples, and the final syntheses used to

produce the claringbullite and Zn-claringbullite samples for diffraction, bulk mag-

netometry and inelastic neutron scattering measurements.

5.2.1 Preliminary work

A previous study on claringbullite used powder samples prepared using a solution

method [4]. We attempted this method using half the reagent amounts previously

reported, as fluorides destroy glass and the solutions had to be prepared in 15 mL

Teflon containers that must be less than 2/3 full. For this synthesis, NH4F (Alfa

Aesar, 0.067 g, 1.81 mmol) and NaOH (Sigma, 0.054 g, 1.34 mmol) were dissolved

in H2O (distilled, 10 mL) at room temperature in a 15 mL Teflon container. In

another 15 mL Teflon container, CuCl2 · 2H2O (Sigma, 0.155 g, 0.91 mmol) was

dissolved in H2O (distilled, 5 mL) at room temperature. The two solutions were

combined into one 15 mL Teflon container, but no powder formed as previously

reported [4]. In an attempt to overcome the activation energy of the reaction, the

Teflon container was placed into a water bath and the solution was monitored with

a temperature probe. The solution was heated to 25, 30 and 35°C with 15 min of

magnetic stirring after each temperature increase and no change was observed. The

solution was heated to 50°C and stirred for 1.5 h. No powder was observed and the

solution was removed from the water bath, allowed to cool to room temperature and

filtered to produce a powder that was washed via centrifugation (4000 rpm, 4 min)

with distilled water (3 x 20 mL). Laboratory powder x-ray diffraction (PXRD) was

used to determine that the product was not claringbullite.

Since the solution method was unsuccessful, the synthesis adopted for both

samples was the previously reported hydrothermal synthesis of Zn-doped claring-
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bullite [7]. This method led to unidentifiable impurities in the Zn-claringbullite

samples and attempts to synthesise pure samples included increasing the heating

time from 24 h to 72 h and raising the synthesis temperature from 200°C to 220°C

(the maximum temperature that the Teflon containers could be heated to), but these

were unsuccessful. It was found that successful Zn-doping at the x = 1 level of

ZnxCu4–x(OH)6FCl, required an acidic reagent environment with pH values ∼ 3

(instead of ∼ 5). This was also previously found in the unpublished version 1 of

Ref. [7] ([9]). Hydrothermal syntheses yielding ZnxCu4–x(OH)6FCl for 0 < x ≤ 1.6

were attempted in both pH ∼ 3 and ∼ 5, and it was concluded that the lower pH

values are only required to produce pure samples for x ≥ 1.

Previous density functional theory (DFT) studies predicted that Mg2+ is also

a good candidate for diamagnetic doping of barlowite [10] and given the structural

similarities between barlowite and claringbullite we attempted Mg-doping for 0.1<

x < 1. This was done using the hydrothermal method outlined in Section 5.2.2

for ZnCu3(OH)6FCl by replacing ZnCl2 · xH2O with MgCl2 (Alfa Aesar, anhydrous

99%). Laboratory PXRD showed that no level of doping was successful, as the

diffraction patterns of the products could not be described in the claringbullite high-

temperature P63/mmc space group.

5.2.2 Protonated samples

The final syntheses of protonated claringbullite and Zn-claringbullite are as follows.

To synthesise Cu4(OH)6FCl, Cu2(OH)2CO3 (Sigma, 0.275 g, 1.25 mmol), CuCl2 ·

2H2O (Sigma, 0.215 g, 1.26 mmol), NH4F (Alfa Aesar, 0.093 g, 2.50 mmol), HCl

(Sigma, 0.05 g, 37 % w.t. solution) and H2O (distilled, 10 mL) were placed in a

15 mL Teflon-lined steel autoclave.

For ZnCu3(OH)6FCl, Cu2(OH)2CO3 (Aldrich, 0.250 g, 1.13 mmol), ZnCl2 ·

xH2O (Alfa, 0.190 g, 0.910 mmol), NH4F (Alfa Aesar, 0.048 g, 1.29 mmol), HCl

(Sigma, 0.1 g, 37 % w.t. solution) and H2O (distilled, 10 mL) were placed in a 15 mL

Teflon-lined steel autoclave.

For both materials the autoclaves were held at 200°C for 24 h and naturally

cooled in the oven to room temperature over 1 h to produce a green powder for



5.3. Crystallographic studies 115

Cu4(OH)6FCl and a blue powder for ZnCu3(OH)6FCl. The products were washed

via centrifugation (5000 rpm, 5 min) with distilled water (3 x 20 mL) and dried in

an oven at 50°C for 5 h. Each synthesis produced approximately 0.2 g of material.

In general, for ZnxCu4−x(OH)6FCl for 0 < x ≤ 1.6, the same method was fol-

lowed and the amount of HCl used was 0.05 g for x < 1 and 0.1 g for x ≥ 1 (to

achieve a pH of ∼ 5 and ∼ 3, respectively). For x ≤ 1, the amounts of ZnCl2 · xH2O

and CuCl2 · 2H2O were altered such that they stoichiometrically added up to x = 1.

For x > 1, the amount of ZnCl2 · xH2O was increased stoichiometrically as the

amount of Cu2(OH)2CO3 was reduced accordingly.

5.2.3 Deuterated samples

Neutron scattering experiments require deuterated samples as H has a large inco-

herent scattering length (25.274 fm), which causes large background scattering in

the data [11]. They also require a much larger sample than magnetometry or x-ray

diffraction, so each synthesis was repeated multiple times and the products com-

bined. For claringbullite ∼ 5 g were prepared and ∼ 7 g were synthesised for Zn-

claringbullite (nominal x= 1 sample). The synthetic method was the same as for the

protonated materials, but H2O was replaced with D2O. The products were washed

via centrifugation (5000 rpm, 5 min) with D2O (3 x 10 mL) and dried in an oven at

60°C for 4 h.

5.3 Crystallographic studies

Synthetic products were initially characterised using room temperature laboratory

powder x-ray diffraction (PXRD). To characterise crystal phase transitions in the

x= 0 and 1 samples, and determine the atomic positions of the light atoms (D, O and

Cl), neutron diffraction data were collected on D2B at the ILL down to T = 1.5 K.

Characterising the low-temperature structure is also crucial for understanding the

results of the inelastic neutron scattering studies, which will be discussed in Chap-

ter 6. Before discussing the results of the diffraction measurements, the literature

crystal structure will be presented.
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5.3.1 Literature crystal structure

In the literature, studies of natural single crystals had concluded that the chemical

formula of claringbullite was Cu4Cl(OH)7·nH2O [12, 13]. This formula was revised

for synthetic claringbullite and determined to be Cu4(OH)6FCl [14]. Laboratory

and synchrotron single crystal XRD, powder XRD and neutron powder diffraction

have shown that at room temperature claringbullite orders in the P63/mmc space

group and one set of lattice parameters and atomic positions are included in Table

5.1 [4, 5, 14, 15]. Henderson et al. carried out temperature-dependent studies of

single crystals using a synchrotron beamline and found that two of three samples

showed superstructure reflections at T = 100 K, best described in the Pnma space

group, whilst the other sample remained P63/mmc down to T = 10 K [4]. For com-

pletion the lattice parameters and atomic positions at T = 100 K are included in

Table 5.2. A recent study on powder samples using neutron and synchrotron x-ray

diffraction down to T = 1.5 K, concluded that at low temperature the Pnma and

P63/mmc phases co-exist [15]. This sample dependence at low temperature, remi-

niscent of barlowite, requires a detailed characterisation of all synthetic samples as

these structural differences can affect the exchange interactions.

At room temperature claringbullite is described in the P63/mmc space group

in which it has two Cu sites: Cu1 forms the kagome lattice that is stacked in an AA

Lattice parameters
a (Å) b (Å) c (Å) α (°) β (°) γ (°)

6.67257 6.67257 9.18014 90 90 120
Atomic parameters

Atom Wyckoff
site

x y z Occupation Uiso (Å2)

Cu1 6g 1/2 0 0 1 0.0125
Cu2 6h 0.37086 0.74172 3/4 1/3 0.0095
Cl 2c 1/3 2/3 1/4 1 0.0231
F 2b 0 0 1/4 1 0.0186
O 12k 0.20183 0.79817 0.90838 1 0.0076
H 12k 0.1407 0.8593 0.8601 1 0.0500

Table 5.1: Claringbullite. Literature lattice parameters and atomic positions from syn-
chrotron powder XRD data collected at the APS 11-BM beamline at T = 295 K in the
P63/mmc space group [4].
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Lattice parameters
a (Å) b (Å) c (Å) α (°) β (°) γ (°)
11.5133 9.1527 6.6726 90 90 90

Atomic parameters
Atom Wyckoff site x y z Uiso (Å2)

Cl 4c 0.67227 3/4 0.00919 0.0095
Cu1 4a 1/2 1/2 0 0.0050
Cu2 8d 0.75074 0.51320 0.24494 0.0047
Cu3 4c 0.31467 3/4 −0.05897 0.0070

F 4c 0.50230 3/4 −0.49380 0.0082
O1 8d 0.60259 0.40922 0.19960 0.0042
O2 8d 0.40195 0.58806 0.19810 0.0044
O3 8d 0.69984 0.59573 0.50210 0.0069

Table 5.2: Claringbullite. Literature lattice parameters and atomic positions from syn-
chrotron single crystal XRD collected at the APS 15-BM beamline (λ = 0.41328 Å) at
T = 100 K in the Pnma space group [4]. All sites are fully occupied.

formation along the c-axis; Cu2 sits between the kagome layers and is disordered

over 3 equivalent positions (each of which is 1/3 occupied) as shown in Figure 5.1.

It has been suggested that the driving factor in the change of layering from ABA

in herbertsmithite to AA in claringbullite (and barlowite), is the strong hydrogen

bonding between H+ and F– [4].

Cu1

Cu2
O
Cl
F
H

Figure 5.1: The room temperature crystal structure of claringbullite crystallising in the
P63/mmc group. Note the Cu2 is disordered over 3 equivalent positions, each of which is
1/3 occupied.
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The crystallographic phase transition to Pnma at low temperature is attributed

to the reduction in symmetry caused by the preferential ordering of the Cu2 at one

of the 3 equivalent positions [4]. This is understood in terms of a dynamic−static

Jahn-Teller transition. At high temperature, the Cu2 sits on the 6h Wyckoff site

with (OH)6 coordination giving it a trigonal prismatic environment (point group

D3h) where the highest energy orbitals, dxz and dyz, are degenerate and unevenly

occupied and a dynamic effect occurs where the two sets of orbitals are occupied

interchangeably. However, as the temperature is lowered, a Jahn-Teller distortion

occurs to remove the degeneracy by lowering the energy of the dyz orbital causing

the unpaired spin to occupy the dxz orbital. This has previously been described as a

‘cis’ distortion and results in 2 elongated and 4 shortened bonds or vice versa [16].

In claringbullite this results in the interlayer Cu ordering onto one of the 3 sites

(with the C2v point group), lowering the crystal symmetry from P63/mmc to Pnma.

5.3.2 Laboratory powder x-ray diffraction

Protonated samples synthesised according to Section 5.2.2 for 0 ≤ x ≤ 1.6 were

initially characterised at room temperature using laboratory PXRD. The samples

were placed in a rotating borosilicate glass capillary (d = 0.3 mm) and measured on

a Stoe Stadi-P diffractometer with a Cu-Kα1 source (λ = 1.5406 Å). All observed

peaks could be indexed with the P63/mmc space group and an example of a Rietveld

refinement is shown for undoped deuterated claringbullite in Figure 5.2. An absorp-

tion correction was applied assuming a packing density of 0.5, giving µR = 1.3.

As µR > 1, absorption effects are not minimal with this wavelength and could af-

fect the refined displacement parameters. Synchrotron x-ray diffraction or neutron

diffraction studies such as those detailed in Section 5.3.3 will give more accurate

displacement parameters at room temperature. The background of the laboratory

PXRD pattern was modelled using a Chebyshev polynomial and a pseudo-Voigt

function to describe the broad peak centred at Q ≈ 1.55 Å−1 resulting from amor-

phous scattering by the capillary. The profile was described using a pseudo-Voigt

function with eight spherical harmonics to account for preferred orientation. The

lattice parameters, site positions and isotropic displacement parameters are given in
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Table 5.3.

For x ≤ 1.6 in ZnxCu4–x(OH)6FCl, all samples were found to be single phase,

but attempts to increase the doping percentage further led to the formation of a new

phase. It is likely that the non Jahn-Teller active Zn2+ ion cannot occupy a high

percentage of the kagome sites as its isotropic nature reduces the extent of the Jahn-
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Figure 5.2: Claringbullite laboratory PXRD data collected on a Stoe Stadi-P with a Cu
Kα1 source (λ = 1.5406 Å) at room temperature (black). Rietveld refinement (red) in
the P63/mmc space group with 34 variables and goodness-of-fit parameters χ2 = 1.18,
Rwp = 4.76. The peak positions are shown in blue and the difference plot in grey.

Lattice parameters
a (Å) b (Å) c (Å) α (°) β (°) γ (°)

6.67289(4) 6.67289(4) 9.17477(6) 90 90 120
Atomic parameters

Atom Wyckoff
site

x y z Occupation Uiso (Å2)

Cu1 6g 1/2 0 0 1 0.0239(5)
Cu2 6h 0.3728(4) 0.7456(8) 3/4 1/3 0.0188(2)
Cl 2c 1/3 2/3 1/4 1 0.0282(17)
F 2b 0 0 1/4 1 0.0217(18)
O 12k 0.1991(3) 0.8009(12) 0.9085(4) 1 0.0150(12)

Table 5.3: Claringbullite. Lattice parameters, atomic positions and displacement param-
eters from Rietveld refinement in the P63/mmc space group using laboratory PXRD data
(λ = 1.5406 Å) collected at room temperature. The deuterium site was not included in the
refinement.
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Teller distortion and leads to the structure breaking down. Successful doping was

monitored by looking at the change of lattice parameters with increased Zn content.

A full structural characterisation including the determination of the atomic positions

of the light atoms required higher flux and better resolution than available with our

laboratory equipment.

5.3.3 Neutron powder diffraction on claringbullite - D2B

Neutron diffraction was chosen over synchrotron XRD due to its the ability to bet-

ter locate the light O, Cl, F and D atoms. Neutron diffraction measurements of

deuterated claringbullite were carried out on the high-resolution instrument D2B

at the ILL with neutrons of wavelength λ = 1.595226 Å. Data were collected over

4 h using a ∼ 5 g sample at T = 1.5 and 295 K. The temperatures were chosen for

a comparison against the previously reported crystal structures [4, 5] and to max-

imise the advantage of neutrons to more accurately locate the H/D atoms. Rietveld

refinement analysis was performed using the program TOPAS 7 [17].

At room temperature claringbullite was found to crystallise in the hexagonal

P63/mmc space group, in agreement with the literature [4, 5], and the sample was

found to be single phase. Initial lattice parameters and atomic positions for the room

temperature refinement were taken from the powder synchrotron data refinement in

[4] at 295 K. The neutron absorption cross-section was calculated using the linear

attenuation coefficient, µ , which is the sum of the coherent, absorption and incoher-

ent scattering cross sections for the sample with λ = 1.595226 Å, and the radius of

the sample holder (8.5 mm) giving µR= 0.40. The profile was adequately modelled

using the "simple axial model" provided in TOPAS to describe axial divergence of

the beam, with 8 spherical harmonics for the wider peaks at high-Q (due to peak

overlap) and a pseudo-Voigt function.

All atomic positions were freely refined within the constraints of the space

group symmetry and the hydroxide O-D(H) bond distance refined to 0.9797(11) Å,

similar to the previously determined O-D distances of 0.9987 Å and 0.9838 Å in

kapellasite and haydeeite [18], respectively, but longer than the O-H bond (0.834 Å)

found from previous XRD measurements on claringbullite single crystals [4].
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Isotropic displacement parameters for all atoms were stably refined, but the high-

Q refinement was improved by using anisotropic displacement parameters. These

were stably refined for all sites. The occupation of the D site refined to 96% occu-

pancy, indicating a high level of deuteration in the sample, but was fixed to unity for

the final refinement. The final Rietveld refinement gave a good fit to the D2B data

with goodness-of-fit parameters χ2 = 2.28 and Rwp = 3.32. It is shown in Figure

5.3 with lattice parameters and atomic positions listed in Table 5.4.

At T = 1.5 K the diffraction pattern has additional reflections indicating a crys-

tallographic phase transition occurred on cooling. A Pawley refinement showed that

the low-temperature peaks could be successfully indexed in the orthorhombic space

group Pnma and the Rietveld refinement is included in Figure 5.4. Pnma is not a

maximal subgroup of P63/mmc, with the intermediate space group being Cmcm, but

that space group could not index all observed peaks. The Cmcm phase has notably

not been observed in other claringbullite temperature studies [4, 15]. Attempts to in-

dex our data with other maximal subgroups of P63/mmc, which are also hexagonal,

were unsuccessful. In our refinements, the lattice parameters and atomic positions

in Pnma were initialised with previously reported values from synchrotron single
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Figure 5.3: Claringbullite, D2B data collected at T = 295 K (black) with λ = 1.595226 Å.
Rietveld refinement (red) in the P63/mmc space group with 50 variables and goodness-of-fit
parameters χ2 = 2.28, Rwp = 3.32. The difference between the experimental data and the
fit is shown in grey and the peak positions are in blue.
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Lattice parameters
a (Å) b (Å) c (Å) α (°) β (°) γ (°)
6.6791(4) 6.6791(4) 9.1875(6) 90 90 120

Atomic parameters
Atom Wyckoff

site
x y z Occupation Uiso (Å2)

Cu1 6g 1/2 0 0 1 0.0124
Cu2 6h 0.3708(2) 0.7415(4) 3/4 1/3 0.0071
Cl 2c 1/3 2/3 1/4 1 0.0210
F 2b 0 0 1/4 1 0.0199
O 12k 0.2020(1) 0.7980(1) 0.9090(1) 1 0.0094
D 12k 0.1246(1) 0.8754(1) 0.8664(1) 1 0.0256

Anisotropic displacement parameters (Å2)
Atom U11 U22 U33 U12 U13 U23
Cu1 0.00753(31) 0.00714(46) 0.0225(5) 0.00357(23) −0.00251(20) −0.00502(40)
Cu2 0.0057(11) 0.00698(19) 0.0086(14) 0.00349(95) 0 0
Cl 0.0232(5) 0.0232(5) 0.0166(9) 0.0116(3) 0 0
F 0.0150(7) 0.0150(7) 0.0297(14) 0.00750(37) 0 0
O 0.00748(34) 0.00748(34) 0.0132(5) 0.00407(43) −0.00138(20) 0.00138(20)
D 0.0229(5) 0.0229(5) 0.0309(6) 0.0140(5) −0.00116(24) 0.00116(24)

Table 5.4: Claringbullite. Lattice parameters, atomic positions and displacement param-
eters from Rietveld refinement in the P63/mmc space group using data collected on D2B
(λ = 1.595226 Å) at T = 295 K. The D site refined to 0.96 showing good deuteration of the
sample, and was set to unity for the final refinement. The anisotropic displacement param-
eters were stably refined for all atoms.

crystal data at T = 100 K [4].

The profile was described in the same manner as for the T = 295 K refine-

ment. All atomic positions were freely refined, giving an O-D bond distance of

0.978(7) Å. Isotropic atomic displacement parameters were stably refined and the

refinement is shown in Figure 5.4 (χ2 = 2.69 and Rwp = 4.17). We also consider

the recent report of multi-phase samples at low-temperature from synchrotron XRD

and NPD experiments, which highlights the hk4n peaks, in particular the (004) and

(104) peaks, to be poorly fitted with a single Pnma phase [15]. In our D2B neu-

tron diffraction data, the (004) peak is too low in intensity to be assessed and the

(104) peak is well-fitted with a single Pnma phase. Inspection of all peaks shows

no evidence that a second phase is required to model our data. The final atomic po-

sitions and isotropic atomic displacement parameters are listed in Table 5.5 and the

structure is shown in Figure 5.5. The Cu-Cu distances and ∠Cu-(µ3-OD)-Cu bond
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angles, which are expected to be the relevant superexchange pathways, are listed in

Table 5.6. The ∠Cu-(µ3-OD)-Cu bond angles can be divided into two categories:

(i.) the kagome triangle ones which range between 114.8° and 120.9°, and (ii.) the

ones between the kagome Cu1 and Cu2 atoms, and the interlayer Cu3 that range

between 90.6° and 98.7°. The Goodenough-Kanamori rules can only be used to a

first approximation as they only consider µ2-O pathways, so comparison with other

systems is more appropriate. In herbertsmithite the ∠Cu-(µ3-OH)-Cu angle of 119°

corresponds to an antiferromagnetic exchange [19], and in several cubanes with a

[Cu4(µ3-OH)4] core the change from ferro- to antiferromagnetic exchange occurs

at angles of about 101−105° [20, 21]. Therefore, the kagome triangles in claring-

bullite likely have antiferromagnetic exchanges, whereas the exchange interactions

between the kagome and interlayer Cu atoms are expected to be ferromagnetic.
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Figure 5.4: Claringbullite, D2B data collected at T = 1.5 K (black) with λ = 1.595226 Å.
Rietveld refinement (red) in the Pnma space group with 72 variables and goodness-of-fit
parameters χ2 = 2.69 and Rwp = 4.17. The difference between the experimental data and
the fit is shown in grey and the peak positions are in blue.

Lattice parameters
a (Å) b (Å) c (Å) α (°) β (°) γ (°)

11.5359(9) 9.1510(7) 6.6848(5) 90 90 90
Atomic parameters

Atom Wyckoff site x y z Biso (Å2)
Cl 4c 0.3304(5) 1/4 0.5049(6) 0.00616(37)

Cu1 4a 0 0 0 0.00341(11)
Cu2 8d 0.2492(4) 0.5121(3) 0.2470(5) 0.00238(57)
Cu3 4c 0.1870(6) 1/4 0.0592(6) 0.00381(65)

F 4c 0.5007(11) 1/4 0.0041(13) 0.00876(57)
O1 8d 0.2961(5) 0.0921(6) 0.00062(67) 0.0054(12)
O2 8d 0.1022(5) 0.0919(5) 0.1989(7) 0.00118(90)
O3 8d 0.4003(5) 0.5889(5) 0.3000(7) 0.00062(87)
D1 8d 0.3765(7) 0.1342(7) 1.0030(8) 0.0150(11)
D2 8d 0.0611(5) 0.1294(5) 0.3161(7) 0.0139(11)
D3 8d 0.4401(5) 0.6381(6) 0.1912(7) 0.0173(11)

Table 5.5: Claringbullite. Lattice parameters, atomic positions and isotropic thermal pa-
rameters from the Rietveld refinement in the Pnma space group using data collected on
D2B (λ = 1.595226 Å) at T = 1.5 K. All sites are fully occupied.
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Figure 5.5: Claringbullite. a. Pnma crystal structure from refinement using D2B data
(λ = 1.595226 Å) at T = 1.5 K with lattice parameters a = 11.5359(9)Å, b = 9.1510(7)Å,
c = 6.6848(5)Å, α = β = γ = 90°. b. The Cu3 interlayer site has undergone a dynamic-
static Jahn-Teller distortion resulting in a distorted tetrahedron. The kagome triangles are
scalene with a 1.07% distortion.

Cu - Cu Distance (Å)
Cu1 - Cu2(1) 3.353(5)
Cu1 - Cu2(2) 3.317(5)
Cu2(1) - Cu2(2) 3.3498(5)
Cu1 - Cu3 3.169(5)
Cu2(1) - Cu3 3.104(5)
Cu2(2) - Cu3 2.801(4)

Cu1 - Cu2
Angle

Cu1 - Cu3
Angle Average

Cu2 - Cu2 Cu2 - Cu3
∠Cu1 - O3(D) - Cu2(1) 120.9° ∠Cu1 - O3(D) - Cu3 90.487°

98.7°
∠Cu1 - O2(D) - Cu2(2) 114.8° ∠Cu1 - O2(D) - Cu3 106.9°
∠Cu2(1) - O1(D) - Cu2(2) 118.5° ∠Cu2(1) - O1(D) - Cu3 106.5°

97.6°
∠Cu2(1) - O3(D) - Cu3 88.7°
∠Cu2(2) - O1(D) - Cu3 90.8°

90.6°
∠Cu2(2) - O2(D) - Cu3 90.3°

Table 5.6: Claringbullite, Pnma. Cu-Cu distances in the tetrahedra and Cu-O(D)-Cu su-
perexchange angles. From each Cu1 and Cu2 there are two possible superexchange path-
ways to Cu3, so the average angle was calculated. The pathways within the kagome trian-
gles are likely to favour more antiferromagnetic exchange and those to the interlayer Cu3
more ferromagnetic exchange interactions [20].
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5.3.4 Neutron powder diffraction on Zn-claringbullite - D2B

Similar to claringbullite, a temperature study was done on the crystal structure of

Zn-claringbullite on D2B using a ∼ 7 g deuterated sample. Data were collected at

T = 1.5 K, 50 K and 295 K to verify the previously reported room temperature crys-

tal structure [7] and investigate any structural distortions with temperature. All data

collected down to T = 1.5 K can be indexed in the P63/mmc space group indicating

no crystallographic phase transitions and a high-symmetry kagome lattice down to

the lowest measured temperature. The hexagonal symmetry suggests that the Zn2+

ions are mainly located on the interlayer sites, as Zn2+ is not a Jahn-Teller active ion

so its local symmetry is expected to be higher than that of Cu2+. The kagome site

has a square planar environment, so it is expected that Cu2+, which prefers a lower

symmetry environment, will favour this site.

Rietveld refinements at T = 295 K were initialised using the literature lattice

parameters, atomic positions and isotropic thermal parameters [7], and the refined

values were used as starting points for the lower temperature refinements. The peak

profile was described as for claringbullite and the neutron absorption factor was cal-

culated to be µR = 0.39. The atomic positions were stably refined and the D site

occupancy refined to 96% evidencing the synthetic method for deuterated samples

was consistently successful up to the Zn-doping level of x = 1. The lattice param-

eters at all temperatures are in Table 5.7, showing a contraction in all directions as

temperature decreases, and the Rietveld refinement at T = 1.5 K is shown in Figure

5.6 with the crystal structure in Figure 5.7 and atomic positions in Table 5.8.

Temperature (K) a (Å) b (Å) c (Å)
1.5 6.65918(6) 6.65918(6) 9.17288(9)
50 6.66006(3) 6.66006(3) 9.17626(3)

295 6.6712(1) 6.6712(1) 9.2044(2)

Table 5.7: Lattice parameters of Zn-claringbullite from Rietveld refinements in the
P63/mmc space group (no. 194) using D2B data (λ = 1.595226 Å) collected at T = 1.5, 50
and 295 K.
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Figure 5.6: Zn-claringbullite, D2B data collected at T = 1.5 K with λ = 1.595226 Å. Neu-
tron diffraction data (black) with a Rietveld refinement (red) in the P63/mmc space group
with 45 variables and goodness-of-fit parameters χ2 = 2.70 and Rwp = 5.47. The difference
between the experimental data and the fit is shown in grey and the peak positions are in
blue.

Figure 5.7: Zn-claringbullite crystal structure with anisotropic displacement parameters
refined from D2B data at T = 1.5 K. These are given with the atomic positions in Table 5.8
and the refinement is shown in Figure 5.6.
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Atomic parameters
Atom Wyckoff site x y z Occupation Uiso (Å2)

Cu 6g 0.5 0 0 1 0.0090
Zn 2d 1/3 2/3 3/4 1 0.0286
F 2b 0 0 3/4 1 0.0116
Cl 2c 2/3 1/3 3/4 1 0.0115
O 12k 0.20207(10) 0.79793(10) 0.90785(12) 1 0.0075
D 12k 0.12383(11) 0.87617(11) 0.86569(13) 1 0.0207

Anisotropic displacement parameters (Å2)
Atom U11 U22 U33 U12 U13 U23

Cu 0.00530 0.00670 0.01500 0.00330 −0.00130 −0.00250
Zn 0.04280 0.04280 0.00010 0.0214 0 0
Cl 0.01220 0.01220 0.01000 0.00610 0 0
F 0.01040 0.01040 0.01400 0.00520 0 0
O 0.00550 0.00550 0.01160 0.00240 −0.00100 0.00100
D 0.01900 0.01900 0.02410 0.01130 −0.00100 0.00100

Table 5.8: Zn-claringbullite. Atomic positions and displacement parameters from Rietveld
refinement in the P63/mmc space group using D2B data (λ = 1.595226 Å) collected at
T = 1.5 K. The D site refined to 0.96 showing good deuteration of the sample and was set
to unity for the final refinement. The anisotropic displacements were refined for all atoms.

For the Zn-claringbullite structure, the Zn2+ ions sit on top of each kagome

triangle on a 3-fold site (6g Wyckoff position) with equal bond lengths to all 3

kagome Cu sites. At T = 1.5 K, the kagome Cu site has an (OH)4Cl2 coordination

where the Cu-O bond lengths (1.94 Å) are shorter than the Cu-Cl ones (2.99 Å),

indicating a Jahn-Teller distortion to a square planar environment where the spin is

carried in the dx2−y2 orbital, as in herbertsmithite [22].

At all temperatures refinement of the anisotropic displacement parameters

(ADPs) was stable for all sites and at T = 1.5 K they are given in Table 5.8. How-

ever, it is noted that the Zn ADP resembles a flat disk in the a−b plane (see Figure

5.7), parallel to the kagome plane, which may be due to the bonding constraints in its

trigonal prismatic coordination or due to site disorder. At T = 1.5 K, the difference

Fourier map showed no indication of missing intensity around this site, but it is pos-

sible that some interlayer sites are occupied by Cu. Zn and Cu have slightly differ-

ent nuclear coherent scattering lengths (bcoh,Zn = 5.680 fm and bcoh,Cu = 7.485 fm

[11]), but it was not possible to stably refine site occupancies on the interlayer or

kagome sites without allowing for unphysical ADPs. The interlayer Zn and Cu

occupy different Wyckoff positions (2d and 6h), but the high correlation with the
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ADPs made it difficult to reliably refine them. Elemental composition measure-

ments, using anomalous x-ray diffraction for example, will be important to serve as

a more reliable starting point for the site occupancies in these refinements.

5.4 SQUID magnetometry
The DC susceptibility of both the undoped and Zn-doped (x = 1) claringbullite

samples have previously been measured [5, 7, 15]. In claringbullite, two magnetic

transitions have been reported at T = 15 and ∼ 5 K, more clearly seen in specific

heat capacity measurements [5, 15]. In this work, DC susceptibility measurements

were carried out on the deuterated samples synthesised for neutron scattering ex-

periments. Data were collected on a SQUID MPMS XL Quantum Design (Institut

Néel, Grenoble) and a SQUID Quantum Design MPMS3 (University of Glasgow,

UK). The diamagnetic contribution in each sample was subtracted using Pascal’s

constants for the nominal structural formulas [23]. The results are detailed in sec-

tions 5.4.1 and 5.4.2 for claringbullite and Zn-claringbullite, respectively. Field-

cooled (FC) measurements were made by cooling the sample to base temperature

in a magnetic field and collecting data on heating in the same field.

5.4.1 DC susceptibility of claringbullite

For claringbullite, zero-field cooled (ZFC) and field-cooled (FC) data were collected

on a 0.1919 g sample in a field of 1000 G between T = 2 and 320 K. The molar

magnetic susceptibility is plotted as a function of temperature in Figure 5.8a and

shows a transition with a ferromagnetic component at TN = 17 K, with bifurcation

between the FC and ZFC data, in agreement with the previously reported T1 = 15 K

[5]. Below T = 9 K the antiferromagnetic component dominates the susceptibility.

Looking at the first derivative of the susceptibility, dχ/dT , it is evident that at

T = 17 K there is a transition, but at lower temperatures there is no clear magnetic

transition (Figure 5.4.1b). The effective magnetic moment, µeff, as a function of

temperature more clearly shows an antiferromagnetic contribution growing rapidly

below T = 9 K, as µeff decreases (Figure 5.4.1d). A linear extrapolation of χ−1 data

between T = 150 and 320 K to χ−1 = 0 (Figure 5.4.1c) gives a Weiss temperature
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θW = −136(3)K, indicating an antiferromagnetic mean-field in agreement with [5].

From θW a Curie constant of 0.604(4) emu K mol−1 Cu−1 is calculated, giving

µeff= 2.20 µB Cu−1, which indicates that the sample has the expected 4 mol Cu2+

per mole of sample. Calculating µeff using
√

8χT yields 1.84 µB Cu−1 at room

temperature. As seen in other frustrated Cu magnets, these values are slightly higher

than the spin-only theoretical value of 1.73 µB per Cu2+ ion, suggesting an orbital

contribution to the Landé g factor [22, 24, 25].

Magnetisation data, M, as a function of field, H, were measured for temper-

atures between T = 2 and 50 K (Figure 5.9a). Below TN = 17K, for T ≤ 15 K, a
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Figure 5.8: Claringbullite. a. Field-cooled (red) and zero-field-cooled (black) magnetic
susceptibility data collected in a field of 1000 G. There is a transition at TN = 17 K. b.
First derivative of susceptibility to more clearly show the transition at 17 K. c. Inverse sus-
ceptibility, χ−1, as a function of temperature, T , of field-cooled and zero-field-cooled data
collected in 1000 G with a linear Curie-Weiss fit (black) between 150 K and 320 K which
gives θW = −136(3)K. d. Effective magnetic moment, µeff, as a function of temperature,
T , calculated using µeff =

√
8χT .
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Figure 5.9: Claringbullite. Magnetisation, M, as a function of field, H. a. Plots between
T = 2 K and 50 K show a hysteresis loop opening at T ≤ 15 K. b. At T = 2 K the sponta-
neous moment is 0.017 µB Cu−1 with a coercivity of 0.05 T.

hysteresis loop opens up indicating the ferromagnetic transition. At T = 2 K the

magnetisation has a spontaneous moment of ∼ 0.017 µB Cu−1, which is 0.9% of

the full ordered moment, and a coercivity of ∼ 0.05 T.

5.4.2 DC susceptibility of Zn-claringbullite

For Zn-claringbullite, ZFC and FC measurements were carried out in the same man-

ner as for the undoped claringbullite sample. A plot of the molar magnetic suscepti-

bility as a function of temperature (Figure 5.10a) shows no transition to long-range

order down to T = 2 K. A linear fit of χ−1 data between 150 K < T < 320 K gives

θW = −206(1)K (Figure 5.10b), in good agreement with the previously reported

θW = −223 K measured in a field of 1 T [7]. Below T = 150 K, the curvature in

χ−1 vs. T increases, indicating the build-up of short-range correlations. The fit

to the Curie-Weiss law gives a Curie constant of 0.538(1) emu K mol−1 Cu−1, so

µeff = 2.07 µB Cu−1. This is higher than the spin-only theoretical value as for clar-

ingbullite in Section 5.4.1, again indicates there is an orbital contribution to the

Landé g-factor. θW is more negative than for claringbullite, evidencing that Zn-

claringbullite has a stronger antiferromagnetic mean-field perhaps due to the Zn-

substitution weakening ferromagnetic exchange pathways. Figure 5.10c shows µeff

falls as temperature decreases as antiferromagnetic correlations are getting stronger,

but there is a plateau between T = 3 and 5 K that may evidence a competing increase

in ferromagnetic spin-spin correlations.
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Figure 5.10: Zn-claringbullite. a. Field-cooled (red) and zero-field-cooled (black) mag-
netic susceptibility data collected in a field of 1000 G. There is no transition down to
2 K. b. Inverse susceptibility, χ−1, of field-cooled and zero-field-cooled data collected
in 1000 G with a linear Curie-Weiss fit (black) between 150 K and 320 K which gives
θW = −206(1)K. c. Effective magnetic moment, µeff, as a function of temperature, T ,
calculated using µeff =

√
8χT . d. Magnetisation, M, as a function of field, H, at T = 2 K

showing a hysteresis loop with a spontaneous moment of ∼ 2×10−4 µB Cu−1 and a coer-
civity of ∼ 3×10−3 T.

Magnetisation, M, was measured as a function of applied field, H, at sev-

eral temperatures between T = 2 and 50 K (Figure 5.11a). At T = 2 K there

is a small hysteresis (see Figure 5.10d) with a spontaneous moment µFM ≈ 2×
10−4 µB mol−1 Cu−1, corresponding to 0.01% of the full ordered moment and in-

dicating a very weak ferromagnetic moment in the sample. The possibility that this

contribution is from a ferromagnetic impurity interaction can be explored using a

phenomenological function to fit the magnetisation for 2 ≤ T (K)≤ 50 given by

M(H)/Msat = (1− f )BJ(H)+ f , (5.1)
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where f accounts for a saturated ferromagnetic component in the sample. BJ(H) is

the Brillouin function given by

BJ(H) = tanh(gµBJH/kBTeff), (5.2)

where Teff = T +T0 and T0 is an effective temperature accounting for spin-spin in-

teractions (> 0 for antiferromagnetic and < 0 for ferromagnetic ones) [25, 26]. In

this case, g was taken as the value 1.84 derived from the high temperature effec-

tive moment µeff = 1.59 µB Cu−1. The variables f , T0 and Msat were allowed to

freely refine and the fits are shown in Figure 5.11 together with the fitted param-

eters at each temperature. The saturated ferromagnetic component, f , refines to

values close to zero for T ≥ 8 K and a value of 0.0659 at T = 2 K, indicating that

the ferromagnetic signal arises from a small part of the sample. The refined T0 val-

ues show a complicated behaviour of both ferro- and antiferromagnetic interactions

in the sample, which may be expected from contrast between the large negative

Weiss temperature indicative of a strong antiferromagnetic mean field and the small

hysteresis at T = 2 K signifying a ferromagnetic component. The magnitude of T0

is of the order of a few Kelvin, comparable to the defect spin interactions of ∼ 1 K

in herbertsmithite, which were also determined using M vs. H measurements [27,

28]. At T = 2 K, Msat refines to 0.0631 µB Cu−1 that is 3.6% of the theoretical spin-

only Cu2+ moment (1.73 µB Cu−1) and evidences a slow saturation with increasing

field as spin interactions become stronger in a highly frustrated system. For her-

bertsmithite Msat at T = 1.7 K was reported to have a value of ∼ 8%, which was

attributed to the saturation of defect spin interactions [27, 28].

There is also a possibility that the ferromagnetic signal is not intrinsic to Zn-

claringbullite, but instead arises from an impurity phase. Although an impurity

phase was not observed in the D2B diffraction data, previous syntheses of claring-

bullite and Zn-claringbullite have reported that possible impurities include poly-

morphs of clinoatacamite [15] or herbertsmithite [9]. Clinoatacamite is well-known

to order at T ≈ 6 K [29] and Figure 5.11b shows that for T ≤ 6 K the saturated

ferromagnetic component f has an increasing value. The percentage of a clinoata-



134 Crystallographic and bulk magnetisation studies of the claringbullite series

1 2 3 4 5 6 70 . 0 0
0 . 0 1
0 . 0 2
0 . 0 3
0 . 0 4
0 . 0 5

M 
(µ B

 Cu
-1 )

H  ( T )

 2  K
 4  K
 6  K
 8 K
 1 0  K
 1 5  K
 2 5  K
 5 0  K

0 1 0 2 0 3 0 4 0 5 0- 0 . 0 1
0 . 0 0
0 . 0 1
0 . 0 2
0 . 0 3
0 . 0 4
0 . 0 5
0 . 0 6
0 . 0 7

f
T e m p e r a t u r e  ( K )

0 5 1 0 1 5 2 0 2 5 3 0 3 5 4 0 4 5 5 0- 2
- 1
0
1
2
3

T 0 
(K

)

T e m p e r a t u r e  ( K )
0 1 0 2 0 3 0 4 0 5 0

0 . 0 6
0 . 0 8
0 . 1 0
0 . 1 2
0 . 1 4

M s
at (

µ B
 Cu

-1 )

T e m p e r a t u r e  ( K )

a. b.

c. d.

Figure 5.11: Zn-claringbullite. a. The red lines are fits to magnetisation, M, as a function of
field, H, using the modified Brillouin function given by equation 5.1. b. Variation of f with
temperature. c. Variation of T0 with temperature. d. Variation of Msat with temperature.

Temperature (K) f T0 (K) Msat (µB Cu−1)
2 0.0659 2.632 0.0631
4 0.02781 1.24667 0.06449
6 0.00355 −0.06047 0.0641
8 9.83·10−4 −0.53055 0.06867

10 3.03·10−4 −0.82799 0.07339
15 1.76·10−5 −1.35156 0.08338
25 2.39·10−5 −1.17662 0.10274
50 2.81·10−5 1.0134 0.14359

Table 5.9: Zn-claringbullite. Refined parameters corresponding to equation 5.1 and plotted
in Figure 5.11.

camite impurity can be estimated using the known value of its spontaneous moment

at T = 2 K (0.05 µB Cu−1 [30]) in comparison to the one observed in Figure 5.10d.

For a spontaneous moment of 2× 10−4 µB Cu−1, 0.4% of the sample would have
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to be clinoatacamite. Such a small impurity will not affect the magnetic excitations

measured using inelastic neutron scattering in Chapter 6 or the determination of

exchange interactions.

5.5 Magnetic structure refinement of claringbullite -

D20
To determine the magnetic structure of undoped claringbullite below the magnetic

phase transition at TN = 17 K observed in the magnetic susceptibility data (Section

5.4.1), neutron diffraction data were collected on the high-flux instrument D20 (λ =

2.41 Å). This instrument was chosen as the magnetic moment is small and the flux

of D2B is not high enough to observe its magnetic Bragg peaks. Measurements

were made above the transition temperature at T = 25 K, just below TN at T = 15 K

and at T = 1.7 K. The diffraction patterns at all temperatures (Figure 5.12) have very

similar intensities, making it difficult to extract the magnetic Bragg peaks without

a temperature subtraction. At T = 15 K magnetic Bragg peaks appear that become

more intense at T = 1.7 K, but no additional peaks are observed at base temperature

(Appendix B). The magnetic peaks are clear in the temperature subtraction of the

T = 1.7 and 25 K data (see Figure 5.14).

In the subtracted data there are 14 magnetic Bragg peaks which can be in-

dexed with the k = (0,0,0) propagation vector. Representation analysis using

the program SARAh, enabled the symmetry allowed irreducible representations

(irreps) for the Pnma crystal structure to be determined [31]. There are 3 Cu

sites in the unit cell: Cu1 and Cu2 make up the kagome plane at (0, 0, 0) and

(0.24665, 0.49629, 0.24920), respectively, and Cu3 occupies the interlayer site at

(0.19083, 1/4, 0.05052). The decomposition of the magnetic representation over

irreps of Gk is given in Kovalev’s notation [32] for these sites as:

Cu1 : ΓMag = 3Γ
1
1 ⊕0Γ

1
2 ⊕3Γ

1
3 ⊕0Γ

1
4 ⊕3Γ

1
5 ⊕0Γ

1
6 ⊕3Γ

1
7 ⊕0Γ

1
8, (5.3)

Cu2 : ΓMag = 3Γ
1
1 ⊕3Γ

1
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1
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1
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1
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1
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Cu3 : ΓMag = 1Γ
1
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1
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1
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The simplest scenario was initially considered, where the second-order mag-

netic transition involves only one irrep and so the irreps that are common to all 3

Cu sites are Γ1, Γ3, Γ5 and Γ7. Refinements in each of these irreps showed only Γ7

(magnetic space group Pn′m′a) to give a good fit to the data. The basis vectors in

Γ7 for each Cu site are given in Appendix B. In Γ7, Cu1 and Cu2 each have 3 basis

vectors, ψi for i = 1,2,3, where ψ1 and ψ2 result in a collinear antiferromagnetic

structure along the a and b crystallographic directions and ψ3 is a ferromagnetic

component along the c direction. Cu3 has 2 basis vectors in Γ7, corresponding to

an antiferromagnetic alignment of spins along the a direction and a ferromagnetic

component in the c direction. Allowing all mixing coefficients, Ci, for the basis

vectors in Γ7 to refine, results in the fit shown in Figure 5.14a (χ2 =5.15). The

magnetic structure is almost collinear in the a direction with a small canting in both

the b and c directions.

Since the structure was close to collinear, a refinement with a collinear struc-

ture along a was attempted to suppress the presence of canting and the refinement

is shown in Figure 5.14b. This structure does not predict the correct peak intensity

at ∼ 1.3 Å−1, so the out-of-plane rotation of the Cu2 spins and/or the ferromagnetic

canting of the Cu3 spins are important in describing the magnetic structure.
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Figure 5.12: Claringbullite D20 diffraction patterns (λ = 2.41 Å) collected at T = 1.7, 15
and 25 K. Their intensities are very similar making it difficult to observe the magnetic Bragg
peaks without a temperature subtraction.
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Several trials were made to minimise the number of basis vectors required to

describe the diffraction data and it was found that a similar result to Figure 5.14a

can be achieved with an almost collinear structure along the a direction, allowing

for antiferromagnetic canting of Cu2 along the b direction and ferromagnetic cant-

ing of Cu3 along the c direction. This refinement is shown in Figure 5.14c with

χ2 = 5.21, which is similar to allowing all basis vectors in Γ7 to freely refine. The

resulting magnetic structure is shown in Figure 5.13 with the magnetic moments of

Cu1, Cu2 and Cu3 equal to 0.266, 0.373 and 0.514 µB, respectively. The refined

mixing coefficients, Ci, for each scenario (all freely refined, collinear structure and

minimum number of required basis vectors) are shown in Table 5.10.

Figure 5.13: Claringbullite magnetic structure refined using temperature subtracted data
(T = 1.7 − 25 K) collected on the D20 diffractometer (λ = 2.41 Å). In Γ7 there are 3
Cu sites: Cu1 (blue); Cu2 (purple), distinguished between Cu2(1) and Cu2(2) due to their
different superexchange paths; and Cu3 (yellow). Cu1, Cu2 and Cu3 have ordered magnetic
moments of 0.266(8), 0.373(34) and 0.514(91) µB, respectively.
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Figure 5.14: Claringbullite, D20 data (blue). Magnetic structure refinements (red) with
peak positions shown in green and the difference plot in grey. a. All mixing coefficients,
Ci, allowed to freely refine. b. Collinear structure along the a direction. The arrow shows
where model peak intensity is lost. c. Refinement with the minimum number of Ci required,
as described in the text.
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Atom b-v
Ci

All Ci refined Collinear structure
along a

Minimum number
of Ci required

Cu1 ψ1 0.211(10) 0.264(9) 0.266(8)
ψ2 −0.0489(1) 0 0
ψ3 −0.051(23) 0 0

Cu2 ψ1 0.360(6) 0.367(3) 0.353(4)
ψ2 0.123(9) 0 0.120(11)
ψ3 0.003(39) 0 0

Cu3 ψ1 0.571(10) 0.495(7) 0.491(7)
ψ2 0.095(25) 0 0.153(27)

Table 5.10: The refined mixing coefficients, Ci, for each basis vector in Γ7 of the three Cu
sites (Cu1, Cu2 and Cu3) corresponding to the refinements shown in Figure 5.14. These
coefficients are for the basis vectors in Appendix B, Tables B.1-B.3.

5.6 Discussion
The crystallographic investigation of both x = 0 and 1 claringbullite samples in-

dicated that doping with Zn suppresses the crystallographic phase transition from

hexagonal to orthorhombic symmetry, and the high-symmetry kagome lattice is re-

tained down to T = 1.5 K. Importantly, the bulk magnetometry measurements in

this work are in agreement with the literature [7], showing claringbullite to have

long-range magnetic order below TN = 17 K and Zn-claringbullite to have no mag-

netic transition down to T = 2 K. Therefore, the Zn-claringbullite sample was a

suitable candidate to study exotic QSL physics using inelastic neutron scattering

measurements which will be described in Chapter 6.

The claringbullite magnetic structure refined in this thesis is similar to that of

the previously reported barlowite and crucially it is similar to the recently published

Cu site
Moment size (µB)
This work [15]

Cu1 0.266(8) 0.33
Cu2 0.373(34) 0.44
Cu3 0.514(91) 0.73

Table 5.11: Claringbullite moment sizes resulting from the magnetic structure refinements
in this work, compared to the literature reported values [15].
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magnetic structure of claringbullite based on a different powder sample, as well as

the iodide analogue [1, 15]. For the previously reported claringbullite sample, it

was found that at T = 1.5 K there is a mixture of a Pnma phase (∼ 70%) and a

P63/mmc phase (∼ 30%) [15], for which we don’t find evidence in our samples.

Nevertheless, comparing the two Pnma phases shows similar crystal structures with

a primitive unit cell volume of ∼ 704 Å3 reported in the literature [15], close to the

value of ∼ 706 Å3 for our sample. Despite the structural similarities, the magnetic

structure refined in the literature [15] has slightly larger magnetic moments than our

claringbullite sample and a comparison is shown in Table 5.11. Importantly, there

is agreement in the relative moment sizes being Cu1<Cu2<Cu3. As barlowite and

claringbullite are hydroxide materials that are structurally similar to clinoatacamite,

with the main difference being the stacking of the kagome layers, it is interesting to

note the similarities in their magnetic structures: clinoatacamite also has 3 distinct

Cu sites and a collinear structure [29].

5.7 Future work
As detailed in Chapter 3, the Cu/Zn antisite disorder in herbertsmithite has led to

an ongoing debate about whether its excitations are gapped and therefore the na-

ture of its quantum spin liquid ground state [33]. For this reason it is important to

quantify the extent of Cu/Zn antisite disorder in the quantum spin liquid candidate

Zn-claringbullite, as it could affect the interpretation of its magnetic excitations.

The powder neutron diffraction data presented in this chapter did not suggest the

presence of Cu/Zn site disorder, though it is challenging to refine accurate values

for the site substitution with powder neutron data. A more powerful method for

determining chemical disorder is anomalous x-ray diffraction, which uses element-

specific absorption edges to tune the x-ray wavelength and the results indicate the

site positions and abundances of the elements.

5.8 Conclusions
This chapter presented the syntheses, structural characterisations and bulk mag-

netometry measurements of claringbullite, Cu4(OD)6FCl, and Zn-claringbullite,
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ZnCu3(OD)6FCl. The diffraction measurements showed claringbullite to undergo

a crystallographic phase transition in agreement with the literature [4]. In contrast,

it was found that Zn-claringbullite retains its hexagonal P63/mmc symmetry down

to T = 1.5 K. The bulk magnetometry measurements indicated claringbullite under-

goes a magnetic phase transition at TN = 17 K, similar to that reported in [4], with an

antiferromagnetic component below T = 9 K. On the other hand, Zn-claringbullite

shows no transition to long-range magnetic order in agreement with the literature

[7], but contrary to the previous report we find very weak ferromagnetism in the

sample. This is either intrinsic to our Zn-claringbullite sample or arises from an im-

purity phase. An analysis of the saturated ferromagnetic component arising from an

impurity (orphan spins or phase impurity) showed it to order below T ≈ 6 K, which

may be attributed to a 0.4% clinoatacamite impurity phase in the sample. This is

too small to be observed in the D2B diffraction data and will not affect the magnetic

excitations presented in the Chapter 6, as the structure factor is linearly dependent

on the phase fractions in the sample. Diffraction measurements on claringbullite

were also used to determine its magnetic structure, that was found to be remarkably

similar to barlowite and its iodide variant, and in good agreement with the recently

reported magnetic structure of powder claringbullite samples [15, 34].
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Chapter 6

Magnetic excitations in the

claringbullite series,

ZnxCu4-x(OD)6FCl for x = 0 and 1

6.1 Introduction

Chapter 5 discussed the crystal structures and bulk magnetometry data for the x = 0

and x = 1 samples of the claringbullite series, ZnxCu4−x(OD)6FCl, as well as the

magnetic structure refinement of the x = 0 material. Claringbullite itself under-

goes a crystallographic phase transition from P63/mmc to Pnma at low temperature,

whilst x = 1 Zn-claringbullite retains its P63/mmc symmetry down to T = 1.5 K.

The magnetic susceptibility showed our claringbullite sample to have a magnetic

transition at T = 17 K, whereas Zn-claringbullite (x = 1 sample) showed no signa-

ture of a transition to long-range order down to T = 2 K. This chapter will present

inelastic neutron scattering (INS) measurements on claringbullite and the x = 1 Zn-

doped sample, herein also referred to as Zn-claringbullite, using the same samples

discussed in the previous chapter.

INS was used to measure the spin wave spectrum of claringbullite below the

transition temperature, with the goal of determining the energy scales and the ex-

change interactions that govern the system. Since the crystal structures of the x = 0

and x = 1 samples have similar bonding geometries, the exchange interactions in
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both samples were initially expected to be similar. Naively, it was hoped that

determining the exchange interactions in claringbullite would allow those of Zn-

claringbullite to be estimated. As will be detailed in this chapter, we found claring-

bullite to have a 3-dimensional magnetic system quite far from the 2-dimensional

kagome of Zn-claringbullite, making it difficult to map the exchanges from one

system to the other. Therefore, an attempt was made to estimate the exchange in-

teractions for the two materials independently. Linear spin wave theory was used

to analyse the INS data of claringbullite and led us to propose an exchange inter-

action model that captures the main features of the observed spin waves. For Zn-

claringbullite, an analysis of the spin correlations in Q and E was used to determine

the nature of the exchange interactions. The INS results and analyses are discussed

for each sample separately and followed by a comparison of the two systems.

6.2 Inelastic neutron scattering on claringbullite
The energy range of the magnetic excitations of claringbullite were determined by

an INS experiment on MERLIN, ISIS. Experiments on PANTHER and IN5 at the

ILL, were then carried out to study the magnetic excitations in detail with targeted

incoming energies, lower temperatures and longer counting times. Measurement

conditions used on PANTHER and IN5 are listed in Table 6.1 for reference through-

out this section.

6.2.1 Initial measurements - MERLIN

To get an overview of the excitation energies of claringbullite, a 5.17 g deuterated

powder sample was measured on MERLIN, ISIS. Figure 6.1 shows data collected

above and below TN = 17 K at T = 7 and 55 K, with incident neutron energies

Ei = 17 and 41 meV. With Ei = 41 meV the elastic line extends up to ∼4 meV

and for Q > 3 Å intense phonons are seen to dominate S(Q,E). At T = 7 K, there

is an intense band centred at 11 meV and spin wave branches coming down at

Q = 1.2 and 2.4 Å−1 that are gapped, a feature more easily seen in the PANTHER

data (Section 6.2.2). At T = 55 K, the 11 meV branch remains and is most likely

phonon scattering (Section 6.2.4 gives a more detailed analysis of its origin). At
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high temperature, the spin waves become more diffuse and the gap closes. In the

Ei = 17 meV data at T = 7 K, there is evidence of an additional magnetic signal

below 3 meV that is much more intense than the Q = 1.2 Å−1 spin wave branch.

Due to its low intensity, the high-energy excitation cannot be seen in Figures 6.1c

and d. When temperature increases to T = 55 K, the low-energy magnetic scattering

collapses. Although with Ei = 17 meV both magnetic responses could in principle

be measured, longer counting times would be required as the magnetic scattering of

the higher energy excitation is much weaker.

a. b.

c. d.

Figure 6.1: Claringbullite, S(Q,E) measured on MERLIN. Top. T = 7 K and bottom.
T = 55 K with left. Ei = 41 meV and right. Ei = 17 meV. At T = 7 K, there are two
magnetic excitation responses: a band at 11 meV with gapped spin wave branches at Q= 1.2
and 2.4 Å−1; and below 3 meV.
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6.2.2 High-energy excitations on PANTHER

To investigate the high-energy excitation extending up to ∼ 10 meV, measurements

were made on the thermal-neutron time-of-flight spectrometer PANTHER. A 4.94 g

sample was loaded into an annular aluminium cylinder with outer diameter 15 mm

and inner diameter 12 mm, attached to a sample stick and inserted into a standard

orange cryostat. A summary of the conditions for the data collected is given in

Table 6.1.

T (K)
Ei (meV)

3.55 5.11 10.43 19.2 35

1.6-1.8 IN5 IN5 IN5 PANTHER PANTHER
25 IN5 IN5 IN5 PANTHER PANTHER
100 - - - PANTHER PANTHER

Table 6.1: Summary of the measurement conditions used on IN5 and PANTHER for clar-
ingbullite.

The data reduction was done as described in Chapter 4. Empty can measure-

ments were made for all incident energies at T = 1.8 K and subtracted from the

sample data. Plots of the reduced S(Q,E) data collected with an incident neutron

energy of 35 and 19.2 meV at T = 1.6, 25 and 100 K are shown in Figure 6.2.

The Ei = 35 meV data allows for a comparison with the Ei = 41.10 meV MERLIN

data (Figures 6.1a and b). At T = 1.8 K, S(Q,E) is again dominated by strong

phonons for Q > 3 Å−1 and there is no low-Q scattering above ∼ 17 meV (Figure

6.2a). Flat bands are seen at 11 and 14 meV, and their origin will be discussed in

Section 6.2.4. As seen in the MERLIN data, there is an excitation at Q ∼ 1.2 Å−1

that is gapped, which at T = 25 K (Figure 6.2c) becomes gapless. These features

become clearer in the Ei = 19.2 meV data (discussed in the next paragraph). In

Figure 6.2d at T = 100 K the Q ∼ 1.2 Å−1 excitation has become completely dif-

fuse. At this temperature there is intense scattering extending from the elastic line

at low-Q, which represents neither magnetic nor phonon scattering. In neutron scat-

tering experiments, this type of scattering can sometimes occur from the recoil of

gaseous molecules. Attempts to explain this scattering with gases that may have

been present during the experiment such as 4He or air (N2), were unsuccessful. The
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a. b.

c. d.

e. f.

Figure 6.2: Claringbullite, S(Q,E) from PANTHER measured with Ei = 19.2 meV (left.)
and Ei = 35 meV (right.) at T = 1.8 K (a.-b.), T = 25 K (c.-d.) and T = 100 K (e.-f.).

observed scattering is most intense at low energy transfers and is not present in the

high-energy high-Q region where phonons dominate, unlike true recoil gas scatter-

ing. It was concluded that this scattering arises from the sample, but its origin is un-

clear as it cannot be immediately attributed to magnetic or phonon excitations. This

scattering caused issues in temperature subtractions, particularly with the T = 25 K
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data where it interferes with the gapless column of scattering at Q ∼ 1.2 Å−1.

The Ei = 35 meV data indicated that there is no magnetic scattering above

17 meV, so the Ei = 19.2 meV data is more appropriate to analyse the high-energy

magnetic excitation. At T = 1.8 K (Figure 6.2b) the elastic line extends from 0 to

∼ 3 meV (dark red region). Acoustic phonons are seen at e.g. ∼ 2.2 Å−1 and optical

phonons appear as bands at e.g. 6 and 12 meV that have Q2 dependent intensity.

The spin wave centred at Q = 1.25 Å−1 is clearly gapped below 5 meV giving a

bandwidth of 8.3 meV. Its centre is closest to the (−1, 1, 1) Bragg peak at 1.17 Å−1,

in agreement with the k = 0 propagation vector observed in the neutron diffraction

data on D20 (Section 5.5). Again, there is evidence of magnetic scattering at low Q

in the tail of the elastic scattering, which can also be seen in the MERLIN data with

Ei = 17.08 meV (Figure 6.1c).

At T = 25 K the magnetic inelastic scattering becomes more diffuse in Q and

the energy gap closes, indicating the presence of strong short-range correlations. At

T = 100 K no magnetic excitations are seen in S(Q,E) (Figure 6.2f), showing that

these correlations vanish. This behaviour is in agreement with the DC susceptibil-

ity measurements, which show an onset of magnetic correlations below T = 150 K

(Section 5.4.1). Since the high-energy excitation persists up to T = 25 K, a tem-

perature subtraction with the T = 100 K data is more appropriate, but care must be

taken with an over-subtraction in the phonon region. χ ′′(Q,E) at T = 100 K (Fig-

a. b.

Figure 6.3: Claringbullite, PANTHER data. a. χ ′′(Q,E) at T = 100 K. b. Temperature
subtraction ∆χ ′′(Q,E,T =1.8−100 K).
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ure 6.3a), obtained by dividing S(Q,E) by the Bose population factor (see equation

4.19), was subtracted from χ ′′(Q,E) at T = 1.8 K, that is almost equal to S(Q,E) at

this temperature (Figure 6.2b), to give Figure 6.3b. As discussed earlier for Figure

6.2e, at T = 100 K there is scattering extending up in energy transfer from the elas-

tic line that cannot be assigned to magnetic or phonon scattering. This scattering

causes a slight over-subtraction near the elastic line in the temperature subtraction

(Figure 6.3b), but it does not affect the gapped high-energy excitation. Figure 6.3b

reveals a magnetic excitation centred at ∼ 1.2 Å−1 and a weak band at 10 meV. The

origin of the latter will be discussed in Section 6.2.4.

The data collected on PANTHER and MERLIN for the claringbullite sample

at T = 1.8 K, show a gapped spin wave excitation near Q = 1.25 Å−1 that becomes

gapless and diffuse above TN. Additional magnetic scattering at low Q in the tail

of the elastic scattering was also observed, but could not be resolved in these data.

To carry out a similar investigation of the behaviour of this lower energy magnetic

scattering, data were collected on the IN5 spectrometer as detailed in the next sec-

tion.

6.2.3 Low-energy excitations on IN5

To investigate the low-energy excitation, measurements were made on the cold-

neutron time-of-flight spectrometer IN5 using the same sample and aluminium

cylinder as for PANTHER. A summary of the data collected is in Table 6.1. The

raw data were reduced in the same manner as those from PANTHER, except no

empty can measurements were made so only a flat background was subtracted. Us-

ing Ei = 10.43 meV, the low-energy excitation at T = 1.6 K is most easily seen from

a temperature subtraction in χ ′′(Q,E) (Figure 6.4a). It has many spurious features

e.g. at 2 meV on the edge of the kinematic window and at 2 Å−1, so the Ei = 5.11

and 3.55 meV data sets were combined in order to analyse the whole bandwidth of

the low energy excitation (Figures 6.4c-e). χ ′′(Q,E) at T = 25 K is plotted in Fig-

ure 6.4b and it very clearly shows that the Q = 1.2 Å−1 excitation is gapless. The

scattering at 2 meV extending from low-Q and also at 2 meV at 1.6 < Q < 2 Å−1 is

spurious scattering as it cannot be seen in Figures 6.4c-e which correspond to data
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a. b.

c. d.

e.

Figure 6.4: Claringbullite, IN5 data. a. Ei = 10.43 meV temperature subtraction of
the dynamic susceptibility, ∆χ ′′(Q,E)=χ ′′(Q,E,T = 1.5 K)−χ ′′(Q,E,T = 25 K). b. Ei =
10.43 meV χ ′′(Q,E) at T = 25 K. The gap between the two excitations clearly fills in. c.
Combined Ei=3.55 and 5.11 meV S(Q,E) at T = 1.6 K and d. T = 25 K. e. χ ′′(Q,E) at
T = 25 K of combined Ei=3.55 and 5.11 meV data.
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collected with lower incident neutron energies.

At T = 1.6 K, the low-energy magnetic excitation seen on MERLIN (Figure

6.1c) and hinted to in the PANTHER data (Figures 6.2a and b) is shown on IN5

to be gapped with strong features in both Q and E (Figure 6.4c). It is centred at

2.1 meV with branches extending above and below it, and two flat bands at 2.1

and 2.9 meV. The energy gap evidences anisotropy in the system, a characteristic

seen in previous electron spin resonance (ESR) measurements on single crystals

that were used to suggest the presence of easy-plane anisotropy [1]. In Figures 6.4c

and e, the band-like intense feature at E = 0.2 meV and extending up to Q ∼ 1 Å−1

is spurious scattering from the cryostat. Above TN, at T = 25 K, the excitation

collapses becoming diffuse and revealing short-range dynamic spin correlations, in

agreement with the magnetic susceptibility measurements (see Chapter 5).

6.2.4 Results and analysis

The observations on IN5 and PANTHER, indicate that below the magnetic transition

temperature claringbullite has two magnetic excitations, which are gapped from

each other and have a zero-energy gap. For the discussion below, the data sets from

all incident neutron energies on IN5 and PANTHER were combined.

The Q-dependence of the spectra was used to differentiate the magnetic ex-

citations from the phonons. Figure 6.5a shows SQ(E)=
∫ Q+δQ

Q−δQ S(Q,E)dQ, inte-

grated over 1.1 < Q < 1.3 Å−1 and 1.6 < Q < 1.8 Å−1 at T = 1.8 K, where

the magnetic excitations are expected to be strongest. The additional intensity at

Q = 1.2 Å−1 compared to Q = 1.7 Å−1 below 10 meV indicates magnetic scatter-

ing. Between 11 meV and 13 meV a band was seen in the S(Q,E) spectra (Figure

6.2), but the SQ(E) intensity is nearly Q-independent. Further clarity can be gained

by looking at the behaviour of this peak with temperature. SQ(E) integrated over

1.1 < Q < 1.4 Å−1 at all temperatures are compared in Figure 6.5b. At T = 1.8 K

there are two magnetic responses. The low-energy excitation has a 0.45 meV gap

from zero-energy, peaks at 2.3 meV and extends up to 3.22 meV giving a band-

width of 2.77 meV. It is separated from the high-energy excitation by a 1.78 meV

gap, which appears to have non-zero intensity due to a background from multi-
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a. b.

Figure 6.5: Claringbullite, PANTHER and IN5 combined data of Ei = 3.55, 5.11, 10.43,
19.2 and 35 meV. a. T = 1.8 K SQ(E) integrated over 1.1 < Q < 1.3 Å−1 (black) and
1.6 < Q < 1.8 Å−1 (orange). b. χ ′′

Q(E) integrated over 1.0 < Q < 1.4 Å−1 at T = 1.8
(black), 25 (orange), 100 (purple) and 1.8−100 K (blue).

ple scattering events or incoherent scattering that can be explained by the ∼ 4% H

content found in the Rietveld refinements (Chapter 5). The high-energy excitation

extends from 5 to 13.3 meV resulting in a bandwidth of 8.3 meV.

At T = 25 K, χ ′′
Q(E) shows the low-energy response becomes completely dif-

fuse, whilst conserving the total area of the magnetic response. As seen in the

S(Q,E) spectra (Figure 6.2), above TN the gap between the low- and high-energy

excitations closes, and a vertical column of scattering remains. At T = 100 K,

the intensity of χ ′′
Q(E) decreases further as the excitation becomes even more dif-

fuse with increasing temperature. The shape of the peak at 11 meV stays constant

with temperature indicating it is a phonon band, but its intensity decreases with

increasing temperature, evidencing a broad magnetic response below the phonon

peak. This behaviour is most easily visualised with a temperature subtraction (Fig-

ure 6.3). A temperature difference of χ ′′
Q(E) between the T = 1.8 and 100 K data is

also plotted in Figure 6.5b. A slight over-subtraction is seen, due to the scattering

arising from low-Q discussed earlier (see Figure 6.3a), but it clearly shows the high-

energy broad magnetic response from 5 meV to 13.3 meV. Higher energy excitation

bands were assigned to optical phonons: Figure 6.5a shows a peak appearing at
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∼14 meV with increasing Q, and Figure 6.5b shows that above 15 meV χ ′′(Q,E)

remains similar with temperature.

Figure 6.6 shows χ ′′
E(Q)=

∫ E+δE
E−δE χ ′′(Q,E)dE, integrated over different E

ranges: in the gap at 4.0 < E < 5.0 meV, through the spin wave excitation at 5 <

E < 7 meV, in the lowest energy excitation band at 11.0 < E < 12 meV, and in the

higher energy excitation bands at 13.5 < E < 14.5 meV and 14.5 < E < 15.5 meV.

In each plot above 7 meV, the red line corresponds to the Q-dependence of incoher-

ent phonons and follows the form

Iph(Q) = a+bQ2exp
(−Q2⟨u2⟩

3

)
, (6.1)

where a is a flat background term accounting for multiple scattering, b is a scaling

factor for the phonon Q2 contribution and the exponential term is the Debye-Waller

factor [2]. The variables a, b and c were adjusted in each energy range. In Figure

6.6a taken at T = 1.8 K, no clear peak at low-Q is seen as the energy range is in the

gap between the two excitations, but at T = 25 K there is a peak at Q ∼ 1.2 Å−1

as the excitation becomes ungapped. At T = 100 K the spurious scattering seen

in Figure 6.3a meant χ ′′
E(Q) could only be assessed for Q > 2.5 Å−1. χ ′′

E(Q) does

not overlap at all temperatures, but this is most likely an issue with the Bose fac-

tor correction in the T = 100 K data, which assumes that the phonon scattering is

temperature independent. In Figure 6.6b there is a clear peak centred at ∼1.2 Å−1

corresponding to the spin wave excitation, which becomes more diffuse with tem-

perature and disappears at 100 K in line with the S(Q,E) spectra. In Figure 6.6c,

up to 2 Å−1 there is a peak which loses intensity with increasing temperature in-

dicating that the response is magnetic, and above 2 Å−1 the intensity stays similar

with increasing temperature, so the subsequent modulations correspond to coherent

phonon scattering superposed on the incoherent one. Going to higher energy trans-

fers in Figures 6.6d and e, the intensity at all three temperatures is similar indicating

no magnetic scattering at low temperature and the peak centred at 3 Å−1 is coherent

phonon scattering. At high Q in Figure 6.6e, the χ ′′
E(Q) responses do not overlap at

all temperatures, which again is probably due to an issue with the Bose
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c.

b.

e.

a.

d.

Figure 6.6: Claringbullite, PANTHER data. χ ′′
E(Q) integrated over different energy transfer

ranges at T = 1.8 K (black), 25 K (orange) and 100 K (purple). a. 4.0 < E < 5.0 meV. b.
7.0 < E < 8.0 meV. The arrow indicates the peak corresponding to the magnetic scattering
which at T = 100 K becomes completely diffuse. c. 11.0 < E < 12.0 meV. d. 13.5 <
E < 14.5 meV. e. 14.5 < E < 15.5 meV. The red lines show the phonon ∼ Q2 dependence
(equation 6.1).
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factor. χ ′′
Q(E) indicates that the excitation bands seen in Figure 6.3b correspond to

phonons. The phonons in this sample change with temperature from T = 1.8 K to

T = 100 K leading to an under-subtraction in χ ′′(Q,E).

The dispersion of the high-energy excitation was characterised using tempera-

ture subtracted data integrated over various energy ranges, ∆χ ′′
E(Q), with a width of

0.5 meV. Figure 6.7a shows Gaussian fits (with a linear background) to two peaks

and the results are in Figure 6.7b. The peaks are centred at Q = 1.25(1) Å−1, close

to the (−1, 1, 1) Bragg peak, and at Q = 1.91(2) Å−1, close to the (0, 0, 2) Bragg

peak. The peak centre of the Q= 1.25 Å−1 peak remains relatively constant with in-

creasing energy transfer and the increase in the full-width half-maximum (FWHM)

with increasing energy transfer indicates a dispersive excitation. The extracted peak

areas confirm ∆χ ′′
Q(E) plotted in Figure 6.5b. The second peak at Q = 1.91 Å−1 is

much weaker and not clearly seen in the ∆χ ′′(Q,E) spectrum (Figure 6.3b).

The E and Q dependence of the low-energy excitation was also investigated.

SE(Q) integrated over various energy ranges is shown in Figure 6.8 at T = 1.6 K

and 25 K. At low temperature, the excitation has two branches originating from

Q ∼ 0.50 and ∼1.18 Å−1, best seen in the 1.2 < E < 1.3 meV scan (Figure 6.8a),

corresponding to the (1, 0, 0) and (0, 1, 1) magnetic Bragg peaks. These two dis-

persive branches seem to join each other at Q = 0.76 Å−1 and E = 2.0 meV with

maximal intensity. Above 2.0 meV the excitations continue to disperse but the in-

tensity decreases. At T = 25 K, we saw from the S(Q,E) spectra (Figure 6.4d) that

the excitation has collapsed. χ ′′
E(Q) (Figure 6.8b) shows that down to the lowest

resolved energy transfers, 0.45 < E < 0.5 meV, the intensity of the excitation and

its peak centre remain similar at 0.73 Å−1.

To characterise the low-energy excitation, SQ(E) integrated over 0.1 Å−1

widths between 0.5 and 2 Å−1 at T = 1.6 K is shown in Figure 6.9a. The ex-

citation has several peaks in energy, with the most intense one at ∼ 2 meV, the

centre of the excitation. The peak position changes as Q increases, showing a dis-

persive excitation with an energy gap. The zero-energy gap was determined using

∆χ ′′
Q(E)= χ ′′(E,T =1.6 K)−χ ′′(E,T =25 K), integrated over 0.8 < Q < 1.0 Å−1
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Figure 6.7: Claringbullite, PANTHER data collected with Ei = 35 meV. a. ∆χ ′′
E(Q)=

χ ′′
E(Q,T = 1.8 K)−χ ′′

E(Q,T = 25 K) (black). The red lines are Gaussian fits with a linear
background. b. Results of Gaussian fits. The main spin wave branch has an average centre
at 1.25(1) Å−1 (vertical blue line). The increase in the full-width half-maximum (FWHM)
with increasing energy transfer indicates a dispersive excitation. The peak area of the exci-
tation supports the observation in Figure 6.3b that it is most intense at ∼ 8 meV.

a.

b.
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Figure 6.8: Claringbullite, IN5 data collected with Ei = 3.55 and 5.11 meV. a. SE(Q) inte-
grated over energy transfer ranges between 0.45 and 3.5 meV at T = 1.6 K. The excitation
is strongest at ∼ 2 meV with a peak at 0.7 Å−1. b. χ ′′

E(Q) integrated over energy trans-
fer ranges between 0.45 and 2.0 meV at T = 25 K. The excitation has a similar shape and
intensity as E increases.

being careful to avoid the low-energy spurious scattering. The linear part in energy

was extrapolated, as shown in Figure 6.9b, to give a gap of 0.45 meV. Similarly the

linear part of the excitation above 2.7 meV was extrapolated to 3.22 meV, allowing

an estimate of the bandwidth of 2.77 meV.
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Figure 6.9: Claringbullite, combined data of Ei = 3.55 and 5.11 meV collected on IN5. a.
SQ(E) at T = 1.6 K integrated over widths of 0.1 Å−1 from 0.5 to 2 Å−1, clearly showing
a dispersive excitation at low energy. b. ∆χ ′′

Q(E) obtained from the subtraction χ ′′
Q(E,T =

1.6 K)−χ ′′
Q(E,T = 25 K), integrated over 0.8 < Q < 1.0 Å−1. The red lines are linear

extrapolation of the intensity of the magnetic excitation between 0.55 and 1.05 meV, and
2.7 and 3.2 meV (black dashed lines). They give low-energy gap of 0.45 meV and an upper
limit of 3.22 meV (bandwidth of excitation is 2.77 meV).
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In the absence of static magnetic order, above TN, quasi-elastic scattering

would be expected to dominate the magnetic scattering. This relaxation is com-

monly described by an exponential decay of the correlation function with time.

The dynamic structure factor is the Fourier transform of the correlation function in

space and time, and that of an exponential decay function is a Lorentzian [2]. To

characterise the diffuse excitation, SQ(E) integrated over 0.7 < Q < 0.9 Å−1 was

fitted with the quasi-elastic Lorentzian function, appropriate for paramagnetic sys-

tems (Figure 6.10), as was done previously for kapellasite [3]. The quasi-elastic

Lorentzian (QEL) function is given by

χ
′′(E) =

χ ′
QEΓ

E2 +Γ2 , (6.2)

where χ ′ is the real part of the total magnetic susceptibility, E is the energy and Γ is

the line width [3]. Γ represents the characteristic decay time, τ , of the magnetisation

correlation function and is given by

Γ = ℏ/τ. (6.3)

b.a.

Figure 6.10: Claringbullite, IN5 combined data of Ei = 3.55, 5.11 and 10.43 meV at
T = 25 K. χ ′′

Q(E) integrated between 0.5 and 0.8 Å−1. At E < 0.5 meV there is spuri-
ous scattering (Figure 6.4d). a. The red and purple lines are two quasi-elastic Lorentzian
functions with Γ = 0.7 and 0.9 meV, respectively. Neither fit represents the data well. b.
The red line is a squared QEL fit between 0.3 < E < 3.0 meV as described in the text.
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Figure 6.10a shows two attempts to fit the energy dependence of the diffuse ex-

citation with a QEL with a small and large Γ but neither describe the data well. This

indicates that this excitation cannot simply be described with a single relaxation

time.

An attempt was also made to fit this excitation with a damped harmonic oscil-

lator (DHO) fit, as previously done for herbertsmithite [4], given by

χ
′′(E) ∝

4
π

ΓE
(E2 −E2

0)
2 +4Γ2E2 , (6.4)

where Γ is the line width and corresponds to the relaxation rate of the excitations,

and E0 is the energy of the DHO mode. The least-squared fits did not give stable

E0 values, but pointed to overdamped excitations where Γ > E0. This damping

may arise from strong spin fluctuations [4] and an attempt was made to fit the data

with a squared QEL that describes an overdamped collective spin excitation (or

overdamped magnon) in the limit of the characteristic energy E0 being much smaller

than the line width, Γ:

χ
′′(E) =

2Eχ ′Γ3

(E2 +Γ2)2 , (6.5)

where the terms are defined as in equation 6.2. The fit is shown in Figure 6.10b

with Γ = 1.77(1) meV and χ ′
Q = 49.3(1). Up to 3 meV, the squared QEL function

is a better description of χ ′′
Q(E) than the simple QEL. The tail of the excitation is

not well fitted, but the χ ′′(Q,E) plot in Figure 6.4b shows there may be some con-

tribution from the high-energy excitation. Figure 6.4e clearly shows that integrating

over a narrower Q range will not isolate the tail of the low-energy excitation as there

is other scattering for E > 2.5 meV at all Q values.

This section detailed a qualitative analysis of the magnetic excitations observed

for claringbullite above and below its magnetic phase transition at TN = 17 K. Be-

low TN, spin waves are seen that can be modelled using semi-classical linear spin

wave theory to determine the exchange interactions, as will be described in Section
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6.2.5. Above TN, the non-Lorentzian E dependence of the magnetic excitations can

be described by a squared quasi-elastic Lorentzian function indicating overdamped

excitations and a correlated paramagnetic state. This state will be compared to the

QSL state of the x = 1 Zn-doped variant, Zn-claringbullite, in Section 6.4.1.

6.2.5 Modelling the exchange interactions

It is often challenging to determine the defining exchange interactions of disor-

dered magnetic phases, such as a quantum spin liquid (QSL), from powder inelastic

neutron scattering (INS) spectra, and place it in a QSL phase diagram. An initial

estimate of the sign and magnitude of the exchange interactions can be made us-

ing the Curie-Weiss temperature in a mean-field calculation, as will be done below

for claringbullite. Often, a more precise determination of the exchanges requires

complex analytical models that have been developed for a particular Hamiltonian

[5]. However, materials with long-range magnetic order have spin wave excitations,

which can be modelled using tools like linear spin wave theory (LSWT) to deter-

mine the exchange interactions. The key steps of the LSWT method were outlined

in Chapter 1. While such analysis is typically done using single crystals, our group

has previously accomplished this using powder INS data for the S = 1/2 kagome

magnets vesignieite [6] and haydeeite [7]. In both cases the Hamiltonians were sim-

ple and included two parameters: the former had two exchanges, whereas the latter

had one anisotropic symmetric exchange interaction with the degree of anisotropy

being the second parameter.

Claringbullite and Zn-claringbullite have similar bonding geometries with

kagome ∠Cu-O(D)-Cu superexchange angles of 115-121° and 117°, respectively.

Therefore, their exchange interactions were hypothesised to be similar and by de-

termining the exchanges from the magnetically ordered phase of claringbullite we

aimed to place Zn-claringbullite in a spin-liquid phase diagram. However, we note

some key points that indicate claringbullite deviates from an isotropic kagome sys-

tem, which complicates the mapping of the exchange interactions from the x = 0 to

the x = 1 sample:

• Aside from the orthorhombic distortion in claringbullite, which may lift the
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degeneracy of exchange interactions from these of a symmetric kagome lat-

tice, the system would not necessarily be 2-D. Depending on the spin cou-

plings, claringbullite may have stronger 3-D exchange coupling than the 2-D

kagome layers in Zn-claringbullite. Looking at the Cu-Cu distances of the

x = 0 sample in Table 5.6, there is no clear distinction between those within

the kagome triangles and those connecting to the interlayer Cu3, suggest-

ing 3-D magnetic behaviour. The strength and sign of the exchange inter-

actions for nearest-neighbour (n.n.) spins, are governed by the Cu-O(D)-Cu

superexchange angles (also in Table 5.6) and comparison with the literature

[8] indicates a clear separation between the antiferromagnetic exchanges in

the kagome triangles and the ferromagnetic ones between both Cu1 and Cu2

with Cu3.

• The kagome component of the refined magnetic structure of claringbullite is

not that of any regular magnetic order (RMO) on the kagome lattice described

in [9] —a spin flip in the kagome triangle would be required to achieve a

RMO.

• Claringbullite has strong anisotropy evidenced by the zero-energy gap seen

in the inelastic spectra, and suggested by previous barlowite single crystal

magnetometry measurements [10].

Nevertheless, determining the exchange interactions of claringbullite is interesting

in its own right as it could help further our understanding of the coupling between

kagome layers, the exchange model of clinoatacamite [11] and provide a compari-

son to the exchanges proposed for barlowite, Cu4(OH)6FBr, obtained from density

functional theory (DFT) calculations and tenth order high-temperature series ex-

pansion analysis of the magnetic susceptibility [12, 13].

As detailed in Chapter 2, long-range magnetic order occurs as a result of ex-

change interactions that are able to select a coherent ground state from the frustrated

possibilities. The sum of the exchange interactions can be determined using mean-

field theory, where it is assumed that each magnetic atom couples to the resulting
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magnetic field of all other magnetic atoms. For a Heisenberg model, the sum of the

exchanges, J′, can be related to the Curie-Weiss temperature [14] by

θW = −2
3

S(S+1)∑
i j

J′i j. (6.6)

The sum is taken over all i j indices independently and hence counts each bond

twice, with opposite directions. The negative sign in equation 6.6 comes from

the defined spin Hamiltonian in Chapter 2, where J′ > 0 corresponds to antifer-

romagnetic exchange interactions. For a single n.n. isotropic symmetric exchange

interaction J′, equation 6.6 can be simplified so that for z nearest neighbours, the

summation becomes zJ′ [14]. The high temperature region of the magnetic suscep-

tibility was used to determine θW = −136 K (see Chapter 5). Assuming a kagome

system with S = 1/2 and z = 4, gives an antiferromagnetic J′ = 68 K≈ 5.9 meV.

To be comparable to the results of linear spin wave theory described below, which

uses a single counting of Cu-Cu bonds, a factor of 2 difference must be considered

giving J = 2J′ ≈ 11.7 meV.

Linear spin wave theory is a common tool that can be used to estimate the

strongest exchange interactions. Calculating the spin wave spectra for the regular

kagome lattice with the k = 0 and
√

3×
√

3 structures, showed the bandwidth of

the spin wave excitations to be E ≈ 2JS and for S = 1/2, E = J [15–17]. Interest-

ingly, if claringbullite were a kagome system then E = 11.6 meV, which is in good

agreement with the top of the high-energy excitation. However, claringbullite may

be best described as a 3-D system, as reasoned above, with corresponding complex-

ity that would suggest that a more intricate combination of various exchanges. INS

spectra of these were shown in Figures 6.2, 6.3 and 6.4 and are shown again in Fig-

ure 6.12. The main features of the excitations are the two responses at ∼ 10 meV

and ∼ 2 meV, which are separated by a 1.8 meV finite energy gap and have a zero-

energy gap of 0.45 meV.

To model the spin wave spectra of claringbullite, semi-classical linear spin

wave theory was used as realised in the program SpinW [15]. The SpinW input

consisted of the lattice parameters and space group of the primitive unit cell, the
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lattice coordinates of the magnetic atoms, the directions of the spins determined

from the magnetic structure and the exchange interactions. The Hamiltonian used

was

H = ∑
<i j>

Ji jSi ·S j +Di j ∑
<i j>

(Si ×S j), (6.7)

where the sum is over pairs of sites i j (the brackets in the summation indicate

single-counting of bonds) and Di j represents the antisymmetric and anisotropic

Dzyaloshinskii-Moriya interaction (DMI). The exchange model used and referred

to throughout this section is shown in Figure 6.11. The reasoning behind this model

will be explained below, but it is now important to introduce the exchange interac-

tion labels: the n.n. exchange interactions in the kagome triangles are approximated

to be equal to J1; there are three ‘tripod’ exchange interactions from Cu3 to Cu1 and

Cu2 (Jt1, Jt2 and Jt3); an exchange between the kagome layers Jc; and three second

Figure 6.11: Claringbullite magnetic structure refined from D20 data at T = 1.7 K (left.)
and redrawn with relevant exchange interactions on the right.. The black arrows indicate
the directions of the DMI vectors parallel to the b and c directions. The exchanges with the
corresponding Cu-Cu distances are given in Table 6.2.

Ji d (Å)
Jt1 2.801
Jt2 3.104
Jt3 3.169
J1 3.317 - 3.353
Jc 4.354 - 4.797
J2 5.768 - 5.798

Table 6.2: Claringbullite Cu-Cu distances corresponding to the exchange interactions
shown in Figure 6.11.
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n.n. exchanges in the kagome layers approximated to be equal to J2. The approxi-

mations are based on similar Cu-Cu bond distances (see Table 6.2) and Cu-O(D)-Cu

superexchange pathways. The directions of the DMI vectors on Jt1, Jt2, Jt3 and two

of the three J1 interactions are also illustrated in Figure 6.11.

The previous DFT calculations and tenth order high-temperature series expan-

sion (HTSE) fitting to inverse susceptibility data, were used to calculate the ex-

change interactions for barlowite with Cm symmetry (space group no. 8) [12]. At

low temperature, barlowite and claringbullite crystallise in the Pnma space group

and have similar magnetic structures that may be described in the Γ7 irreducible

representation using Kovalev’s notation [18]. Our claringbullite sample and the

Cm barlowite structure have similar ∠Cu-O(H/D)-Cu superexchange angles in the

kagome triangles: 115 - 121° in claringbullite and 117° in barlowite [12]. Therefore,

despite the magnetic moments in our claringbullite sample being slightly smaller

than those previously reported for barlowite [19], the exchange interactions in the

two materials are expected to be similar. For the Cm barlowite structure, DFT

and HTSE calculations led to the proposal of the following exchange couplings:

a single antiferromagnetic J1 ≈ 11.3 meV; two ferromagnetic ‘tripod’ exchanges

(Jt1 ≈−17.1 meV and Jt2 = Jt3 ≈−2.76 meV); a weak Jc ≈ 0.43 meV; and a Cu3-

Cu3 exchange (1.38 meV) involving two Jt1 pathways [12]. This exchange model

involves five parameters, which is a sizeable refinement phase space and highlights

the fact that the magnetic structure is expected to be the consequence of many com-

peting interactions.

As aforementioned, there is evidence of strong anisotropy in claringbullite and

the most common type of anisotropic exchange in related kagome systems, such as

herbertsmithite [20], is the DMI. The relative magnitude of the symmetric exchange

and the antisymmetric DMI can be expressed in terms of the gyromagnetic ratio, g,

and its difference with the free electron value, ∼ (∆g/g)J [21]. Previous magneti-

sation measurements on single crystals of barlowite indicated |D|/J1 ≈ 0.006−0.1

[12, 22]. In other Cu-based frustrated systems, the DMI has been found to be ∼ 8%

in herbertsmithite [23] and 16% in the triangular antiferromagnet Cs2CuCl4 [24].



170 Magnetic excitations in the claringbullite series

The exchange model suggested using the previously mentioned DFT and

HTSE calculations in the literature [12], led to a Hamiltonian that was not diag-

onalizable in SpinW, suggesting different relative magnitudes of these exchanges or

the necessity of other further-neighbour ones. Simplifying it to exclude the weak

Cu3-Cu3 exchange and/or Jc did not help to stabilise the magnetic structure, but in

later calculations Jc was found to improve the simulated spectra and so was kept in

the exchange models.

Stabilising the magnetic structure was found to be extremely challenging and

the phase space of five parameters (four symmetric exchange values and the magni-

tude of the antisymmetric DMI) was too large to be probed solely based on SpinW

calculations due to the computational resources required. To probe this exchange

phase space and determine regions where the experimental magnetic structure was

stabilised, a new Monte Carlo-like program, Serendipity, was developed and ap-

plied [25]. Serendipity uses a symmetry analysis of the crystal structure above TN

to generate a set of possible isotropic exchange interactions and DMIs to incorpo-

rate into a model. Many possible exchange value combinations were generated and

their eigenvectors of the symmetric exchange matrix were tested against the experi-

mental structure and the Weiss temperature. Those that were compatible with these

requirements were then tested against their ability to stabilise the observed mag-

netic structure with respect to possible magnetic phases associated with the various

irreducible representations of Gk. The dimensionality of the phase space resulting

from around 106 trial exchange combinations per model makes its stability region

challenging to visualise and so the results were filtered into clusters, such as J1 > 0,

J2 > 0, |Jt1| > |Jt2| > |Jt3| and Jc > 0. Each model-type was trialled in SpinW

against the INS data and used to guide the SpinW calculations to regions of phase

space where the experimentally observed magnetic structure was stable.

The magnetic structure used as the basis for Serendipity included the ordered

magnetic moment sizes refined from the D20 data, whereas linear spin wave the-

ory considers an "intrinsic" spin S = 1/2 rather than the ordered moment sizes. As

claringbullite is an insulator, it is expected that the electrons are well-localised and
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behave as S = 1/2 spins. However, it may be important to consider the fact that

the ordered magnetic moments are significantly reduced from the full 1 µB, likely

due to quantum fluctuations, and such a reduction in the intrinsic spin length could

lead to a change in both the energies and intensities of some spin wave modes. For

this study S = 1/2 was used and exchange interactions were trialled and compared

with the experimental data. Qualitatively this was done by inspection of the calcu-

lated S(Q,E) spectra and quantitatively by using SQ(E) and SE(Q) integrated over

various Q and E ranges.

A requirement of LSWT is that the magnetic structure is an energy minimum

of equation 6.7. Therefore, the classical optimisation optmagsteep in SpinW [15]

was used to relax the structure determined by diffraction, creating a minimal model

whereby Cu1 was rotated by ∼ 90° in the a− c plane, Cu2 was rotated by ∼ 96°

out of the kagome plane and Cu3 was rotated by ∼ 10° in the a− c plane (17° was

refined from the D20 data). The ferromagnetic canting of Cu3 was further stabilised

by |D| = 0.05Jt3 along the b direction. It was found that |D|/Jt3 had to be slightly

larger than |D|/Ji parallel to the b direction (see Figure 6.11) to prevent Cu3 from

rotating out of the a− c plane. The inclusion of the DMI introduced a zero-energy

gap, in some cases with an appropriate size of ∼ 0.5 meV. Further refinements of the

size of the DMI, can only be done when more accurate exchanges are determined.

As the parameter phase space was sizeable, it was efficient to use a Monte

Carlo script for SpinW [26] to test a range of exchange values predicted by

Serendipity. This script calculated spin wave spectra and compared them to the

experimental data using two SQ(E) scans integrated over 0.63 < Q < 0.83 Å−1

and 1.1 < Q < 1.3 Å−1. A goodness-of-fit value, χ2, was used to assess the best

results. The number of Monte Carlo cycles was determined by doubling the num-

ber of possible values for each parameter in an energy range E with step size dE

and multiplying out the possibilities for all parameters. Typically only two or three

parameters were refined against each other, with each exchange being allowed to re-

fine in a 2 meV range with a 0.1 meV step size — for a two-parameter refinement,

for example, the number of Monte Carlo cycles was 1600.
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The condition in SpinW that the Hamiltonian must be diagonalizable, led to the

conclusion that further neighbour exchanges outside the tetrahedra were required.

The Cu2 spins in the magnetic structure (Figure 6.11) form antiferromagnetic chains

along b, which can freely rotate in the a-c plane. Our diffraction refinements indi-

cated the rotation angle to be 18° out of the kagome plane, which likely results from

a combination of competing symmetric exchanges and a DMI. Models with a fur-

ther neighbour exchange in the kagome plane were explored to stabilise the rotation

angle of the Cu2 spins. Trials were made with second n.n. exchanges, J2, third

n.n., J3, and exchanges across the diagonals of the kagome hexagons, Jd . Inclusion

of J3 and/or Jd did not result in spectra similar to the experimental data, whereas

J2 improved the calculations. Models outputted from Serendipity with both ferro-

and antiferromagnetic J2 were trialled, but only the latter was found to stabilise

the structure. Furthermore, an in-plane DMI parallel to the c direction of 0.03Ji be-

tween Cu2 and Cu1/Cu3 was used to help stabilise the structure (see Figure 6.11). It

was also found that the bandwidth of the low-energy response relies on the different

magnitudes of Jt1, Jt2 and Jt3 so three distinct values were required.

The calculated spin wave spectra of one of the exchange models that best de-

scribes the observed data, though not a unique solution, is shown in Figure 6.12.

This is an eight parameter model as the in and out-of-plane DMI had to be slightly

different to stabilise the Cu3 and Cu2 spin canting in and out of the a− c plane,

respectively. The calculated spectra with Ei = 35 meV clearly indicates two mag-

netic responses at high and low energy, as observed in the experimental data. The

excitations at ∼ 18 meV are not clearly seen in the experimental data, but it should

be noted that most of the predicted intensity lies outside the experimentally acces-

sible kinematic window. Looking at the data simulated with Ei = 19.2 meV, shows

a magnetic excitation centred at Q ≈ 1.2 Å−1 that extends from ∼ 5 to 13 meV as

seen in the experimental spectra. This is separated by a gap from a lower energy

magnetic response. Although the low energy response is ∼ 0.5 meV lower than

the experimental data, it comprises of two bands with spin wave branches coming

out from above and below it. Importantly the low-energy response is more intense



6.2. Inelastic neutron scattering on claringbullite 173

than the higher energy one as seen in experiment. Based on the crystal structure the

Curie-Weiss temperature was calculated by

θW = −S(S+1)
3

[
4

16 ∑
<i=1, j>

Ji jSi ·S j

+
8

16 ∑
<i=2, j>

Ji jSi ·S j +
4

16 ∑
<i=3, j>

Ji jSi ·S j

]
, (6.8)

where the summations are taken over the mean fields of each Cu atom (Cu1, Cu2

and Cu3 indicated by i = 1, 2 and 3, respectively) in the primitive orthorhombic

unit cell containing 16 Cu atoms. For the best exchange model (see Figure 6.12),

θW =−95 K in close agreement with −136 K, determined from DC susceptibility

(Chapter 5), particularly considering that many further neighbour exchanges around

the F– ion have not been taken into account.

In this model, the exchange coupling between kagome planes Jc is ∼ 30% of

J1. Halving its value results in the spectra shown in Figure 6.13. This compari-

son shows that Jc has an effect on all magnetic excitations: reducing Jc causes the

bandwidth of the magnetic excitation at ∼ 10 meV to decrease and the low-energy

excitation to lose intensity relative to the high-energy excitation, whilst moving up

in energy transfer. It should be noted that models from Serendipity with ferromag-

netic Jc were also trialled as the Cu1 and Cu2 spins in consecutive kagome layers

are aligned parallel with respect to the a direction. However, these led to spectra

that were less representative of the experimental data.

The ‘tripod’ exchanges were mainly found to affect the excitation at ∼ 2 meV.

An example is shown in Figure 6.13, where Jt3 has been reduced by 1 meV com-

pared to Figure 6.12. The width in both Q and E of the ∼ 10 meV excitation largely

remains the same, whereas the ∼ 2 meV excitation has a smaller bandwidth and a

higher intensity.

The examples shown here evidence the intricacies of the exchange interactions,

and the complexity of a model with so many parameters. However, these calcula-

tions do show that the main features of the experimental data can be captured with

a model of six exchanges and reasonable DMI values. Numerous attempts to fur-
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ther refine these exchanges were made, and a better model has not been found to

date. These results highlight the importance of the interlayer exchange, as well as a

further neighbour interaction within the kagome layers, in understanding the mag-

netic behaviour of claringbullite. It is possible that further neighbour exchanges are

present, but this model has already pushed the limits of what can be learnt from

these powder INS data. A better, more accurate model, would likely be dependent

on future single crystal INS data. The fact that the exchange models from Serendip-

ity were unable to stabilise a model of S = 1/2 spins in SpinW with the relative

spin orientation angles found from diffraction, signifies the possible limitations in

using semi-classical linear spin wave theory for frustrated systems with significantly

reduced moment sizes.
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Figure 6.12: Claringbullite calculated spin wave spectra (left.) with the corresponding
exchange interactions in the table, that represent the best reproduction of the experimental
data (right.). The directions of the DMI are shown in Figure 6.11. The dashed white lines
indicate the kinematic windows for the corresponding incident neutron energies. SE(Q) and
SQ(E) scans of the calculated (blue) and experimental (red) data are shown at the bottom.
This exchange model provides the best reproduction of the experimental features.
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Figure 6.13: Claringbullite calculated spin wave spectra for the exchange interactions in the
tables that trial changing Jc and Jt3 from the values refined in Figure 6.12. The directions of
the DMI are shown in Figure 6.11. The dashed white lines are the kinematic windows for the
corresponding incident neutron energies. (Left.) The Jc value has been halved with respect
to the best model (i.e. Jc = 2 meV), shown in Figure 6.12, which affects the bandwidth
of the ∼10 meV excitation, the energy transfer value of the ∼ 2 meV excitation and their
relative intensities. (Right.) The Jt3 value has been increased by 1 meV to Jt3 = −4.9 meV
with respect to Figure 6.12, which mainly affects the bandwidth of the ∼ 2 meV excitation.
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6.3 Inelastic neutron scattering measurements on

Zn-claringbullite
The susceptibility results (Section 5.4) show that the Zn-claringbullite sample does

not have a magnetic phase transition down to T = 2 K and that its magnetic proper-

ties are governed by short-range correlations. As for the x = 0 sample, the best way

to probe its excitations is through INS. Since the two samples have similar crystal

structures, the exchange interactions are also expected to be similar, which would

cause the magnetic excitations to be in the same energy window. To measure the

excitation spectra, data were collected on the cold-neutron time-of-flight spectrom-

eter LET at the ISIS Neutron and Muon source, summarised in Table 6.3. The INS

results with a quantitative analysis will be given, followed by a more quantitative

analysis giving the signs of the exchange interactions in this system.

T (K) Ei (meV)
1.7

1.64 2.82 5.96 20.03
50.0

Table 6.3: Summary of INS data collection conditions for Zn-claringbullite measured on
LET with incident neutron energies Ei at two temperatures T .

6.3.1 Magnetic excitations on LET

For the experiment on LET, the same 7.00 g deuterated sample measured on D2B

was loaded into an 8 mm vanadium can. Plots of the reduced S(Q,E) collected

with the three higher incident energies are shown in Figure 6.14. The data collected

with Ei = 1.64 meV are included in Appendix C and were not used in the analysis

due to the poor statistics. At T = 1.7 K with Ei = 20.03 meV (Figure 6.14a), the

data are dominated by phonons for Q > 2 Å−1 and there is a magnetic excitation at

Q ∼ 1.3 Å−1 extending up to ∼ 10 meV. This is most easily seen in a temperature

subtraction in χ ′′(Q,E) between the T = 1.7 and 50 K data, shown in Figure 6.17.

Similar to claringbullite, there is evidence of magnetic scattering in the tail of the

elastic line below 2 Å−1, clearly seen in Figure 6.14c. This excitation shows a

gapless smooth continuum centred at ∼ 0.7 Å−1 and extending up to 2 meV. Both
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a. b.

c. d.

e. f.

Figure 6.14: Zn-claringbullite, S(Q,E) from LET with incident neutron energies of Ei =
20.03 meV, Ei = 5.96 meV and Ei = 2.82 meV (top.-bottom.) at temperature of T = 1.7 K
(left.) and T = 50 K (right).
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high- and low-energy excitations become more dissipated in Q and energy at higher

temperatures, but persist up to at least T = 50 K (right column of Figure 6.14)

indicating strong short-range correlations. SQ(E) and SE(Q) at high and low tem-

peratures were used to distinguish the magnetic excitations from the phonon contri-

bution.

6.3.2 Results and analysis

Starting with the high-energy excitation, Figure 6.15a shows SQ(E) at T = 1.7 K

obtained by integrating over two Q ranges: between 1.2 and 1.4 Å−1 where the in-

elastic magnetic excitation is observed, and in the range 1.6 < Q < 1.8 Å−1 where

there is no visible magnetic excitation or acoustic phonon (see Figure 6.14a). Below

11 meV there is less intensity in the lower Q range, indicating that up to and includ-

ing the first peak at ∼ 10 meV there is a magnetic excitation and the second peak

at ∼ 12 meV is a phonon. The behaviour of the excitation centred at ∼ 1.3 Å−1

with temperature is shown in Figure 6.15b. When temperature increases, χ ′′
Q(E)

loses intensity below 11 meV, whereas the second peak changes little, confirming

the magnetic origin of the contribution below 11 meV.

Similar to undoped claringbullite, the magnetic excitations and phonons are at

a. b.

Figure 6.15: Zn-claringbullite, LET data with Ei = 20.03 meV. a. At T = 1.7 K, SQ(E)
integrated over 1.2 < Q < 1.4 Å−1 (black) and 1.6 < Q < 1.8 Å−1 (orange). b. χ ′′

Q(E)
integrated over 1.2 < Q < 1.4 Å−1 at T = 1.5 (black) and 50 K (orange).
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very similar energies, particularly the bands at 10 and 12 meV. χ ′′
E(Q) obtained by

integrating χ ′′(Q,E) over various energy ranges are shown in Figure 6.16 at both

high and low temperatures. Up to 10 meV the excitation peak is clearly seen at

∼ 1.3 Å−1 and loses some intensity with temperature, whereas the phonon contri-

butions above Q = 2 Å−1 have similar intensities. Between 11 and 12 meV (Figure

6.16c) and similarly between 13.5 and 14.5 meV (Figure 6.16d), the change in in-

c.

b.a.

d.

Figure 6.16: Zn-claringbullite, LET Ei = 20.03 meV data. χ ′′(Q,E) integrated over various
energy ranges at 1.7 K (black) and 50 K (orange). a. 5.0 < E < 6.0 meV and b. 9.0 < E <
10.0 meV, showing the peak of the magnetic excitation centred at ∼ 1.3 Å−1. c. 11.0 <
E < 12.0 meV. d. 13.5 < E < 14.5 meV. The red lines show the incoherent phonon ∼ Q2

dependence (equation 6.1).
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tensity between 1 Å−1 and 2 Å−1 does not show clear evidence of a magnetic con-

tribution. From these χ ′′
E(Q) plots it was concluded that there is no clear magnetic

contribution to the excitations above ∼ 10 meV.

The magnetic scattering close to Q = 1.3 Å−1 arises from short-range corre-

lations in the system and its centre can be used to identify the type of short-range

correlations present. The centre of the excitation was determined using tempera-

ture subtracted data, ∆χ ′′(Q,E), shown in Figure 6.17. The temperature subtraction

served to remove the phonon contributions (both optical and acoustic), but it should

be noted that some magnetic intensity is lost since the excitation persists beyond

T = 50 K. ∆χ ′′(Q,E) was integrated between different energy transfer ranges to

obtain ∆χ ′′
E(Q) and was fitted with a Gaussian function and flat background (Figure

6.18). Figure 6.18 shows the peak centre is at 1.29(3) Å−1, independent of energy.

The FWHM changes little in Q, indicating a non-dispersive excitation with an av-

erage value of 1.00(5) Å−1. The average FWHM results in a correlation length of

6.3(3) Å that is ∼ 1.1 kagome hexagons. The peak area decreases with increasing

energy transfer as expected from ∆χ ′′(Q,E)(Figure 6.17).

A similar analysis can be done for the low-energy diffuse excitation, most

clearly seen in Figures 6.14c and e. SE(Q) was obtained by integrating over dif-

Figure 6.17: Zn-claringbullite LET Ei = 20.03 meV data. ∆χ ′′(Q,E) at T = 1.7− 50 K
showing magnetic scattering centred at Q = 1.29 Å−1 and extending up to ∼ 10 meV.
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ferent energy transfer ranges with a 0.2 meV width and also fitted with a Gaussian

function and a flat background term (Figure 6.19). The extracted peak centres have

an average value of 0.685(4) Å−1 and the peak areas increase as E → 0, as is also

seen from the S(Q,E) spectra. The FWHM in Q decreases slightly with increas-

ing energy up to ∼ 0.8 meV, after which it stays relatively constant. The average

value is 0.75(2) Å−1 giving a correlation length of 8.4(2) Å that is ∼ 1.2 kagome

hexagons, which is similar to the result from the high-energy excitation. From the
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(Å
−

1
)

4 5 6 7 8
E (meV)

0.0

0.5

1.0

1.5

2.0

F
W

H
M

(Å
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Figure 6.18: Zn-claringbullite. a. ∆χ ′′
E(Q) from a temperature subtraction T = 1.7−50 K

of LET Ei = 20.03 meV data (grey). The range used for the fits is in black. The solid red
lines are Gaussian fits with a flat background (dashed line). b. Results from the Gaussian
fits. The average peak centre is 1.29(3) Å−1 (horizontal orange line). The average FWHM
is 1.00(5) Å−1 (horizontal orange line) and the peak area decreases with increasing energy.
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−1

)

0.0

2.5

5.0

7.5

10.0

12.5

S
E

(Q
)

(a
rb

.
u

n
it

s)

1.4 < E < 1.6 meV

0.0 0.5 1.0 1.5 2.0

|Q| (Å
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Figure 6.19: Zn-claringbullite, LET Ei = 5.96 meV data. a. SQ(E) integrated over succes-
sive energy transfer ranges with a width of 0.2 meV. The red lines are Gaussian fits with a flat
background term (dashed line). b. The average peak centre (orange line) is 0.685(4) Å−1.
The average FWHM is 0.75(2) Å−1. The peak area decreases with increasing energy trans-
fers as expected from the S(Q,E) plots in Figure 6.14.

Gaussian fits, both excitations indicate short-range correlations in the system of

similar distances.

The classical phase diagram for the kagome lattice, considering first, second,

third and across-hexagon diagonal exchange interactions, has been calculated by

Messio et. al., and is found to be dominated by the so-called "regular magnetic

orders (RMOs)" [9]. To identify the type of short-range correlations present in

the x = 1 system, the Q positions of the excitations were compared to those of the
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RMOs. Table 6.4 lists the expected Q positions of structures with k= 0, k=(1
2 ,0,0)

and k = (1
3 ,

1
3 ,0). The magnetic excitations centred at Q = 0.68 and 1.29 Å−1 are

closest to the positions predicted for k = 0. In general, this propagation vector

either corresponds to a ferromagnetic state or an antiferromagnetic k = 0 structure

on the kagome lattice. The latter is the case for Zn-claringbullite as the magnetic

susceptibility results show a strong antiferromagnetic mean field.

k = 0 k = (1
2 ,0,0) k = (1

3 ,
1
3 ,0)

h k l |Q| (Å−1) h k l |Q| (Å−1) h k l |Q| (Å−1)

0 0 1 0.69 1
2 0 0 0.55 1

3
1
3 0 0.63

0 1 0 1.09 1
2 0 1 0.88 1

3
1
3 1 0.93

1 0 1 1.29 −1
2 1 0 0.94 2

3
2
3 0 1.26

0 0 2 1.37 −1
2 1 1 1.17 2

3
2
3 1 1.43

Table 6.4: Expected reflections for the propagation vectors k = 0, k = (1
2 ,0,0) and k =

(1
3 ,

1
3 ,0), with lattice parameters a = b = 6.659 Å, c = 9.173 Å, α = β = 90° and γ = 120°.

In Zn-claringbullite, short-range correlations are observed at Q = 0.68 and 1.29 Å−1.

It is notable that the excitation spectrum of the x = 1 sample at T = 1.7 K

is extremely similar to that of the x = 0 sample at T = 25 K, in its cooperative

paramagnetic state. The crystallographic studies showed the diamagnetic doping

away from x = 0 to be primarily on the interlayer sites, therefore the similarities

between these spectra suggests that the low-energy response at Q = 0.68 Å−1 is

due to the kagome layers. The high-energy excitation is present in both samples,

evidencing strong coupling between the spins within the kagome plane.

The energy dependence of the magnetic scattering centred at 0.682 Å−1 was

obtained by SQ(E) integrated over 0.6 < Q < 0.8 Å−1 of combined Ei = 2.82 meV

and Ei = 5.96 meV data (Figure 6.20). It appears to be quasielastic, gapless and

relaxational. The maximum peak intensity is close to the lowest energy transfers

resolved, making it difficult to fit with a QEL function (equation 6.2) as illustrated

in Figures 6.20a and b for two different values of Γ. A larger Γ improves the de-

scription of the peak maximum but a smaller Γ is better able to describe the tail.

These fits show that a QEL cannot accurately represent the experimental data, indi-
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b.a.

d.c.

Figure 6.20: Zn-claringbullite, LET combined data of Ei = 2.82 and 5.96 meV. a. T =
1.7 K. χ ′′

Q(E) integrated over 0.6 < Q < 0.8 Å−1 (black). The red line is a QEL function
(equation 6.2) with Γ = 0.43 meV. b. Same data as in (a.) with a QEL function with
Γ = 0.25 meV. c. Same data as in a. with a squared QEL function (equation 6.5) with
Γ = 1.09(1) meV. d. T = 50 K. χ ′′

Q(E) integrated over 0.6 < Q < 0.8 Å−1 with a QEL fit
as described in the text.

cating that this excitation is not governed by a single relaxation time and additional

correlations are present [3]. An attempt was also made to fit this excitation with

a squared quasi-elastic Lorentzian function (equation 6.5) and the fit is shown in

Figure 6.20c with Γ = 1.09(1) meV and χ ′
Q = 26.3(3). This function describes an

overdamped excitation in the limit of the characteristic energy being much smaller

than the line width Γ. The tail of the data for E > 3 meV is not well-described,

possibly due to the background arising from incoherent scattering of protons in the

sample. The fit suggests that the excitation is gapless down to the lowest accessible
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energy transfer of 0.27 meV. However, local-probe techniques such as µSR or NMR

would be required to determine the size of a gap smaller than this.

At 50 K, the diffuse excitation persists so a similar analysis was done.

χ ′′
Q(E) was integrated over 0.5 < Q < 1.0 Å−1and the QEL fit is shown in Fig-

ure 6.20d. It describes the data well up to 3 meV, giving Γ = 1.28(2) meV so

τ = 5.14(8) ·10−13 s. The observation that the QEL function is a much better rep-

resentation of the T = 50 K data indicates the presence of more "classical" spin

fluctuations described by a single relaxation time, similar to those expected in a

paramagnet. On the other hand, the insufficiency of the QEL at low temperature

suggests that in this region quantum fluctuations are important.

6.3.3 Short-range order

The inelastic neutron scattering results of Zn-claringbullite (x = 1 sample) show

that the magnetic system is dominated by short-range magnetic correlations down

to T = 1.7 K. A zeroth- and first-moment analysis [27, 28] was used to determine

the spin-spin correlations and the sign of the dominant exchange interactions in Zn-

claringbullite. The exchange interactions that are relevant to this analysis are shown

in Figure 6.21, with the corresponding Cu-Cu distances given in Table 6.5.

The Q-dependence of the zeroth moment of the diffuse magnetic scattering,

Figure 6.21: Zn-claringbullite structure determined from the D2B data Rietveld refinement
at T = 1.5 K (Chapter 5), showing only the kagome Cu (blue) and interlayer Zn (grey)
atoms, with the exchange interactions defined in Table 6.5.
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i di (Å) Ji

1 3.33 J1

c1 4.60 Jc1

c2 5.68 Jc2

2 5.77 J2

3 6.66 J3

d 6.66 Jd

Table 6.5: Zn-claringbullite Cu-Cu bond distances, di, for bond i with the associated ex-
change interaction, Ji. The distances were determined from the D2B data Rietveld refine-
ment at T = 1.5 K (Chapter 5).

was analysed to determine the nature of the spin correlations using the reverse

Monte Carlo (RMC) technique [28]. For an isotropic paramagnet, it is given by

Smag(Q) =
∫

∞

−∞

S(Q,E)dE (6.9)

=
2
3
|g f (Q)|2S(S+1)

(
1+

1
N ∑

i, j
⟨Si ·S j⟩

sin(Qdi j)

Qdi j

)
, (6.10)

where N is the number of spins in the system, f (Q) is the magnetic form factor

and ⟨Si · S j⟩ are the spin correlations between spins separated by a distance di j.

The diffuse magnetic scattering was separated from the incoherent phonons and

normalised to absolute units by doing a Rietveld refinement on the elastic scattering,

as described in Chapter 4. Smag(Q) was calculated by integrating over the magnetic

diffuse scattering in S(Q,E) in the range 0.1 < E < 12.0 meV and SPINVERT [28]

was used to fit the range 0.11 < Q < 1.98 Å−1 to exclude the first coherent phonon

near Q = 2 Å−1. The program SPINVERT only accepts unit cells with orthogonal

axes as input, so the P63/mmc unit cell was converted to its maximal subgroup

Cmcm with a = 11.5359 Å, b = 6.6603 Å and c = 9.1741 Å, containing 12 Cu2+

atoms. The RMC fit was run with 1000 moves per spin for 10 independent cycles

to assess the consistency of the results. Box sizes of 6× 6× 6, 10× 10× 10 and

12× 12× 12 unit cells were trialled and it was found that it was unnecessary to
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use a larger box than the 10× 10× 10 supercell (containing 12000 spins) as the

refinement began to over-fit the data at low Q. For the 10 × 10 × 10 supercell,

three fits are shown as an example in Figure 6.22a indicating consistent results for

each independent run. The refined effective magnetic moment from SPINVERT,

µeff = 1.705(1) µB, is in good agreement with the spin-only value of 1.73 µB, which

gives confidence to these results.

The program SPINCORREL [28] was used to calculate the average spin cor-

relations over ten independent cycles. For each box size up to a Cu-Cu distance

d3,d = 6.660 Å, they are compared in Figure 6.22b and reach a plateau after the
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Figure 6.22: Zn-claringbullite LET data. a. S(Q,E) integrated between 0.1 and 12.0 meV
as a function of Q. The full data set is shown in grey and the black region was used for the
RMC fits (Fit 1, 2 and 3). b. Spin pair correlation function up to di = 6.66 Å for different
box sizes. c. Spin pair correlation function for the 10×10×10 box size.
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10× 10× 10 supercell. For the 10× 10× 10 supercell, the spin correlations up to

di = 20 Å are plotted in Figure 6.22c. The most significant correlation is for the

interlayer distance, dc1 ≈ 4.56 Å, and is negative, indicating antiferromagnetic cou-

pling between kagome layers. The first neighbour correlation in the kagome plane

is also antiferromagnetic, as expected from the large negative Weiss temperature.

For di ≥ 8.8 Å the correlations become increasingly smaller and average to around

zero.

The first moment of the magnetic scattering for powder averaged data [27], is

given by

⟨E⟩=
∫

∞

−∞

Smag(Q,E)EdE =
2
3

∣∣∣g
2

f (Q)
∣∣∣2 1

N ∑
r,d

Jd⟨Sr ·Sr+d⟩
(

sinQd
Qd

−1
)
,

(6.11)

where the sum is taken over all Cu-Cu bond distances d = |d| and all spins, Sr+d. Jd

are the exchange interactions, and ⟨Sr ·Sd⟩ are the spin correlations. The magnetic

form factor, | f (Q)|2 is given by

| fCu2+(Q)|2 = (Ae−as2
+Be−bs2

+Ce−cs2
+D)2 (6.12)

for the magnetic atom Cu2+, where s = |Q|/4π , A = 0.0232, a = 34.9686, B =

0.4023, b = 11.5640, C = 0.5882, c = 3.8428 and D = −0.0137 [29]. The data

were normalised to absolute units as for SPINVERT. The Cu-Cu distances up to a

separation of 6.66 Å (3rd n.n. distance) were taken into account (see Table 6.6 and

Figure 6.21). The 3rd n.n., J3, and the kagome diagonal, Jd , have the same distance

and cannot be differentiated in this type of analysis. Equation 6.11 thus becomes

⟨E⟩ ∝ | f (Q)|2 1
N ∑

i
Ai

(
sinQdi

Qdi
−1
)
, (6.13)
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where the number of atoms N = 3 and the bond energies Ai are:

A1 = 12J1⟨S0 ·Sd1⟩, (6.14)

Ac1 = 6Jc1⟨S0 ·Sdc1⟩, (6.15)

Ac2 = 24Jc2⟨S0 ·Sdc2⟩, (6.16)

A2 = 12J2⟨S0 ·Sd2⟩, (6.17)

A3 = 12J3⟨S0 ·Sd3⟩+6Jd⟨S0 ·Sd3⟩. (6.18)

For this analysis S(Q,E) was multiplied by E and integrated between 0.1 and

12.0 meV, consistent with the zeroth-moment analysis, and equation 6.13 was used

to fit the data using least-squares minimisation. Figure 6.23a shows each bond

energy contribution plotted separately and it is evident that the curve yielded by

i = 1 (1st n.n. with J1) best represents the position of the first peak, but not the

peak amplitude. Figure 6.23b shows combinations of different terms to improve the

fit, and since the curves yielded by i = 2 and i = c2 are very similar (see Figure

6.23a), A2 and Ac2 were set to be equal. Least squares minimisation quickly results

in highly correlated refined variables when the number of parameters is more than

about three, but Figure 6.23b shows that three parameters are not adequate to fit the

peak near Q = 1.2 Å−1. The best fit was found to require at least four Ai parameters

and is shown by the blue curve in Figure 6.23b. These fits indicate that contributions

from longer bonds are important at low Q. The Ai values for the best fit are shown

in Figure 6.23c.
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Figure 6.23: Zn-claringbullite LET data at T = 1.5 K. First moment of S(Q,E) obtained
by integrating over combined data with Ei = 2.82,5.96 and 20.03 meV, between 0.1 and
12 meV (black) and normalised per formula unit. The first moment sum rule (equation
6.13) was used for the fits. a. Separate terms for the unique Cu-Cu bond distances in Table
6.6. b. Different models attempted. The best fit (blue) required all four Ai parameters
(A2 = Ac2) with a reduced χ2 value of 8.41. c. Bond energies, Ai, resulting from the best fit
in b..
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Due to the limited Q range in the first moment, it was not possible to accurately

refine the bond energies. However, their signs can be used to determine whether the

exchange interactions are ferro- or antiferromagnetic. Combining the signs of the

spin correlations with those of the bond energies results in the exchange signs shown

in Table 6.6. They indicate a largely antiferromagnetic system, in agreement with

the large negative Weiss temperature of −261 K.

i di (Å) Ji Sign of Ji

1 3.33 J1 +

c1 4.60 Jc1 +

c2 5.68 Jc2 +

2 5.77 J2 +

3, d 6.66 2J3 + Jd −

Table 6.6: Zn-claringbullite Cu-Cu bond distances, di, for bond i are given with the associ-
ated exchange interaction, Ji and the resulting sign of Ji from the spin correlations and bond
energies determined in the zeroth- and first-moment analyses. Ji > 0 indicates an antiferro-
magnetic exchange interaction.

The Q positions of the magnetic excitations suggest k= 0 type short-range cor-

relations in Zn-claringbullite. Assuming a dominant first neighbour interaction and

negligible interlayer couplings, a J3 − Jd classical phase diagram for the kagome

lattice can be constructed [9]. For J1 = 1 and J2 = 0 this is shown in Figure 6.24a,

indicating that for a system to have k = 0 type order, J3 and/or Jd must be ferro-

magnetic. For a small antiferromagnetic J2 this would still be the case (see Figure

6.24b). The consistency between the nature of the exchange couplings and the char-

acteristic wave vector of the inelastic magnetic excitations, lends confidence to the

results of the zeroth- and first-moment analyses.
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a. b.

Figure 6.24: Classical phase diagrams for J3 − Jd on a regular kagome lattice with J1 = 1
and a. J2 = 0 or b. J2 = 0.2. The grey regions are spiral states. The black lines show the
relation 2J3 + Jd = 0.

6.4 Discussion
This chapter has presented the results of the INS experiments for claringbullite and

Zn-claringbullite separately. From the low-temperature crystal structures of the two

samples, the systems seem to be fundamentally different in that Zn-claringbullite

can be considered an undistorted kagome system and claringbullite a distorted py-

rochlore system. Despite these differences, the magnetic excitations seen in the INS

data of the x = 0 correlated paramagnetic state (T = 25 K) and of the x = 1 spin-

liquid state (T = 1.7 K) are similar, so a quantitative comparison will be given in

Section 6.4.1. Section 6.4.2 will then compare our results for Zn-claringbullite with

herbertsmithite and the literature report of Zn-doped barlowite [30].

6.4.1 Comparing claringbullite to its Zn-doped variant

For a quantitative comparison between the x= 0 and x= 1 systems of the claringbul-

lite series, ZnxCu4–x(OD)6FCl, the data were normalized to the nuclear Bragg peaks

and placed on an absolute scale per formula unit (normalization details in Chapter

4). The two excitations were compared using χ ′′
Q(E) and χ ′′

E(Q) of claringbullite at

T = 25 and 100 K, and of Zn-claringbullite at T = 1.7 and 50 K.

The Q dependence of the correlations was compared using χ ′′
E(Q) integrated

between 5.0 < E < 6.0 meV and 1.0 < E < 1.5 meV, as shown in Figures 6.25a
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and b, respectively. The solid lines are Gaussian fits with an incoherent phonon

background and uncorrelated magnetic scattering given by

χ
′′
E(Q) = | fCu2+(Q)|2[h exp

(
−1

2
(Q−Qc)

2

σ2

)
+d]

+ eE(a+b Q2exp(−cQ2)), (6.19)

where fCu2+(Q) is the Cu2+ magnetic form factor. The first part of the equation

describes a Gaussian function and Q-independent uncorrelated magnetic scattering

(apart from the magnetic form factor) given by d. For the Gaussian curve, h is the

peak height, Qc is the peak centre and σ is related to the FWHM through
√

8ln2σ .

The second part of the equation describes the incoherent phonon Q dependence as

was given in equation 6.1. The pre-factor eE is the linear dependence of the inco-

herent phonons on energy transfer, E, and e is refined in the fits shown in Figures

6.25c and d. The results of the Gaussian fits are given in Tables 6.7 and 6.8.

At higher energy transfer the peaks in both samples are centred at Q≈ 1.2 Å−1,

with similar FWHM, indicating similar correlations in both materials. The back-

ground of the x = 0 sample, is approximately twice that of the x = 1 material and is

attributed to incoherent phonon scattering (second part of equation 6.19), as it does

not change with temperature for each sample. The Rietveld refinements in Chapter

5 indicated a 96% deuteration level in both materials, resulting in incoherent scat-

tering cross-sections of 44.3 barn and 42.9 barn for the x = 0 and x = 1 samples,

respectively. As a comparison, a deuteration level of 90% in the x = 0 sample,

would lead to its incoherent scattering cross section to be approximately twice that

of the x = 1 material.

A comparison of the peak areas of x = 0 at T = 25 K with x = 1 at T = 1.7 K,

suggests that the number of Cu atoms that contribute to the higher energy response

is the same. This strongly evidences that in both materials, the excitation near

Q = 1.2 Å−1 is a result of correlations from the kagome layers. When temperature

increases to T = 100 K, the correlated magnetic scattering in the undoped claring-

bullite sample gets destroyed by the thermal fluctuations and no peak is observed.
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The temperature dependence of Zn-claringbullite indicates that the correlations per-

sist up to at least T = 50 K, with half the peak area at higher temperature.

At lower energy transfer (Figure 6.25b), there are three contributions to the

scattering: incoherent phonons for which eE is determined from Figures 6.25c

and d; uncorrelated magnetic scattering (d ̸= 0 in equation 6.19) evidenced by the
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°1

)

0.000

0.001

0.002

0.003

0.004

0.005

¬
00 E
(Q

)
(b

ar
n

sr
°

1
f.
u
.°

1
)

b.
5.0 < E < 6.0 meV

0 2 4 6 8
E (meV)

0.0000

0.0025

0.0050

0.0075

0.0100

0.0125

0.0150

¬
00 Q
(E

)
(b

ar
n

sr
°

1
f.
u
.°

1
)

c. 0.5 < Q < 0.8 Å
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Figure 6.25: Claringbullite (x = 0 sample) at T = 25 K (orange) and Zn-claringbullite
(x = 1 sample) at T = 1.7 K (blue) and T = 50 K (red). χ ′′

E(Q) integrated over a. 5.0 <
E < 6.0 meV and b. 1.0 < E < 1.5 meV. The solid lines are Gaussian fits with a flat
background (dashed lines). The peak centres are similar between the two samples, with
values of ∼ 0.7 Å−1 and ∼ 1.2 Å−1. χ ′′

Q(E) integrated over c. 0.5 < E < 0.8 Å−1and d.
1.0 < E < 1.4 Å−1. The solid lines are squared quasi-elastic Lorentzian fits with a line
going through χ ′′

Q(E) = 0 (dashed lines show the separate functions).
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Sample T (K) Peak height Position (Å−1) FWHM (Å−1) Area (meV Å−1)

x = 0 25 0.00128(2) 1.200(5) 0.706(11) 0.001053(19)

x = 1 1.7 0.00149(2) 1.253(4) 0.709(9) 0.01166(18)

x = 1 50 0.000753(24) 1.258(13) 0.824(1) 0.000621(21)

Table 6.7: Refined parameters from the Gaussian fits in Figure 6.25a for the x = 0 and x = 1
samples of the claringbullite series, ZnxCu4–x(OD)6FCl, over 5 < E < 6 meV.

Sample T (K) Peak height Peak position (Å−1) FWHM (Å−1) Area (meV Å−1)

x = 0 25 0.00700(7) 0.750(2) 0.847(19) 0.00538(17)

x = 1 1.7 0.0040(3) 0.750(4) 0.745(34) 0.00321(2)

x = 1 50 0.000856(7) 0.683(21) 1.88(5) 0.00172(3)

Table 6.8: Refined parameters from the Gaussian fits in in Figure 6.25b for the x = 0 and
x = 1 samples of the claringbullite series, ZnxCu4–x(OD)6FCl, over 1.0 < E < 1.5 meV.

change in "background" with temperature; and correlated magnetic scattering indi-

cated by the peaks. The peak centres and FWHM are similar, suggesting that the

low-energy response arises from similar correlations in the two samples. The corre-

lated and uncorrelated magnetic contributions are 1.6 and 1.5 times more intense for

claringbullite than for Zn-claringbullite, respectively. This suggests that the same

atoms contribute to both the correlated and uncorrelated scattering. The zeroth-

moment analysis on Zn-claringbullite indicated that the strongest correlations are

between the kagome layers. Therefore, it is likely that these are the main con-

tributor to the low-energy magnetic scattering in Zn-claringbullite. The additional

intensity in the low-energy excitation of claringbullite, likely arises from the corre-

lations between the kagome planes being strengthened by the additional exchange

pathways provided by the interlayer Cu3.

At T = 50 K, χ ′′
E(Q) of Zn-claringbullite has completely collapsed and the peak

area decreases by a factor of two. This is similar to the behaviour of the excitation

near Q = 1.2 Å−1, indicating that the correlations contributing to the two magnetic

responses have a similar temperature dependence.

The energy dependence of the excitations was compared through χ ′′(Q,E) in-

tegrated between 0.5<Q< 0.8 Å−1 and 1.0<Q< 1.4 Å−1, shown in Figures 6.25c
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and d, respectively. In Sections 6.2.4 and 6.3.2, it was demonstrated that both exci-

tations can be described by a squared QEL function, which describes over-damped

excitations. The refined line widths are plotted in Figures 6.26a and b for the lower

and higher Q ranges (Figures 6.25c and d), respectively. In Figures 6.25c and d, an

additional line χ ′′
Q(E) = eE has been used to describe the high-energy behaviour. A

linear behaviour can arise from both magnetic and phonon scattering, so this does

not distinguish between the two. However, the temperature dependence of this scat-

tering can be used to determine the magnetic contribution to the scattering, as it

should lose intensity with temperature. At low Q (Figure 6.25c), claringbullite has

a peak maximum at E = Γ/
√

3 = 0.940(3) meV, whereas Zn-claringbullite peaks

at 0.624(2) meV. For Zn-claringbullite, χ ′′
Q(E) remains similar at E ≥ 5 meV when

temperature increases from T = 1.7 to 50 K, suggesting an absence of magnetic

scattering above 5 meV. At higher Q (Figure 6.25d), the correlated scattering of

claringbullite becomes completely diffuse by T = 100 K at E ≥ 5 meV, evidenced

by Figure 6.25a. Therefore, the intensity that remains in χ ′′
Q(E) at T = 100 K can

be attributed to phonons. The line widths, Γ, determined at both lower and higher

Q ranges (Figures 6.26a and b), suggest that claringbullite does not follow the same

linear temperature dependence as Zn-claringbullite. Since Γ is inversely propor-
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Figure 6.26: Line widths refined in a. Figure 6.25c and b. Figure 6.25d for claringbullite
(x = 0 sample) at T = 25 K (orange) and Zn-claringbullite (x = 1 sample) at T = 1.7 K
(blue) and T = 50 K (red). The error bars for some points are too small to be seen.



198 Magnetic excitations in the claringbullite series

tional to the relaxation time of the excitations, these results indicate that the excita-

tions of Zn-claringbullite have a longer relaxation time than those of claringbullite.

Figure 6.25c shows that as temperature increases χ ′′
Q(E) of the x = 1 sample,

decreases more at low than at high E in agreement with χ ′′
E(Q) in Figure 6.25b.

However, at E > 5 meV χ ′′
Q(E) remains similar, strongly suggesting that the scat-

tering above 5 meV has a phonon origin rather than a magnetic one. At higher Q

(Figure 6.25d), the behaviour at low-energy is similar as it corresponds to the tail of

the low energy response, whereas at high E χ ′′
Q(E) loses some intensity with tem-

perature. For claringbullite, this implies that the scattering observed at T = 100 K

originates from phonons and the additional scattering at T = 1.7 K is the magnetic

contribution. For Zn-claringbullite at T = 50 K, there is a phonon and magnetic

contribution at high E evidenced by the peak in Figure 6.25a.

Zn-claringbullite and herbertsmithite are both hydroxide materials formed of

Cu kagome planes, where one of the Cl– ions in the latter is replaced by the elec-

tronegative F– ion in the former. As previously mentioned, the result of this is an

AA stacking of the kagome layers in Zn-claringbullite as opposed to the ABC lay-

ering in herbertsmithite. Due to their structural similarities, it is interesting to note

that previous characterisations of the energy dependence of the magnetic excita-

tions in herbertsmithite, indicated them to be well-described by a damped harmonic

oscillator (DHO) fit (see equation 6.4), evidencing underdamped excitations with

Γ ≈ 0.19 meV< E0 ≈ 0.290 meV [4]. This indicates a different type of magnetic

behaviour in Zn-claringbullite, for which we find overdamped excitations (Figures

6.25c and d).

6.4.2 Zn-claringbullite as a new candidate quantum spin liquid

The inelastic neutron scattering (INS) spectra of Zn-claringbullite showed diffuse

magnetic excitations with two responses and a detailed discussion of their likely

origins was provided in Section 6.4.1. The absence of a magnetic phase transition

in the magnetic susceptibility (Chapter 5), as well as the absence of magnetic Bragg

peaks in the INS data indicated that Zn-claringbullite is a good quantum spin liquid

candidate. Broadly, quantum spin liquids can be classified by whether their excita-
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tions have a gap to zero energy or not, making the determination of a gap important

[31]. The squared QEL fits (Section 6.3.2) indicated Zn-claringbullite to be gapless

at least down to 0.27 meV. Local probe measurements such as NMR may be able

to determine whether Zn-claringbullite is truly gapless, which would help in the

classification of its ground state.

In the literature, INS and NMR measurements on barlowite and Zn-barlowite

[30] were used to indicate gapped magnetic excitations in both samples. For Zn-

barlowite, a gap of 0.65 meV has been previously suggested using NMR measure-

ments [32] and literature INS data show a similar gap size at Q ≈ 1 Å−1 [30].

Despite the findings of gapped magnetic excitations in Zn-barlowite [30], they are

visually similar to the INS spectra of the Zn-claringbullite presented in our work

for which we find gapless (E ≥ 0.27 meV) excitations. The similarities between the

INS spectra of Zn-barlowite and Zn-claringbullite are likely due to the two mate-

rials being isostructural and a determination of a possible gap in Zn-claringbullite

will indicate whether it hosts the same type of QSL state as found in Zn-barlowite.

The Q positions of the excitations in the INS data of Zn-claringbullite indicated

that the short-range order (8.3 − 9.5 Å) is likely k = 0, corresponding to the Γ

point in the trigonal Brillouin zone. The Q = 0.68 Å−1 and 1.29 Å−1 peaks are

indexed by the (0, 0, 1) and (1, 0, 1) expected reflections for k = 0, respectively,

implying the presence of spin correlations between kagome layers. This suggests a

3-D magnetic system rather than a 2-D one as initially hypothesised. The model-

free zeroth- and first-moment analyses also pointed to k = 0 type short-range order,

but determining the exchange parameters from these analyses was not possible due

to coherent phonons limiting the accessible Q range of the magnetic scattering.

Experimentally this could be improved using polarised neutron scattering, as the

magnetic scattering can be separated from the phonon one. This type of analysis

would also be further improved by INS measurements on single crystals, as the

spatial component of the excitations could be used to indicate the important Cu-Cu

bond distances in different crystallographic directions.

A key finding in this work is that the spin correlations between kagome lay-
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ers are the strongest and are negative, indicating a predominant antiparallel spin

alignment and implying a degree of coupling between the kagome layers. In the

geometrically similar parent material, claringbullite, it was found that the best

exchange models determined in Section 6.2.5 have an inter-kagome coupling of

Jc/J1 ≈ 14− 30% that is stronger than the second n.n. exchange in the kagome

layers, J2. In claringbullite, this is supported by shorter Cu-Cu distances between

kagome layers compared to the J2 pathway. The relative distances of these pathways

are the same in Zn-claringbullite, further highlighting the importance of the inter-

kagome exchange path in understanding the magnetic behaviours of these materials.

Previous calculations using the coupled-cluster method, found that for a S = 1/2

layered kagome system, such as Zn-claringbullite, an inter-kagome coupling of up

to 15% of the n.n. J1 will not destroy a QSL state in favour of a long-range ordered

one (irrespective of the sign of Jc) [33]. While we assumed that the inter-kagome

exchange interaction Jc is negligible to allow a comparison with the pre-existing

classical phase diagram of the kagome lattice, it will be interesting to determine

whether Zn-claringbullite fits into the QSL region of the previously reported Jc/J1

phase diagram [33].

It is now interesting to compare the excitations observed for Zn-claringbullite

with those previously observed for herbertsmithite, which is perhaps the best reali-

sation of the S = 1/2 Heisenberg model on the kagome lattice [34, 35]. Its Hamil-

tonian has dominant nearest-neighbour exchange couplings, but includes small

Dzyaloshinskii-Moriya interactions [20] as well as ∼ 10% symmetric exchange

anisotropy [36]. Similar to Zn-claringbullite, the powder [34] and single crys-

tal [35] INS data of herbertsmithite indicated two magnetic responses centred at

Q ≈ 0.67 Å−1 and Q ≈ 1.3 Å−1, which extend up to ∼ 2 meV [35] and ∼ 25 meV

[34], respectively. Although part of the low-energy magnetic scattering was ini-

tially attributed to 15% Cu impurity spins on the interlayer sites [22], a variational

Monte Carlo study showed it to be an intrinsic kagome response within the nearest-

neighbour RVB model [37]. In our analysis of Zn-claringbullite, both magnetic

responses are attributed to the kagome layers through comparison with the parent
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material claringbullite. The percentage of impurity spins has to be determined in

future studies using anomalous x-ray diffraction, for example, that is an element-

and site-specific technique. Depending on their abundance, correlations involv-

ing impurity spins may have to be considered as part of the spin model that de-

scribes the observed magnetic excitations. Furthermore, unlike herbertsmithite that

is a good approximation of a nearest-neighbour model [35], the correlations in Zn-

claringbullite extend beyond this as shown by the FWHM of the Gaussian fits to

SE(Q) and the analysis of the zeroth-moment of S(Q,E). In Zn-claringbullite, the

stronger spin correlations between kagome layers than within them, leads us to be-

lieve that the QSL flavour is different to that of herbertsmithite.

6.5 Future work

This chapter detailed the use of powder INS data and semi-classical spin wave the-

ory, to propose an exchange interaction model in claringbullite. Attempting to deter-

mine the exchange interactions was challenging for two reasons: (i.) the magnetic

structure of claringbullite is complicated and its low orthorhombic symmetry sug-

gests that many competing interactions are relevant in the spin wave excitations,

and (ii.) the use of powder averaged data meant that the directional spin wave in-

formation in reciprocal space was lost, so the effect of an exchange interaction on

each excitation mode could not be determined uniquely. INS experiments on sin-

gle crystals of claringbullite will be key in determining more accurate exchange

interactions, and will help to understand the effect of Zn-doping on the exchange

interactions by comparison with Zn-claringbullite.

The spin-liquid state in Zn-claringbullite was measured down to T = 1.6 K.

Local probe techniques such as NMR and µSR can be used to reveal any trace

glassiness and use of a dilution fridge would allow measurement of the spin fluctu-

ations down to mK temperatures. Although we suggest that Zn-claringbullite hosts

a QSL ground state, the determination of its exchange interactions will be key in

placing it in a quantum spin liquid phase diagram. In the absence of single crystal

INS data, one way to achieve this is by writing a Monte Carlo code to fit the first
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moment, instead of using a least-squares approach. Furthermore, polarised neutron

scattering experiments on these powder samples would allow the magnetic scatter-

ing to be isolated from the phonon one and the Q range would not be limited by

coherent phonons.

6.6 Conclusions

This chapter presented the characterisation of the ground states of the S = 1/2

KAFM Zn-claringbullite and its parent material claringbullite. INS measurements

showed the undoped claringbullite to have two gapped spin wave excitations below

TN, which became diffuse and ungapped above TN. On the other hand, the INS mea-

surements of Zn-claringbullite showed a continuum of diffuse excitations down to

the lowest measured temperature, indicating the existence of a quantum spin liquid

ground state. The excitations were found to be similar in Q position and E band-

width to the excitations observed for the undoped claringbullite sample above TN.

The short-range correlations are reminiscent of k = 0 fluctuations as determined by

their Q positions and supported by the model-free zeroth- and first-moment anal-

yses. Although these analyses did not provide exchange interaction values, they

indicated a largely antiferromagnetic system in agreement with the large negative

Weiss temperature of −206 K.

Attempts to simulate the experimentally observed spin wave excitations of clar-

ingbullite were made using linear spin wave theory in SpinW [15] and the newly

developed Monte Carlo-like program Serendipity [25]. An exchange energy model

was proposed that captures some of the main features of the data and builds on the

literature exchange models of barlowite [12, 38]. Our work shows the requirement

of additional further-neighbour exchange in the kagome layers as well as a size-

able inter-kagome exchange, Jc, to stabilise the experimental magnetic structure of

claringbullite (that is similar to that of barlowite [19]). The importance of the ex-

change pathway between kagome layers in understanding the magnetic behaviour

of the Zn-doped claringbullite family, is also highlighted by (i.) indexing the Zn-

claringbullite excitations with the (0, 0, 1) and (1, 0, 1) expected reflections of the
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k = 0 characteristic wave vector and (ii.) by determining the inter-kagome correla-

tions to be strongest from the radial spin correlation function of Zn-claringbullite.

Although the effect of each exchange interaction in claringbullite could not

be directly related to specific spin wave branches, some patterns were found. For

example, altering the magnitude of the inter-kagome Jc interaction was found to

mainly affect the energy transfer of the ∼ 2 meV excitation, along with a decrease

in the ∼ 10 meV excitation bandwidth. Moreover, it was discovered that the ‘tri-

pod’ exchanges mainly affect the ∼ 2 meV excitation, which was key in preferring

a model of three distinct ‘tripod’ values rather than two as previously suggested

[12]. The magnitude of Jc relative to the nearest-neighbour exchange in the kagome

layers, J1, was found to be of the order of Jc/J1 ≈ 14− 30% to simulate spectra

that resembled the experimental data, which is much larger than the value of ∼ 3%

previously suggested [12]. These studies provide insights into the exchange mod-

els that can both stabilise the observed magnetic structure and adequately describe

the main features of the inelastic excitations observed in experiment, which are: the

overall bandwidth of the two magnetic responses; their Q positions; the finite energy

gap between them; and the zero-energy gap. Further investigation and refinement

of these exchange models require future single crystal INS data.

The comparison of the correlations in claringbullite and Zn-claringbullite dis-

cussed in Section 6.4.1, indicated that the ∼ 10 meV excitations likely originates

from the kagome layers, whilst the ∼ 2 meV response largely originates from inter-

kagome correlations. This conclusion is supported by the sizeable inter-kagome

exchange Jc found for undoped claringbullite, as well as the inter-kagome correla-

tion in Zn-claringbullite being the strongest.

The spin models suggested for the Zn-doped claringbullite family include

further-neighbour couplings within and between the kagome layers, suggesting a

different QSL flavour in Zn-claringbullite to herbertsmithite [35]. These findings

may be important in elucidating the magnetic behaviour of the Zn-doped barlowite

family and could also be useful in understanding the magnetic excitations of cli-

noatacamite [11], the parent material of herbertsmithite.
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Chapter 7

Crystallographic and bulk

magnetisation studies of the

averievite series,

ZnxCu5-x(VO4)2O2CsCl for x = 0, 1

and 2

7.1 Introduction

Although there has been an extensive materials search for model S = 1
2 kagome

magnets, no material has yet matched the simplicity of the KAFM theoretical model

with equilateral triangles, and is without interplanar coupling and dilution of the

kagome ions. This has stimulated experimentalists to search for new candidate QSL

materials. This chapter presents the synthesis and characterisation of a series of

compounds ZnxCu5−x(VO4)2O2CsCl, where the parent material (x = 0) averievite

was found in volcanic exhalations of the Great Tolbachik fissure eruption in Russia,

1975 [1]. Averievite is an oxide material containing a Cu2+ pyrochlore slab struc-

ture, where the slab layers are well separated by CuVO3 and CsO2 groups (Figure

7.1a). Alternatively, averievite’s structure can be viewed as a Cu2+ kagome lattice

sandwiched by two Cu2+ − V5+ honeycomb lattices. The pyrochlore slab formed
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by the magnetic atoms is shown in Figure 7.1b. Due to the electronic interactions of

the honeycomb Cu2+ sites with the kagome lattice, averievite magnetically orders

at TN = 24 K [2]. Our goal was to suppress the magnetic ordering by deliberate

doping of the honeycomb Cu2+ sites with diamagnetic Zn (Figure 7.1) to make an

x = 2 sample, herein also referred to as Zn2-averievite, representing the optimum

stoichiometry for a S = 1
2 kagome antiferromagnet.

This chapter will present neutron and x-ray diffraction data collected on

ZnxCu5–x(VO4)2O2CsCl for x = 0, 1 and 2, as well as bulk magnetometry and el-

emental analysis using scanning electron microscopy with energy dispersive x-ray

analysis for the two latter samples. As will be shown, undoped averievite under-

goes a crystallographic as well as magnetic transition. We find that the x = 1 (Zn1-

averievite) and x = 2 (Zn2-averievite) samples retain equilateral kagome triangles

down to T = 1.5 K, which are rotated in the plane thereby distorting the kagome

hexagons. Importantly, for the continuing search for model kagome QSLs, the DC

magnetic susceptibility data collected on Zn2-averievite suggest that no magnetic

transition occurs down to T = 2 K.

7.2 Synthesis

7.2.1 Preliminary work

Previous studies on the averievite series, ZnxCu5–x(VO4)2O2CsCl, were based on

powder samples for 0 ≤ x ≤ 1 where the maximum level corresponds to half the

honeycomb Cu sites being replaced by Zn [2]. These samples were prepared using a

solid state method, whereby the reagents were heated for 12 h, cooled to room tem-

perature, pressed into a pellet and heated using the same temperature cycle for 12 h

[2]. We followed this method and then adapted it to a one-step process: the ground

reagents were pressed into a pellet and heated for 24 h before cooling. PXRD pat-

terns of samples from the two methods showed similar purity and crystallinity so

we opted for the one-step synthesis.

Laboratory PXRD patterns showed the products from both syntheses to have

an insoluble CuO impurity that could not be removed post-synthesis, so attempts
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were made to minimise it prior to heating. Botana et al. used a reagent ratio of

(5− x) CuO : x ZnO : 1 V2O5 : 1.048 CsCl, with a CsCl stoichiometric excess due

to its volatility and we followed these ratios. To remove the CuO from the product,

a CsCl series was attempted by varying the initial reagent amounts but this did not

show any improvement. A series where the variable was the time spent grinding the

reagents to homogenise the mixture, proved it to be a key factor in sample purity.

Manual grinding in a pestle and mortar required a minimum of 20 min and to avoid

this laborious process a ball mill was used.

Synthesis of the Zn-doped variants was initially attempted by replacing stoi-

chiometric amounts of CuO with ZnO as in the literature [2]. Samples doped to

the x = 1 level, contained large amounts of CuO (∼ 15%), so a different method

was developed to improve purity. In this method, stoiberite, Cu5(VO4)2O2, was

synthesised first and CsCl was added in a second step. The synthesis of stoiberite

is well-established in the literature [3]. Synthesising stoiberite as a first step was

also attempted for the x = 0 sample and although laboratory PXRD showed the

main phase to be averievite with ∼ 2% CuO, the DC magnetic susceptibility data

showed a small ferromagnetic signal at room temperature suggesting a related im-

purity. Similar magnetometry studies on an x = 0 sample synthesised via the one-

step method showed no ferromagnetic signal at room temperature and its magnetic

susceptibility agreed with the literature value [2].

The alternate synthesis (CsCl added to stoiberite) was unsuccessful for x = 2

because Zn2Cu3(VO4)2O2 is not a thermodynamically stable product, so the one-

step x = 0 synthesis was adapted by replacing stoichiometric amounts of CuO with

ZnO. Initial Rietveld refinements of the PXRD patterns after 24 h heating showed

a ∼ 10% CuO impurity, so the product was re-ground, re-pelletised and re-heated

as detailed below. Reducing the CuO impurity this way was also attempted for a

one-step synthesis of Zn1-averievite, but did not effectively reduce it.

7.2.2 Final synthesis

The final synthesis for averievite, Cu5(VO4)2O2CsCl, was as follows. V2O5 (Sigma-

Aldrich, 0.25 g, 1.37 mmol), CuO (Sigma-Aldrich, 0.547 g, 6.87 mmol) and CsCl
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(Alfa-Aesar, 0.243 g, 1.44 mmol) were pulverised using the Pulverisette 0 (Fritsch)

agate ball mill with an amplitude of 1.5 mm for 10 min. The powder was pressed

into 5 mm pellets and heated in an open alumina crucible at 500 °C for 24 h, cooled

to 450 °C at 0.5 ° min−1 and then furnace cooled to room temperature. To synthesise

Zn2-averievite (x = 2), stoichiometric amounts of CuO were replaced with ZnO

(Alfa-Aesar). The powder was pelletised and heated at 500 °C for 48 h, cooled to

450 °C at 0.5 ° min−1 and then furnace cooled to room temperature.

For Zn1-averievite (x = 1), stoiberite was synthesised and used as a precur-

sor: V2O5 (Sigma-Aldrich, 0.25 g, 1.37 mmol), CuO (Sigma-Aldrich, 0.437 g,

5.50 mmol) and ZnO (Alfa Aesar, 0.112 g, 1.38 mmol) were pulverised for 10 min

and pelletised. The pellets were placed into capped alumina crucibles, heated to

800 °C at 60 °C h−1, held for 72 h and cooled to room temperature at 60 °C h−1. For

the final product, the stoiberite pellet was manually ground with CsCl in a 1:1.048

ratio for 20 min and re-pelletised. The pellet was heated in an open alumina crucible

at 500 °C for 24 h, cooled to 450 °C at 0.5 ° min−1 and then furnace cooled to room

temperature.

7.3 Structural studies

Laboratory PXRD was initially used in transmission geometry to characterise all

samples. It was previously found that averievite goes through structural distortions

at T = 310 K and 127 K. To observe any peak splitting and verify the crystal struc-

tures of the x = 0, 1 and 2 samples, data with a higher resolution was required, so

synchrotron diffraction data were obtained on the 11-BM beamline at the Advanced

Photon Source, USA (λ = 0.457794 Å). Neutron diffraction experiments down to

T = 1.5 K were performed to determine more accurate positions for the light atoms,

O and Cl, that can be difficult using PXRD due to their small structure factors. Mea-

surements were made on the time-of-flight high-resolution diffractometer HRPD,

ISIS as well as the constant wavelength high-flux diffractometer D2B, ILL. A sum-

mary of the data collection conditions is given in Table 7.1. The literature crystal

structure of averievite will first be presented and then the results of scanning elec-
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tron microscopy with energy dispersive x-ray analysis will be discussed, followed

by the findings from the structural refinements.

Sample
T (K)

1.5 25 50 75 100 300

x = 0 HRPD HRPD HRPD HRPD HRPD/
11-BM

D2B/ 11-BM

x = 1 HRPD - - - HRPD/
11-BM

-

x = 2 HRPD - - - HRPD/
11-BM

D2B

Table 7.1: Summary of powder neutron and synchrotron x-ray data collected on HRPD,
11-BM (λ = 0.457794 Å and 0.457841 Å) and D2B (λ = 1.595226 Å) for the averievite
series, ZnxCu5–x(VO4)2O2CsCl.

7.3.1 Literature crystal structure of averievite

Averievite, x = 0, is reported to crystallise in the trigonal P3̄m1 structure at T =

400 K, with a trigonal-monoclinic transition at T = 310 K. At T = 295 K its crystal

structure is described in the monoclinic P121/c1 space group [2]. The literature

lattice parameters can be found in Table 7.2. The trigonal structure is formed of

two crystallographically inequivalent Cu2+ (or Zn2+) sites: one forms the kagome

planes, Cuk, whilst the other, Cuh, caps the triangles (Figure 7.1). Cuh has a trigonal

bipyramidal coordination to three equatorial oxygens (VO4 basal oxygens) and two

apical oxygens (an axial VO4 oxygen and an intra-kagome one lying in the centre

of the kagome triangles). Cuk forms CuVO3 layers which are separated by CsO2

Temperature / K
400 295

Space group P3̄m1 P121/c1
a (Å) 6.369326 8.373335
b (Å) 6.369326 6.366556
c (Å) 8.375817 11.01280
α (°) 90.0000 90.0000
β (°) 90.0000 90.0221
γ (°) 120.0000 90.0000

Table 7.2: Lattice parameters of undoped averievite at T = 295 K and 400 K reported in
the literature [2].
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Figure 7.1: Averievite. a. P3̄m1 crystal structure of averievite at T = 310 K with lattice
parameters and atomic positions from the literature [2]. b. Cu2+ pyrochlore slab structure,
where Cuk forms a kagome plane and each kagome triangle is capped by Cuh, which forms
a Cu2+ − V5+ honeycomb lattice.

and the Cl– ions lie in the centre of the kagome hexagons.

7.3.2 Scanning electron microscopy with energy dispersive x-

ray analysis

Scanning electron microscopy with energy dispersive x-ray analysis (SEM-EDX)

was carried out on the Zn1 and Zn2-averievite samples for two reasons: (i.) to

image the crystallites and rule out the presence of an impurity phase, and (ii.) to get

a good estimate of the sample stoichiometries. For these measurements, a few mg

of each sample were dusted onto conductive carbon tape stuck onto a metal base

and placed on a rotating metal disk in a sample chamber that was evacuated.

For the EDX, a Co standard was used as a reference material for the spectra

and measurements were made on various parts of the sample to reduce statistical er-

rors. Four spectra were collected for the Zn1-averievite and three for Zn2-averievite.

Figure 7.2 shows the measured weight % of each element for both samples with

standard deviations, compared to the nominal stoichiometric weight %. The values

for oxygen were calculated according to the nominal stoichiometries. For the x = 1

sample, the calculated Zn value has a 7.29% difference from the measured one,

falling just outside the standard deviation (±5.26%), whereas Cu and V are within

error. For the x = 2 sample, the calculated values for Zn, Cu and V are all within
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Figure 7.2: Weight % of elements for a. Zn1-averievite and b. Zn2-averievite measured by
EDX (red) with error bars representing the standard deviation and the calculated values for
the nominal stoichiometry are shown by the black markers.

the standard deviation error. Atomic percentages were used to quantify the ratio

of chemical elements present relative to V. For Zn1-averievite the nominal ratios of

V:Zn:Cu are 1:0.5:2 and EDX gave 1:0.548:2.039. For Zn2-averievite the nominal

V:Zn:Cu ratios are 1:1:1.5 and the measured ones are 1:1.017:1.517. These results

indicate that the stoichiometries of both the x = 1 and 2 samples are close to the

nominal ones and can be fixed to the nominal ones in the structural refinements.

SEM images of Zn1- and Zn2-averievite are shown in Figures 7.3 and 7.4,

respectively. Both materials have 2-dimensional crystallites with diameters up to a

few µm and no amorphous impurity phase can be seen in either sample.
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Figure 7.3: SEM image of Zn1-averievite showing platelets of various sizes up to a few µm
and no amorphous impurity phase.

Figure 7.4: SEM image of Zn2-averievite showing 2-dimensional crystallites up to ∼ 1 µm
in diameter and no amorphous impurity phase.
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7.3.3 Laboratory x-ray diffraction

Laboratory powder x-ray diffraction (PXRD) was carried out in flat-plate mode with

a Mo source (λ = 0.7093 Å) on a Stoe Stadi-P diffractometer in Debye-Scherrer

geometry. Data were collected for all samples at room temperature to check their

purity. Pawley refinements using TOPAS [4] showed all samples to crystallise in

the higher symmetry space group, P3̄m1, as all peaks can be indexed by the main

phase or CuO. The diffraction peak that evidenced the structure to be P121/c1 in

the literature [2] had too low intensity in our lab data to be differentiated from the

background, so we collected synchrotron data on 11-BM at the APS.

7.3.4 Crystal structure refinements of averievite: synchrotron

and neutron diffraction on 11-BM, D2B and HRPD

The experimental conditions for the synchrotron and neutron diffraction data col-

lected for undoped averievite are given in Table 7.1. For the synchrotron mea-

surements, averievite was loaded into 0.8 mm kapton capillaries and measured at

T = 100 K and 300 K with λ = 0.457794 Å and λ = 0.457841 Å, respectively.

Assuming a packing density of ∼ 0.6 the sample absorption for both wavelengths

is µR = 1.42 and a correction was applied in the refinements. The sample for the

11-BM measurements was taken from the 7.45 g batch synthesised for the D2B and

HRPD experiments to ensure sample consistency across measurements. Crystallo-

graphic refinements were done using TOPAS [4].

Neutron diffraction data on D2B were collected on the 7.45 g sample packed

into an 8.5 mm cylindrical vanadium can. A Pawley refinement in TOPAS [4]

showed that the diffraction pattern measured at room temperature could not be

successfully indexed in the P3̄m1 trigonal space group, unlike the x-ray lab data,

indicating it had gone through the trigonal-monoclinic phase transition reported in

the literature to be at T = 310 K [2]. The maximal monoclinic subgroup C2/m (no.

12) did not index all observed peaks. In agreement with the literature, the peaks of

the main phase could all be indexed in the P121/c1 space group [2] and impurity

peaks were successfully indexed as CuO. The final refinement in P121/c1 is shown
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in Appendix D. The D2B diffraction profile was described using a pseudo-Voigt

function with eight spherical harmonics to help fit the low-Q data. Isotropic dis-

placement parameters, Uiso, were restrained to be equal for the O atoms and the Cu

kagome sites. In the literature, the Cs is found to be disordered over two sites [2].

Indeed our refinements show that when it occupies the 2b site with full site occu-

pancy, Uiso refines to an unphysically large value, suggesting positional disorder.

Moving it to the 4e site with half occupancy reduces Uiso to 0.0787(25) Å2, which

is still quite large. Refining the anisotropic displacement parameters (ADPs) on this

site results in ellipsoids elongated along the a-axis and suggests positional disorder

on the Cs site. Refinement of ADPs on the other sites, led to unphysical values so

the isotropic values were used in the final refinement.

The Rietveld refinement of the synchrotron data at T ≈ 300 K was initialised

using the results of the fit to the D2B data, as the latter has a lower resolution.

The results of the two refinements are in agreement with each other, indicating

a P121/c1 crystal structure. In the literature, the second crystallographic phase

transition is reported to occur below T = 127 K, but this lower symmetry phase

has not been characterised [2]. At T = 100 K, our synchrotron data evidenced new
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Figure 7.5: Averievite, T = 100 K. Rietveld refinement (red) of 11-BM diffraction data
(black, λ = 0.457794 Å) with the difference plot (grey). The peak positions of the main
averievite phase (P121/c1) and of CuO are shown by green and blue ticks, respectively. The
orange tick marks correspond to the P121/c1(0 1

3 0) modulated averievite phase.
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peaks that could not be indexed even in the lowest symmetry space group P1. They

were successfully indexed with the propagation vector k = (0, 1
3 , 0), indicating a

phase transition to a modulated crystal structure with a commensurate propagation

vector. The diffraction pattern was fitted with a Rietveld refinement of averievite in

space group P121/c1 with lattice parameters a, b, c and β , and a Pawley fit with

lattice parameters a′ = a, b′ = 3b, c′ = c and β ′ = β . A CuO impurity phase was

also included. The profile parameters for the two averievite phases were set to be

equal and the refinement is shown in Figure 7.5.

To observe any further crystallographic phase transitions, HRPD data were

collected between T = 1.5 K and 100 K on the same 7.45 g sample as on D2B,

loaded into a slab-can made of an Al-alloy that had vanadium windows framed by

steel. The data were corrected for absorption of the main phase material using the

Mantid software [5], so no further correction was applied in the refinements. The

diffraction patterns measured are shown in Figure 7.6 and no new peaks are ob-

served as temperature is decreased, indicating no further crystallographic transition

below T = 100 K. Therefore, the T = 1.5 K data with minimal atomic displace-

Figure 7.6: Averievite, HRPD neutron diffraction data at T = 1.5, 25, 50, 75 and 100 K.
The data are presented as the square root of the intensity to facilitate comparison of the
data sets at higher Q where the peak intensity is lower. No new peaks or peak splittings
are seen as temperature decreases, indicating no further crystallographic transition below
T = 100 K.
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ment parameters was used for a Rietveld refinement that initialised the refinements

at higher temperatures. The diffractometer constants and instrumental profile pa-

rameters were determined using standard Si and CeO2 data sets. At T = 1.5 K the

peaks of the main phase can be indexed in the P121/c1 space group and extra peaks

were attributed to a CuO impurity phase. The peaks corresponding to the modula-

tion below Q = 1.8 Å−1 are beyond the Q range of the HRPD back-scattering bank

and the peaks at Q = 2.84, 3.07 and 3.28 Å−1 are difficult to differentiate from the

background. The 30° bank has an approximate Q range of 0.7 < Q < 8 Å−1, but the

modulation peaks cannot be observed above the background and the 90° bank has a

lower Q limit of ∼ 1.9 Å−1.

The diffraction profile on HRPD was modelled using a convolution of the

instrument profile and a time-of-flight psuedo-Voigt function with eight spherical

harmonics accounting for hkl-dependent peak anisotropy. Atomic positions and

isotropic displacement parameters were stably refined within P121/c1 for all atoms

apart from vanadium (with Uiso fixed to be equal for Cuk1 and Cuk2, and that of

the oxygens restrained to be equal), due to its extremely low coherent scattering

length of bcoh = −0.5824 fm making it almost invisible to neutrons. Unfortunately,

anisotropic displacement parameters could not be stably refined. The refinement at

T = 1.5 K is shown in Figure 7.7 with the resulting crystal structure in Figure 7.8.

The atomic positions and displacement parameters are given in Appendix D.

The Cu-Cu distances and ∠Cu−(µ2-O)−Cu bond angles are expected to be

the most important exchange pathways in averievite and are given in Table 7.3. The

superexchange angles indicate AFM nearest-neighbour interactions in the kagome

triangles according to the Goodenough-Kanamori rules [6]. As the kagome triangles

are isosceles (within error) with a distortion of only ∼ 2%, the n.n. exchange in-

teractions are likely to be approximately equal. The superexchange angles between

the kagome Cu atoms and the honeycomb Cuh ones are near the 95° crossover angle

from ferro- to antiferromagnetic exchange interactions, suggesting these exchanges

may be close to zero. In addition, these angles indicate that the Cuk-Cuh exchanges

will be much weaker than the Cuk-Cuk ones.



7.3. Structural studies 221

Figure 7.7: Averievite, T = 1.5 K. Rietveld refinement (red) of HRPD neutron diffraction
data (black) with the difference plot (grey). The refinement showed a ∼ 1% CuO impurity in
the sample. The peak positions of the main averievite phase and of CuO are shown by green
and blue ticks, respectively. The excluded regions are Bragg peaks from the aluminium
sample can.

Figure 7.8: Averievite. a. Crystal structure refined in the P121/c1 space group from
neutron diffraction data collected at T = 1.5 K using HRPD with lattice parameters
a = 8.37298(5) Å, b = 6.38326(10) Å, c = 10.92442(18) Å and β = 90.1878(12)°. b.
A pyrochlore slab layer viewed from the top, showing the distorted kagome planes.
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Cu - Cu Distance (Å)
Cuk1 - Cuk2(1) 3.151(4)
Cuk1 - Cuk2(2) 3.225(4)
Cuk2(1) - Cuk2(2) 3.2251(10)
Cuk1 - Cuh 2.919(4)
Cuk2(1) - Cuh 2.913(4)
Cuk2(2) - Cuh 2.935(4)

Cuk2 - Cuk2 Angle
Cuk2 - Cuh Angle Average

Cuk1 - Cuk2 Cuk1 - Cuh

∠ Cuk2(1) - Ok - Cuk2(2) 118.9(3)° ∠ Cuk2(1) - Ok - Cuh 100.8(3)°
96.04°

∠ Cuk1 - Ok - Cuk2(1) 114.7(3)° ∠ Cuk2(1) - O1 - Cuh 91.27(18)°
∠ Cuk1 - Ok - Cuk2(2) 117.0(3)° ∠ Cuk2(2) - Ok - Cuh 100.4(3)°

96.68°
∠ Cuk2(2) - O2 - Cuh 92.96(19)°
∠ Cuk1 - Ok - Cuh 99.9(3)°

95.55°
∠ Cuk1 - OCs - Cuh 91.19(17)°

Table 7.3: Averievite Cu-Cu distances in the tetrahedra of the pyrochlore slabs and Cu-
O-Cu superexchange angles, from crystallographic structure refinements in P121/c1 using
data collected at T = 1.5 K on HRPD. From each Cuk1 and Cuk2 there are two possible
superexchange pathways to Cuh, so the average angle was calculated.
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7.3.5 Crystal structure refinements of Zn2-averievite: syn-

chrotron and neutron diffraction on 11-BM, D2B and

HRPD

For a full-view picture of the crystallographic structures in the averievite series, it is

useful to now discuss the diffraction results of Zn2-averievite (x = 2 sample) as the

results allow us to also understand the structure of Zn1-averievite (x = 1 sample).

To the best of our knowledge, this is the first reported synthesis and characterisation

of Zn2-averievite. Neutron diffraction patterns were collected on a 7.82 g sample at

room temperature on D2B and at T = 1.5 and 100 K on HRPD, in an 8.5 mm cylin-

drical vanadium can and Al-alloy slab-can (as described for undoped averievite),

respectively. At all temperatures, Pawley refinements in TOPAS [4] indicated that

the majority of the peaks can be indexed in the trigonal space group P3̄m1 (no.

164), with extra peaks being attributed to CuO and an unidentified impurity phase

that cannot be assigned to any other starting materials. Inspection of the HRPD data

at T = 1.5 and 100 K showed no peak splitting or peak width increase at low tem-

perature, indicating no phase transition below T = 100 K. Therefore, the structural

refinement was first done at T = 1.5 K with minimal thermal effects.

At T = 1.5 K, the HRPD profile was described by a convolution of the in-

strument profile with a time-of-flight pseudo-Voigt function, modified for hkl-

dependent peak anisotropy with eight spherical harmonics. A Rietveld refinement

in P3̄m1 showed the (3 0 l) family of peaks to be missing intensity that could not

be attributed to preferred orientation (up to eight spherical harmonics were tried to

model preferred orientation). In fact, the diffraction pattern shows the family of

(0 0 l) peaks to be more asymmetric than the rest. Such asymmetry can arise from

anisotropic microstrain in the sample and is especially evident on the most intense

peak, the (0 0 4) peak. To describe this microstrain and hence the hkl-dependent

peak shapes, Stephen’s anisotropic peak broadening model for the trigonal crys-

tal system was used [7]. This is a phenomenological model where each crystallite

is treated as having slightly different lattice parameters. Therefore, the lattice pa-

rameters can be treated as a multi-dimensional distribution throughout the sample,
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leading to parameters that can be varied to fit hkl-dependent peak shapes. For the

(0 0 4) peak an additional Q-dependent shift and circles convolution was required.

Such an approach has previously been used in Sr-vesignieite to describe strain/size

effects in the (0 0 l) direction [8].

In P3̄m1, the refined isotropic displacement parameters for the kagome Cuk site

was about three times the value reported in other kagome antiferromagnets such as

kapellasite and haydeeite [9]. Anisotropic displacement parameters (ADPs) were

stably refined for all atoms except vanadium. The latter were fixed to the values

refined from the synchrotron data collected at T = 100 K. For the Cu kagome site

and the basal oxygens of the VO4 group, Oh, the ADPs were large in the ab plane

indicating displacive disorder. In an attempt to model this disorder, the Cu kagome

site was moved off the 3e position to the 6g one with half site occupancy and Oh was

moved off the 6i to the 12 j position, whilst also refining their ADPs. It was expected

that the site disorder would compensate the ADPs for both sites, but the Cuk ADP

remained large in the ab plane and rwp remained at 3.4. On splitting the Oh site,

the ADP tilted so that it was out of the ab plane. The large ADP on Cuk shows that

there is disorder around this site and this model is an average of the crystal structure.

The Rietveld refinement for this structure along with the lattice parameters, atomic

coordinates and anisotropic displacement parameters can be found in Appendix D.

An alternative way to describe the data is by allowing a static rotation of equi-

lateral kagome triangles in the ab plane. This is achieved by lowering the symmetry

from P3̄m1 to P3 (no. 143) and results in distorted kagome hexagons. In this space

group, all sites apart from Cs are fully occupied and the inversion symmetry from

P3̄m1 was imposed on the O, Zn and V sites, since there is no physical reason to

remove it or improvement in the refinement without it. The V position was very

unstable, refining onto the OCs, so was fixed to the position refined at T = 100 K

using the synchrotron data. The Cs position refined very close to (1
2 , 0, 0), so was

fixed to this position and its ADP was refined to account for positional disorder.

For the other atoms, the refined ADPs were constrained to be equal for sites re-

lated by the forced inversion symmetry. This led to unphysical values for the OCs1
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Figure 7.9: Zn2-averievite. a. Crystallographic structure refined in space group P3 from
data collected at T = 1.5 K using HRPD (Figure 7.10) with the anisotropic displacement
ellipsoids at 50% probability. b. Kagome planes formed by equilateral Cu triangles rotated
in the ab plane, therefore distorting the hexagons.

and OCs2 sites, so their ADPs were fixed to be equal to those of Ok1 and Ok2 as

they all have 3.. site symmetry. This model provides a more concise description

of the Cu disorder in the kagome plane and the resulting structure with the ADPs

is shown in Figure 7.9. The Rietveld refinement is shown in Figure 7.10 and the

lattice parameters, atomic coordinates and anisotropic displacement parameters are

given in Appendix D. The ellipsoids representing the displacements of the Cu and O

atoms are elongated in the a/b directions as they partially account for the displacive

disorder in the powder averaged structure.

At T = 1.5 K in P3, the difference Fourier map showed missing intensity

around the Zn and Oh1/Oh2 sites. For the Zn site this could be due to partial

Cu-Zn antisite disorder, but the Zn and Cu nuclear coherent scattering lengths

(bcoh,Zn = 5.680 fm and bcoh,Cu = 7.485 fm [10]) are too similar to allow a sta-

ble refinement of site occupancies. The missing intensity could also be due to local

symmetry lowering, as a result of the displacive disorder that affects the Oh1/Oh2

atoms. The distortion in the coordination environment around Zn, may cause it to

move off the high-symmetry 1a/1b position. Placing the Zn atoms on a 3d site with

Zn1 at (1
3 , y, z), results in y = 0.67005(206)≈ 2

3 and the difference Fourier map no

longer shows missing intensity around Zn. The proximity of (1
3 , 0.67005, z) to the
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1b position, allows the powder averaged structure to be modelled with Zn on the

higher symmetry site.

Refinements in the lower symmetry space group C121/m1 (no. 12) did not

improve the fits - the same intensity issues appear at the same peaks and could not

be attributed to preferred orientation. Therefore, there was no evidence to support

a lower symmetry space group than P3. In all diffraction patterns there is evidence

of an unidentified impurity phase, most visible in the synchrotron data. The peak

intensities are comparable to those of the CuO impurity suggesting it is of the order

of a few % of the sample.

The analysis of the room temperature D2B data, indicated the same intensity

issues in the (3 0 l) family of peaks (see Appendix D for the refinement in space

group P3). This suggests that the displacive disorder is present from T = 300 K

down to T = 1.5 K. Although this can be modelled with a static rotation of the

kagome triangles, the refined ADPs down to T = 1.5 K are similar suggesting that

the disorder has a dynamic aspect. To determine any local symmetry lowering,

NMR measurements would be useful.
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Figure 7.10: Zn2-averievite Rietveld refinement in the P3 space group (no. 143) on data
collected at T = 1.5 K on the back-scattering bank of HRPD with 82 parameters (rwp = 3.12
and χ2 = 3.15). There is a ∼ 2% CuO impurity shown by the blue ticks and unidentified
impurity peaks are marked by asterisks. The regions not included in the refinement are
scattering from the aluminium sample can. Top. Low-Q range and bottom. high-Q range.
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7.3.6 Crystal structure refinements of Zn1-averievite: syn-

chrotron and neutron diffraction on 11-BM, D2B and

HRPD

Neutron diffraction data for Zn1-averievite were collected on a 8.06 g sample on

HRPD at T = 1.5 and 100 K, packed in an Al-alloy slab-can (as described for un-

doped averievite). At T = 100 K, synchrotron data on 11-BM was acquired on a

sample taken from the batch prepared for the HRPD measurements. All data can

be indexed in the P3̄m1 space group (no. 164) and inspection of the HRPD diffrac-

tion patterns at both temperatures does not evidence new peaks or peak splitting,

indicating no crystallographic phase transition at low temperature.

The synchrotron data at T = 100 K has additional peaks to the main phase

indicating impurities of the order of a few % (see Appendix D for the Rietveld

refinement). The most distinct extra peaks were successfully indexed using CuO

and ZnCu4(VO4)2O2, which were used as precursors in the synthesis. A Pawley

refinement on lab PXRD data of ZnCu4(VO4)2O2 (shown in Appendix D), was used

to determine appropriate lattice parameters for the synchrotron refinement.

The HRPD data at T = 1.5 K could be refined in the P3̄m1 space group,

but showed similar intensity issues in the (3 0 l) family of peaks as seen in Zn2-

averievite. Therefore, similarly to the x = 2 sample, the final refinement was done

in the P3 space group (no. 143), which allows for a rotation of the kagome trian-

gles and VO4 groups in the ab plane. The (0 0 4) peak is less asymmetric in the

x = 1 sample than the x = 2, but its shape still indicates anisotropic microstrain. In

Zn1-averievite, there are Cu atoms on half the honeycomb sites that may couple the

pyrochlore slab layers leading to less microstrain in the c direction than in the x = 2

sample, where the planes are believed to be largely decoupled. A good description

of the (0 0 4) peak was achieved using Stephen’s anisotropic peak broadening model

for the trigonal crystal system [7]. The final refinement is shown in Figure 7.11 and

lattice parameters, atomic positions and displacement parameters are given in Ap-

pendix D, Table D.7. The ADPs indicate similar disorder in the Cu atoms forming

the kagome lattice as in Zn2-averievite.
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Figure 7.11: Zn1-averievite Rietveld refinement in the P3 space group (no. 143) on data
collected at T = 1.5 K on the back-scattering bank of HRPD with 79 parameters (rwp = 2.71
and χ2 = 1.92). There is a ∼ 2% CuO impurity shown by the blue ticks. The regions not
included in the refinement are scattering from the sample can. Top. Low-Q range and
bottom. high-Q range.
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7.4 SQUID magnetometry
In addition to determining the crystal structures of averievite and its Zn-doped vari-

ants, we aimed to explore their magnetic ground states. Previous magnetometry

measurements showed that undoped averievite has a transition to long-range mag-

netic order at TN = 24 K and that doping ZnxCu5–x(VO4)2O2CsCl with Zn to the x =

1 level completely suppresses this transition [2]. This section presents the results

of our magnetometry measurements on our samples of ZnxCu5–x(VO4)2O2CsCl for

x = 0, 1 and 2. DC magnetometry was collected using both a Quantum Design

PPMS in VSM mode and a Quantum Design MPMS XL DC-SQUID, described in

Chapter 4. Data were collected as a function of temperature, T , in various exter-

nal magnetic fields, H, and at constant T as a function of H. Field-cooled (FC)

measurements were made by cooling the sample to base temperature in a magnetic

field and collecting data on heating in the same field. The diamagnetic contribution

in each sample was subtracted using Pascal’s constants for the nominal structural

formulas [11].

7.4.1 DC susceptibility of averievite

Field-cooled (FC) and zero-field cooled (ZFC) measurements were made on a

0.2900 g sample of averievite in a 1000 G field. Figure 7.12a shows the molar mag-

netic susceptibility, χ , which indicates a phase transition at T = 23 K and an upturn

at T = 7 K, in close agreement with the literature [2]. The upturn at low temperature

possibly indicates ferromagnetic correlations growing stronger below T = 7 K. The

first derivative of the susceptibility, dχ/dT, clearly shows a magnetic transition at

T = 23 K, but does not indicate another phase transition down to T = 2 K (Figure

7.12b). The inverse susceptibility (Figure 7.12c) is only linear down to T = 200 K,

indicating that at lower temperatures short-range correlations become increasingly

stronger before the antiferromagnetic transition at TN = 23 K. A linear extrapo-

lation of the χ−1 data between 200 and 320 K resulted in a Weiss temperature

θW = −180(1) K, which corresponds to an antiferromagnetic mean field in the sam-

ple. The inverse of the slope gives a Curie constant of 0.513(1) emu K mol−1 Cu−1,

from which an effective magnetic moment, µeff, of 2.02 µB Cu−1 is calculated. Cal-
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Figure 7.12: Averievite. a. Field cooled (black) and zero field cooled (red) magnetic sus-
ceptibility, χ , collected in a field of 1000 G. b. First derivative of χ showing a clear magnetic
phase transition at T = 23 K. c. Inverse magnetic susceptibility with a linear Curie-Weiss
fit (black line) between 200 K and 320 K that gives θW = −180(1) K. d. Effective magnetic
moment, µeff, as a function of temperature, T, calculated using µeff =

√
8χT .

culating the µeff from
√

8χT is shown in Figure 7.12d as a function of temperature.

At high temperature this value reaches 1.62 µB Cu−1, which is slightly lower than
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Figure 7.13: Averievite. magnetisation, M, as a function of field, H, at T = 2,20 and 50 K.
No hysteresis is seen down to T = 2 K.
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the spin-only value for S = 1
2 ions of 1.73 µB Cu−1 (assuming g = 2), but remains

unsaturated at T = 320 K.

Magnetisation, M, as a function of field, H, was measured on a 0.03125 g

sample. Data at T = 2,20 and 50 K are shown in Figure 7.13. No hysteresis is seen

down to T = 2 K, indicating an absence of an ordered ferromagnetic contribution.

7.4.2 DC susceptibility of Zn1-averievite

Magnetometry data were collected on a 0.2907 g sample of Zn1-averievite and the

susceptibility as a function of temperature is shown in Figure 7.14a. At low temper-

ature, there is a hint of downwards curvature and the first derivative, shown in Figure

7.14b, reveals a transition at T = 3.5 K. This is in contrast to the literature that states

the magnetic transition has been suppressed when doping ZnxCu5–x(VO4)2O2CsCl
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Figure 7.14: Zn1-averievite. a. Field cooled (black) and zero field cooled (red) magnetic
susceptibility, χ , collected in a field of 1000 G. b. First derivative of χ showing a clear
magnetic phase transition at T = 3.5 K. c. Inverse magnetic susceptibility with a linear
Curie-Weiss fit (black line) between 200 K and 320 K that gives θW = −105(1) K. d. Effec-
tive magnetic moment, µeff, as a function of temperature, T , calculated using µeff =

√
8χT .
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to the x = 1 level [2]. The inverse susceptibility as a function of temperature

is shown in Figure 7.14c and a linear extrapolation of the data between 150 and

320 K gives a Weiss temperature of −105(1) K. The slope gives a Curie constant

of 0.449(1) emu K mol−1 Cu−1 and µeff = 1.90 µB Cu−1. Calculating µeff using
√

8χT is shown in Figure 7.14d and similarly to the x= 0 sample it does not saturate

at the highest measured temperature.

7.4.3 DC susceptibility of Zn2-averievite

DC susceptibility measurements were made on a 0.06817 g sample of Zn2-

averievite. Field cooled and zero-field cooled data in a field of 1000 G are shown in

Figure 7.15. The magnetic susceptibility indicates no magnetic transition down

to T = 2 K, further evidenced by dχ/dT . When comparing the susceptibility

of Zn2-averievite to that of the x = 0 and x = 1 Zn-doped samples, it becomes

clearer that Zn1-averievite has a transition at low temperature (Figure 7.15a). The

inverse susceptibility data of Zn2-averievite was extrapolated between T = 160

and 320 K to give a Weiss temperature of −109(1) K and a Curie constant of

0.487(2) emu K mol−1 Cu−1 (see Figure 7.15b). From the Curie constant, the effec-

tive magnetic moment is µeff = 1.97 µB Cu−1. The effective magnetic moment µeff

was also calculated using
√

8χT as shown in Figure 7.15c and similarly to the x = 0

and 1 samples does not saturate at T = 320 K, reaching a value of 1.71 µB Cu−1,

close to the spin-only value for S = 1
2 ions of 1.73 µB Cu−1.

Magnetisation, M, as a function of field, H, at T = 2 K is shown in Figure 7.16.

M does not saturate in the highest measured field and a Brillouin function describing

the paramagnetic magnetisation is not sufficient to model the data. In fact, the

magnetisation seems to be linear for fields larger than ∼ 7 T. A similar observation

was made in the magnetisation of herbertsmithite [12], which was modelled by

a phenomenological expression [13] to separate the intrinsic kagome contribution

from possible defect Cu spins on the interlayer sites. This is given by

M = nMsattanh
(

gSµBH
kB(T +θ)

)
+χkagH, (7.1)



234 Crystallographic and bulk magnetisation studies of the averievite series

1 1 0 1 0 00 . 0 0 0
0 . 0 0 5
0 . 0 1 0
0 . 0 1 5
0 . 0 2 0
0 . 0 2 5  Z n 2 C u 3 :  Z F C  1 0 0 0  G

 Z n 2 C u 3 :  F C  1 0 0 0  G
 Z n C u 4 :  F C  1 0 0 0  G
 C u 5 :  F C  1 0 0 0  G

χ (
em

u m
ol-1 

Cu
-1 )

T e m p e r a t u r e  ( K )
0 1 0 2 0 3 0 4 0 5 0 6 0- 0 . 0 0 6

- 0 . 0 0 5
- 0 . 0 0 4
- 0 . 0 0 3
- 0 . 0 0 2
- 0 . 0 0 1
0 . 0 0 0

 Z F C  1 0 0 0  G
 F C  1 0 0 0  G

dχ
/dT

T e m p e r a t u r e  ( K )

- 1 0 0 - 5 0 0 5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 00

2 0 0

4 0 0

6 0 0

8 0 0  Z F C  1 0 0 0  G
 F C  1 0 0 0  G
 C u r i e - W e i s s  f i t

χ-1 
(m

ol 
Cu

 em
u-1 )

T e m p e r a t u r e  ( K )
0 5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 0 3 5 00 . 0

0 . 2
0 . 4
0 . 6
0 . 8
1 . 0
1 . 2
1 . 4
1 . 6
1 . 8

 Z F C  1 0 0 0  G
 F C  1 0 0 0  G

µ e
ff (

µ B
 Cu

-1 )

T e m p e r a t u r e  ( K )

a. b.

c. d.

Figure 7.15: Zn2-averievite. a. Field cooled (black) and zero field cooled (red) magnetic
susceptibility, χ , on a log(T ) scale collected in a field of 1000 G. The FC measurements of
averievite (purple) and Zn1-averievite (blue) are plotted for comparison. b. Inverse magnetic
susceptibility with a linear Curie-Weiss fit (black line) between 160 K and 320 K that gives
θW = −109(1) K. c. Effective magnetic moment, µeff, as a function of temperature, T,
calculated using µeff =

√
8χT .

where S = 1
2 and Msat is the saturated magnetisation of 1 mole of Cu2+ spins given

by NAgµBS. The first part of the equation accounts for the defect spin magnetisation,

Mdefect, using an adapted Brillouin function that describes paramagnetic-like spins

with a weak coupling given by the energy scale of θ . Assuming that the magnetic

defects behave as S = 1/2 spins, the percentage of defect spins in the sample is

given by n. The second part of equation 7.1 accounts for the intrinsic magnetisation

of the kagome lattice. It is assumed that the kagome exchange interactions are

much larger than the applied field and that the intrinsic kagome susceptibility, χkag,

is constant with increasing field, up to at least 9 T in the case of Zn2-averievite.

Figure 7.16 shows the magnetisation per Cu, normalized to the saturated mag-

netisation of 1 mole of S = 1
2 spins and fitted with equation 7.1. In the absence
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of local susceptibility data that would give a more accurate value of χkag, this was

treated as a free parameter. Furthermore, we are not aware of other studies that

have investigated the defect spins in Zn2-averievite and their coupling strengths, so

θ was also freely refined. The Landé g-factor was fixed to g = 2.27, derived from

µeff = 1.97 µB Cu−1. The refined values of n and θ are ∼ 6.3% and ∼ 0.4 K, re-

spectively. Fixing θ to zero results in a very similar χ2 value as allowing it to freely

refine, and restraining it to higher values significantly worsens the fit. The separate

magnetisations of the kagome spins and that attributed to defect (or orphan) Cu2+

spins is shown in Figure 7.16. Assuming that the behaviour of the defect Cu2+ spins

is paramagnetic-like, this analysis gives a minimum of ∼ 6% of defect Cu2+ spins

out of the total Cu2+ in the sample.
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Figure 7.16: Zn2-averievite magnetisation at T = 2 K as a function of field, H (black),
normalized to 1 mole of Cu2+ spins. The red line is a fit using equation 7.1, the blue line
is the kagome magnetisation that depends on the susceptibility, χkag and the cyan line is the
magnetisation of defect Cu2+ spins.
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7.5 Magnetic structure refinement of averievite on

WISH

A neutron diffraction study as a function of temperature was done on undoped aver-

ievite (x = 0) on the cold-neutron time-of-flight diffractometer WISH at ISIS. The

cold neutrons allowed for measurement of higher d-spacings with sufficient flux to

observe the magnetic Bragg peaks of the S = 1
2 moments. The same sample was

used as for HRPD (same 10 mm Al-alloy slab-can) and D2B, and measurements

were made in a standard ‘orange’ cryostat.

Data were collected with high statistics at T = 1.5 K and above TN at T = 40 K

(∼ 2.5 h collection time), and at intermediate temperatures with lower statistics

(∼ 15 min collection time). The crystal structure was refined at T = 1.5 K using a

multi-bank refinement and for the highest-resolution bank (bank 5) is shown in Ap-

pendix D. It was assumed that the crystal structure is the average one and the mod-

ulation was not taken into account. Due to the low intensity of the magnetic Bragg

peaks, the easiest way to observe them is through temperature subtractions between

low temperature data and that collected at T = 40 K. Temperature difference plots

are shown in Figures 7.17a and b for banks 1 and 2, respectively, indicating four

magnetic Bragg peaks at Q = 0.37, 0.69, 1.21 and 1.61 Å−1. These can be indexed

with the propagation vector k = (1
2 ,0,0) in the P121/c1 space group.

Representation analysis was employed through the program SARAh to deter-

mine the irreducible representations (irreps) for the P121/c1 structure and the basis

vectors for the magnetic structure [14]. The crystal structure has three Cu sites: the

honeycomb site Cuh at (0.72862, 0.53568, 0.16828) and the two sites that make up

the kagome lattice, Cuk1 and Cuk2, at (0, 0, 0.5) and (0, 0.80048, 0.23059). The de-

composition of the magnetic representation over irreps of Gk in Kovalev’s notation

[15] for these sites is:
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Cuh : ΓMag = 3Γ
1
1 ⊕3Γ

1
2 ⊕3Γ

1
3 ⊕3Γ

1
4, (7.2)

Cuk1 : ΓMag = 3Γ
1
1 ⊕0Γ

1
2 ⊕3Γ

1
3 ⊕0Γ

1
4, (7.3)

Cuk2 : ΓMag = 3Γ
1
1 ⊕3Γ

1
2 ⊕3Γ

1
3 ⊕3Γ

1
4. (7.4)

The simplest possibility was initially considered where the second-order mag-

a.

b.

Figure 7.17: Averievite, WISH data. Plots of temperature differences of (a.) bank 1 and
(b.) bank 2 data. The asterisks indicate the magnetic Bragg peaks.
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netic transition involves only one irrep and consequently irreps common to all three

Cu sites: Γ1 and Γ3. For both these irreps, each Cu site has three basis vectors shown

in Appendix D. For Cuh the basis vectors give antiferromagnetic correlations along

the three unit cell directions. For Cuk1 and Cuk2, Γ1 (Γ3) gives ferromagnetic (an-

tiferromagnetic) correlations along b and anti-ferromagnetic (ferromagnetic) ones

along c.

There were only four Bragg peaks from which to determine the magnetic struc-

ture and a maximum of nine degrees of freedom to refine. Attempting to refine all

nine mixing coefficients in either Γ1 or Γ3 led to the refinements diverging. In an

attempt to minimise the number of refined mixing coefficients, collinear structures

along the a, b and c directions were trialled, but these led to zero intensity being

predicted at the Q = 0.37 Å−1 and/or 1.61 Å−1 peak positions. However, confin-

ing the spins to the kagome b− c plane allowed for a good description of the peak

intensities.

In Γ1, the most intense peak near Q = 0.37 Å−1 is only sensitive to the mo-

ments along b of Cuh and Cuk2. As it is the most intense peak, the component of the

moments along b must be larger than in the other directions. To satisfy this, either

the Cuk2 moments must be the largest (∼ 2 times that of Cuk1) or the Cuh moments

are the largest with similar sized moments forming the kagome lattice. The su-

perexchange angles between kagome spins are similar, ranging between 114.7° and

118.9°, and the distortion away from equilateral triangles is only ∼ 2%, support-

ing similar sized moments in the kagome triangles. Freely refining the spins in the

b− c plane resulted in a structure that has a net directional component along b (see

Appendix D for this magnetic structure in Γ1), suggesting stronger ferro- than an-

tiferromagnetic correlations between spins. This disagrees with the superexchange

angles in the kagome triangles and the large negative Weiss temperature determined

from the susceptibility data, θW = −180(1) K.

In Γ3, the peak centred at Q = 0.37 Å−1 is sensitive to the component of the

moments along c of Cuk1 and Cuk2. Freely refining Cuk1 and Cuk2 in the b−c plane

results in them forming a general q= 0 structure with different moment sizes, which
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are smaller than the Cuh ones. As the angle of rotation in the b− c plane cannot be

reliably refined with such few Bragg peaks, a q = 0 structure with spin angles of

90°, 135° and 135° can be formed with the following restrictions: Cuk1 was fixed to

the c direction and the mixing coefficients of Cuk2 were constrained to be equal in

the b and c directions. The refined mixing coefficients are given in Table 7.4 and the

fit is shown in Figure 7.18 with the resulting structure in Figure D.13. The moment

sizes of Cuk1, Cuk2 and Cuh are 0.30, 0.47 and 0.60 µB, respectively. Attempting

to restrain the moment of Cuk1 to be of equal magnitude to Cuk2, led to too much

intensity predicted at the 1.61 Å−1 peak.

Atom Coordinates Basis vector, ψi Ci
Cuk1 (0, 0, 0.5) ψ1 0

ψ2 0
ψ3 −0.30(1)

Cuk2 (0, 0.80048, 0.23059) ψ1 0
ψ2 −0.33(1)
ψ3 −0.33(1)

Cuh (0.72862, 0.53568, 0.16828) ψ1 0
ψ2 −0.215(8)
ψ3 −0.56(1)

Table 7.4: The refined mixing coefficients, Ci, for each basis vector of Atom 1 of the
three Cu sites (Cuk1, Cuk2 and Cuh) corresponding to the refinements shown in Figure 7.18.
Tables detailing the basis vectors and other atom coordinates can be found in Appendix D.

Atom Moment size (µB)
Cuk1 0.30
Cuk2 0.47
Cuh 0.60

Table 7.5: The refined moment sizes of the three Cu sites (Cuk1, Cuk2 and Cuh) from the
refinements shown in Figure 7.18.
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Figure 7.18: Averievite WISH data obtained from the temperature subtraction T =
1.5−40 K, with a magnetic structure refinement (red) in Γ3. The grey regions arise from
the subtraction of nuclear peaks and were excluded from the refinements. The green tick
marks indicate the magnetic Bragg peak positions and the difference plot is shown in black.
(Top.) Bank 1. (Bottom.) Bank 2.
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Figure 7.19: Averievite magnetic structure viewed from the side and from the top, refined
from WISH data in Γ3 of space group P121/c1. The magnetic moments are 0.60 µB for Cuh
(yellow), 0.30 µB for Cuk1 (blue) and 0.47 µB for Cuk2 (purple).
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7.6 Sublattice magnetisation of averievite
The diffraction data collected on WISH were used to extract the integrated inten-

sities, I, of the (1
2 , 0, 0) magnetic Bragg peak near Q = 0.37 Å−1, as a function of

temperature. These are proportional to the square of the sublattice magnetisation M

and are expected to follow a power law near the critical temperature, TN [16], given

by

I ∝ M2
∝

(
TN −T

TN

)2β

, (7.5)

where β is a critical exponent. I was determined using single peak fits with a

pseudo-Voigt function in TOPAS [4]. The background was modelled as a poly-

nomial at T = 100 K and scaled for T < TN . TN was fixed to 23 K as determined

from dχ/dT (Section 7.4.1), though its maximum error is estimated to be 1 K. A fit

of equation 7.5 yielded β = 0.34(1) (Figure 7.20). This value is close to those of the

ordered 3-D Ising and XY universality classes (β = 0.327 and 0.346, respectively)

[17–19]. Importantly, these results indicate 3-D correlations in averievite (d = 3)

rather than 2-D ones.
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Figure 7.20: Averievite, WISH data. Integrated intensities of the ( 1
2 , 0, 0) magnetic Bragg

peak as a function of temperature, T (black open circles). The red line is a fit to equation 7.5
with TN = 23 K. The dotted and dashed lines show the power law behaviour for the ordered
2-D Ising and 3-D XY universality classes, respectively.
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7.7 Discussion

The structural analyses of the averievite series of materials, for which Zn2-averievite

is synthesised and characterised here for the first time, indicated a suppression of

the monoclinic distortion with Zn-doping as previously reported for the x = 0 and

x = 1 materials [2]. The structure of undoped averievite below its second phase

transition at T = 127 K has not been previously determined, but was suggested to

arise from an ordering of the Cs site [2]. Averievite crystallises in the monoclinic

space group P121/c1 down to T = 127 K and our diffraction pattern collected at

T = 100 K (synchrotron data) showed new peaks compared to the T = 300 K data,

which could be indexed by the k = (0, 1
3 , 0) propagation vector. P121/c1 does

not have many symmetry elements to break, namely there is a 21 screw axis and

a glide plane. However, the symmetry of this single propagation vector suggests

the breaking of three-fold symmetry. As previously suggested [2], this could arise

from the Cs site ordering onto a position along a and moving perpendicular to the

modulation vector that points in the b direction. Another possibility is inspired by

the analyses of the Zn1- and Zn2-averievite diffraction patterns. These indicated

displacive disorder in the kagome layers, which was described by a static rotation

of the Cu triangles in the ab plane. It is therefore possible that the kagome triangles

in undoped averievite, are rotated in an extreme version of the displacive disorder

found in Zn1- and Zn2-averievite.

The determination of the magnetic structure of averievite is important in try-

ing to describe its magnetic excitations. Unfortunately, the number of magnetic

Bragg peaks was limited and therefore the number of degrees of freedom that could

be reliably refined was correspondingly limited. Several magnetic structures were

capable of describing the observed data, but the ∠Cu-(µ2-O)-Cu superexchange an-

gles in the kagome triangles suggest antiferromagnetic exchange couplings making

it likely that the relative spin orientations represent an antiferromagnetic structure

and one corresponding to irrep Γ3 is proposed. This is a coplanar magnetic structure

where the Cuk1 and Cuk2 kagome spins form a q = 0 structure, with relative spin an-

gles of 90°, 135° and 135°, and the capping Cuh spins mainly point along the c axis
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with antiferromagnetic canting in the bc plane. Three different moment sizes were

required to describe the data with the relative magnitudes being Cuh >Cuk2 >Cuk1

and these could be further refined with future single crystal measurements.

It is interesting to note that when doping with Zn to the x = 1 level, the Weiss

temperature becomes more positive (from −180 K to −105 K) suggesting that the

honeycomb Cuh spins have an antiferromagnetic mean field. The exchange cou-

plings between Cuh-Cuh and Cuh-Cuk, likely have an energy scale of the Weiss

temperature difference. The x = 1 and x = 2 samples have similar Weiss tempera-

tures of −105 K and −109 K, respectively. The slight decrease in the Weiss temper-

ature of Zn2-averievite could indicate that when the honeycomb positions are only

half occupied by Cu, their mean field is slightly ferromagnetic.

The synthesis of three samples in the averievite series provides an opportunity

of comparison between different ground states. The magnetometry results showed a

suppression of magnetic order with Zn-doping. Contrary to what has been reported

in the literature [2], our data shows that Zn1-averievite has a magnetic transition at

T = 3.5 K. This indicates that a spin liquid-like state is unlikely. However, the DC

susceptibility below T = 3.5 K does not clearly show bifurcation between the field-

cooled and zero field-cooled data, as may be expected from a spin glass. To confirm

whether Zn1-averievite has a glassy state, µSR experiments have been planned in

collaboration with Dr G. Simutis, Dr F. Bert and Prof. P. Mendels. A comparison

of the x = 1 and x = 2 averievite magnetic susceptibilities, indicates that the two

materials have different magnetic behaviours. Whilst it is clear that Zn2-averievite

does not have a magnetic transition down to T = 2 K, the susceptibility of the x = 1

sample at low temperature is lower than of the x = 2 material as it goes through the

transition at T = 3.5 K.

The presence of Cu/Zn antisite disorder is a common issue when doping such

layered materials and has been observed in other kagome antiferromagnets [9, 20–

22]. In the case of herbertsmithite, extensive efforts have gone in to accurately

parameterizing this disorder as defect spins may have an effect on the low-energy

magnetic excitations [23]. For Zn2-averievite, SEM-EDX indicated a stoichiometry
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close to the nominal one and the magnetisation data were used to give a lower bound

of ∼ 6.3% Cu spins occupying honeycomb sites. A measure of the local suscepti-

bility of Zn2-averievite, would give a more accurate intrinsic kagome susceptibility

that could be used to fit the magnetisation data.

7.8 Future work
To determine the origin of the modulation in the crystal structure of averievite, the

first step would be an analysis of the synchrotron data measured at T = 100 K using

difference Fourier maps. However, the synthesis and diffraction studies of single

crystals would make the structure determination more straightforward as it would

allow the structure to be probed in various spatial directions.

Local probe measurements such as NMR on Zn1-averievite and Zn2-averievite

would help to determine whether the displacive disorder in fact leads to local sym-

metry lowering. This would be particularly important to determine in Zn2-averievite

that we suggest has equilateral triangles and distorted hexagons, as the crystal struc-

ture is used as the basis for interpreting its magnetic ground state and excitations.

Scanning electron microscopy combined with energy dispersive x-ray analysis

(SEM-EDX) was used to get a good estimate of the elemental composition of the

x = 1 and x = 2 Zn-doped samples. It showed the two samples to have almost nom-

inal stoichiometries. For Zn2-averievite, the magnetisation data gave an estimate of

the percentage of Cu that sits on the honeycomb sites, but the possible dilution of

the kagome layers could not be quantified. A more accurate determination of the

sample stoichiometries and extent of antisite disorder can be made using anomalous

x-ray diffraction. In this technique, the x-ray energy is tuned to match the absorp-

tion edges of the elements in the sample providing both the sample stoichiometry

and the element site position.

7.9 Conclusions
This chapter has presented crystallographic studies and magnetometry measure-

ments on the averievite series of materials, ZnxCu5–x(VO4)2O2CsCl for x = 0, 1

and 2, as well as the magnetic structure refinement of the parent compound. For
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x = 0 averievite, we find the crystal structure at room temperature agrees with the

literature [2]. For the previously undetermined crystal structure below T = 127 K,

we find a commensurately modulated crystal structure with k = (0, 1
3 , 0). We pro-

pose that this either arises from an ordering of the Cs in the a direction, in agreement

with the previous suggestion [2], or from displacive disorder in the kagome trian-

gles, similar to that found in our Zn-doped samples. Displacive disorder in both

the x = 1 and x = 2 materials was found from the analyses of neutron diffraction

data, but it is more prominent in the kagome planes of Zn2-averievite as Cuk in

Zn1-averievite refines to the high-symmetry (0.5, 0, 0) position, within error. Using

SEM-EDX, we find both Zn1-averievite and Zn2-averievite to have a stoichiometry

close to the nominal one, with the latter having a minimum of ∼ 7% Cu defects

from DC susceptibility.

The magnetic structure of averievite is important in the determination of its

exchange interactions. The number of degrees of freedom that could be reliably

refined was limited and symmetry analysis was used to stabilise the refinement.

Several magnetic structures were capable of describing the observed data, so the

∠Cu-(µ2-O)-Cu superexchange angles in the kagome triangles were used to favour

a structure in Γ3 over Γ1. The magnetic structure suggested here comprises of

two kagome sites forming a q = 0 structure with moments smaller than the Cuh

ones. However, single crystal data will be required to further refine the magnetic

structure. The order parameter of averievite indicates 3-D spin correlations rather

than 2-D ones, suggesting strong correlations between the kagome and honeycomb

Cuh spins, as well as between pyrochlore slabs. Importantly, the ∠Cuk1,k2-(µ2-O)-

Cuh superexchange angles suggest weak coupling between the kagome layers and

the honeycomb spins.

Bulk magnetometry showed a suppression of magnetic order with increased

Zn doping and indicated three different ground states. The x = 2 sample was found

to have a large negative Weiss temperature, indicating an antiferromagnetic mean

field, and no magnetic transition down to T = 2 K despite a build-up of spin corre-

lations below T = 160 K, evidencing strong frustration in the system. Despite the



7.9. Conclusions 247

crystallographic distortion in the kagome hexagons of Zn2-averievite, the absence

of magnetic order indicates that the frustration still survives in this geometry and

that the material presented is a good candidate quantum spin liquid.
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Chapter 8

Magnetic excitations in the averievite

series, ZnxCu5-x(VO4)2O2CsCl for x =

0, 1 and 2

8.1 Introduction

Chapter 7 analysed the crystal structures and bulk magnetometry data of the aver-

ievite series, ZnxCu5–x(VO4)2O2CsCl for x = 0, 1 and 2, as well as the magnetic

structure of undoped averievite. X-ray synchrotron and neutron diffraction data

were used to show that undoped averievite crystallises in the monoclinic P121/c1

space group (no. 14) with a commensurate modulation at low temperature described

by the propagation vector k = (0, 1
3 , 0). Both Zn1-averievite (x = 1 sample) and

Zn2-averievite (x = 2 sample) were modelled in the trigonal P3 space group (no.

143), where equilateral kagome triangles are rotated in the ab plane thereby dis-

torting the kagome hexagons. The magnetic susceptibility of averievite showed a

magnetic phase transition at TN = 23 K in agreement with the literature [1]. For

Zn1-averievite, a magnetic transition was seen in dχ/dT at T = 3.5 K and Zn2-

averievite indicated no magnetic transition down to T = 2 K. The magnetometry

results of Zn2-averievite, together with its almost ideal kagome lattice, make it a

good candidate in the search of experimental materials hosting quantum spin liq-

uid ground states. To this end, the magnetic excitations of Zn2-averievite as well
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as of the x = 0 and x = 1 samples were measured using powder inelastic neutron

scattering (INS).

It was thought that since the distortion in the kagome triangles of undoped

averievite is very small (∼2%), the Cu-Cu couplings would have a similar energy

scale to those in Zn2-averievite and could be used to place Zn2-averievite in a quan-

tum spin liquid phase diagram. As will be detailed in this chapter, determining the

exchange interactions in averievite was a difficult task due to the limitations in de-

termining an accurate magnetic structure, discussed in Chapter 7. The results and

analyses of the INS measurements will be presented for each sample separately,

followed by a comparison between them.

8.2 Inelastic neutron scattering on averievite

8.2.1 Overview

The magnetic excitations of the ground state of averievite were measured by inelas-

tic neutron scattering (INS). An initial experiment on the thermal-neutron time-of-

flight (TOF) spectrometer MERLIN, ISIS, was used to determine the energy scale

of the magnetic excitations. As these measurements were made with quite high

incident neutron energies, Ei, lower incoming neutron energies, as well as longer

counting times, were required to determine the presence of a gap. Therefore, data

were also collected on the cold-neutron TOF spectrometer IN5 at the ILL. The mea-

surements revealed spin wave excitations at Q= 0.37, 1.16 and 1.97 Å−1, extending

up to ∼ 11 meV. A summary of the data collection conditions on IN5 is given in

Table 8.1 for reference throughout this section.

8.2.2 Initial measurements on MERLIN

A ∼ 5 g sample, from the ∼ 7 g measured on WISH and HRPD, was loaded into

an aluminium cylinder and placed in a top-loading closed-cycle refrigerator. It was

measured with Ei = 17, 38 and 100 meV at T = 7 and 50 K, above and below

TN = 23 K. The Ei = 38 and 100 meV data are included in Appendix E. At T = 7 K,

the data collected with the two higher incident neutron energies show the existence

of dispersive spin waves up to 11 meV and no magnetic scattering at higher energy
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a. b.

c. d.

Figure 8.1: Averievite, MERLIN data measured with Ei =17 meV. a.-b. S(Q,E) at T = 7 K
and T = 50 K. c. Temperature subtraction in χ ′′(Q,E) between the T = 7 and 50 K data. d.
χ ′′(Q,E) at T = 50 K.

transfers. The spin waves are better seen with Ei = 17 meV (Figure 8.1a) and

become diffuse above TN (Figure 8.1b).

The high-temperature S(Q,E) was divided by the Bose population factor and

the resulting χ ′′(Q,E) is shown in Figure 8.1d. A temperature subtraction in

χ ′′(Q,E) can be used to isolate the magnetic scattering as shown in Figure 8.1c.

A spin wave branch at Q = 1.16 Å−1 is clearly seen in ∆χ ′′(Q,E) and appears to

be gapless down to at least E = 1.7 meV. The magnetic scattering below 1.7 meV

cannot be seen with this incident neutron energy and longer counting times would

be needed for better statistics. To investigate the magnetic scattering and a possible

gap below this, data were collected with lower incident neutron energies on IN5.
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8.2.3 Spin wave excitations on IN5

A 2.83 g sample, from the ∼ 7 g measured on WISH and HRPD, was loaded into an

annular aluminium cylinder with outer diameter 15 mm and inner diameter 13 mm,

attached to a sample stick and inserted into a standard orange cryostat. A summary

of the data collection conditions can be found in Table 8.1. Empty can measure-

ments were made with all incident energies at T = 1.5 K and subtracted from the

sample data.

T (K)
Ei (meV)

3.55 5.11 10.43 20.45

1.5 IN5 IN5 IN5 IN5
40-43 IN5 - - IN5
60 - IN5 IN5 -
120 - - - IN5

Table 8.1: Summary of averievite INS measurements on IN5 at the ILL, with incident
neutron energies Ei at temperatures T .

Figures 8.2a-c show S(Q,E) collected with an incident neutron energy of Ei =

20.45 meV. At T = 1.5 K, the spin wave branch seen on MERLIN at Q = 1.16 Å−1

is clearly seen extending up to ∼ 11 meV. For Q > 4 Å−1, the intense scattering

above 2 meV corresponds to incoherent phonons that have a ∼ Q2 dependence.

When temperature is increased above TN = 23 K to T = 43 K, the spin waves col-

lapse into diffuse scattering that at low Q is centred at ∼ 1 Å−1 (Figure 8.2b). As

temperature is further increased to T = 120 K, the magnetic scattering becomes

more diffuse and the phonon intensity dominates the spectrum (Figure 8.2c).

The magnetic scattering was separated from the incoherent phonons by a tem-

perature subtraction in χ ′′(Q,E). At T = 1.5 K, χ ′′(Q,E) is equal to S(Q,E) (Figure

8.2a) and χ ′′(Q,E) at T = 120 K is shown in Figure 8.2d. The temperature sub-

traction is shown in Figure 8.2e, where the intense scattering above the elastic line

extending to about E = 2.5 meV and Q = 2.1 Å−1 is spurious. The spin wave ex-

citations are clearly seen extending up to about 10 meV and the branch at 1.97 Å−1

is more evident than in the MERLIN data.

To fully characterise the magnetic excitations, data were collected with lower
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a. b.

c. d.

e.

Figure 8.2: Averievite, IN5 data measured with Ei =20.45 meV. a.-c. S(Q,E) at T = 1.5 K,
T = 43 K and T = 120 K. d. χ ′′(Q,E) measured at T = 120 K. e. Temperature subtraction
in χ ′′(Q,E) between the T = 1.5 and 120 K data.

incident neutron energies. At T = 1.5 K, the Ei = 10.43 meV data (Figure 8.3a)

show the same spin wave branches as seen with Ei = 20.45 meV and unfortunately

has spurious scattering in the range 1.7 < Q < 2.2 Å−1 at E = 2 meV, originating

from the cryostat. Nevertheless, there is a hint of additional scattering on the edge

of the kinematic window at low Q extending up to ∼ 4 meV. This is more clearly

seen in a combined plot of the Ei = 3.55 and 5.11 meV data at T = 1.5 K (Figure

8.3c), which reveal a spin wave branch at 0.37 Å−1. The gap of the 1.16 Å−1 branch
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a. b.

c. d.

Figure 8.3: Averievite, S(Q,E) measured on IN5 with Ei = 10.43 meV at a. T = 1.5 K and
b. T = 60 K. c. Combined data with Ei = 3.55 and 5.11 meV at T = 1.5 K. d. S(Q,E) with
Ei =3.55 meV at T = 40 K.

is estimated to be ∼ 0.4 meV as will be further discussed in Section 8.2.4. The data

collected with Ei = 3.55 and 5.11 meV at T > 1.5 K are not at the same tempera-

ture, so a similar data combination could not be done and the former are shown at

T = 40 K in Figure 8.3d. The magnetic excitations have become diffuse and two

vertical columns of magnetic scattering centred at the same Q positions (0.37 Å−1

and 1.16 Å−1) are observed, indicative of strong short-range correlations. This is in

agreement with the magnetic susceptibility data, which showed antiferromagnetic

correlations building up below T = 200 K well before the magnetic transition.

8.2.4 Analysis

The spin wave excitations at T = 1.5 K were characterised using their E and Q

dependencies. The Q positions of the spin wave branches were determined by inte-

grating ∆χ ′′(Q,E) over various E ranges as shown in Figure 8.4. ∆χ ′′
E(Q) was fitted

with two Gaussian peaks and a flat background, giving peak centres at 1.16(1) Å−1
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and 1.97(5) Å−1. The branch near Q = 1.16 Å−1 is close to the magnetic Bragg

peaks at Q = 1.13 Å−1 and Q ≈ 1.2 Å−1in the P121/c1 space group. These in-

clude: the (3
2 , 0, 0) at Q = 1.13 Å−1; and the (−3

2 , 1, 1), (1
2 , 1, 1) and (−3

2 , 0, 2) near

Q ≈ 1.2 Å−1, in order of increasing Q. The peak at 1.16 Å−1 seems to move to

0 1 2 3

|Q| (Å
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Figure 8.4: Averievite IN5 data with Ei = 20.45 meV at T = 1.5 K. a. ∆χ ′′
E(Q) obtained by

integrating ∆χ ′′(Q,E,T =1.5− 100 K) over various energy ranges (black) fitted with two
Gaussians (red and blue solid lines) and a flat background (dashed red line). Parameters
obtained from the Gaussian fits for b. the peak near Q = 1.16 Å−1 and c. the peak near
Q = 1.97 Å−1. The horizontal black line shows the average peak centre.
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lower Q with increasing energy transfer, indicating that the intensity in the powder

average disperses to lower Q. Its FWHM increases with increasing E, giving further

support for its dispersive character. The peak area increases with increasing energy

until the branch approaches the optical band at ∼ 6 meV (see Figure 8.2e).

The peak at higher Q is found to be centred at 1.97(5) Å−1, which is near the

(−7
2 , 0, 1) and (5

2 , 0, 1) magnetic Bragg peaks. Its centre stays relatively constant

as the energy increases and its FWHM also seems to stay relatively constant up to

6.6 meV, probably due to the powder averaging of the spin wave intensity.

A similar analysis was used for the spin wave branch at lower Q observed

in the data collected with Ei = 3.55 and 5.11 meV (Figure 8.3c). S(Q,E) was

integrated over various energy ranges to obtain SE(Q) and fitted with two Gaussian

functions and a flat background as shown in Figure 8.5. The peak at lower Q has an

average centre at 0.37(1) Å−1 and this stays constant within error between 0.5 and

1.5 meV. This spin wave branch emerges from the (1
2 , 0, 0) magnetic Bragg peak

in the space group P121/c1. Between 0.5 and 1.5 meV the FWHM also changes

little, but its peak area increases with increasing E. The other peak was found to be

centred at Q =1.16(2) Å−1, in good agreement with the value determined from the

Ei = 20.45 meV data. In the energy range 0.7 < E < 1.5 meV, its peak area seems

to stay relatively constant.

The magnetic scattering can also be analysed using its energy dependence, by

integrating ∆χ ′′(Q,E) over various Q ranges to obtain ∆χ ′′
Q(E). ∆χ ′′(Q,E) was in-

tegrated over the 1.16 Å−1 and 1.97 Å−1 branches, as well as at lower and higher Q

ranges as shown in Figure 8.6a. As expected, ∆χ ′′
Q(E) is most intense at the position

of the 1.16 Å−1 spin wave branch. The magnetic scattering near the Q =1.97 Å−1

branch is weaker and comparable to 0.6 < Q < 0.8 Å−1. At higher Q the magnetic

contribution is only in the optical band above ∼6 meV.

To confirm the magnetic origin of the 1.16 Å−1 spin wave branch, χ ′′
Q(E) at

T = 1.5, 43 and 120 K integrated over 0.9 < Q < 1.3 Å−1 is shown in Figure

8.6b. At the lowest measured temperature, the excitation has maximum intensity

at ∼ 8.7 meV with a bandwidth of ∼11 meV. Above TN at T = 43 K, the peak
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−1

)

0.0

0.5

1.0

1.5

S
E

(Q
)

(a
rb

.
u

n
it

s)

1.1 < E < 1.3 meV

0.0 0.5 1.0 1.5 2.0

|Q| (Å
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Figure 8.5: Averievite IN5 data with Ei = 3.55 meV at T = 1.5 K. a. Energy integrated
S(Q,E) (black) fitted with two Gaussians (purple and blue solid lines) and a flat background
(blue dashed line). b. Parameters obtained from the Gaussian fits for the peak near Q =
0.37 Å−1. The black line shows the average peak centre. c. Parameters obtained from the
Gaussian fits for the peak near Q = 1.16 Å−1. The black lines show the average peak centre
and average peak area.

in χ ′′
Q(E) disappears as the system goes through the magnetic phase transition into

a correlated paramagnetic state. At T = 120 K, χ ′′
Q(E) loses intensity across the

whole E range, becoming almost flat in energy, as the magnetic correlations are
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Figure 8.6: Averievite IN5 data with Ei = 20.45 meV, excluding the spurious scattering
above the elastic line. a. ∆χ ′′

Q(E) obtained by integrating ∆χ ′′(Q,E,T =1.5−120 K) over
various Q ranges. b. χ ′′(Q,E) integrated over 1.9 < Q < 1.3 Å−1 at T = 1.5 K (black),
T = 43 K (orange) and T = 120 K (purple).

further weakened and the scattering becomes more diffuse.

The results of the Gaussian fits were used to estimate the size of a hypothetical

gap. For the spin wave branch centred at Q = 0.37 Å−1, the spurious scattering

extending up to 0.66 meV prevents the determination of a gap smaller than this. For

the branch near Q = 1.16 Å−1, the peak areas from the Gaussian fits in Figures 8.4
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Figure 8.7: Averievite IN5 data at T = 1.5 K collected with Ei = 3.55 (black), 5.11 (orange)
and 20.45 meV (blue). Peak areas of the peak near 1.16 Å−1 as a function of energy,
obtained from the Gaussian fits shown in Figures 8.4, 8.5 and Appendix E. The red line is a
linear fit as explained in the text.
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and 8.5, were combined with the results of Gaussian fits for the Ei = 5.11 meV data

(Appendix E). A linear fit of the peak areas was used to estimate an energy gap of

at most 0.4(2) meV (see Figure 8.7).

Thus far, a qualitative description of the magnetic excitation spectra of un-

doped averievite has been given and the next section will detail attempts to simulate

the observed spin waves at T = 1.5 K using a preliminary exchange interaction

model.

8.2.5 Exchange interactions

The aim of measuring the spin wave excitations of undoped averievite was to de-

termine the dominant exchange interactions and use them to approximate those of

the x = 1 and x = 2 Zn-doped samples. Semi-classical linear spin wave theory in

SpinW was used to calculate spin wave spectra [2]. The INS spectra indicated spin

waves with branches at Q = 0.37, 1.16 and 1.97 Å−1 with a bandwidth of 11 meV.

Unlike the two magnetic responses seen in claringbullite (Chapter 6), it seems that

a single response dominates the spin wave spectra of averievite. Each Cuh-O-Cuk

pathway has an average superexchange angle of ∼ 96°, which is close to the 95°

crossover angle between ferro- and antiferromagnetic exchange [3] suggesting the

exchanges could be close to zero. Despite this weak coupling between the Cuh

and Cuk spins, the magnetic structure refinements and magnetic susceptibility data

(Chapter 7) indicated that all magnetic moments order with a single phase transition

and therefore all spins contribute to the observed spin wave excitations. The mag-

netic structures compatible with the experimentally observed magnetic Bragg peaks

(see Chapter 7), indicated that the magnetic moment of the honeycomb Cuh may be

about twice as large as the kagome ones (assuming the kagome Cu moments are

similar to each other) with values of 0.60 µB, 0.30 µB and 0.47 µB for Cuh, Cuk1 and

Cuk2, respectively. Therefore, to a first approximation, exchange models including

only Cuh were built. The Cuh spins point along the c direction with a canting in the

bc plane and were approximated to be collinear along c.

A simple model with two exchange parameters was considered and is shown

in Figure 8.8: J4 couples the Cuh spins from one pyrochlore slab to the next (inter-
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Ji Cuh-Cuh distance
J4 5.41(5)

5.42(4)
5.42(4)

J6 5.72(5)
5.72(5)
5.73(5)

Figure 8.8: Averievite magnetic structure with three magnetic sites: Cuh (yellow), Cuk1
(blue) and Cuk2 (purple). The magnetic moments were refined from WISH data. The ex-
changes are those used in SpinW with a list of the corresponding Cu-Cu distances.

slab exchange); and J6 couples them within each slab layer through the pathway

Cuh-O-Cuk-O-Cuh (intra-slab coupling). Averievite has a Weiss temperature of

∼ −180 K evidencing an antiferromagnetic mean field. Since the Weiss temper-

ature becomes more positive with Zn-doping, a reasonable assumption is that the

mean field and dominant coupling between the Cuh spins is antiferromagnetic. The

magnetic structure shows the Cuh spins are antiparallel between pyrochlore slab

layers, so the largest antiferromagnetic exchange was set to be J4 = 5.28 meV, with

a small ferromagnetic intra-slab exchange J6 = −0.88 meV. The spin wave spectrum

was convoluted with the instrumental resolution of Ei = 20.45 meV (dE = 0.4 meV

and dQ = 0.06 Å−1), and the result is shown in Figure 8.9b. These exchange inter-

actions capture the bandwidth and Q positions of the observed spin waves, as well

as the spin wave stiffness of the branches near Q = 1.16 and 1.95 Å−1 (see Figure

8.9c). However, the spin wave stiffness of the Q = 0.37 Å−1 branch does not match

the experimental data (Figure 8.9d). This indicates that additional exchanges, likely

the ones in the kagome plane, play a role in the excitations. This is further exem-
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plified by the magnon density of states shown in Figure 8.9e, where the intensity

of the calculated SQ(E) is lower than the experimental one in most of the energy

range. The contribution of J4 and J6 to the Weiss temperature can be calculated by

θW = −1
3

S(S+1)[3J4 +3J6]≈ −38 K, (8.1)

which is about half the difference between the Weiss temperatures of averievite and

Zn2-averievite (|∆θW | = 70 K). This suggests that additional antiferromagnetic in-

teractions involving Cuh need to be taken into account. From the magnetic structure

refinement of the WISH data (Chapter 7), the kagome Cu spins were refined with

angles of 90°, 135° and 135°. Finding exchanges that stabilise these exact angles is a

difficult task, particularly considering that they arise from refinements with a limited

number of degrees of freedom and may not be accurate (see Chapter 7 for further

details). Easier to stabilise is a structure where the kagome spins are at 120° to each

other. Considering a dominant first neighbour antiferromagnetic exchange in the

kagome layer, with a weaker second neighbour exchange (also in the kagome layer)

gives a powder averaged spectrum with the most intense branch at Q = 1.2 Å−1 and

no branch at Q = 0.37 Å−1. A suitable exchange between kagome spins that gave

a branch at Q = 0.37 Å−1 could not be found. Combining the kagome exchanges

with J4 and J6 resulted in the Q = 1.2 Å−1 branch being the most intense, whilst it

can be seen from the Q dependence in Figure 8.9c that the Q = 0.37 Å−1 branch is

the most intense. A more precise magnetic structure from single crystal measure-

ments, may enable a better estimate of the kagome exchanges by comparison to the

powder averaged data presented here. Inelastic neutron scattering measurements on

single crystals would also make this task easier.

Analysis of the energy dependence of the spin wave branch near Q= 1.16 Å−1,

indicated a zero-energy gap of at most 0.4(2) meV. The most likely origin of such

a hypothetical gap is an anisotropic Dzyaloshinskii-Moriya interaction (DMI). This

may also be expected to stabilise the antiferromagnetic canting of the Cuh spins in

the bc plane, but is not symmetrically allowed on all J4 and J6 exchanges.
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a. b.

c. d.

e.

Figure 8.9: Averievite SpinW results. a. Combined data collected on IN5 with Ei = 3.55,
5.11, 10.43 and 20.45 meV. b. Calculated spin wave spectrum with J4 = 5.28 meV
and J6 = −0.88 meV corresponding to the exchanges in Figure 8.8. The white dashed
line is the kinematic window for Ei = 20.45 meV. c. Energy integrated S(Q,E) over
4.9 < E < 5.1 meV from the Ei = 20.45 meV data (red) with the calculation in blue. d.
Energy integrated S(Q,E) over 0.7 < E < 0.9 meV from the Ei = 3.55 meV data (red,
dQ = 0.02 Å−1) with the calculation in blue. e. S(Q,E) integrated over 1.0 < Q < 1.4 Å−1

from the Ei = 5.11, 10.43 and 20.45 meV data (red) with the calculation in blue.
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8.3 Inelastic neutron scattering on Zn1-averievite

8.3.1 Overview

Inelastic neutron scattering (INS) measurements on Zn1-averievite were made us-

ing the cold neutron time-of-flight (TOF) spectrometer IN5 and the thermal neutron

TOF spectrometer PANTHER. A summary of the data collection conditions can be

found in Table 8.2. For these measurements, a 7.93 g sample (also measured on

HRPD) was loaded into an annular aluminium cylinder with outer and inner diam-

eters of 15 mm and 10 mm, respectively. The raw data were reduced as detailed in

Chapter 4 and an empty can measurement was subtracted. The sample environment

was a standard orange cryostat as for undoped averievite.

T (K)
Ei (meV)

3.55 12.5 19.2 20.45

1.5 IN5 PANTHER PANTHER IN5
15 IN5 PANTHER PANTHER IN5
50 - PANTHER PANTHER -
100 - PANTHER PANTHER -

Table 8.2: Summary of Zn1-averievite INS measurements on PANTHER and IN5 at the
ILL, with incident neutron energies Ei at temperatures T .

8.3.2 High-energy excitations on PANTHER

INS data were collected on PANTHER with incident neutron energies Ei = 12.5

and 19.2 meV (summarised in Table 8.2). The reduced S(Q,E) spectra are shown

in Figure 8.10. At T = 1.5 K with Ei = 19.2 meV, the strongest intensities in

S(Q,E) are from the elastic scattering centred at E = 0 and the phonon scattering

at Q > 2.5 Å−1. There is a diffuse magnetic excitation centred at 0.75(3) Å−1 and

extending up to ∼ 10 meV. With a lower incident neutron energy, Ei = 12.5 meV, it

is clearer that there are two contributions centred at Q ≈ 0.4 and 1.0 Å−1 (see Fig-

ure 8.10b). To better resolve these two excitations, measurements were made with

lower Ei on the cold neutron TOF spectrometer IN5 and the results are discussed in

the next section. As temperature increases the magnetic scattering becomes more

diffuse, but persists up to at least T = 100 K (Figures 8.10c-h). This is consistent
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a. b.

c. d.

e. f.

g. h.

Figure 8.10: Zn1-averievite S(Q,E) collected on PANTHER with left. Ei =19.2 meV and
right. Ei =12.5 meV at T = 1.5, 15, 50 and 100 K (top.-bottom.).
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with the magnetic susceptibility data, which shows an onset of antiferromagnetic

correlations below T = 200 K (Chapter 7).

8.3.3 Low-energy excitations on IN5

To better resolve the two excitations observed using PANTHER and determine the

presence of a possible energy gap, measurements were made on IN5 with Ei =

3.55 meV at T = 1.5 and 15 K (Figure 8.11). At both temperatures, there are two

horizontal bands at E = 1.1 meV and E = 2 meV, which are due to unidentified

spurious scattering and the monitor used on IN5, respectively. At T = 1.5 K, there

are two columns of magnetic scattering at Q ≈ 0.4 and 1.0 Å−1. The square-like

intense feature extending up from the elastic line up to E ≈ 0.5 meV and Q ≈
0.5 Å−1, is spurious scattering from the cryostat. At T = 15 K, the excitations are

slightly more diffuse, but the two columns of scattering can still be clearly seen. The

magnetic susceptibility measurements (Chapter 7) indicated an onset of magnetic

order below T = 3.5 K and the two excitations in Figure 8.11a are reminiscent of

spin waves. To investigate the possibility of long-range magnetic order at T = 1.5 K,

the elastic line of S(Q,E) was inspected but no magnetic Bragg peaks were seen.

This may suggest a spin glass-like system, despite the magnetic susceptibility data

(Chapter 7) not clearly evidencing bifurcation between the field-cooled and zero

field-cooled data, as may be expected from a spin glass. The ground state of Zn1-

averievite will be further investigated using µSR measurements, which can

a. b.

Figure 8.11: Zn1-averievite S(Q,E) measured on IN5 with Ei =3.55 meV at a. T = 1.5 K
and b. T = 15 K.
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a.

b.

Figure 8.12: Zn1-averievite, IN5 (E ≤ 1.5 meV) and PANTHER data obtained with Ei =
3.55 and 12.5 meV, respectively, at T = 1.5 K. a. SE(Q) obtained by integrating S(Q,E)
over various energy ranges (black) fitted with Gaussians and a flat background (solid lines).
Separate components shown by the dashed lines. b. Parameters obtained from Gaussian
fits.
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differentiate between static and dynamic fields from fluctuating magnetic moments.

8.3.4 Analysis

The magnetic scattering of Zn1-averievite was characterised using its Q and E de-

pendence. Energy integrated SE(Q) scans of the Ei = 3.55 and 12.5 meV data were

fitted with two Gaussian functions and a flat background up to E = 3.1 meV. For

E > 3.1 meV, the kinematic window edge prevents an accurate characterisation of

the peak at lower Q and SE(Q) was fitted with a single Gaussian and flat back-

ground. Some of these fits are shown in Figure 8.12a and the rest can be found in

Appendix E. The results from all fits are shown in Figure 8.12b.

Using the energy transfer range 0.5 ≤ E ≤ 1.0 meV, the peak at lower Q was

determined to be centred at 0.393(2) Å−1. For E > 1.0 meV, the lower Q limit of

the kinematic window prevents an accurate determination of its peak centre, so this

was fixed to 0.39 Å−1 to assess its FWHM and area. The peak at higher Q is on

average centred at Q = 1.05(9) Å−1, though it appears to move to lower Q with

increasing E. These peak positions cannot be indexed by the propagation vectors

of the regular magnetic orders on a kagome lattice. However, they can be indexed

by the characteristic wave vector k = (1/3, 0, 0) corresponding to a spiral state,

where the pitch of the spiral is 2π/|k|. The Q = 0.39 Å−1 position corresponds

to the (1/3, 0, 0) expected reflection and the Q = 1.05 Å−1 position is near the

(−1/3, 1, 0) and (−2/3, 0, 1) reflections at Q = 1.02 and 1.07 Å−1, respectively.

For the single Gaussian fits, the peak centre stays relatively constant with an av-

erage at 0.76(3) Å−1, halfway between the two peaks resolved at lower energy trans-

fer. As expected from fitting a single Gaussian to two peaks, the average FWHM

increases. In the energy ranges that the two peaks can be resolved, the FWHM and

peak area decrease for the peak near 0.39 Å−1, whereas the opposite is observed for

the peak near Q = 1.05 Å−1. The average FWHM for the peaks at lower and higher

Q, are 0.6(2) Å−1 and 0.5(2) Å−1, respectively. From the FWHM, similar corre-

lation lengths are found with values of 10(3) Å and 13(5) Å. These length scales

indicate short-range correlations of approximately two kagome hexagons.

It is now interesting to look at the changes in the magnetic scattering with
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temperature. Figure 8.13a shows χ ′′
E(Q) obtained by integrating χ ′′(Q,E) over

4.0 < E < 4.5 meV at all measured temperature. The intensity of χ ′′
E(Q) remains

very similar between T = 1.5 and 15 K, as can be seen in the S(Q,E) spectra (Fig-

ures 8.10 and 8.11). At T = 50 and 100 K, χ ′′
E(Q) loses intensity as the thermal

fluctuations become stronger than the spin-spin correlations and the magnetic scat-

tering becomes increasingly diffuse.

A similar observation is made using χ ′′
Q(E), obtained by integrating χ ′′(Q,E)
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0.0

0.2

0.4

0.6

0.8

χ
′′ E

(Q
)

(a
rb

.
u

n
it

s)

4.0 < E < 4.5 meV

T = 1.5 K

T = 15 K

T = 50 K

T = 100 K

T = 1.5 K

T = 15 K

T = 50 K

T = 100 K

0 2 4 6 8
Energy transfer (meV)

0.0

0.2

0.4

0.6

0.8

χ
′′ Q

(E
)

(a
rb

.
u

n
it

s)

b.

a.
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T = 100 K

T = 1.5 K

T = 15 K
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T = 100 K

Figure 8.13: Zn1-averievite IN5 and PANTHER data at T = 1.5 K (black), T = 15 K (pur-
ple), T = 50 K (orange) and T = 100 K (blue). a. Ei = 20.45 meV. χ ′′(Q,E) integrated over
4.0 < E < 4.5 meV. b. Combined data collected with Ei = 3.55 (circles), 12.5 (triangles)
and 19.2 meV (diamonds). χ ′′(Q,E) integrated over 0.7 < Q < 0.9 Å−1. The solid lines are
quasi-elastic Lorentzian fits at each temperature.
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over 0.8 < Q < 1.2 Å−1 (Figure 8.13b). If the system does not have a transition

to long-range order down to T = 1.5 K, quasi-elastic scattering would be expected

to dominate. Therefore, an attempt was made to fit χ ′′
Q(E) with a quasi-elastic

Lorentzian (QEL) function as shown in Figure 8.13b. The QEL describes excita-

tions with a single relaxation time, such as those in an uncorrelated paramagnet. It

is evident that at T = 1.5 K, a QEL function does not accurately describe χ ′′
Q(E) at

low E indicating additional correlations at this temperature. However, at T ≥ 15 K

the QEL function is a good description of χ ′′
Q(E), meaning that below T = 15 K

the excitation is more complex than a simple relaxational one. This agrees with the

magnetic susceptibility (Chapter 7) that indicated a transition at T = 3.5 K, but the

nature of the ground state remains an open question.

8.3.5 Zeroth- and first-moment analyses

The inelastic magnetic scattering observed in the INS measurements of Zn1-

averievite at T = 1.5 K, can be used to determine the spin-pair correlation function.

This can then be used to indicate whether the exchanges are ferro- or antiferromag-

netic. The exchange interactions up to the interlayer distance of ∼ 8.42 Å are shown

in Figure 8.14 with the corresponding distances in Table 8.3.

Figure 8.14: Zn1-averievite Cu and Zn atoms in the P3 space group (no. 143) from the
refinement of HRPD data collected at T = 1.5 K (Chapter 7). The exchange interactions
correspond to the Cu-Cu distances in Table 8.3.
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i di (Å) Ji
t1 2.90 Jt1
1 3.14 J1
t2 5.30 Jt2
2 5.44 J2

3, d, t3 6.28 J3,d,t3
t4 6.42 Jt4
t5 6.92 Jt5
t6 7.80 Jt6
t7 8.22 Jt7
4 8.31 J4
c 8.42 Jc

Table 8.3: Zn1-averievite approximate Cu-Cu bond distances, di, for bonds i are given with
the associated exchange interaction label, Ji, and correspond to Figure 8.14. These were
determined from the refinement results using HRPD data at T = 1.5 K.

The spin-pair correlations were calculated by fitting the zeroth moment,

Smag(Q), using reverse Monte Carlo (RMC) modelling in SPINVERT [4]. For an

isotropic paramagnet, Smag(Q) is given as

Smag(Q) =
∫

∞

−∞

S(Q,E)dE (8.2)

=
2
3
|g f (Q)|2S(S+1)

(
1+

1
N ∑

i, j
⟨Si ·S j⟩

sin(Qdi j)

Qdi j

)
, (8.3)

where N is the number of spins in the magnetic unit cell, f (Q) is the magnetic form

factor and ⟨Si ·S j⟩ are the spin correlations between spins separated by a distance

di j. The magnetic scattering was isolated from S(Q,E) by subtracting the inco-

herent phonons, as detailed in Chapter 4. Smag(Q) was obtained by integrating the

phonon-subtracted Smag(Q,E) between 0.5 and 10.0 meV. The magnetic form factor

for Cu2+ is

fCu2+(Q) = Ae−as2
+Be−bs2

+Ce−cs2
+D, (8.4)

where s = |Q|/4π , A = 0.0232, a = 34.9686, B = 0.4023, b = 11.5640, C =

0.5882, c = 3.8428 and D = −0.0137 [5]. As SPINVERT only takes unit cells

with orthogonal axes, the P3 unit cell was transformed to an orthogonal basis with
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a = 10.87707 Å, b = 6.27988 Å, c = 8.41825 Å and eight Cu sites. The HRPD

Rietveld refinements (Chapter 7) indicated a large anisotropic displacement param-

eter for the Cu sites, which was accounted for in SPINVERT as an isotropic one

with a value of Uiso = 0.0869 Å2. The RMC fit was run with 1000 moves per spin

for ten independent cycles to ensure consistency in the results. Supercells made of

6×6×6, 8×8×8 and 10×10×10 unit cells were trialled and it was found that the

largest supercell was over fitting the data. As an example, three independent fits to

the zeroth moment using an 8×8×8 supercell are shown in Figure 8.15a. The pro-

gram SPINCORREL was used to calculate the spin-pair correlations, ⟨Si ·S j⟩, for

the three aforementioned supercells, which are shown in Figure 8.15b. The results

converge with increasing box size and for the fits in Figure 8.15a, the spin correla-

tions up to di = 20 Å are shown in Figure 8.15c. The strongest spin correlation is for

the shortest bond distance (dt1 ≈ 2.90 Å) and is positive, suggesting ferromagnetic

coupling between the Cuk and the capping Cu1 spins. All other spin correlations

are at least half in strength and for distances greater than dt5 ≈ 6.92 Å, they become

increasingly smaller and average to around zero.

An analysis of the first moment can be used to obtain the relative bond energy

strengths. The first moment for powder averaged data [6] is calculated using

⟨E⟩=
∫

∞

−∞

Smag(Q,E)EdE =
2
3
|g f (Q)|2 1

N ∑
i

Ai

(
sinQdi

Qdi
−1
)
, (8.5)

where N = 4 and the bond energies, Ai, corresponding to the notation in Table 8.3

are:

Ai = 6Ji⟨S0 ·Sdi⟩, for i = t1, t2, t4, t5, t6, t7, (8.6)

Ai = 12Ji⟨S0 ·Sdi⟩, for i = 1, 2, (8.7)

A3,d,t3 = 12J3⟨S0 ·Sd3⟩+6Jd⟨S0 ·Sd3⟩+6Jt3⟨S0 ·Sdt3⟩, (8.8)

Ac = 8Jc⟨S0 ·Sdc⟩, (8.9)

A4 = 24J4⟨S0 ·Sd4⟩. (8.10)
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Figure 8.15: Zn1-averievite, IN5 data. a. Zeroth moment calculated by integrating S(Q,E)
over 0.5 < E < 10 meV and normalised as described in the text (grey). The range fitted
in SPINVERT is shown in black (Q < 2 Å−1), with three independent fits. b. Radial
spin correlation function for the 6 × 6 × 6, 8 × 8 × 8 and 10 × 10 × 10 supercells up to
dc = 8.41825 Å. c. Radial spin correlation function for the 8×8×8 supercell.

In practice, the first moment was obtained by multiplying the the incoherent

phonon-subtracted Smag(Q,E) by E and integrating between 0.5 and 10.0 meV. A

weighted least-squares fit was done up to Q = 2.0 Å−1 using equation 8.5 and con-

sidering the distances, di, given in Table 8.3. Some of the separate bond energy

contributions are shown in Figure 8.16a. The peak positions of ⟨E⟩ are closest to

the i = 2 and i = t2 curves, i.e. for Cu-Cu distances of 5.3-5.4 Å, but additional

bond energy contributions are required to improve the fit at low Q. Combinations

of different variables are shown in Figure 8.16b and the best fits were achieved using
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−1

)

0.0

0.2

0.4

0.6

0.8
<
E
>

(a
rb

.
u

n
it

s)

i = t1

i = 1

i = t2

i = 2

i = t6

i = c

0.0 0.5 1.0 1.5 2.0

|Q| (Å
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Figure 8.16: Zn1-averievite, IN5 and PANTHER data. First moment calculated by integrat-
ing S(Q,E) over 0.5 < E < 10 meV and normalised as described in the text. a. Some of the
separate bond energy contributions to the first moment contributions (equations 8.6-8.10).
b. Various combinations of different i, as discussed in the text.

A1, A2 and a bond energy corresponding to distances of ∼ 8 Å. This indicates that

further neighbour interactions are important in the description of the first moment.

However, the peak near Q = 1 Å−1 is not well described even with four param-

eters. Attempting refinements with more variables led to an unphysical curve for

Q > 2 Å−1, as well as high correlations between the refined parameters and large

standard errors. Therefore, the determination of accurate bond energies is hindered

by the limited Q range. In future studies, this could be improved by measuring the

magnetic scattering using polarised neutrons, to experimentally isolate it from the

coherent phonons that in our data are present above Q = 2 Å−1.

The spin correlations suggest that the coupling between the capping Cuh1/Cuh2

spins and the kagome Cuk spins (see Figure 8.14) is ferromagnetic. It is notable that

the Weiss temperature becomes slightly more negative on doping with Zn from the

x = 1 to the x = 2 level possibly suggesting a ferromagnetic mean field for the cap-

ping Cu atoms. In addition, the crystal structure has average ∠Cuk-O-Cuh1/Cuh2

superexchange angles of 95°, which is the crossover between ferro- and antifer-

romagnetic exchange for Cu-(µ2-O)-Cu pathways according to the Goodenough-

Kanamori rules [3]. These results suggest that Jt1 is weak and ferromagnetic.
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8.4 Inelastic neutron scattering on Zn2-averievite

8.4.1 Overview

For Zn2-averievite inelastic neutron scattering measurements were made on the cold

neutron time-of-flight spectrometer IN5 and a summary of the data collection con-

ditions is given in Table 8.4. For these measurements, a 2.63 g sample (part of the

batch measured on HRPD and D2B) was loaded into an annular aluminium cylinder

with a 15 mm outer diameter and 13 mm inner diameter. The sample environment

was a standard orange cryostat as for the x = 0 and 1 samples.

T (K)
Ei (meV)

3.55 5.11 20.45

1.5 IN5 IN5 IN5
15 IN5 - IN5
60 IN5 - IN5
120 IN5 IN5 IN5

Table 8.4: Summary of Zn2-averievite INS measurements on IN5 with incident neutron
energies Ei at temperatures T .

8.4.2 Diffuse excitations on IN5

The raw data were reduced as described in Chapter 4. The reduced S(Q,E) plots

collected with incident neutron energies Ei = 20.45 and 3.55 meV are shown in

Figure 8.17. The Ei = 20.45 meV data shows the full bandwidth of the magnetic

scattering. At T = 1.5 K (Figure 8.17a), the strongest intensities are from the elastic

line (centred at E = 0) and the phonon scattering for Q > 2.5 Å−1, which has a Q2

dependence. S(Q,E) shows diffuse magnetic scattering centred at ∼0.76 Å−1 that

extends up to ∼ 10 meV. As temperature increases the magnetic scattering becomes

more diffuse, but persists up to the highest measured temperature, T = 120 K. This

indicates strong short-range correlations, in agreement with the magnetic suscep-

tibility that showed downward curvature below T = 200 K indicative of antifer-

romagnetic correlations (Chapter 7). The magnetic excitation seen at T = 1.5 K

can be isolated from the phonon scattering through a temperature subtraction in

χ ′′(Q,E) with the T = 120 K data. χ ′′(Q,E) at T = 120 K was obtained from



8.4. Inelastic neutron scattering on Zn2-averievite 277

a. b.

c. d.

e. f.

g. h.

Figure 8.17: Zn2-averievite measured on IN5. S(Q,E) collected with Ei = 20.45 (left.) and
Ei = 3.55 meV (right.) at T = 1.5, 15, 60 and 120 K (top.-bottom.).
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a. b.

Figure 8.18: Zn2-averievite, IN5 Ei = 20.45. a. χ ′′(Q,E) at T = 120 K. b. Temperature
subtraction ∆χ ′′(Q,E,T =1.5−120 K).

S(Q,E) using the fluctuation-dissipation theorem and is shown in Figure 8.18a,

with the subtraction from the T = 1.5 K data in Figure 8.18b. The intense scatter-

ing up to E ≈ 3 meV is not from the sample, as confirmed by inspecting S(Q,E)

collected with lower incident energies.

S(Q,E) measured with Ei = 5.11 meV is included in Appendix E as it has

spurious scattering at low Q and E ≈ 1.9 meV, which was confirmed to not be from

the sample by inspecting the data collected with Ei = 3.55 meV (Figure 8.17). The

data collected with Ei = 3.55 meV has spurious scattering above the elastic line in

the range 0.1 < Q < 0.8 Å−1 from the cryostat. There are two horizontal bands at

E = 1.1 meV and E = 2 meV (difficult to see in S(Q,E) but obvious in E and Q

scans), which are due to unidentified spurious scattering and the monitor used on

IN5, respectively. At T = 1.5 K, gapless diffuse magnetic scattering is observed

up to Q ≈ 1.5 Å−1. As temperature increases, the magnetic scattering appears to

become more intense near Q = 0.2 Å−1, which is more obvious when looking at the

negative energy transfer region due to the spurious scattering above the elastic line.

8.4.3 Analysis

The centre of the diffuse magnetic scattering can be used to determine the charac-

teristic wave vector of the short-range correlations in Zn2-averievite. The Q depen-

dence of the magnetic scattering was determined using temperature subtracted data,

∆χ ′′(Q,E) (Figure 8.18b), integrated over various energy ranges. ∆χ ′′
E(Q) was fit-

ted with a Gaussian function and a flat background as shown in Figure 8.19a. The
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peak centre stays relatively constant with an average value of 0.76(4) Å−1. The peak

area also stays relatively constant between 3.6 meV and 6.2 meV, while the FWHM

slightly increases. The average FWHM is 0.7(1) Å−1, giving a correlation length of

9(1) Å that is ∼ 1.5 kagome hexagons. This indicates that this system is not limited

to nearest neighbour dimers and further neighbour spin correlations are important.

a.

b.

Figure 8.19: Zn2-averievite IN5 data, Ei = 20.45 meV. a. ∆χ ′′
E(Q) obtained by integrating

∆χ ′′(Q,E) = χ ′′(Q,E,T =1.5− 120 K) over energy transfers ranges with width 0.2 meV.
The red lines are Gaussian fits with a flat background term that is shown by the dashed lines.
b. Results from the Gaussian fits.
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Table 8.5 shows the Q positions expected for the propagation vectors of the regular

magnetic orders on a kagome lattice: k = 0, k = (1
2 , 0, 0) and k = (1

3 ,
1
3 , 0) [7].

The excitation centred at Q = 0.76 Å−1 is close to the expected (0, 0, 1) peak in

k = 0, which corresponds to the Γ point in the trigonal Brillouin zone.

k = 0 k = (1
2 ,0,0) k = (1

3 ,
1
3 ,0)

h k l |Q| (Å−1) h k l |Q| (Å−1) h k l |Q| (Å−1)

0 0 1 0.74 1
2 0 0 0.60 1

3
1
3 0 0.67

0 1 0 1.16 1
2 0 1 0.94 1

3
1
3 1 1.00

1 0 1 1.38 −1
2 1 0 1.01 2

3
2
3 0 1.34

0 0 2 1.49 −1
2 1 1 1.25 2

3
2
3 1 1.53

Table 8.5: Characteristic wave vectors for the propagation vectors k = 0, k = (1
2 ,0,0) and

k = (1
3 ,

1
3 ,0), with lattice parameters a = b = 6.279882 Å, c = 8.418249 Å, α = β = 90°

and γ = 120°.

The temperature dependence of the magnetic excitations was investigated us-

ing χ ′′
E(Q) obtained by integrating χ ′′(Q,E) over 3.8<E < 4.2 meV (Figure 8.20a).

The red line shows the Q-dependence of incoherent phonons given by

Iph(Q) = a+bQ2exp
(−Q2⟨u2⟩

3

)
, (8.11)

where a is a flat background term accounting for multiple scattering, b is a scaling

factor for the phonon Q2 contribution and the exponential term is the Debye-Waller

factor [8]. The peak at 0.76 Å−1 loses intensity as temperature increases, but can

still be seen up to T = 120 K indicating that the magnetic correlations persist up

to at least this temperature. At T = 1.5 K, there appears to be a second peak near

Q = 2.2 Å−1 that loses little intensity at T = 15 K and its origin is likely coherent

phonon scattering. The peaks at Q > 2.7 Å−1 are also due to coherent phonons.

At T = 60 and 120 K, χ ′′
E(Q) loses intensity in the whole observed Q range, which

could either be due to an issue with the Bose factor correction or a very weak and

broad additional magnetic contribution.

The diffuse magnetic scattering can also be characterised by its energy de-
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Figure 8.20: Zn2-averievite measured on IN5 with Ei = 20.45 meV. a. χ ′′(Q,E) integrated
over 3.8 < E < 4.2 meV at T = 1.5, 15, 60 and 120 K. The red line is the Q-dependence of
incoherent phonons (equation 8.11). b. ∆χ ′′(Q,E) integrated over various Q ranges for the
temperature difference T = 1.5−120 K.

pendence. To this end, ∆χ ′′(Q,E) was integrated over various Q ranges (Figure

8.20b): over the magnetic scattering centred at 0.76 Å−1 at 0.6 < Q < 1.0 Å−1; at

1.2 < Q < 1.6 Å−1, between the scattering near 0.76 Å−1 and the possible peak at

2.2 Å−1; and at 2.0 < Q < 2.4 Å−1. The intensity is highest at low Q, clearly sig-

nifying the magnetic scattering near Q = 0.76 Å−1, and decreases as Q increases.

∆χ ′′
Q(E) loses most intensity up to E ≈ 10 meV and at higher E values remains more

similar, leading to the conclusion that there is no clear magnetic contribution above

∼ 10 meV.

Interestingly, S(Q,E) collected with Ei = 3.55 meV (Figure 8.17) indicates

intense magnetic scattering near Q = 0.2 Å−1, seen at negative energy transfers for

temperatures of T ≥ 15 K. This can be seen in the energy dependence of S(Q,E) in

Figure 8.22a. The Q dependence of the magnetic scattering is shown in Figure 8.21,

by integrating χ ′′(Q,E) over −0.5<E < −0.2 meV. The magnetic scattering decays

faster in Q than the Cu2+ magnetic form factor, indicating it arises from correlated

spins. With increasing temperature, this scattering becomes more intense as the

excited magnetic states become more populated. It seems to decrease from Q = 0,

which agrees with a k = 0 propagation vector. However, strong scattering at Q = 0

would suggest a ferromagnetic dynamic component. This could be intrinsic to the
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Figure 8.21: Zn2-averievite measured on IN5 with Ei = 3.55 meV. S(Q,E) integrated over
−0.5 < E < −0.2 meV at T = 15, 60 and 120 K. The red line is the Cu2+ magnetic form
factor squared.

kagome layers or may originate from correlated impurity spins. In comparison, the

x = 1 Zn-doped sample has a nominal 50% of honeycomb sites occupied by Cu

and strong correlations between the honeycomb and kagome sites. Its magnetic

scattering differs from that of the x = 2 doped sample, with peaks near Q = 0.39

and 1.05 Å−1. Since their magnetic excitations differ, an accurate determination of

the magnetic impurity fraction is needed in Zn2-averievite to determine the origin

of the low-energy magnetic response. Anomalous x-ray scattering, which is site and

element specific, would be useful for this.

8.4.4 Quantum criticality

It is now interesting to analyse the temperature dependence of the magnetic scat-

tering. S(Q,E) was integrated over the centre of the diffuse scattering in the range

0.6 < Q < 0.8 Å−1 (Figure 8.22a). For positive energy transfers, SQ(E) shows

no obvious gap and varies weakly with temperature. For the same Q integration

range, χ ′′
Q(E) is plotted in Figure 8.22b with quasi-elastic Lorentzian (QEL) fits. At

T = 1.5 K, there is no peak in χ ′′
Q(E) implying that the characteristic energy scale

of the magnetic scattering is smaller than the lowest resolved energy E = 0.3 meV,

or non-existent. A QEL describes purely relaxational excitations such as those ex-

pected in systems with uncorrelated magnetic moments. Therefore, at low temper-
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ature the absence of a characteristic energy scale suggests the presence of quantum

fluctuations. As temperature increases, the spin-spin correlations become weaker

(also seen in the magnetic susceptibility, Chapter 7) and the QEL provides a better

description of the data.

Near a quantum critical point (QCP), χ ′′
Q(E) is expected to show scaling be-

haviour of type χ ′′
Q(E)kBT α = F(ω/T ), where F is a universal scaling function

and the exponent α depends on the universality class of the system [9]. Indeed Zn2-

b.a.

c.

Figure 8.22: Zn2-averievite, IN5 joint data with Ei = 3.55,5.11 and 20.45 meV integrated
over 0.6 < Q < 0.8 Å−1 at T = 1.5, 15, 60 and 100 K. a. SQ(E) does not vary much
with temperature for positive energy transfers. b. χ ′′

Q(E) with quasi-elastic Lorentzian fits.
c. χ ′′

Q(E)kBT α with α = 0.45 plotted against E/kBT on a log-log scale. The dashed line
corresponds to equation 8.12 and the solid line to equation 8.13 (b= 0.727(7)). The missing
data in the range 2 < E < 4 meV is due to the kinematic window limits.
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averievite shows such scaling behaviour and is plotted as χ ′′
Q(E)kBT α with α = 0.45

against E/kBT in Figure 8.22c. Such scaling behaviour has previously been seen

in herbertsmithite [10] and when measured in quantum antiferromagnets [9] and

heavy-fermion systems has been associated with the proximity to a QCP [11]. With

reference to the phase diagram shown in Figure 2.8 (Section 2.4.4), these materials

lie in the hatched region at a finite temperature and when cooled to T = 0 would lie

at or very close to gC. In the case of the averievite series, ZnxCu5–x(VO4)2O2CsCl,

the parameter g may correspond to the level of Zn-doping, x, and an increase from

x = 0 to x = 2 increases the proximity of the material to gC at T = 0. The data

is reasonably plotted on a single curve and this collapse is acceptable down to ex-

ponent values of α = 0.4, comparable to the 0.4 value found for SCGO [12] but

not the 0.66 value found for herbertsmithite [10]. Similar to the analysis done for

herbertsmithite [10], two functional forms are attempted to describe this data. The

first was used to describe the heavy-fermion metal CeCu5.9Au0.1 [13] and is given

as

F(ω/T ) = c sin[αtan−1(ω/T )]/[(ω/T )2 +1]α/2, (8.12)

where c is a scale factor. The fit using equation 8.12 is shown as the dashed line

in Figure 8.22c. As for herbertsmithite [10], this does not describe the low E/kBT

data well. The second functional form used is

F(ω/T ) = c(T/ω)α tanh(ω/bT ), (8.13)

where b is a factor arising from experimental findings in La1.96Sr0.04CuO4 [14] and

c is a scale factor. With b = 0.727(7), a good fit to the data is achieved (solid line

in Figure 8.22c) and it is noted that this value is different to the 1.66 found for

herbertsmithite [10].

8.4.5 Determining the signs of the exchange interactions

A combined zeroth- and first-moment analysis was used to determine the signs of

the exchange interactions in Zn2-averievite. The relevant ones are shown in Figure
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8.23 up to the interlayer distance of ∼ 8.49 Å and listed with the corresponding

Cu-Cu distances in Table 8.6. They correspond to those commonly considered in a

regular kagome, apart from the second n.n. bond that is split into two contributions

due to the distorted kagome hexagons.

The zeroth moment, equation 8.2, was obtained by integrating the incoherent

phonon-subtracted Smag(Q,E) spectra between 0.5 and 10.0 meV. Reverse Monte

Carlo (RMC) modelling in SPINVERT [4] was used to fit Smag(Q). The large

anisotropic displacement parameter determined in Chapter 7 for the Cu site was

considered as an isotropic displacement of Uiso = 0.0853 Å2. SPINVERT requires

the input unit cell to have orthogonal axes, so the P3 structure was converted to an

orthogonal basis with a = 6.24871 Å, b = 10.82308 Å, c = 8.48727 Å and 6 Cu2+

atoms. The RMC fit was run with 1000 moves per spin for 10 independent cy-

Figure 8.23: Zn2-averievite. Cu (blue) and Zn (grey) atoms from the HRPD refinements
in space group P3 at T = 1.5 K (Chapter 7). The exchange interactions labelled are those
considered for the zeroth- and first-moment analyses. The second n.n. interaction is split
into J21 and J22 due to the distortion in the kagome hexagons.
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cles to assess the consistency of the results. Box sizes of 6× 6× 6, 8× 8× 8 and

10×10×10 unit cells were trialled and it was found that for box sizes larger than

the 8×8×8 supercell (containing 3072 spins) the refinement began to over-fit the

data at low Q. Figure 8.24a shows three of the ten independent fits for the 8×8×8

supercell, indicating consistent results for each independent run. SPINCORREL

was used to calculate the spin correlations, ⟨S0 · Sdi⟩, which are shown in Figure

8.24b up to dc ≈ 8.49 Å and converge for a supercell larger than 8× 8× 8. The

spin correlations for the 8× 8× 8 supercell, averaged over ten RMC cycles, are

shown in Figure 8.24c. For distances larger than the interplanar one, dc ≈ 8.49 Å,

the correlations become increasingly weaker and average to around zero. The most

significant spin correlations are for the second n.n. bonds, i = 21 and i = 22, and

are negative suggesting predominantly antiparallel spin alignment. For the first n.n.

distance the spin correlations are positive and given the superexchange angles are

116.8° indicative of antiferromagnetic exchange, this suggests frustrated spins. For

i = c the spin correlations are extremely weak, in support of a two-dimensional

system in Zn2-averievite.

The first moment, ⟨E⟩, was obtained by multiplying the incoherent phonon-

subtracted Smag(Q,E) by E and integrating between 0.5 and 10.0 meV. ⟨E⟩ was fit-

ted using least squares minimisation with equation 8.5, as for Zn1-averievite, where

i di (Å) Ji

1 3.15 J1

21 5.03 J21

22 5.79 J22

3 6.25 J3

d 6.25 Jd

4 8.02 J4

c 8.49 Jc

Table 8.6: Zn2-averievite Cu-Cu bond distances, di, for bond i are given with the associated
exchange interaction label, Ji, and correspond to Figure 8.23. These were determined from
the crystal structure refinements using HRPD data at T = 1.5 K.
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N = 3 and the bond energies, Ai, are given as:
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Figure 8.24: Zn2-averievite, IN5 data. a. Zeroth moment calculated by integrating S(Q,E)
over 0.5 < E < 10 meV and normalised as described in the text (grey). The range fitted
in SPINVERT is shown in black (Q < 2 Å−1), with three independent fits. b. Radial spin
correlation function up to di = 8.48727 Å for different box sizes. c. Radial spin correlation
function for the 8×8×8 box size.
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A1 = 12J1⟨S0 ·Sd1⟩, (8.14)

A21 = 6J21⟨S0 ·Sd21⟩, (8.15)

A22 = 6J22⟨S0 ·Sd22⟩, (8.16)

A3,d = 12J3⟨S0 ·Sd3⟩+6Jd⟨S0 ·Sd3⟩, (8.17)

A4 = 12J4⟨S0 ·Sd4⟩, (8.18)

Ac = 6Jc⟨S0 ·Sdc⟩. (8.19)

Figure 8.25a shows the individual bond contributions, i, to the first moment. The

first peak at 0.8 Å−1 is near the peak maximum of the curve yielded by i = 21,

rather than i = 1 which corresponds to the n.n. distance. However, the amplitude

of the Q = 0.8 Å−1 peak is not well described by the i = 21 curve, indicating the

importance of other bond energies at low Q. Despite the i = 22 curve being slightly

shifted to lower-Q compared to i = 21, attempts to refine them separately resulted in

them being highly correlated and the competition between the two terms led to bond

energies of opposite sign. To assess this outcome we consider the crystal structure.

In P3, Zn2-averievite has two distinct second n.n. pathways with distances of 5.17 Å

and 5.65 Å and equal superexchange angles, suggesting that their superexchange

pathways and exchange energies should be similar. Therefore, two second n.n.

bond energies with opposite sign are not in agreement with the crystal structure and

they were set to be equal for this analysis with the notation i = 2.

Weighted least squares minimization was used to fit ⟨E⟩ by combining bond

energy terms as shown in Figure 8.25b. Figure 8.25b shows that at least five terms

were required to describe the observed peak amplitude. However, the resulting

parameters were highly correlated and the limited Q range restricts the fit reliability.

The results of the best fit are shown by the orange line in Figure 8.25c and indicate

that the bond energy for i = 1 is negligible. Nevertheless, the signs of the bond

energies can be compared to those of the spin correlations to determine the signs of

the exchange interactions, which are given in Table 8.7. The first and second n.n.
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Figure 8.25: Zn2-averievite, IN5 data. First moment calculated by integrating ES(Q,E)
over 0.5< E < 10 meV (grey) and the range used for fitting is shown in black. a. Each bond
energy, Ai, contribution plotted separately (equations 8.14-8.19). b. Various combinations
of Ai variables, discussed in the text. c. Bond energies for the best fit in (b.) shown by the
orange line.

exchanges, as well as between kagome planes, are antiferromagnetic. Although the

bond energy for i = 1 was very small and positive, the ∠Cuk-O-Cuk superexchange

angles of 116.8° are indicative of antiferromagnetic nearest-neighbour exchange

interactions.

The magnetic diffuse scattering was found to be centred at 0.76 Å−1, suggest-

ing short-range correlations of k = 0 type (see Section 8.4.3). Therefore, if this

system ordered it is likely that the structure would resemble a type of k = 0 anti-

ferromagnetic order, such as the 120° structure. It is interesting to assess whether

the exchange interactions arising from the model-free moment analyses, lead to the

same conclusion. As mentioned in Chapter 6, the classical phase diagram for the
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i di (Å) Ji Sign of Ji

1 3.15 J1 +

21 5.03 J21 +

22 5.79 J22 +

3, d 6.25 2J3+Jd −
4 8.02 J4 −
c 8.49 Jc +

Table 8.7: Zn2-averievite Cu-Cu bond distances, di, for bond i are given with the associ-
ated exchange interaction label, Ji and its sign calculated from the zeroth and first moment
analyses. Ji > 0 indicates an antiferromagnetic exchange interaction.

a. b.

Figure 8.26: Classical phase diagrams for J3 − Jd on a regular kagome lattice with J1 = 1
and a. J2 = 0 or b. J2 = 0.2. The grey regions are spiral states. The black lines show the
relation 2J3 + Jd = 0.

kagome lattice has been previously calculated and indicates most of phase space

to be occupied by the regular magnetic orders [7]. Based on the signs of the ex-

change interactions determined in Table 8.7, the J3 − Jd phase diagrams for J1 > 0

and J2 ≥ 0 are shown in Figures 8.26a and b. Assuming weak coupling between

kagome planes and a weak J4 interaction, a k = 0 type order would be realised for

a ferromagnetic J3 and/or Jd that can satisfy the relation 2J3 + Jd < 0.
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8.5 Discussion
This chapter has presented inelastic neutron scattering results and analyses for three

members of the averievite series separately. Each material has been shown to have a

different ground state and although they are interesting in their own regard, it is use-

ful to compare the samples to each other. Furthermore, as quantum spin liquids re-

main elusive ground states in experimental materials, Section 8.5.2 will summarise

the aspects of the data analysis that make Zn2-averievite a good candidate quantum

spin liquid.

8.5.1 Evolution of magnetic behaviour with Zn doping

The spin waves observed for undoped averievite have branches at Q = 0.37, 1.16

and 1.97 Å−1, with an ∼11 meV bandwidth. The spin wave spectra for averievite

are quite different from those observed for claringbullite, which had two mag-

netic responses separated by a finite energy gap (Chapter 6). For averievite, the

spin waves arising from both the kagome and honeycomb Cuh spins seem to be

comprised of many modes close in energy, particularly in the band ranging from

∼ 7 meV to ∼ 11 meV. The possibility that there are two subsystems where only

one orders was considered, but the magnetic structure refinements in Chapter 7 in-

dicated that all moments are ordered. Accordingly, S(Q,E) shows no evidence of

diffuse scattering arising from disordered moments. Modelling the spin waves from

powder data is quite a complicated task due to the powder averaging, the uncertainty

in the magnetic structure and the likelihood of many competing exchange interac-

tions. Nevertheless, it was possible to adequately describe the main features of the

spectra by considering only two isotropic exchange interactions between collinear

Cuh spins. The calculations captured the spin wave branches at Q = 0.37, 1.16 and

1.97 Å−1 and the ∼ 11 meV bandwidth. The small distortion in the kagome lattice

triangles of ∼ 2% and the ∠Cuk-Ok-Cuk superexchange angles of 115°–119°, make

it structurally similar to Zn2-averievite that has undistorted kagome triangles and

∠Cuk−Ok−Cuk angles of 117°. This suggests that the exchange interactions be-

tween kagome spins are similar in averievite and its Zn-doped variants. Therefore,

determining the exchanges in the kagome lattice of averievite, using single crystal
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inelastic measurements for example, may enable Zn2-averievite to be placed in a

quantum spin liquid phase diagram.

On doping with Zn to the x = 1 level, the magnetic excitations become more

diffuse and are centred at Q =0.39 and 1.04 Å−1, which could not be indexed by

the propagation vectors of the regular magnetic orders on the kagome lattice. De-

spite the magnetic susceptibility indicating a phase transition at T = 3.5 K (Chapter

7), magnetic Bragg peaks were not observed in the elastic scattering of the IN5

data. However, it is possible that the ordered moments are too small to be differ-

entiated from the background of the data and a higher flux would be required to

observe them. Alternatively, the phase transition and absence of magnetic Bragg

peaks could indicate a spin glass-like system. The magnetic excitations of Zn1-

averievite are reminiscent of dispersive spin waves and notably differ from those

of the Zn2-averievite quantum spin liquid, suggesting a different ground state to

Zn2-averievite. Furthermore, the FWHM for both magnetic excitation columns ob-

served for Zn1-averievite were approximately 0.5 Å−1 indicating correlation lengths

of ∼ 13 Å, which are longer than those found in Zn2-averievite of ∼ 9 Å but not

"long-ranged" as in averievite.

The zeroth moment analyses for the x = 1 and x = 2 Zn-doped samples are

consistent, as they reveal that the average spin correlations between neighbouring

kagome spins are positive implying a predominantly parallel spin alignment. The

radial spin correlation function is proportional to cosγ , where γ is the angle between

the spins, so averaging over a range of cosγ values could result in a positive spin

correlation without necessarily implying ferromagnetic exchange couplings. The

spin correlation function of Zn2-averievite cannot be matched to any of those corre-

sponding to the regular magnetic orders (RMOs) on the kagome lattice [7], but this

may be due to the distortion in the kagome hexagons leading to different spin cor-

relations. Although it was not possible to determine the magnitude of the nearest-

neighbour exchange energy in the kagome planes J1, the first moment analysis of

Zn2-averievite indicated it to be antiferromagnetic in agreement with the ∠Cuk-Ok-

Cuk angle. The Q position of the magnetic scattering corresponds to k = 0 type
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short-range correlations. This was also supported by the model-free moment analy-

ses, which showed that if Zn2-averievite ordered the signs of the exchange interac-

tions would lead to k = 0 type order. The determination of the exchange coupling

magnitudes, was hindered by the limitation in Q range of the magnetic scattering

due to coherent phonon scattering. To circumvent this issue, polarised neutrons can

be used to isolate the magnetic scattering from the phonons. Additionally, single

crystal experiments, with or without polarised neutrons, would provide the spatial

component of the excitations to determine the important Cu-Cu bond distances in

different crystallographic directions.

It is interesting to note that in the kagome planes of undoped averievite and

Zn2-averievite, the spin correlations are described by the characteristic wave vector

kkagome = (0, 0). Due to their similar kagome layer geometries, this may suggest

similar spin correlations in the two materials where the additional Cu atoms in aver-

ievite cause a rotation of the spins in the kagome plane. However, it should be

noted that the diffuse excitation near Q = 0.76 Å−1 in Zn2-averievite is indexed by

the (0, 0, 1) peak, indicating correlations between kagome planes that is not consis-

tent with a 2-D system. A 2-D system was expected from the large inter-kagome

distance of ∼ 8.49 Å and supported by the zeroth-moment analysis indicating neg-

ligible spin correlations for this distance. Interestingly, the magnetic excitations

observed for the x = 1 sample could be indexed by kx = 1/3, indicating a different

spin configuration than in the x = 0 and x = 2 systems.

8.5.2 Zn2-averievite as a candidate quantum spin liquid

The analysis of the magnetic excitations of Zn2-averievite indicated gapless dif-

fuse magnetic scattering down to at least E = 0.3 meV. Its magnetic susceptibility

combined with the absence of magnetic Bragg peaks in the elastic line of the INS

data, provide strong evidence that this material does not order magnetically down

to T = 1.5 K. A power law was used to fit the energy dependence of the mag-

netic scattering and gave a good description over a large energy and temperature

range. This scaling relation is similar to previous observations in herbertsmithite

and was attributed to the system being near a quantum critical point or being a crit-
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ical quantum spin liquid [10]. For herbertsmithite, it was suggested that the scaling

behaviour may originate from impurity spins with a wide range of couplings [10].

For Zn2-averievite, this scenario must also be considered though it is noted that the

DC susceptibility indicated only ∼ 6.5% of the Cu spins are impurities. On the other

hand, the low-energy magnetic scattering, best observed at negative energy trans-

fers, might also be attributed to impurity spins on the honeycomb sites. Although

the SEM-EDX measurements in Chapter 7 indicated the Zn2-averievite sample to

have an almost nominal stoichiometry, the percentage of impurity spins will have to

be refined using site-specific measurements such as anomalous x-ray scattering that

is site and element specific. This will allow a better understanding of the observed

magnetic behaviour.

8.6 Future work

Accurate determination of the exchange interactions in undoped averievite will re-

quire a better characterisation of the magnetic structure. Single crystal measure-

ments may help with this and could allow the exchange interactions to be deter-

mined using the already available powder INS data. However, inelastic neutron

scattering measurements on future single crystals will give direct access to the dis-

persion of the magnetic excitations rather than just the density of states, and thereby

allow a more accurate determination of the exchanges.

The nature of the ground state of Zn1-averievite is not clear from our measure-

ments. To further investigate its ground state, muon spin relaxation (µSR) spec-

troscopy measurements have been planned in collaboration with Dr. G. Simutis,

Prof. F. Bert and Prof. P. Mendels. The experiments will use pressure to alter

the crystal structure of Zn1-averievite, thereby tuning the exchange interactions and

driving it into either a long-range ordered state or a spin liquid state. For Zn2-

averievite, µSR measurements have been done at temperatures below T = 1.5 K and

the data are being analysed by Dr. G. Simutis, Prof. F. Bert and Prof. P. Mendels.

As this is a local probe measurement, where the muon interacts with local magnetic

fields in the sample, the results can distinguish between static and dynamic fields
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from fluctuating magnetic moments.

8.7 Conclusions

This chapter presented inelastic neutron scattering measurements for averievite and

its Zn-doped variants, ZnxCu5–x(VO4)2O2CsCl for x = 0, 1 and 2. The spin waves

measured for undoped averievite had several branches with an excitation bandwidth

of 11 meV. For the branch near Q = 1.16 Å−1 a zero-energy gap of 0.4(2) meV was

determined, although from this data we cannot exclude the possibility that the spin

waves are gapless. An energy gap is indicative of anisotropy in the system, most

likely arising from Dzyaloshinskii-Moriya interactions (DMIs). The Q positions of

the spin wave branches and the ∼ 11 meV bandwidth were adequately described

by a two-parameter exchange model based on collinear Cuh spins that occupy the

interlayer honeycomb sites. As the magnetic structure was simplified to not include

any spin canting, the DM interaction was not taken into account. Its value may

be determined from future non-collinear spin models based on a more well-defined

magnetic structure, which will likely also help to refine the exchange energy values.

Doping averievite with Zn to the x = 1 and x = 2 levels resulted in diffuse

magnetic excitations and an absence of magnetic Bragg peaks down to T = 1.5 K.

For Zn1-averievite, the magnetic susceptibility indicated a transition at T = 3.5 K,

but the INS measurements did not evidence a long-range ordered state. Although

its ground state must be more accurately characterised using local probe experi-

ments, the INS results combined with the magnetic susceptibility suggest it is spin

glass-like. For the S = 1/2 kagome antiferromagnet Zn2-averievite, synthesised

and characterised here for the first time, a magnetic transition is not observed in its

magnetic susceptibility and the absence of hysteresis in the magnetisation measure-

ments as a function of external field, indicate that the glassiness of Zn1-averievite

has been suppressed (see Chapter 7). The inelastic neutron scattering data further

support an absence of long-range magnetic order as no magnetic Bragg peaks are

observed. Analysis of the inelastic magnetic excitations of Zn2-averievite shows

that its ground state is proximal to a quantum critical point, strongly suggesting that
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it is a candidate quantum spin liquid.
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Chapter 9

Conclusions

The search for S = 1/2 kagome Heisenberg antiferromagnets that host a quantum

spin liquid ground state remains at the forefront of experimental condensed matter

physics. These highly entangled states of matter provide grounds for robust quan-

tum computation, so a better understanding of quantum entanglement and how to

manipulate it is required. However, there are few good experimental examples,

the most widely studied being the hydroxide material herbertsmithite. Although it

shows a continuum of magnetic excitations in inelastic neutron scattering and an ab-

sence of spin freezing using µSR and NMR, there is ongoing debate about whether

its excitations are gapped. Its polymorph kapellasite and the closely related hydrox-

ide material barlowite have also gained attention in the literature, demonstrating

the different flavours of QSLs that can be realised as a result of different compet-

ing exchange interactions. Beyond the proposal that QSLs underpin the transition

to high-TC superconductivity, they represent a new branch of topological physics.

As they lack spontaneous symmetry breaking and Landau-type order parameters,

they are classified into universality classes and the presence of a gap in their mag-

netic excitations together with the length scales of the spin interactions, can help to

categorise them. This thesis expands the library of materials that host a quantum

spin liquid ground state and furthers our understanding of the interplay of quantum

fluctuations and short-range spin correlations.

Crystallographic and magnetic studies of high-quality samples in the claring-

bullite series, ZnxCu4–x(OD)6FCl for x = 0 and 1, are detailed in Chapter 5. Clar-
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ingbullite is formed of a Cu2+ distorted pyrochlore lattice with AA stacking of the

kagome layers and Zn-claringbullite represents the ‘ideal’ S = 1/2 kagome antifer-

romagnet. The DC magnetometry measurements on Zn-claringbullite show a sup-

pression of the magnetic phase transition down to at least T = 2 K and the inelastic

neutron scattering measurements presented in Chapter 6 evidence gapless, diffuse

excitations. Linear spin wave theory (LSWT) was used to calculate the spin wave

spectra of claringbullite and despite the complexity of the magnetic structure and

the spectra themselves, solutions were found that closely match the experimental

data. The exchange model proposed in this thesis includes four nearest-neighbour

and two further-neighbour exchanges, as well as anisotropic Dzyaloshinskii-Moriya

interactions. It was shown that this many exchange parameters were required by

the complexity of the magnetic excitations, as well as the difficulty to stabilise the

observed magnetic structure. In order to probe the sizeable phase space of possi-

ble exchange models which also stabilise the experimentally determined magnetic

structure, a new protocol was developed in the new program Serendipity. In con-

junction with LSWT, this allowed us to push the limits of inelastic powder data

analysis and demonstrated the possibilities of using it to study complicated spin

wave spectra of other complex magnets.

A comparison of the Q-dependence of the spin correlations between undoped

claringbullite and x = 1 Zn-claringbullite, together with a zeroth- and first-moment

analysis of the Zn-claringbullite magnetic scattering, indicates that the correlations

between the kagome layers must be taken into account for an understanding of

their magnetic behaviours. Zn-claringbullite is suggested to host a quantum spin

liquid ground state, due to the absence of a magnetic phase transition in the DC

susceptibility measurements down to T = 2 K and the absence of magnetic Bragg

peaks together with a diffuse continuum of excitations in the INS data at T = 1.5 K.

However, the interlayer correlations imply that the system deviates from the two-

dimensional kagome limit and this aspect remains to be further investigated through

single crystal studies.

The other series of materials studied in this thesis was the averievite series,
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ZnxCu5–x(VO4)2O2CsCl for x = 0, 1 and 2, where Zn2-averievite, to the best of

our knowledge, is synthesised and studied here for the first time. The undoped

averievite was previously reported to have two crystallographic phase transitions at

T = 310 K and T = 127 K, where the crystal structure was not determined below

the second one. Chapter 7 presents room temperature neutron and x-ray diffrac-

tion studies that are in agreement with previous reports and the synchrotron data at

T = 100 K indicates a commensurately modulated crystal structure with propaga-

tion vector k = (0, 1
3 , 0). The diffraction studies on the x = 1 and x = 2 Zn-doped

samples showed them to have similar kagome layer geometries, formed of equilat-

eral triangles rotated in the plane thereby distorting the kagome hexagons. In both

materials the Cu2+ atoms forming the kagome layers have large anisotropic dis-

placement parameters suggesting a dynamic in-plane displacement. The magnetic

excitations investigated using inelastic neutron scattering in Chapter 8, suggest three

different ground states for the three samples. A preliminary exchange model for the

spin wave excitations observed for undoped averievite, was devised solely based

on the capping Cuh sites and 3-dimensional spin correlations are supported by the

study of the order parameter in Chapter 7. For Zn1-averievite, the magnetic suscep-

tibility data evidences a transition at T = 3.5 K, but no magnetic Bragg peaks are

observed using neutron scattering suggesting a spin glass-like ground state. Dop-

ing to the x = 2 level shows a suppression of magnetic order and glassiness down

to T = 1.5 K. The magnetic excitations are diffuse and their Q dependence indi-

cates short-range correlations. Furthermore, they are gapless with no characteristic

energy scale and the energy dependence could be well-fitted with a power law, evi-

dencing proximity to a quantum critical point.

These five materials, of which two are good quantum spin liquid candidates,

demonstrate the variety of electronic ground states that can be realised in highly

frustrated antiferromagnets and how they can be tuned by chemical doping. The

two series of materials are found to be dominated by a different set of exchange

interactions, primarily due to their structural differences. Although both QSLs ex-

hibit gapless (E ≳ 0.3 meV) diffuse magnetic excitations, which could be indexed
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by the k = 0 characteristic wave vector, the differences in their exchange models re-

sult in different magnetic excitations. These results encourage further experimental

investigation into the exchange interactions of these materials, as well as theoretical

calculations of their exchange models to place the S = 1/2 kagome antiferromag-

nets in a quantum spin liquid phase diagram.
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Figure A.1: Claringbullite PANTHER data with Ei = 19.2 meV at T = 25 K.
S(Q,E)integrated over −0.2 < E < 0.2 meV (blue). A Rietveld refinement in space group
Pnma was done with the structure obtained at T = 1.5 K on D2B (red, λ = 1.595226 Å),
with the difference plot in black. The green tick marks correspond to the main phase. The
excluded regions are Bragg peaks from the aluminium sample can.
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Figure A.2: Zn-claringbullite LET data with Ei = 20.03 meV at T = 1.7 K.
S(Q,E)integrated over −0.2 < E < 0.2 meV (blue). A Rietveld refinement in space group
P63/mmc was done with the structure obtained at T = 1.5 K on D2B (red, λ = 1.595226 Å),
with the difference plot in black. The green tick marks correspond to the main phase. The
excluded regions are Bragg peaks from the aluminium sample can.
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Figure B.1: Claringbullite D20 data (λ = 2.41 Å). Temperature subtractions T = 15−25 K
(purple) and T = 1.7−25 K (blue), showing no new magnetic peaks appear below T = 15 K.
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Atom number Coordinates Basis vector ma mb mc
Atom 1 (0.5, 0, 0.5) ψ1 1 0 0

ψ2 0 1 0
ψ3 0 0 1

Atom 2 (0, 0.5, 0) ψ1 −1 0 0
ψ2 0 1 0
ψ3 0 0 1

Atom 3 (0.5, 0.5, 0.5) ψ1 1 0 0
ψ2 0 −1 0
ψ3 0 0 1

Atom 4 (0, 0, 0) ψ1 −1 0 0
ψ2 0 −1 0
ψ3 0 0 1

Table B.1: The basis vectors of the Γ7 irreducible representation of the space group Pnma
with k = (0, 0, 0) for the Cu1 4a site, where ma, mb and mc are the moment components
along the crystallographic unit cell directions a, b and c.
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Atom number Coordinates Basis vector ma mb mc
Atom 1 (0.74838, 0.51002, 0.74705) ψ1 1 0 0

ψ2 0 1 0
ψ3 0 0 1

Atom 2 (0.24838, 0.98998, 0.75295) ψ1 −1 0 0
ψ2 0 1 0
ψ3 0 0 1

Atom 3 (0.25162, 0.01002, 0.25295) ψ1 1 0 0
ψ2 0 −1 0
ψ3 0 0 1

Atom 4 (0.75162, 0.48998, 0.24705) ψ1 −1 0 0
ψ2 0 −1 0
ψ3 0 0 1

Atom 5 (0.25162, 0.48998, 0.25295) ψ1 1 0 0
ψ2 0 1 0
ψ3 0 0 1

Atom 6 (0.75162, 0.01002, 0.24705) ψ1 −1 0 0
ψ2 0 1 0
ψ3 0 0 1

Atom 7 (0.74838, 0.98998, 0.74705) ψ1 1 0 0
ψ2 0 −1 0
ψ3 0 0 1

Atom 8 (0.24838, 0.51002, 0.75295) ψ1 −1 0 0
ψ2 0 −1 0
ψ3 0 0 1

Table B.2: The basis vectors of the Γ7 irreducible representation of the space group Pnma
with k = (0, 0, 0) for the Cu2 8d site, where ma, mb and mc are the moment components
along the crystallographic unit cell directions a, b and c.

Atom number Coordinates Basis vector ma mb mc
Atom 1 (0.31643, 0.75, 0.43983) ψ1 1 0 0

ψ2 0 0 1
Atom 2 (0.81643, 0.75, 0.06017) ψ1 −1 0 0

ψ2 0 0 1
Atom 3 (0.68357, 0.25, 0.56017) ψ1 1 0 0

ψ2 0 0 1
Atom 4 (0.18357, 0.25, 0.93983) ψ1 −1 0 0

ψ2 0 0 1

Table B.3: The basis vectors of the Γ7 irreducible representation of the space group Pnma
with k = (0, 0, 0) for the Cu3 4c site, where ma, mb and mc are the moment components
along the crystallographic unit cell directions a, b and c.
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a. b.

Figure C.1: Zn-claringbullite, S(Q,E) from LET with an incident neutron energy of Ei =
1.64 meV at temperatures of a. T = 1.7 K and b. T = 50 K.
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Appendix for Chapter 7

D.1 Diffraction studies on averievite

Refinements for undoped averievite using data collected on HRPD, D2B and 11-

BM.

Instrument Temperature (K) No. of refined variables Rwp χ2

D2B 300 107 4.51 2.33
11-BM 300 102 5.37 1.45
HRPD 100 77 3.49 4.11
HRPD 75 76 3.92 2.28
HRPD 50 76 4.12 2.40
HRPD 25 76 4.32 2.51
HRPD 1.5 76 4.21 4.52

Table D.1: Averievite. Details on the refinements for data collected on D2B (λ =
1.595226 Å), the backscattering bank of HRPD and 11-BM (λ = 0.457794 Å). All re-
finements were done in space group P121/c1 (no. 14) and included a CuO impurity phase.

T (K) a (Å) b (Å) c (Å) β (°) Cell volume (Å3)
1.5 8.37297(5) 6.38330(10) 10.92444(18) 90.1882(12) 583.878(13)
25 8.37296(5) 6.38231(10) 10.92551(18) 90.1828(12) 583.843(14)
50 8.37211(5) 6.38010(9) 10.92671(16) 90.1751(11) 583.647(12)
75 8.37070(4) 6.37654(8) 10.92816(14) 90.1658(10) 583.300(11)

100 8.36936(4) 6.37369(7) 10.93099(12) 90.1557(9) 583.097(9)
300 8.37483(2) 6.36088(3) 11.02000(6) 90.0216(6) 587.049(5)

Table D.2: Averievite. Lattice parameters and cell volume from Rietveld refinements in the
P121/c1 space group (no. 14) using data collected on HRPD (backscattering bank) between
1.5 ≤ T ≤ 100 K and on 11-BM (λ = 0.457841 Å) at T = 300 K.
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Atom Wyckoff
site

x y z Occupation Uiso (Å2)

Cuk1 2c 0 0 0.5 1 0.00115(43)
Cuk2 4e 0 0.8005(4) 0.2288(3) 1 0.00115(43)
Cuh 4e 0.7296(4) 0.5334(5) 0.1668(3) 1 0.00415(55)
Cl 2a 0 0 0 1 0.0177(8)
Cs 4e 0.4242(7) 0 0 0.5 0.0120(16)
O1 4e 0.7610(4) 0.6732(5) 0.7418(3) 1 0.00174(31)
O2 4e 0.7640(4) 0.2663(5) 0.2700(4) 1 0.00174(31)
O3 4e 0.7626(4) 0.4958(5) −0.02130(31) 1 0.00174(31)
OCs 4e 0.4950(4) 0.03215(66) 0.3309(4) 1 0.00174(31)
Ok 4e 0.9597(4) 0.5339(7) 0.1689(4) 1 0.00174(31)
V 4e 0.2997(49) 0.5326(85) 0.1867(47) 1 0.00127

Table D.3: Averievite. Atomic positions and displacement parameters from a Rietveld re-
finement in the P121/c1 (no. 14) space group using data collected on HRPD (backscattering
bank) at T = 1.5 K. The isotropic displacement parameters were refined for all atoms except
for vanadium.
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Figure D.1: Averievite, T = 300 K. Rietveld refinement (red) in space group P121/c1
(green ticks) using data collected on the D2B neutron diffractometer (black, λ =
1.595226 Å) with the difference plot (grey). The refinement showed a ∼ 1% CuO im-
purity in the sample (blue ticks).
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Figure D.2: Averievite, T = 300 K. Rietveld refinement (red) in space group P121/c1
(green ticks) using data collected on the 11-BM synchrotron diffractometer (black, λ =
0.457794 Å) with the difference plot (grey). The refinement showed a ∼ 1% CuO impurity
in the sample (blue ticks).

Figure D.3: Averievite, T = 25 K. Rietveld refinement in the P121/c1 space group using
data collected on the HRPD backscattering bank (black). There is a ∼ 1% CuO impurity
shown by the blue ticks.
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Figure D.4: Averievite, T = 50 K. Rietveld refinement (red) in the P121/c1 space group
at using data collected on the HRPD backscattering bank (black). There is a ∼ 1% CuO
impurity shown by the blue ticks.

Figure D.5: Averievite, T = 75 K. Rietveld refinement (red) in the P121/c1 space group
using data collected on the HRPD backscattering bank (black). There is a ∼ 1% CuO
impurity shown by the blue ticks.
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Figure D.6: Averievite, T = 100 K. Rietveld refinement (red) in the P121/c1 space group
using data collected on the HRPD backscattering bank (black). There is a ∼ 1% CuO
impurity shown by the blue ticks.
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D.2 Diffraction studies on Zn2-averievite

Lattice parameters
a (Å) b (Å) c (Å) α (°) β (°) γ (°)

6.25384(2) 6.25384(2) 8.49215(3) 90 90 120
Atomic parameters

Atom Wyckoff
site

x y z Occupation Uiso (Å2)

Cuk 6g 0.4681(95) 0 0 0.5 0.0989
Znh 2d 1/3 2/3 0.7270(1) 1 0.0180
Cl 1a 0 0 0 1 0.0182
Cs 1b 0 0 0.4911(409) 0.5 0.0481
OCs 2d 1/3 2/3 0.5017(9) 1 0.0118(10)
Oh 12 j 0.4343(8) 0.4664(7) 0.2424(3) 0.5 0.0331(12)
Ok 2d 1/3 2/3 0.9605(6) 1 0.0201(18)
V 2d 1/3 2/3 0.3068(1) 1 0.0152

Anisotropic displacement parameters (Å2)
Atom U11 U22 U33 U12 U13 U23
Cuk 0.2111(193) 0.0152(5) 0.0051(5) 0.0076(3) 0.0003(3) 0.0007(6)
Znh 0.0015(12) 0.0015(12) 0.0007(6) 0.0132(3) 0 0
Cl - - - - - -
Cs 0.0221(4) 0.0221(4) 0.1044(539) 0.0110(2) 0 0
OCs - - - - - -
Oh - - - - - -
Ok - - - - - -
V 0.0198(8) 0.0198(8) 0.0061(11) 0.0099(4) 0 0

Table D.4: Zn2-averievite. Lattice parameters, atomic positions and displacement parame-
ters from a Rietveld refinement in the P3̄m1 (no. 164) space group using synchrotron data
collected on 11-BM (λ = 0.457794 Å) at T = 100 K. Anisotropic displacement parameters
were refined for the heaviest atoms: Cu, Zn, Cs and V.
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Figure D.7: Zn2-averievite. Rietveld refinement with 100 parameters in the P3 space group
at T = 300 K using neutron data collected on D2B (λ = 1.595226 Å, rwp = 3.82 and χ2 =
2.30). There is a ∼ 2% CuO impurity shown by the blue ticks.
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Figure D.8: Zn2-averievite Rietveld refinement with 56 parameters in the P3̄m1 space
group using synchrotron data collected on 11-BM (λ = 0.457794 Å) at T = 100 K (rwp =
10.52 and χ2 = 2.62). There is a ∼ 2% CuO impurity shown by the blue ticks and an
unidentifiable impurity marked by asterisks.
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Figure D.9: Zn2-averievite Rietveld refinement with 66 parameters in the P3̄m1 space
group using data collected on the HRPD backscattering bank at T = 100 K (rwp = 3.59
and χ2 = 3.64). There is a ∼ 2% CuO impurity shown by the blue ticks and an unidentifi-
able impurity marked by asterisks.
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Lattice parameters
a (Å) b (Å) c (Å) α (°) β (°) γ (°)

6.24865(4) 6.24865(4) 8.48753(8) 90 90 120
Atomic parameters

Atom Wyckoff
site

x y z Occupation Uiso (Å2)

Cuk 3d 0.5200(44) 0 0 1 0.0934
Znh1 1b 1/3 2/3 0.7314(5) 1 0.0114
Znh2 1c 2/3 1/3 0.2686(2) 1 0.0114
Cl 1a 0 0 0 1 0.0253
Cs1 1a 0 0 0.5 0.5 0.0550
Cs2 1a 0 0 0.5 0.5 0.0550
OCs1 1b 1/3 2/3 0.5025(28) 1 0.0311
OCs2 1c 2/3 1/3 0.4975(28) 1 0.0311
Oh1 3d 0.4859(33) 0.5140(35) 0.23974(21) 1 0.0689
Oh2 3d 0.4859(33) 0.4399(35) 0.76026(67) 1 0.0689
Ok1 1b 1/3 2/3 0.9612(3) 1 0.0311
Ok2 1c 2/3 1/3 0.0388(1) 1 0.0311
V1 1b 1/3 2/3 0.30743 1 0.0451
V2 1c 2/3 1/3 0.69257 1 0.0451

Anisotropic displacement parameters (Å2)
Atom U11 U22 U33 U12 U13 U23
Cuk 0.1969(99) 0.0314(18) 0.0116(14) 0.0271(59) −0.0371(42) −0.0031(14)
Znh1 0.0169(19) 0.0172(117) 0.0079(19) 0.0142(45) 0 0
Znh2 0.0169(19) 0.0172(117) 0.0079(19) 0.0142(45) 0 0
Cl 0.0369(30) 0.0366(30) 0.0234(19) 0.0270(39) 0 0
Cs1 0.0202(43) 0.0461(512) 0.0892(44) 0.0128(157) 0 0
Cs2 0.0202(43) 0.0461(512) 0.0892(44) 0.0128(157) 0 0
OCs1 0.0191(14) 0.0607(134) 0.0065(13) 0.0154(43) 0 0
OCs2 0.0191(14) 0.0607(134) 0.0065(13) 0.0154(43) 0 0
Oh1 0.1166(38) 0.1587(70) 0.0106(11) 0.1288(48) 0.0210(36) 0.0253(38)
Oh2 0.1166(38) 0.1587(70) 0.0106(11) 0.1288(48) 0.0210(36) 0.0253(38)
Ok1 0.0191(14) 0.0607(134) 0.0065(13) 0.0154(43) 0 0
Ok2 0.0191(14) 0.0607(134) 0.0065(13) 0.0154(43) 0 0
V1 0.0065 0.0987 0.0085 0.0102 0 0
V2 0.0065 0.0987 0.0085 0.0102 0 0

Table D.5: Zn2-averievite. Atomic positions and displacement parameters from the Ri-
etveld refinement in the P3 space group (no. 143) using neutron data collected on HRPD
(backscattering bank) at T = 1.5 K. Anisotropic displacement parameters (ADPs) were sta-
bly refined for all atoms apart from vanadium. The position and ADPs of vanadium were
fixed at the values refined from the synchrotron data at T = 100 K.
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D.3 Diffraction studies on Zn1-averievite

Lattice parameters
a (Å) b (Å) c (Å) α (°) β (°) γ (°)

6.27980(5) 6.27980(5) 8.41823(6) 90 90 120
Atomic parameters

Atom Wyckoff
site

x y z Occupation Uiso (Å2)

Cuk 6g 0.5473(8) 0 0 0.5 0.1012
Znh1/Cuh1 2d 1/3 2/3 0.7339(4) 1 0.0108

Cl 1a 0 0 0 1 0.03075
Cs 2c 0 0 0.5373(7) 0.5 0.0463
OCs 2d 1/3 2/3 0.5052(4) 1 0.0229
Oh 12 j 0.4489(19) 0.486(2) 0.2407(2) 0.5 0.0257
Ok 2d 1/3 2/3 0.9587(3) 1 0.0251
V 2d 1/3 2/3 0.3111 1 0.0153

Anisotropic displacement parameters (Å2)
Atom U11 U22 U33 U12 U13 U23
Cuk 0.067(4) 0.0376(15) 0.0101(9) 0.0188(8) 0.0009(5) 0.0018(9)

Znh1/Cuh1 0.0164(8) 0.0164(8) 0.0035(12) 0.0082(4) 0 0
Cl 0.0276(11) 0.0276(11) 0.052(2) 0.0138(6) 0 0
Cs 0.044(3) 0.044(3) 0.033(5) 0.0219(15) 0 0
OCs 0.0324(1) 0.0324(1) 0.0141(1) 0.0162(2) 0 0
Oh 0.094(5) 0.094(5) 0.0203(11) 0.082(5) −0.034(3) −0.034(3)
Ok 0.0293(11) 0.0293(11) 0.0118(14) 0.0146(6) 0 0

Table D.6: Zn1-averievite. Lattice parameters, atomic positions and displacement param-
eters from the Rietveld refinement in the P3̄m1 (no. 164) space group using neutron data
collected on HRPD (backscattering bank) at T = 1.5 K. Anisotropic displacement parame-
ters were refined for all atoms except vanadium.
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Lattice parameters
a (Å) b (Å) c (Å) α (°) β (°) γ (°)

6.27989(4) 6.27989(4) 8.41826(4) 90 90 120
Atomic parameters

Atom Wyckoff x y z Occupation Uiso (Å2)
site

Cuk 3d 0.5053(55) 0 0 1 0.06967
Znh1/Cuh1 1b 1/3 2/3 0.7321(3) 1 0.0125
Znh2/Cuh2 1c 2/3 1/3 0.2678(1) 1 0.0125

Cl 1a 0 0 0 1 0.0195
Cs1 1a 0 0 0.4586(5) 0.5 0.0354
Cs2 1a 0 0 0.5414(6) 0.5 0.0354
OCs1 1b 1/3 2/3 0.500(37) 1 0.0279
OCs2 1c 2/3 1/3 0.500(37) 1 0.0279
O1 3d 0.4880(29) 0.5255(44) 0.2386(1) 1 0.0501
O2 3d 0.4880(29) 0.4493(43) 0.7613(4) 1 0.0501
Ok1 1b 1/3 2/3 0.9586(2) 1 0.0279
Ok2 1c 2/3 1/3 0.04141(1) 1 0.0279
V1 1b 1/3 2/3 0.3061 1 0.0465
V2 1c 2/3 1/3 0.6939 1 0.0465

Anisotropic displacement parameters (Å2)
Atom U11 U22 U33 U12 U13 U23
Cuk 0.1664(51) 0.0182(12) 0.0088(8) 0.0268(36) −0.0332(28) −0.0055(10)

Znh1/Cuh1 0.1844(60) 0.1844(60) 0.0009(9) 0.0092(3) 0 0
Znh2/Cuh2 0.1844(60) 0.1844(60) 0.0009(9) 0.0092(3) 0 0

Cl 0.0431(24) 0.0431(24) 0.0203(11) 0.0414(28) 0 0
Cs1 0.0570(30) 0.0570(30) 0.0286(32) 0.0285(15) 0 0
Cs2 0.0570(30) 0.0570(30) 0.0286(32) 0.0285(15) 0 0
OCs1 0.0254(12) 0.0537(91) 0.0059(9) 0.0215(28) 0 0
OCs2 0.0254(12) 0.0537(91) 0.0059(9) 0.0215(28) 0 0
O1 0.0798(24) 0.1153(49) 0.0090(7) 0.0892(25) 0.0086(2) 0.0110(22)
O2 0.0798(24) 0.1153(49) 0.0090(7) 0.0892(25) 0.0086(2) 0.0110(22)
Ok1 0.0254(12) 0.0537(91) 0.0059(9) 0.0215(28) 0 0
Ok1 0.0254(12) 0.0537(91) 0.0059(9) 0.0215(28) 0 0
V1 0.0223 0.1079 0.0061 0.0302 0 0
V2 0.0223 0.1079 0.0061 0.0302 0 0

Table D.7: Zn1-averievite. Atomic positions and displacement parameters from the Ri-
etveld refinement in the space group P3 (no. 143) using neutron data collected on HRPD
(backscattering bank) at T = 1.5 K. Anisotropic displacement parameters were stably re-
fined for all atoms apart from vanadium. The positions and ADPs of the vanadium atoms
were fixed to the values from the synchrotron data at T = 100 K .
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Figure D.10: Zn1-averievite, T = 100 K. Rietveld refinement (red) in the space group P3
(green ticks) using 11-BM (λ = 0.457794 Å) synchrotron diffraction data (black) with the
difference plot (grey). The refinement showed impurities of the order of a few % identified
as CuO (blue ticks, Rietveld refined), ZnCu4(VO4)2O2 (orange ticks, Pawley refinement)
and an unidentified impurity marked by asterisks. Rwp = 6.70, χ2 = 1.48 for 69 parameters.
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−1

)

0

200

400

600

In
te

n
si

ty
(a

rb
.

u
n

it
s)

ZnCu4(VO4)2O2

Figure D.11: Zn-doped stoiberite, ZnCu4(VO4)2O2. Lab powder x-ray diffraction col-
lected on a STOE Stadi-P (λ = 0.7093 Å) at room temperature (black). Pawley fit
(red) with the difference plot (grey) in space group P121/c1. The lattice parameters
are a = 8.439282(683) Å, b = 6.054994(434) Å, c = 16.121176(1033) Å and β =
107.82738(447)°.



323

D.4 Magnetic structure refinement of averievite
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Figure D.12: Averievite T = 1.5 K data collected on WISH in the highest resolution bank,
bank 5 (black). The Rietveld refinement (red) was done in the P121/c1 space group, ex-
cluding the peaks corresponding to the modulated crystal structure at Q = 1.64, 1.71 and
2.85 Å−1 (marked by asterisks). The peak marked by the asterisk at 2.7 Å−1 is from the
aluminium sample can.
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Tables of basis vectors for the irreducible representations Γ1 and Γ3 in space

group P121/c1 with k=(0.5, 0, 0).

Atom number Coordinates Basis vector ma mb mc
Atom 1 (0, 0, 0.5) ψ1 1 0 0

ψ2 0 1 0
ψ3 0 0 1

Atom 2 (0, 0.5, 0) ψ1 −1 0 0
ψ2 0 1 0
ψ3 0 0 −1

Table D.8: The basis vectors of the Γ1 irreducible representation of the space group
P121/c1 with k = (0.5, 0, 0) for the Cuk1 2c site, where ma, mb and mc are the moment
components along the crystallographic unit cell directions a, b and c.

Atom number Coordinates Basis vector ma mb mc
Atom 1 (0, 0.80048, 0.23059) ψ1 1 0 0

ψ2 0 1 0
ψ3 0 0 1

Atom 2 (0, 0.30048, 0.26941) ψ1 −1 0 0
ψ2 0 1 0
ψ3 0 0 −1

Atom 3 (0, 0.19952, 0.76941) ψ1 1 0 0
ψ2 0 1 0
ψ3 0 0 1

Atom 4 (0, 0.69952, 0.73059) ψ1 −1 0 0
ψ2 0 1 0
ψ3 0 0 −1

Table D.9: The basis vectors of the Γ1 irreducible representation of the space group
P121/c1 with k = (0.5, 0, 0) for the Cuk2 4e site, where ma, mb and mc are the moment
components along the crystallographic unit cell directions a, b and c.
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Atom number Coordinates Basis vector ma mb mc
Atom 1 (0.72862, 0.53568, 0.16828) ψ1 1 0 0

ψ2 0 1 0
ψ3 0 0 1

Atom 2 (0.27138, 0.03568, 0.33172) ψ1 1 0 0
ψ2 0 −1 0
ψ3 0 0 1

Atom 3 (0.27138, 0.46432, 0.83172) ψ1 −1 0 0
ψ2 0 −1 0
ψ3 0 0 −1

Atom 4 (0.72862, 0.96432, 0.66828) ψ1 −1 0 0
ψ2 0 1 0
ψ3 0 0 −1

Table D.10: The basis vectors of the Γ1 irreducible representation of the space group
P121/c1 with k = (0.5, 0, 0) for the Cuh 4e site, where ma, mb and mc are the moment
components along the crystallographic unit cell directions a, b and c.

Atom number Coordinates Basis vector ma mb mc
Atom 1 (0, 0, 0.5) ψ1 1 0 0

ψ2 0 1 0
ψ3 0 0 1

Atom 2 (0, 0.5, 0) ψ1 1 0 0
ψ2 0 −1 0
ψ3 0 0 1

Table D.11: The basis vectors of the Γ3 irreducible representation of the space group
P121/c1 with k = (0.5, 0, 0) for the Cuk1 2c site, where ma, mb and mc are the moment
components along the crystallographic unit cell directions a, b and c.
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Atom number Coordinates Basis vector ma mb mc
Atom 1 (0, 0.80048, 0.23059) ψ1 1 0 0

ψ2 0 1 0
ψ3 0 0 1

Atom 2 (0, 0.30048, 0.26941) ψ1 1 0 0
ψ2 0 −1 0
ψ3 0 0 1

Atom 3 (0, 0.19952, 0.76941) ψ1 1 0 0
ψ2 0 1 0
ψ3 0 0 1

Atom 4 (0, 0.69952, 0.73059) ψ1 1 0 0
ψ2 0 −1 0
ψ3 0 0 1

Table D.12: The basis vectors of the Γ3 irreducible representation of the space group
P121/c1 with k = (0.5, 0, 0) for the Cuk2 4e site, where ma, mb and mc are the moment
components along the crystallographic unit cell directions a, b and c.

Atom number Coordinates Basis vector ma mb mc
Atom 1 (0.72862, 0.53568, 0.16828) ψ1 1 0 0

ψ2 0 1 0
ψ3 0 0 1

Atom 2 (0.27138, 0.03568, 0.33172) ψ1 −1 0 0
ψ2 0 1 0
ψ3 0 0 −1

Atom 3 (0.27138, 0.46432, 0.83172) ψ1 −1 0 0
ψ2 0 −1 0
ψ3 0 0 −1

Atom 4 (0.72862, 0.96432, 0.66828) ψ1 1 0 0
ψ2 0 −1 0
ψ3 0 0 1

Table D.13: The basis vectors of the Γ3 irreducible representation of the space group
P121/c1 with k = (0.5, 0, 0) for the Cuh 4e site, where ma, mb and mc are the moment
components along the crystallographic unit cell directions a, b and c.
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Figure D.13: Averievite magnetic structure viewed from the side, refined from WISH data
(banks 1 and 2) in Γ1 of space group P121/c1 for the three Cu sites Cuk1 (blue), Cuk2
(purple) and Cuh (yellow). There is a net directional component in the kagome layer along
the b direction.
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Appendix for Chapter 8

a. b.

c. d.

Figure E.1: Averievite, S(Q,E) measured on MERLIN with Ei =100 meV (top.) and
Ei = 38 meV (bottom.) at T = 7 K (left.) and T = 50 K (right.).
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−1

)

0.00

0.25

0.50

0.75

1.00

∆
χ
′′ E

(Q
)

(a
rb

.
u

n
it

s)
2.5 < E < 2.7 meV

0.0 0.5 1.0 1.5 2.0

|Q| (Å
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(Å
−

1
)

2.25 2.50 2.75 3.00
E (meV)

0.00

0.05

0.10

0.15

0.20

0.25

F
W

H
M

(Å
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Figure E.2: Averievite IN5 data obtained with Ei = 5.11 meV at T = 1.5 K. (Top.) ∆χ ′′
E(Q)

obtained by integrating ∆χ ′′(Q,E) over various energy ranges (black) fitted with two Gaus-
sians and a flat background (red lines). (Bottom.) Parameters obtained from the Gaussian
fits.
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Figure E.3: Zn1-averievite IN5 data obtained with Ei = 3.55 meV at T = 1.5 K. SE(Q)
obtained by integrating S(Q,E) over various energy ranges (black) fitted with two Gaussians
and a flat background.
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Figure E.4: Zn1-averievite PANTHER data obtained with Ei = 12.5 meV at T = 1.5 K.
SE(Q) obtained by integrating S(Q,E) over various energy ranges (black) fitted with Gaus-
sians and a flat background.
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a. b.

Figure E.5: Zn2-averievite, S(Q,E) measured on IN5 with Ei = 5.11 meV. a. T = 1.5 K.
b. T = 120 K.
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