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Abstract
Quantum spin-liquids (QSLs) are exotic electronic states that do not break crystallographic
symmetry operations and possess spin dynamics as T → 0. Predicted to underpin high-TC
superconductivity by Anderson, the search for QSLs has been a cornerstone of condensed
matter physics. The kagome antiferromagnets (KAFM) are ideal candidates to produce
QSLs as the strong geometric frustration of the lattice produces large ground state degeneracies that can couple with the zero-point energy fluctuations of S =

1
2

and S = 1 spin

systems to destabilise magnetic order and allow QSLs to form.
The crystal structure and preliminary magnetic data for a series of S =

1
2

KAFM

copper-vanadates with the general formula ACu2.5 V2 O7 (OH)2 · H2 O (A = K+ , NH4 + , Rb+ )
are reported here. Despite geometric distortions and some site depletion, bulk magnetic
data evidences frustration through the suppression of magnetic order below |θW | and the
build up of superparamagnetic-like regimes. Structural analysis reveals competing magnetic exchange terms and dynamic orbital-fluctuations that make them candidate materials
to map the phase space of spin-orbital frustrated magnets.
Two S = 1 KAFMs, NH4 Ni2.5 V2 O7 (OH)2 .H2 O and NH4 Ni2 Mo2 O10 H3 , are also presented in this work, where both have the 3-fold symmetry of the kagome lattice but significant site depletion, with ∼ 77 % and ∼ 66 % site occupancy, respectively. Both materials
evidence frustration through the suppression of order below |θW | and competition between
ferromagnetic and antiferromagnetic interactions, where ferromagnetic response observed
in the ordered states are in contrast to the antiferromagnetic character of the mean-field and
hint at unconventional ground states.

Impact statement
Materials which displays exotic electronic states are of great interest to fundamental science and in wider technological applications. These novel states often display properties
dramatically different from conventional materials because they form as a result of quantum mechanical interactions. One such state is the quantum spin-liquid (QSL), which is
theorised to host a sea of resonating atomic magnetic dipoles - or moments - that have no
preferential ordering, analogous to the liquid state. A QSL state could be harnessed for
use in the field of quantum information processing, where parallel processing is performed
on a single atom by means of a quantum entangled state. If this technology was realised
computer processing times could be increased by several orders of magnitude, impacting
fields where current processing speeds can restrict development, such as drug design and
cryptography.
Alongside their potential application in quantum computing, the QSL state was predicted by the Nobel laureate Philip W. Anderson to underpin the formation of high temperature superconductors; where the challenge of understanding how these states form has
been a long-standing problem in condensed matter physics. Superconductors are of great
theoretical and technological interest as they carry electrical current with no resistance and
this unrestricted flow of charge generates large magnetic fields. Materials which exhibit
these properties have a wide range of applications, from their use in highly sensitive magnetometry devices to the running of low-friction, high-velocity, trains.
One of the best candidate materials to realise the QSL state are kagome magnets, where
the atomic magnetic moments make up a corner-sharing lattice of triangles. QSL states form
on this particular geometry lattice because it frustrates conventional magnetic order when
combined with the quantum fluctuations of small-magnitude atomic magnetic moments.
As few materials with a kagome lattice are known it is always of interest when a new
one is found, and in this work we characterise several copper and nickel-based kagome
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magnets that have not been previously studied. Magnetic characterisation of these materials
reveal a host of exotic magnetic properties, including a possible QSL state on the kagome
magnet RbCu2.5 V2 O7 (OH)2 · H2 O. Further characterisation of these materials therefore provides and opportunity to discover new quantum states and enrich theoretical understanding.
Furthermore, crystal structure analyses indicate the presence of dynamic orbital fluctuations in the copper materials that could couple to the quantum fluctuations of the magnetic
moment. The role of orbital physics on these frustrated magnetic systems is still little understood, and these materials are candidate systems to further explore and harness these
dynamic orbital effects.
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Chapter 1

Introduction
Magnetism has long played a prominent role in technological innovation. In ancient Greece
the mineral magnetite (Fe3 O4 ) was used as a compass to aid navigation, and today magnetism has a role in a plethora of applications, from data storage in computers to energy
generation for national electricity grids. Many of the technological applications we see
today result from theoretical advancements in the field of magnetism made in the 19th and
20th century, that include the pioneering work by Pierre Curie (1859-1906) and Pierre Weiss
(1865-1940) into the effects of temperature on magnetic fields [1, 2], and the microscopic
models of magnetism created by Ernst Ising (1900-1998) and Werner Heisenberg (19011976) [3, 4]. Much of the development in the field of magnetism today comes from studies
of strongly correlated electron systems. As a result of these interactions exotic electronic
states form, such as superconductors, topological insulators and quantum spin-liquids. The
formation of these states are of great interest as they provide insights into fundamental theory, and they possess novel characteristics for use in technological applications.
Predicted to underlie the formation of many strongly correlated systems is the property of geometrically frustrated magnetism, where competing magnetic exchange interactions result from a magnetic lattice’s geometry [5]. This magnetic frustration produces a
ground state degeneracy where many spin configurations are equally favoured and unconventional forms of magnetic order are able to form. Many different types of geometrically
frustrated system are known that are constructed of a lattice of triangular plaquettes, as the
connectivity of triangles creates a natural competition between antiferromagnetic exchange
interactions.
The kagome lattice of vertex-sharing triangles is predicted to be one of the best model
systems to generate non-trivial geometric frustration due to its low connectivity and large
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ground state degeneracy [6]. Numerous model kagome systems have been studied where
the properties of the ground state result from the combination of geometric frustration and
different spin states. For S =

1
2

systems, zero-point quantum fluctuations between degen-

erate spin states produce a dynamic superposition of local- or long-range entangled singlet
pairs, known as a quantum spin-liquid (QSL) state [7]. The QSL state presents a novel
form of matter as it breaks no conventional symmetry operations upon formation, and it
has been highly sought after since it was predicted by Anderson to be the foundation of
the high-TC superconductor state [8]. In S =

1
2

kagome magnets such as herbertsmithite,

γ − ZnCu3 (OH)6 Cl2 [9], and volborthite, Cu3 V2 O7 (OH)2 · 2 H2 O [10], key characteristics
of a QSL state have been observed such as exotic quasi-particle excitations [11] and dynamic spin fluctuations down to low temperatures [12], respectively. Away from the quantum limit, frustrated S >

1
2

kagome magnets have also revealed exotic ground states, such

as a topological spin glass state in S =

5
2

iron-hydronium jarosite, (H3 O)Fe3 (SO4 )2 (OH)6

[13, 14], which has a characteristic spin glass transition but displays unconventional ‘ageing’ behaviour in magnetic fields. In real life it is often difficult to isolate perfect materials as
defects, such as lattice distortions or impurity spins, often occur. While originally frowned
upon by researchers looking for idealised QSLs, these defects have been found to allow
other flavours of exotic magnetism to occur.
In this work the synthesis, structure and magnetisation of several different kagome
magnets are investigated: the S =

1
2

(A – K+ , NH4 + , Rb+ )

and

S = 1

NH4 Ni2 Mo2 O8 H3 .

Studies of the ACu2.5 V2 O7 (OH)2 · H2 O series are presented in

the

systems with general formula ACu2.5 V2 O7 (OH)2 · H2 O
materials,

NH4 Ni2.5 V2 O7 (OH)2 · H2 O

and

Chapter 5 and show each material to have a distorted kagome lattice with a frustrated magnetic ground state, where magnetic frustration is evidenced via. the suppression of order below the Weiss temperature.

The crystallographic studies reveal evi-

dence of dynamic Jahn-Teller fluctuations in some of the moment bearing CuO6 octahedra of each material. Such distortions have been observed in other S =

1
2

kagome

magnets, such as volborthite [15] and vesignieite BaCu3 V2 O8 (OH)2 [16], and the
ACu2.5 V2 O7 (OH)2 · H2 O series are highlighted as candidate materials to further study
the role of orbital fluctuations on frustrated ground states. Crystallographic and magnetic characterisation of the S = 1 kagome magnets NH4 Ni2.5 V2 O7 (OH)2 · H2 O and
NH4 Ni2 Mo2 O8 H3 are discussed in Chapter 6 and 7, respectively. Both materials display

19
magnetic frustration combined with an unusual ferromagnetic component upon ordering.
Similarities between these magnetic responses and each material’s structure are discussed
further in Chapter 7. Overall, the materials presented in this thesis displays a range of frustrated ground state properties that through experimental and theoretical work may further
inform understanding of frustrated magnetism.
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Chapter 2

Introduction to magnetism
This chapter introduces some fundamental concepts in solid state magnetism that are relevant to the research area of frustrated magnetism. To help build up a detailed picture of
magnetic theory the origins of magnetism on the atomic scale are introduced, along with
how this is affected by the local coordination of a system. Much of the analysis performed in
this thesis concentrates on the bulk magnetic response of frustrated magnets as a function of
temperature and field. We will discuss the origin of these responses for both non-interacting
and interacting magnetic ions, with the most relevant interactions introduced. Magnetic order forms as a result of such magnetic interactions, and many of the properties associated
with magnetism, such as spontaneous magnetisation, result from such order. The phase
transitions to the ordered state, and types of magnetic order, are reviewed, along with how
they lead to characteristic physical properties such as excitations. Much of the discussion
presented in this chapter was taken from texts by Kittel [1], Blundell [2], and Crangle [3],
which should be referred to for a more detailed discussion on magnetism in materials.

2.1

The magnetic moment

The magnetic moment is the fundamental object in magnetism and is useful for describing
observed macroscopic magnetism. In this section, both the atomic interactions and crystal
field effects that contribute to the moment are introduced.

2.1.1

Isolated magnetic moment

The magnetic moment, µ, is most simply taken as a magnetic dipole generated at the atomic
scale by the angular momenta of an electron in an atom. This angular momenta can be described using the total angular momentum of an atom, defined by the total angular quantum
number, J, that is the sum of two separate types of angular momentum: orbital and spin,
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characterized by the quantum numbers L and S, respectively, so that
J = L + S.

(2.1)

Orbital angular momentum arises from the orbital component in the electron wavefunction;
the classical analogy is a magnetic field perpendicular to a current in a loop. In contrast,
the spin angular momentum of an electron has no classical analogue and is a quantum
mechanical property with a quantum number of S =

1
2

[4]. Correspondingly, the spin can

align parallel or anti-parallel with a magnetic field to give values of + 12 or − 21 . The magnetic
moment for an ion is given by,
µ = −gJ JµB

(2.2)

where gJ is the Landé g-factor, a proportionality constant that relates the orbital spin and
total angular momentum as follows:
gJ =

3 S(S + 1) − L(L + 1)
+
,
2
2J(J + 1)

(2.3)

and µB = 9.274 × 10−24 Am2 is the Bohr magneton, a constant equal to the moment produced by an electron in the ground state orbital of a hydrogen atom.

2.1.2

The magnetic ground state (Hund’s rules)

The strength of the magnetic moment is dependent on the ground state electron arrangement
of a magnetic ion, and can be predicted using Hund’s rules [5]. These rules state the interactions that dominate the electron configuration, from highest to lowest energy contribution.
Hund’s rules are as follows:
1. The electronic wavefunction is arranged so as to maximize the spin angular momentum, S. This limits the interaction between electrons in neighbouring orbitals and
minimizes Coulombic repulsion.
2. Electrons should occupy orbitals so as to maximize orbital angular momentum, L.
This again minimizes Coulombic repulsion. In the classical picture this is modelled
as the electrons all rotating in the same direction in order to best avoid each other.
3. The value of J is found to be J = |L − S| if the shell is less than half full and J = |L + S|
when it is over half full. This arrangement minimizes the energy from the spin-orbit
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interaction, where spin and orbital angular momentum weakly couple.
These rules are formulated on the assumption that the spin-orbit interaction is weak, such
that electrostatic interactions are dominant. The strength of the spin-orbit interaction scales
rapidly with the increase in atomic number (ESO ∝ Z 4 ), so that for large Z this assumption
breaks down. In such systems the spin-orbit interaction can dominate and the spin and
angular momentum of each electron must be coupled separately in a process known as j-j
coupling.
Based on Hund’s rules the ground state effective magnetic moment of an ion can be
calculated using the equation,
1

µeff = gJ [J(J + 1)] 2 µB .

(2.4)

For the 4 f ions there is good agreement between magnetic moments obtained from magnetometry measurements and values predicted using Hund’s rules. In contrast, for the 3d ions
this agreement is often poor due to the role played by the local coordination environment,
as will be explained in more detail in the following section.

2.1.3

Crystal-field effects

The coordination of a magnetic ion often plays a crucial role in defining its magnetic response and this is particularly true of the transition metals. For these ions, the degeneracy
of the d-orbitals is lifted due to the crystal field energy produced from overlap with neighbouring ligand orbitals. In contrast, crystal field effects are minimal for the 4 f ions due to
poor orbital overlap between the ligands and the contracted f -orbitals. Figure 2.1 displays
this d-orbital splitting for a magnetic ion in an octahedral coordination environment, where
there is an energy gap between the doubly-degenerate eg orbitals and the triply-degenerate
t2g orbitals. The electron occupation of the different electronic sub-shells defines the value
of the total angular momentum. This sub-shell occupation is dependant on both the parameters defined in Hund’s rules and the strength of the field splitting (∆); where for a weak
crystal field splitting it may be favourable to promote an electron to an eg orbital before all
the t2g orbitals are fully occupied, and form a ‘high spin’ state.
As a result of the relatively weak spin-orbit interaction in the 3d transition metals,
the crystal field splitting often dominates in deciding the atomic electronic ground state
configuration: where the spin-orbit interaction is no longer the 3rd most important energy
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a.

b.

eg
Δ
d-orbitals of a free ion

t2g
d-orbitals of an
octahedrally
coordinated ion
Figure 2.1: a. Transition metal ion octahedrally coordinated with non-magnetic ligands e.g. oxygen
b. Crystal field splitting of the degenerate d-orbitals due to octahedral coordination.
The higher energy eg orbitals, dz2 and dx2 −y2 , point at the ligands. The lower energy t2g
orbitals, dxy , dxz and dyz , point between the ligands.

scale as defined by Hund’s rules. One consequence of this is that the angular momentum
for the 3d ions is quenched (L = 0). A semi-classical interpretation of this phenomena is
that the angular momentum precesses in the crystal field such that its individual components
average to zero. For such systems, the effective magnetic moment defined in Equation 2.4
is given by the spin-only formula,
1

µeff = gS(S + 1) 2 µB .

(2.5)

Where g ≈ 2 is the spin-only g-factor. The moment bearing ions of the materials studied
in this work, which are Cu2+ and Ni2+ ions, are both 3d transition metals in approximately
octahedral coordination environments, and as such their magnetic properties are predicted to
originate from spin angular momentum. In experimental measurements, deviations from the
spin-only value arise when L is not completely quenched due to weak spin-orbit interactions.
These interactions perturb states such that those with L > 0 are mixed into the ground state
to produce measured values of g > 2. The g-factor is also sensitive to anisotropies in the
local geometry that alter the angular momentum and can have different values depending
on the direction of applied magnetic field with respect to the crystal structure axis.

2.1.4

Jahn-Teller distortions

In certain electronic configurations there is a net energy gain created by a distortion away
from ideal octahedral geometry, known as a Jahn-Teller distortion. Figure 2.2a shows a
common Jahn-Teller distortion for a Cu2+ d 9 ion where one axis of the octahedron elongates
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b.
dx2-y2
eg

dz2
dxy

t2g
c.

dzy,dzx

d.

E(Q)

E(Q)

Q

Qx

e.

Qy

E(Q)

ϕ =0o

ϕ =120o

ϕ =240o

Figure 2.2: The octahedral coordination environment of a magnetic ion may undergo a Jahn-Teller
distortion when unpaired electrons are present in its d-orbitals a. For the Cu2+ d 9 ions
the distortion in commonly an elongation of the z-axis and contraction of the x and yaxes b. In the orbital energy diagram this distortion coincides with a lifting of the eg and
t2g orbital degeneracies. Decreasing the fully-occupied dz2 orbital relative to the halfoccupied dx2 −y2 lowers the total energy c. The potential energy surface as a function of
the distortion, Q, shows that when the d-orbital sub-shells are either fully occupied or
empty the minimum in energy is found for an octahedron with no distortion (Q = 0) d.
The potential energy surface as a function of Q for half-occupied sub-shells shows the
minimum in energy is found for distorted systems (Q 6= 0), where the potential energy
surface makes a Mexican-hat potential when the distortion is mapped in 3-dimensions
e. The Mexican-hat potential warps for strong metal-ligand coupling. This commonly
creates 3 energy minima which correspond to an axial elongation along each axis. When
kB T is greater than the energy barrier between the minima the coordination fluctuates
between the different Jahn-Teller distortions to produce a dynamic Jahn-Teller effect.

and the other two are compressed. This axial extension corresponds to a lowering in energy
of the doubly occupied dz2 orbital and an increase in the energy of the singularly occupied
dx2 −y2 , and results in an overall decrease in the energy of the system.
To understand the cause of this effect we can formulate an equation for the energy
of the octahedral complex that is a function of Q, the distance of the distortion along a
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single coordination axis. In the case of a fully occupied or unoccupied orbital, the change in
octahedron energy with Q can be represented fully by the change in distortion, discounting
the electronic energy as any change in orbital energy cancels,

1
E(Q) = MωQ2 .
2

(2.6)

M is the mass of the coordinating anion, ω is the angular frequency of the corresponding
normal mode and the minimum in E(Q) is at Q = 0 as shown in Figure 2.2c. For partially
filled orbitals the change in electronic energy of different orbitals cannot be discounted
as it may produce a net change in system energy. This energy change can be expanded
as a Taylor series with respect to the distortion and approximated to the linear term for
small energy changes. The addition of this term to Equation 2.6 gives the following energy
dependence on the distortion

1
E(Q) = ±AQ + MωQ2 ,
2

(2.7)

where A is a positive constant. The possible change of sign in AQ means two energy curves
are possible and the minimum in E(Q) is no longer necessarily at Q = 0. Consequently, a
non-zero value of Q, i.e. a distortion, can produce a net energy gain.
The potential energy surface of this distorted octahedron takes the form of a Mexicanhat potential, where the lower surface represents the Jahn-Teller distorted system (Figure 2.2d). For strong ligand coupling the non-linear terms of the Taylor series will warp
the Mexican-hat potential so it consists of 3 equally spaced energy minima separated by 3
saddle points. A review of numerous copper oxide systems shows that the axially elongated
(4+2) Jahn-Teller distortion is favoured in the majority of materials [6]. As such, each minima in the warped Mexican-hat potential of a Cu2+ d 9 ion represent a (4+2) distortion along
different axes of the octahedron, and the saddle points represent the axially compressed
(2+4) distortion.
In instances when the thermal energy of the systems is greater than the energy barrier
between minima, all minima can be populated and the octahedral geometry will fluctuate
between (4+2) distortions along different axes, in what is known as the dynamic Jahn-Teller
effect [7]. For crystal structures obtained using diffraction techniques these fluctuations are
time-averaged between the multiple configurations and unusual distortions are observed.
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For example, dynamic fluctuations between 2 axially elongated (4+2) distortions appear as
an axially compressed (2+4) distortion in powder diffraction data [6, 7]. Such structural
distortions are observed for some of the Cu-materials studied in this work and are believed
to result from such dynamic fluctuations.
Dynamic Jahn-Teller distortions commonly freeze into static distortions at low temperature, as the thermal energy is no longer greater than the energy barrier. In systems
concentrated with Jahn-Teller distorted ions a cooperative distortion in the crystal lattice
may form upon the onset of orbital order [8]. Such competing orbital order along different directions in the crystal lattice can lead to orbitally degenerate states that are inherently
frustrated [9]. The presence of dynamic fluctuations in the materials studied in this work
therefore suggests the presence of such orbital frustration, as will be discussed in detail in
Chapter 5.

2.2

Magnetic susceptibility

The magnetic susceptibility is a key physical property as it represents a material’s bulk magnetic response in a magnetic field. This collective moment is termed the magnetisation, M,
which is the field per unit volume or mass. In a system of non-interacting magnetic atoms,
the magnitude of the magnetisation is a linear function of an applied external magnetic field,
which is given by the external field per unit volume, H. The magnetic susceptibility, χ, is
a proportionality constant that represents the linear dependence between the magnetization
and external field as follows:

M = χH.

(2.8)

The magnetic susceptibility given above is actually dimensionless but is reported as emu
cm−3 in cgs units 1 . In this work, the majority of magnetometry results are reported in cgs
units, instead of the SI unit system, as this allows for easy comparison with literature data.
The magnetic susceptibility will be reported as the molar susceptibility per formula unit,
produced with the following conversion:
χm =

χMr
.
mn

(2.9)

1 cgs is a unit system popular in the nineteenth century and still widely used in the field of magnetism.
Distance is measured in centimetres, mass in grams and time in seconds.
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Where m is the sample mass, Mr is the relative molecular mass of the material and n is the
number of magnetic ions per formula unit.
The magnetic susceptibility is a bulk measurement that is an accumulation of all magnetic responses within the material. In a system of non-interacting moments this response
is a sum of diamagnetic and paramagnetic susceptibilities [10], shown by

χ = χpara + χdia .

(2.10)

Diamagnetism is a repellent magnetic field originating from paired electrons and so has
a negative contribution. Paramagnetism is an attractive magnetic field (χpara > 0) that is
caused by unpaired electrons. Following sections will introduce both these types of magnetism in more detail.

2.2.1

Diamagnetism

Diamagnetism is the response generated by the motion of paired electrons in an external
magnetic field. The motion is such that it produces an internal repulsive field to minimize
the energy of the system which can be written in the form of the diamagnetic susceptibility.
In a material composed of N spherical magnetic ions, with Z electrons, in volume V , the
diamagnetic susceptibility will take the form
χ =−

N e2 µ0 Z 2
∑ hri i ,
V 6me i=1

(2.11)

where me and e are the electrons mass and charge, respectively, and µ0 is the magnetic
permeability of free space. hri2 i is the root mean square distance of the electron from the
nucleus and Equation 2.11 shows that the field strength increases as a function of the distance of the electron from the nucleus. A crude assumption can be made that the strength
of diamagnetic susceptibility scales with an increase in the number of electrons, which is
backed up by experiment [2]. In comparison to other types of magnetism, such as paramagnetism, the magnitude of the diamagnetic susceptibility is very small. As in most instances
it is the other forms of magnetism which are of interest, the diamagnetic response is typically considered a small correction and adjustments are made to experimental data using
literature values [11, 12].
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Paramagnetism

In contrast to diamagnetism, the paramagnetic response is generated by unpaired electrons
so that the angular momentum remains unquenched. The application of a magnetic field
causes the onset of a positive magnetisation, where the individual magnetic moments can
be considered to align with the external field. In the absence of a magnetic field, or when
the thermal energy is larger than the applied field, these magnetic moments are orientated in
random directions. In such a system, magnetic moments are considered to act independently
because of the weak interactions between each moment.
The strength of the magnetisation is sample dependent and can be described as a function of temperature using the Curie law, which will be derived here. In a paramagnet, an
external magnetic field breaks the spatial degeneracy and creates an energy splitting with
the levels defined by
U = −µ · B = mJ gJ µB B.

(2.12)

Where mJ is the magnetic quantum number and has values J, J − 1 . . . , − J. B is the
magnetic induction where B ≈ µ0 H for small values of the magnetisation, such as observed
in the systems studied in this work.
For a single electron, J = 21 , mJ = ± 12 and gJ ≈ 2, i.e. the spin-only g-factor, which
yields U = ±µB · B. Two energy levels are created that represent spins parallel and antiparallel to the applied magnetic field. The population of these energy levels, N1 and N2 is
given by the equipartition function,
exp( µkBBTB )
N1
=
BB
N
exp( µkBBTB ) + exp( −µ
kB T )

(2.13)

exp(− µkBBTB )
N2
=
.
BB
N
exp( µkBBTB ) + exp( −µ
)
kB T

(2.14)

The total number of magnetic atoms is N = N1 + N2 . The population of the energy levels
can then be used to calculate the magnitude of magnetisation,
M = (N1 − N2 )µB = NµB ·

ex − e−x
= NµB tanh(x),
ex + e−x

(2.15)

where x = µB B/kB T . Figure 2.3 shows this functional form of the magnetisation for a J = 21
paramagnet, where the magnetisation increases at high field or low temperature as the lower
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Figure 2.3: Plot of M
N vs x for a J = 2 paramagnetic system where the value of x ∝ T . The magnetisation increases as the lower energy levels are populated for low temperatures or large
field: where the increased field strength increases the energy level splitting.

energy level is occupied and the spins align with the field.
In systems with larger spin values and orbital angular momentum there are 2J + 1
energy levels and the magnetisation is given by
M = Msat BJ (y).

(2.16)

Msat = ngJ JµB is the saturation magnetisation: the magnetisation when all the magnetic
moments, of which there are n in the system, are aligned with the field. BJ (y) is the Brillouin
function that describes the paramagnetic response as a function of applied field


y
2J + 1
2J + 1
1
BJ (y) =
coth
y − coth
,
2J
2J
2J
2J

(2.17)

and y = gJ JµB B/kB T .
In most instances, except for very high fields or low temperatures, y << 1 so that
M
y
µB
≈ =
.
Msat 3 3kB T

(2.18)

Using this assumption an expression for the molar paramagnetic susceptibility can be de-
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T (K)

T (K)

T (K)

Figure 2.4: a. A plot of the susceptibility against temperature for a paramagnet follows the Curie
law where χ ∝ 1/T b. The inverse of χ against T for a paramagnet follows a straight
line from the origin c. A plot of χT against T for a paramagnet is a constant, known as
the Curie constant.

rived that is equal to
χm =

2
µ0 M nµ0 µeff
C
M
≈
=
= ,
H
B
3kB T
T

and is known as the Curie law, where C =

2
nµ0 µeff
3kB

(2.19)

is the Curie constant. Figure 2.4 displays

the paramagnetic susceptibility plotted against temperature where χ ∝ 1/T , and the inverse
of the paramagnetic susceptibility against temperature gives a linear plot from the origin.
A plot of χT vs T is a straight line equal to the Curie constant. The value of the effective
magnetic moment can be extracted from this value of the Curie constant, and using Equation 2.4 the value of the Landé g-factor can also be derived. Spin correlations will cause
a system to deviate from the paramagnetic behaviour described by the Brillouin function
as the assumption of independent spins no longer holds. Such spin-correlated systems are
discussed in more detail in Section 2.3.5.

2.3

Magnetic interactions

Interactions between magnetic ions give rise to magnetic order and macroscopic magnetic
properties. The interaction of magnetic dipoles through space is perhaps the most intuitive
method of interaction, but the energy of this process is relatively small on the atomic length
scales, on the order of Kelvin, and so cannot account for high fields and high ordering
temperatures observed in permanent magnets, such as up to 1.4 T fields in Nd2 Fe14 B [13].
More relevant to this thesis are exchange interactions, which are the cause of most longrange magnetism.
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The exchange interaction

Exchange interactions are quantum mechanical effects that are directed by the Pauli exclusion principle and electrostatic interactions, as electrons will occupy states that minimise
the Coulombic repulsion between them. The product wavefunction of two interacting electrons must be antisymmetric, so whatever the symmetry of the spatial component of the
electron wavefunction, the spin component must have the opposite symmetry. As a result
of this requirement, electrons form singlet and triplet spin states depending on their spatial
state i.e. orbital occupation. The spin-dependence of the interaction between two electrons
is described by the spin Hamiltonian:
Hˆ spin = −2JS1 · S2 ,

(2.20)

where S1(2) are the spins of the electrons and J is the isotropic exchange constant given by
J=

ES − ET
,
2

(2.21)

and ES and ET are the energies of the singlet and triplet spin states. If J > 0 the triplet state
is favoured. In a many-bodied system this interaction can be generalised to the Heisenberg
Hamiltonian which describes the interaction of electrons in neighbouring atoms over the
whole lattice:
Hˆ = − ∑ Ji j Si · S j .

(2.22)

ij

The exchange constant Ji j characterises the interaction between the ith and jth spins of
the magnetic lattice. Magnetic ions undergo exchange via orbital overlap, although direct
exchange as a result of orbital overlap between neighbouring magnetic ions is rare. For
example, the 4 f orbitals of rare earth ions do not extend far from the nucleus restricting
overlap and in transition metals the conduction electrons are more important in controlling
exchange. In many magnetic materials exchange happens indirectly via intermediate nonmagnetic ions in a process known as superexchange.

2.3.2

Superexchange

Superexchange favours the antiferromagnetic arrangement of electrons, where neighbouring magnetic ions are driven to be antiparallel to each another to lower the overall kinetic
energy of the system: this can lead to a conventional Néel ordered magnetic state that will
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be explained in detail in Section 2.4.1. Figure 2.5 shows an antiferromagnetic exchange
interaction between two magnetic ions, commonly transition metals, mediated via a nonmagnetic intermediate atom, such as oxygen. The antiparallel alignment lowers the kinetic
energy as it allows the electrons from neighbouring magnetic ions to delocalise between
overlapping orbitals: the opposing alignment of the electrons mean they form an antisymmetric spin state, and so are allowed to share a symmetric spatial state, or bonding orbital.
The strength of the superexchange is proportional to the amount of overlap between the
orbitals. In the case of exchange between two metals, mediated by oxygen, the strongest
exchange is for 6 M–O–M = 180◦ [14, 15]. For angles of 6 M–O–M < 90◦ , superexchange
can not be facilitated by a single intermediate p-orbital and the antiparallel spin alignment
is no longer favoured. For such a superexchange interaction, electrons in neighbouring porbitals align parallel to one another in order to maximise S in accordance with Hund’s rules.
This parallel alignment of neighbouring spins leads to a net magnetisation of the system, in
what is known as a ferromagnetic spin arrangement.
Delocalised
excited states

Antiferromagnetic
ground state

d-orbitals of
the magnetic ion

p-orbitals of the
non-magnetic ion

d-orbitals of
the magnetic ion

Figure 2.5: Superexchange favours the antiferomagnetic alignment of neighbouring transition
metal’s valence electrons. This alignment means excited states mix in with the ground
state to allow bonding electrons to delocalise, lowering the kinetic energy.

Although less common, ferromagnetic order from superexchange via a single intermediate p-orbital at 6 M–O–M > 90◦ is also possible. In such a situation only one of the
electrons is involved in bonding, the other occupies a non-bonding orbital. The energy of
the system is lowered as the bonding electron delocalises between the bonding orbitals of
both magnetic ions. The electron in the non-bonding orbital of the magnetic ion therefore
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aligns parallel to the bonding electron to maximise the value of S.
The bilinear Hamiltonian in Equation 2.22 represents the strongest form of superexchange in most systems. In situations when this exchange is small other forms of exchange
can dominate the ground state. One such interaction is further neighbour exchange involving superexchange between magnetic ions other than the nearest neighbour ion, such as
super-super exchange. Another form of exchange is biquadratic exchange, a higher order
exchange term allowed in systems where S >

1
2

and is maximised for integer systems [16].

In these systems the higher spin multiplicity increases the number of excited states that can
mix with the ground spin state, giving the adjusted Hamiltonian,
2
Hˆ = − ∑[Ji j Si · S j + JQ
i j (Si · S j ) ],

(2.23)

ij

where J Q is the biquadratic exchange constant. For the frustrated materials covered in this
thesis, further-neighbour and higher-order exchange terms such as those mentioned above
can become important as they may perturb ground state degeneracies.

2.3.3

Antisymmetric exchange

Another form of exchange is induced by the spin-orbit interactions. This exchange is known
as the antisymmetric exchange interaction, or the Dzyaloshinsky-Moriya (DM) interaction,
and works via a similar process to superexchange [17, 18]. The spin-orbit induced excited
state of one ion exchanges with the ground state of a neighbouring ion. In the Hamiltonian,
the interaction between S1 and S2 is given by
HˆDM = D · S1 × S2 ,

(2.24)

where the vector D vanishes when there is an inversion centre on the bond mediating the
exchange between the two magnetic ions. The effect favours the spins being parallel or
perpendicular to the line between them and often works in antiferromagnetic systems to
cant the spins and create a weak ferromagnetic signal. This interaction is of particular
importance in frustrated kagome magnets where a DM interaction is possible as there is no
inversion centre between the magnetic ions [19].

2.3.4

Curie-Weiss law

The totality of exchange between ionic moments creates what Weiss called a ‘molecular
field’: an approximation, where each individual component experiences an averaged field

2.3. Magnetic interactions
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Figure 2.6: Plots of χ1 against temperature for a mean-field antiferromagnet (red), ferromagnet
(blue) and paramagnet (black). Antiferromagnetic and ferromagnetic order is observed
at TN and TC respectively. Linear plots to the region above these temperatures give the
value and sign of the Weiss temperature (θ ) which indicates the strength and character
of the mean-field.

(or mean-field). In such a simplification the field is said to have antiferromagnetic or ferromagnetic character, types of magnetic order where neighbouring spins are either aligned
antiparallel or parallel to one another, respectively. For the antiferromagnetic system the
overall magnetisation is quenched from such an arrangement, whilst for a ferromagnet the
parallel alignment of spins creates a net magnetisation. Such magnetic order builds up below a critical temperature and is destroyed when thermal fluctuations dominate over the
mean-field as the temperature is raised. The behaviour of the system above the critical temperature can be modelled using a mean-field model known as the Curie-Weiss law, where
the Curie law is adapted through addition of a Weiss molecular field parameter, λ . The
ferromagnetic transition temperature is known as the Curie temperature, TC , and defines the
temperature below which spontaneous magnetisation occurs. TC is derived from simultaneous solution of the Brillouin function and y (Section 2.2.2), where the molecular field
parameter has been added to y, to give

TC =

gJ µB J(J + 1)λ Msat
.
3kB

(2.25)
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In the paramagnetic region, at T > TC we can again approximate the Brillouin function for
small y to give
M
gJ µB (J + 1)
≈
Msat
3kB



B+λM
T



TC
≈
λ Msat




B+λM
.
T

(2.26)

If we combine Equation 2.26 with the small field approximation of the susceptibility,
χ=

µ0 M
B ,

we can rearrange to get the temperature susceptibility of the ferromagnet in the

paramagnetic regime, known as the Curie-Weiss law:

χ∝

C
.
T − TC

(2.27)

For an antiferromagnet, the transition temperature is defined by TN and represents the point
at which the spins align antiparallel and quench the magnetisation. As this is opposed to the
ferromagnetic transition where the magnetisation increases, the value of −TC in Equation
2.27 is replaced by +TN to give χ ∝

C
T +TN .

The character of the magnetic order can be

interpreted from the paramagnetic regime as the susceptibility can be fitted to a Curie-Weiss
dependence described by

χ∝

C
,
T − θW

(2.28)

where θW is the Weiss temperature. According to this equation, if θW > 0 a material has
a ferromagnetic mean-field and it is predicted that θW = TC . If θW < 0 the system has
antiferromagnetic character and θW = −TN (Figure 2.6). In reality the values of TC and
TN often deviate from θW as this mean-field model is a simplification of the interactions
found in many real systems: θW represents the average strength of interactions and its value
will be altered by competing types of interactions. This is particularly relevant in frustrated
systems of competing interactions studied in this work.

2.3.5

Superparamagnetism

In real materials, magnetic correlations can lead to the formation of domains which are
regions composed of an internal magnetic order, for example antiferromagnetism, ferromagnetism or random order. In systems where isotropic particles, or single domains, have a
net moment and negligible interaction with one another their magnetization behaviour will
be equivalent to that of a paramagnet but where the response is now proportional to the
number of local moments within a cluster: a single particle consists of ≥ 105 atoms [20].
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Such a system is known as a superparamagnet. The fluctuations of superparamagnetic domains stop below a specific temperature, known as the blocking temperature TB , where the
particles fall into a local energy minima and will align parallel or antiparallel to an axis
defined by the domain’s shape or magnetocrystalline anisotropy. Figure 2.7 shows the activation energy barrier that prevents the rotation between separate spin alignments of single
domain particles below TB . The activation energy is proportional to the domain volume V
and is given by the following equation

∆E = KV

(2.29)

where K is a constant that quantifies the anisotropy energy. A type of superparamagnetism
is commonly observed in frustrated systems when magnetic order is suppressed below the
temperature where exchange interactions become relevant. In this regime, local correlations
build up, but instead of a transition to magnetic order taking place, the frustration causes
the formation of dispersed domains [21].

E

∆E

0

π

θ

Figure 2.7: Simple energy density diagram representing the activation energy that separates two
antiparallel superparamagnetic particles. These particles have a single moment from a
combination of numerous atomic moments. When E > ∆E the particles can freely rotate
as they do not interact with one another, much like a single moment in a paramagnet. At
E < ∆E the particles no longer freely rotate and their orientation is defined by the local
energy minimum.
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2.4

Magnetic order and excitations

Magnetic order in magnetic materials gives rise to many of the key properties associated
with magnetism, such as permanent magnetisation and properties used in technical applications. Following Landau theory the continuous phase transition from a disordered magnetic
state to magnetic order can be described in terms of a broken symmetry parameter below a
critical temperature. One example is in the transition from a paramagnet to a ferromagnet,
in which spin alignment along a unique axis breaks time-reversal symmetry: the magnetic
field produced by a ferromagnetic state is reversed when electronic momentum within a
classical or quantum model is reversed by time inversion i.e. t → −t. An order parameter is
used to described the low symmetry ordered state, such as the spontaneous magnetisation,
M, of a ferromagnetic state.
Despite large variations in the types of interactions found in a certain type of magnetic
order, the order parameter for these systems often display characteristic behaviour close to
the transition. This behaviour is described by the critical exponents, of which the value
results from the ordering degrees of freedom and dimensionality. For example, the value
of M, close to the magnetic transition, has the following dependants on the exponent, β :
(TC − T )β . These exponents are useful in that they can be derived from simple magnetic
models but are still relevant for more complex systems. Before discussing some different
models used to describe the magnetic phase transitions we will look at some of the types of
magnetic structures that can form.

2.4.1

Magnetic structures

Ordered magnetic structures form when exchange interactions dominate over thermal fluctuations and there is a well defined lowest energy or ground state configuration. As outlined
in Section. 2.3 there are different types of exchange and they are capable of combining to
produce a variety of types of magnetic order with some displayed in Figure 2.8. These
simple antiferromagnetic and ferromagnetic order represent some of the most common type
of magnetic structures. The ferromagnetic structure is composed of parallel aligned spins
that break time-reversal symmetry to create a net magnetic moment. The magnetic lattice
has the same periodicity as the nuclear structure so that the magnetic propagation vector
is k = [000]. A simple example of an antiferromagnetic structure consists of antiparallel
aligned spins where each moment cancels and no net field is produced. This can arise
when, for example, the magnetic unit cell is double that of the nuclear structure and can be
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modelled as two superimposed ferromagnetic sub-lattices aligned antiparallel. A ferrimagnetic structure forms if these two sub-lattices have different spin magnitudes so there is a
net magnetic moment. This is common if the spin magnitude of the neighbouring magnetic
ions is different. An example of less conventional magnetic order is helical order where the
spins precesses around an axis and usually results from competing further-neighbour interactions. When the magnetic structure is not commensurate with nuclear unit cell, it is said
to be ‘incommensurate’ magnetic order [22]. Frustrated magnetic interactions can further
expand the array of possible magnetic ground states to produce spin glasses, non-collinear
and non-coplanar structures. Spin glasses are different from the other ordered structures
mentioned as their moments are randomly disordered. Despite this they retain a defined
phase transition that shows cooperative spin interactions.

antiferromagnetic

ferromagnetic

ferrimagnetic

triangular

canted

umbrella

sine or
cosine
circular helix

elliptical helix

Figure 2.8: Some simple types of magnetic structure. Reproduced from [22].

2.4.2

Phase transitions - Mean-field models

Two types of model are used to describe magnetic order that results from symmetry breaking: mean-field theories and microscopic models of the magnetic interactions. Modelling
the magnetic interactions is a complex many-bodied problem that is often impossible to
solve exactly. Mean-field models are simpler, where the internal magnetisation of the system is modelled as an effective molecular field proportional to the average magnetisation,
and for large uniform systems this assumption is accurate. The Weiss model introduced in
Section. 2.3.4 is one such mean-field model that is particularly useful in the analysis of a
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material’s mean-field character from bulk magnetisation data. Landau theory is a notable
mean-field model that describes both the phase transition and the resulting phase.

a.

b.
F(M)
T>TC

T=TC

M

∝ (TC - T)1/2

T<TC
M

TC

T

Figure 2.9: a. Free energy as a function of M at temperatures around the transition. At T < TC the
minimum in free energy is at non-zero values of the magnetisation indicating favourable
build up of ferromagnetic order. At T = TC the minimum in free energy is broad and the
mean-field model gives poor description of the most stable state b. The magnetisation
is non-zero below the critical temperature. Adapted from [2].

In this approach the critical temperature at which an internal field of a ferromagnet
becomes favourable is found through the Taylor series expansion of the free energy as a
function of the magnetisation, M, as follows:

F(M) = F0 + a(T )M 2 + bM 4 ,

(2.30)

where a(T ) is temperature dependent and F0 and b are constants. A phase transition is
allowed if a(T ) changes sign at the transition, so a(T ) = a0 (T − TC ) is substituted into
Equation 2.30, where a0 is a constant. As shown in Figure 2.9a the minima in free energy
is now at non-zero values of M and the ground state can be identified by solving

δF
δM

= 0 to

give

2M[a0 (T − TC ) + 2bM 2 ] = 0,

(2.31)

which means the solutions can be


a0 (TC − T )
M = 0 or M = ±
2b

 12
.

(2.32)
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These solutions show that the magnetization is 0 until T < TC : otherwise the solution is a
root of a negative number. M will follow the curve shown in Figure 2.9b and at temperatures
1

below TC the slope is proportional to (TC − T ) 2 , where the

1
2

is the critical exponent. The

critical exponent will change based on the type of system and can provide useful information
about the nature of the phase transition. The broad minimum for T = TC in Figure 2.9 shows
that the mean-field model fails to accurately describe the system close to the transition.
Near the transition, short-range interactions and local correlations build-up and change the
strength of magnetic field experienced by different ions in the material.

2.4.3

Phase transitions - Microscopic models

Although microscopic models are complex they can be directly solved for some simplified
systems. Trends in theoretical and experimental obtained critical exponents have shown that
second order continuous phase transitions are mainly dependent on three properties:
• The dimensionality of the order parameter, D, e.g. spin.
• The dimensionality of the system, d.
• Whether the forces are short or long-range
These show that the type of interaction is a secondary consideration in deciding whether
a material undergoes a phase transition. Mean-field models favour phase transitions when
systems have high lattice dimensionality and long-range interactions. For systems with
low lattice-dimensionality magnetic order is less favourable due to the increased entropy of
magnetic defects. For example, a 1-dimensional lattice of spins can never order. This is
because the energy cost of a defect remains constant as a chain of N + 1 spins gets longer
but the entropy continues to increase (S = kB ln(N)). So as long as T > 0, the free energy is
negative and a defect can spontaneously form anywhere in the system to prevent long-range
magnetic order. As the lattice dimensions increase the energy cost of defects increases so
that for d > 3 magnetic order is always possible. d = 2 is between both these systems
so that unconventional phase transitions are possible. Whether a phase transition forms in
d = 2 systems is dependent on the order parameter, where the number of degrees of freedom
increases with the dimensionality of the order parameter such that order becomes less likely.
For magnetic systems their are 3 magnetic models for 3 different values of D that are:
• Heisenberg (D = 3). This system is relevant for isotropic magnetic systems.
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a.

b.

ω

8SJ/ħ

π/a

q

Figure 2.10: a. A spin wave in a one-dimensional ferromagnetic spin chain b. The angular frequency (ω) for a spin-wave excitation as a function of the wavevector (q) for a simple
ferromagnet. The functional form of the dispersion is characteristic of a ferromagnet
and the strength of the exchange integral, J, can be calculated from the amplitude.
Adapted from [2].

• XY (D = 2). A two component magnetic moment so that it is confined to a local
plane e.g. ‘easy-plane’ magnets
• Ising (D = 1). A single component magnetic moment so that the spin lies along an
axis.
It is predicted that a nearest-neighbour model of Ising spins on a 2-dimensional lattice can
order, whilst a nearest-neighbour model of Heisenberg spins on the same lattice cannot. The
2-dimensional lattice with XY spin dimensionality lies as an intermediate between the two
systems to produce an unconventional phase transition. Below the critical temperature spins
arrange in vortices so that the lower temperature state has a greater elastic rigidity. This is
known as the Kosterlitz-Thouless transition, a topological phase transition as both states are
disordered in terms of conventional symmetry operations [23].

2.4.4

Spin wave excitations

Ordered systems that have broken a continuous global symmetry in forming, such as solids
or ferromagnets, can produce long-wavelength excitations, quantized as Goldstone bosons.
In solids, atomic vibration create travelling displacement waves known as phonons. An
analogous excitation can be found in ordered magnetic materials where spin-waves form,
quantised by magnons. Figure 2.10a displays a spin-wave in a chain of parallel aligned
spins, where at a finite temperature the ordered spins precess around the direction of magnetization. This precession forms a travelling spin-wave over the crystal structure via the exchange couplings. Such spin-waves form the low-lying excited states in an ordered magnetic
system, similar to phonons in a solid, where they require only vanishingly small amounts of
energy to form.
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Figure 2.10b shows the spin wave dispersion relation as a function of angular frequency
and momentum (ω, q) for a simple isotropic ferromagnet limited to nearest-neighbour
Heisenberg interactions, with the energy for the dispersion given by:
h̄ω = 4JS(1 − cos qa)

(2.33)

where J is the exchange term and a is the magnetic unit cell lattice parameter. The dispersion acts a useful fingerprint to identify the character of the exchange interactions, where
a characteristic functional form is associated with simple magnetic structures such as antiferromagnets and ferromagnets. The amplitude of the dispersion is proportional to J and
so can be used to extract the strength of the exchange integrals. The spin-wave dispersion
for a system can be observed using inelastic neuron scattering, and so this technique provides a powerful experimental tool for characterising the strength and character of exchange
interactions.
Inelastic neutron scattering is particularly important in identifying the exotic QSL
states that can form as a result of frustrated magnetism. The QSL state has a characteristic dispersion in q from a half-odd-integer spin wave excitation called a spinon; the nature
of this excitation will be explained in greater detail in Chapter 3. As this spinon excitation
is considered a characteristic feature of the QSL state this dispersion observed using inelastic neutron scattering is considered the key experimental method for identifying the exotic
state.
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Chapter 3

Frustrated magnetism
This chapter introduces the theory of geometric frustrated magnetism which is required to
understand the materials presented in this thesis. Context for this work is provided by a
literature review of prominent frustrated magnetic materials that have informed the field,
concentrating on kagome magnets which are the focus of this thesis.

3.1

Geometric frustration

Frustration refers to the competition between the magnetic interactions within a system.
From this frustration, a spin-state degeneracy is created, as no single spin configuration
will minimise all of the individual interactions. These degeneracies often work to suppress
magnetic order so that exotic ground states form that are unobtainable in unfrustrated systems. Figure 3.1a shows examples of Ising spins on the vertices of a square plaquette, where
frustration can arise from competition between similar strength nearest-neighbour (J1 ) and
further-neighbour (J2 ) antiferromagnetic exchange pathways, as an antiparallel spin configuration cannot simultaneously satisfy both exchange interactions. In real materials, the
frustration displayed on the square lattice is difficult to actualise, as a delicate balance between the strength of nearest neighbour and further-neighbour exchange is required.
The simplest type of frustration to actualise is geometric frustration, which results
from the geometry of the magnetic lattice. Figure.3.1b shows an example of geometric
frustration caused by Ising spins on the vertices of a triangular plaquette. Competition is
created between nearest-neighbour antiferromagnetic exchange interactions, so that each
isotropic exchange term cannot be individually satisfied and a degeneracy is created. A
two-fold degeneracy is created from such a frustrated spin arrangement on a single vertex,
where two spins align antiparallel to one another and either axial-alignment of the 3rd spin
is equally favourable [1]. Away from the Ising model, XY and Heisenberg spins on the
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a.

b.

J1

J2

?
+

c.

Figure 3.1: Spins on the vertices of square and triangle plaquettes. a. Ising spins on a square
lattice with frustration caused by the competing consequences of nearest-neighbour superexchange (J1 ) and further-neighbour superexchange (J2 ) b. Two degenerate spin
configurations produced by geometric frustration of isotropic antiferromagnetic nearestneighbour superexchange between Ising spins c. Examples of compromise Heisenberg
or XY ‘120◦ ’ spin structures that form on triangular plaquettes.

vertices of triangular units form a ground state that is a compromise canted configuration
of spins with neighbours at 120◦ to one another [2], as shown in Figure 3.1c. Macroscopic
ground state degeneracies form in quasi-infinite lattices of edge or vertex sharing triangles
as the degeneracy scales with the number of plaquettes in the lattice. The degeneracy of
a triangular-based lattice is enhanced by the vertex sharing connectivity, such as in the
kagome lattice, where low lattice connectivity reduces the constraints on individual spins
and increases the number of degrees-of-freedom in the ground state.
As frustration can destabilise magnetic order it is often difficult to definitively characterise the states it produces by experiment. Instead, frustration is commonly identified by
characteristic properties such as the suppression of magnetic order and build-up of shortrange correlations. The suppression of magnetic order is often used to calculate the strength
of magnetic frustration, f , as an index constructed from the ratio between the Weiss temperature, θW , and the transition temperature, TN [3]:

f=

|θW |
TN

(3.1)

At TN < T < |θW | short-range antiferromagnetic correlations build up that can form a
superparamagnetic-like state that are broadly referred to as cooperative paramagnets or
classical spin-liquids [4], where the system is analogous to a liquid state of matter as it is
disordered but highly correlated. These states can be evidenced by deviation from Curie-
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Weiss behaviour in magnetic susceptibility measurements and through diffuse magnetic
scattering by neutrons. Magnetic order can be further destabilised through the combination
of geometric frustration and quantum spins, where quantum fluctuations between degenerate energy states prevent magnetic order as T → 0. This can produce exotic ground states
such as quantum spin-liquids (QSLs) and these will be discussed in detail in Section 3.3.1.

3.2

Frustrated lattices

Both the connectivity of the triangular units and lattice dimensionality are important structural features as they can further destabilise conventional magnetic order alongside the geometrical frustration of the triangular plaquettes; the target, generally, is for the ground state
degeneracy being greatest (low-connectivity systems, such as vertex-sharing triangles) and
magnetic order being destabilised for low-dimensionality systems. Some of the triangularbased frustrated magnets key to the development of the field are presented here and these
materials are divided into 3 groups based on the connectivity and dimensionality of the magnetic lattice. These groups are the pyrochlore lattice made up of vertex-sharing tetrahedra,
and the 2-dimensional triangular and kagome lattices, made up of edge-sharing and vertexsharing triangles, respectively. An example of each lattices type is displayed in Figure 3.2.

3.2.1

Pyrochlores - 3-dimensional frustrated lattices

One of the most commonly studied family of 3-dimensional frustrated lattices are the rareearth pyrochlores which have general formula A2 B2 O7 , where the B site is a diamagnetic
transition metal and the A site cation is a moment-bearing lanthanide ion that forms a network of vertex-sharing tetrahedra. Choice of A determines the size of the spin and single-ion
effects, which often play a prominent role in the magnetic Hamiltonian as the exchange interactions are typically weak for the small f -orbital overlap. Arguably the most famous
ground state discovered for the rare-earth pyrochlores were the spin-ice states found in
Ho2 Ti2 O7 and Dy2 Ti2 O7 . Spin-ice is a ‘two-in, two-out’ spin arrangement on the vertices
of the tetrahedra - analogous to the protons in ice - that has a macroscopically degenerate
ground state and can produce exotic magnetic monopole excitations [5, 6].
The rare earth pyrochlores may also host other exotic states [7, 8], where Tb2 Ti2 O7
and Tb2 Sn2 O7 display preliminary experimental evidence for a spin-liquid state and ordered
spin ice, respectively. Both materials appear to have ground states destabilised by quantum
fluctuations; Tb2 Ti2 O7 displays no magnetic order down to T = 0.03 mK and Tb2 Sn2 O7
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Figure 3.2: Examples of two dimensional and three dimensional triangular based lattices. a. The
edge-sharing triangular lattice b. The vertex-sharing kagome lattice c. The 3D pyrochlore lattice made up of vertex-sharing tetrahedra.

exhibits magnetic order at T = 0.87 mK that coexists with slow collective fluctuations [9–
13]
The magnetoplumbite materials, SrCr9 Ga12 O19 (SCGO) [14] and Ba2 Sn2 ZnCr7 Ga10 O22
(BSZCGO) [15], were instrumental in developing the field of highly frustrated magnetism
by providing one of the earliest Heisenberg Hamiltonian models. Figure 3.3 shows the
structure of each material where a quasi 2-dimensional lattice is formed from pyrochloreslabs of S = 23 Cr ions. In SCGO, Cr dimers between the bilayers were originally expected to
facilitate exchange but were found to form a singlet state at relatively high temperatures that
does not interfere with the magnetism of the slabs [16]. The magnetic lattice of BSZCGO
has lower dimensionality due to the separation of the pyrochlore slabs by non-magnetic
ions. Both materials suffer from dilution of their frustrated lattices by diamagnetic Ga3+
anti-site defects. The effects of these defects on the magnetism are larger in BSZCGO
where they cause structural distortions [17]. The ground state of SCGO has been extensively studied and despite a low-temperature spin-glass transition, spin-liquid behaviour is
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Cr pyrochore slabs

Cr dimers
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Ba2Sn2ZnCr7Ga3O22 (BSZCGO)

{

{

Figure 3.3: The crystal structures of a. SCGO and b. BSZCGO. In SCGO these are the pyrochlore
slabs made up of 2 kagome layers separated by a triangular lattice. The magnetic lattice of BSZCGO is more 2-dimensional than SCGO as the pyrochlore slabs are only
separated by non-magnetic ions.

evidenced by spin fluctuations via muon spin relaxation (µSR) down to 20 mK [18].

3.2.2

Triangular lattice - 2D edge-sharing triangles

Of the triangular-based magnetic lattices, the edge-sharing geometry is perhaps the most
intuitive and it is one of the earliest frustrated lattices studied. Despite its lower degeneracy when compared to the vertex-sharing geometries, the triangular lattice is predicted
to host exotic physics, including unconventional phase transitions [19–21] and skyrmion
spin structures [22]: a topologically defined non-coplanar spin order. The triangular lattice
was also first proposed by Anderson to host the resonance-valence-bond (RVB) state that he
predicted to underline high-TC superconductors [23]: this state is described in Section 3.3.1.
The α-NaFeO2 family of materials is one of the most extensively studied of the
triangular-lattice magnets. Their crystal structure consists of brucite-type octahedral sheets
- which make up the triangular lattice - separated by layers of alkaline earth ions [26–28].
Studies of these materials have revealed a series of unconventional states including incommensurate magnetic order in α-NaFeO2 as a result of competing exchange, and a possible
spin-liquid ground state in NiGa2 S4 [29, 30]. Also well studied are the anhydrous alums
based on the KFe(SO4 )2 structure, where a triangular lattice of transition metal ions is sep-

54

Chapter 3. Frustrated magnetism

a.

b.

Figure 3.4: a. The triangular lattice of S = 1 Ni2+ ions from the high-pressure polymorph of
Ba3 NiSb2 O9 [24] b. Inelastic neutron scattering data recorded on Ba3 NiSb2 O9 that
−1
shows it has a gapless spin-wave excitation, with a peak at Q = 0.83 Å , that match
calculated excitations for a spin-liquid state. Adapted from [25].

arated by chalcogenide tetrahedra and layers of alkali earth ions [31]. In many of these
materials inter-plane exchange dilutes the 2-dimensionality of the system but unusual magnetic order is still observed, such as the in-plane sine-wave modulated spin structure of
KFe(SO4 )2 [32].
Recently, an inelastic neutron scattering experiment on the high-pressure triangularlattice phase of S = 1 Ba3 NiSb2 O9 displayed excitations with a continuum in energy, as
displayed in Figure 3.4b [25]. Such excitations are a key signature of a QSL state, where
they correspond to exotic excitations known as spinons: uncharged half-odd-integer spin
quasi-particles that are discussed in more detail in Section 3.3.1. The observation of this
excitation indicates exotic physic persists for semi-classical S = 1 frustrated systems, which
is particularly relevant to this work, where S = 1 frustrated kagome magnets are studied.

3.2.3

Kagome lattice - 2D vertex-sharing triangles

The kagome lattice of vertex-sharing triangles (Figure 3.2b) is one of the best model systems to explore frustrated magnetism as the low-connectivity of the lattices produces a
macroscopically degenerate ground state predicted to prevent magnetic order at T = 0 [33].
Exotic frustrated ground states are predicted to form as a result of coupling between the spin
and the large geometric frustration of the kagome lattice, with different states predicted for
different magnitude spins. Most famous of these is the quantum spin-liquid state formed
as a result of significant quantum fluctuations in S =

1
2

kagome antiferromagnets [1], and

away from the quantum limit, further exotic states such as spin nematic and spin glass states
are predicted to form. As studies on S = 1 and S =

1
2

kagome magnets are the central topic
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b.

Figure 3.5: Valence bond (red ellipse) arrangements on a kagome lattice a. A single valence bond
configuration, such as found for the ground state of a VBS b. In a QSL the ground
state fluctuates between valence bond configurations. Long range entanglement is represented by the longer valence bonds.

of this thesis, a detailed review of the literature regarding kagome magnets with classical,
semi-classical and quantum spins will be given in the following sections. Before this, some
of the exotic states that are predicted on these materials are introduced.

3.3

Exotic ground states

The disorder created by frustration can lead to the formation of unconventional states that
are not described by the breaking of standard symmetry characteristics and have complex
types of order. Four such states are introduced here: a valence bond solid (VBS) and the
quantum spin-liquid (QSL), which share similarities as both are modelled using valence
bond arrangements; spin nematic states; and spin glass states.

3.3.1

Quantum spin-liquids and valence bond solids

Both the valence bond solid and QSL are non-magnetic electronic states formed from rotationally invariant valence bonds, where the valence bond is a S = 0 singlet formed from
two entangled S =

1
2

spins. The arrangement of such valence bonds on a lattice is known as

the valence bond configuration (VBC), with a simple model of nearest-neighbour valence
bonds on a kagome lattice displayed in Figure 3.5a. The VBS ground state forms from a single VBC. This selection of a single VBC is stabilised by numerous fluctuations around the
parent configuration, which has a large density of low-lying excited states, in a mechanism
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known as order by disorder [34].
In contrast to the valence bond solid, a quantum spin-liquid state has numerous degenerate energy VBCs and develops no conventional long range order down to T → 0.
Zero-point energy fluctuations between these degenerate configurations allow a fluid-like
state to form: where the spin state is analogous to a liquid because the spins are disordered
but highly correlated. The QSL wavefunction is the superposition of a macroscopic number
of degenerate VBCs [1].
The QSL is considered as an unconventional state of matter because it is not described
by the breaking of conventional symmetry parameters, which, in Landau theory, are used to
describe phase transitions between states. Instead, the QSL wavefunction is defined by its
topology: where the electronic structure is characterised by its morphology and has no local
order parameter. This topological order is often robust to symmetry breaking perturbations
as a result. Numerous types of QSL state have been defined which result from the various
topological orders [35], of which the most famous is the resonating-valence-bond (RVB)
state first described by Anderson [36], where the superposition wavefunction consists of
only nearest-neighbour valence bond configurations. Long-range entangled valence bonds
may also form, such as displayed in Figure 3.5b, and these further stabilise the QSL state
as they increase the number of ground state resonance configuration. One of the best ways
to form a quantum spin-liquid state in ≥2D is through the combination of the macroscopic
ground state degeneracy of a geometrically frustrated magnet with the strong zero-point
fluctuations of a small spin system. This situation involves conventional magnetic order
being destabilised and quantum fluctuations being maximal. The S =

1
2

and S = 1 KAFM

systems studied in this work are model system to explore QSL physics due to their strong
geometric frustration and small spin states.
The ground state degeneracy in a QSL allows for the formation of a half-odd-integer
spin wave excitation, known as a ‘spinon’ (Figure 3.6), that is not possible in a VBS. As
such, spinon excitations are a defining feature of the QSL state. A spinon, commonly S = 12 ,
forms when valence bond singlets become disentangled through parallel alignment of their
spins. In a QSL state, these two spins can propagate though the lattice as independent S =

1
2

quasi-particles with a characteristic spin-wave dispersion that is a continuum in energy and
momentum [37]. This can occur in QSLs as there is no energy cost to the valence bond
rearrangement that is required to accommodate these independent particles. In contrast,
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Figure 3.6: In a QSL, spins of a valence bond pair can separate and travel independently through
the system as ‘spinons’. The degenerate valence bond configurations allow the spins to
propagate through the lattice as independent quasi-particles.

VBSs cannot form spinons as there is an energy cost for a VB arrangement away from the
parent configuration that prevents the 2 spins from acting independently.

3.3.2

Spin nematic state

The non-magnetic valence-bond based states outlined above retain both time-reversal and
spin-rotation symmetry; symmetry parameters often broken in the formation of magnetic
phases as described by Landau theory. A further exotic state has been proposed called the
spin-nematic state which also has no magnetic moment, and so retains time-reversal symmetry, but the disordered spins remain correlated in a plane and breaks the spin-rotation
symmetry [38]. The simplest way to generate a spin-nematic state is via quadropolar ordering; for example, spin fluctuations with on-site quadropolar order are anisotropic along
different axes, so that h(Sx )2 i 6= h(Sy )2 i 6= h(Sz )2 i. When complex order parameters break
the spin-rotation symmetry such spin-nematic phases are predicted to form from the interplay of various interactions including geometric frustration [39], biquadratic exchange [40],
competing anti- and ferromagnetic exchange [41], and bond-based order parameters [42].
Nematic states are challenging to work on experimentally as they are hard to characterise, for example they would behave like antiferromagnets in thermodynamic measurements [38], although neutron scattering under a magnetic field might be able to identify
them [43]. The combination of geometric frustration and biquadratic exchange is a simple
method by which to generate the conditions for spin-nematic phases to form. To this end
S = 1 triangular [44] and kagome lattice [45] materials have been investigated and found to
possess features associated with these states.
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3.3.3

Spin glasses

A spin glass is a system of randomly arranged spins that freeze cooperatively below a well
defined transition temperature, Tg . The state is proposed to form as a result of correlated spin
clusters that build-up as the temperature is lowered [46]. Below Tg these clusters are frozen
into degenerate metastable states, where the size of the clusters increase with decreasing
temperature so that energy barriers between different configurations build up [45]. A spin
glass state can be experimentally determined if it displays no long range magnetic order, a
smooth temperature dependence of the specific heat near Tg , time and magnetic-field dependent remanent magnetisation below Tg , and a cusp in the AC magnetic susceptibility. The
spin glass state is expected to form due to a combination of both site disorder and magnetic
frustration [3], with signatures of spin glass behaviour previously observed in kagome magnets, such as hydronium iron jarosite, (H3 O)Fe3 (SO4 )2 (OH)6 , introduced in the following
section.

3.4

S≥

3
2

kagome magnets

In the following sections we review the literature on the model kagome magnetic materials
that informed the studies on the model S = 1 and S =

1
2

systems outlined in this work.

Much of the early experimental work on model kagome magnets was performed on the
jarosite materials, which have the general formula AB3 (SO4 )2 (OH)6 (A = Na+ , K+ , Rb+ ,
+
+
NH+
4 , Ag , H3 O ,

1
2+
2 Pb ;

B = Fe3+ , Cr3+ , V3+ ), such that studies on these materials

have greatly informed understanding of frustrated kagome systems. The kagome lattice in
these materials is made up of moment bearing transition metals in octahedral coordination
+
separated by SO2−
4 units and the A cations. The structure of the mineral jarosite itself,

KFe3 (SO4 )2 (OH)6 , is displayed in Figure 3.7. The kagome lattice has 3-fold symmetry
following the R3m space group of the crystal structure which ensures isotropic nearestneighbour exchange interactions [47]. Deviation from ideality comes from kagome site
depletion where acidic hydrothermal synthesis conditions allow substitution of H3 O+ on to
the A-site or protonation of the hydroxyl groups, and the loss of B-site cations to charge
compensate [48], although for many of the Fe-jarosites new syntheses have been developed
to reduce kagome site depletion [49, 50].
The array of cations that can occupy the A and B cation sites of the jarosites has helped
build a detailed picture of their magneto-structural chemistry. Both classical and semiclassical kagome physics can be explored using the Fe3+ , Cr3+ and V3+ jarosites as their

3.4. S ≥
a.

3
2

kagome magnets

59

b.

b.
a.

K
O
OH
Fe
S

Figure 3.7: The crystal structure of Fe-jarosite a. The hexagonal unit cell with Fe kagome layers
separated by SO4 units and K+ ions b. The kagome lattice as observed down the c-axis.
Reproduced from [48].

spin states are S = 25 ,

3
2

and 1, respectively. The magnetic properties of KFe3 (SO4 )2 (OH)6

have been extensively studied and it was revealed to have a 120◦ ‘q = 0’ ordered ground
state as a result of dominant DM exchange and antiferromagnetic exchange between the
kagome planes [2, 51–53]. The complex interplay between exchange was evidenced by neutron scattering experiments which discovered two transitions between 50 < T < 65 K [54];
as KFe3 (SO4 )2 (OH)6 is cooled the spins initially cant along the c-axis (umbrella structure) before relaxing into the ab-plane. Comparable magnetic structures were revealed in
+
+
+
the ND+
4 , Na , Ag and Rb Fe-jarosites materials [2]. The semi-classical Cr-analogue,

KCr3 (SO4 )2 (OH)6 , undergoes partial magnetic order into a Néel state at TN ≤ 4 K where
spins fluctuations have been shown to remain down to T = 25 mK by µSR analysis [55, 56].
The V-jarosites shows no signs of magnetic frustration, undergoing magnetic order close to
their Weiss temperature at T ≈ 50 K [57, 58].
In contrast to the long range order of most of the Fe-jarosites, hydronium jarosite,
(H3 O)Fe3 (SO4 )2 (OH)6 , has an unconventional spin-glass state at low-temperature. This
spin-glass state has remarkably different thermodynamic and kinetic properties compared
to exchange- or site-disordered spin glasses, highlighted by a quadratic T 2 dependence in
the heat capacity instead of the conventional linear dependence of site-disorder spin glasses
[59]. Anisotropy terms appear to be the driving force behind the formation of the spin glass
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state, as the flexible hydronium ion allows for distortions in the exchange environment [60,
61]. Hydronium jarosite has functioned as a model material to explore out-of-equilibrium
dynamics as a product of macroscopic degeneracies.

S = 1 kagome magnets

3.5

Less well studied than the S ≥

3
2

or S =

1
2

kagome magnets are the S = 1 systems. Spin

magnitude plays an important role in defining quantum fluctuations and so the ground state
formation of frustrated magnets. The S = 1 systems are of particular interest as they lie at
the intersection between quantum and classical systems. In addition to this, the role of the
integer spin systems on the ground state is still an open question; a quantum many-bodied
study on kagome antiferromagnets showed integer spins lift frustration and lead to ferri- or
ferromagnetic order [62], whilst a coupled cluster approach on a S = 1 kagome Heisenberg
antiferromagnet showed they can form disordered ground states [63]. For ordered systems,
a host of exotic ground states have been predicted for S = 1 kagome magnets that range
from non-trivial ‘spin-nematic’ order to a variety of valence bond solids [64, 65]. Much of
this variety comes from the interplay of exchange terms beyond the simple isotropic antiferromagnetic model, with biquadratic exchange, single-ion anisotropy [66], and competition
between ferro- and antiferromagnetic order predicted to help form a range of unconventional
ground states [67].
There are few experimental realizations of S = 1 kagome magnets and nearly all those
known show some variation from ideal models. Here we will review the current literature
on S = 1 kagome magnetic materials. The S = 1 ions that populate the kagome lattice are
usually Ni2+ and V3+ ions with m-MPYNN.BF4 being the notable exception, MPYNN is a
S=

1
2

organic-radical m-N-methylpyridium α-nitronyl nitroxide. The spins of this organic

molecule dimerise via ferromagnetic exchange at T < 20 K (Figure 3.8) to produce an S = 1
kagome antiferromagnetic lattice [68, 69]. The magnetic susceptibility of m-MPYNN.BF4
decreases towards zero at T < 1 K [68], and hints at a non-magnetic state believed to be the
translationally invariant hexagonal singlet state (HSS), where the spins couple into singlets
around the hexagon of the kagome [70].

3.5.1 S = 1 V3+ kagome magnets
Of the vanadium-based S = 1 kagome magnets the vanadium jarosites are the most extensively studied although, as mentioned previously, ferromagnetic exchange dominates
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b.

a.

Figure 3.8: a.The structure of the m-MPYNN · BF4 lattice. The S = 21 spins (open circles) dimerise
(solid thick black lines) to form the S = 1 spin states in a kagome lattice (dotted lines).
The circles show the 6 S = 12 spins that form the hexagon single state (HSS) [70] b. The
low-temperature susceptibility decreases to zero below the transition at T = 0.24 K evidencing the formation of the non-magnetic state proposed to be the HSS state. Adapted
from [68].

within the kagome plane and as such are of no interest from the perspective of frustrated
magnetism [57].
The S = 1 KAFM materials, NaV6 O11 , KV3 Ge2 O9 and YCa3 (VO)3 (BO3 )4 , all have
isotropic kagome lattices of V3+ ions and display physical characteristics of magnetic frustration. The crystal structure of NaV6 O11 consists of 3 different types of vanadium site:
V(1), V(2), and V(3) [71]. The kagome lattice is made up of octahedrally-coordinated
S = 1 V3+ ions (V(1) site), and the V(2) and V(3) sites of S =

1
2

V4+ ions reside between

the kagome planes. Naively, the ions of the V(2) and V(3) sites would be expected to increase the dimensionality of the magnetic lattice from 2D to 3D, but the ions of the V(2)
site are reported to form a non-magnetic singlet in the ground state. Magnetometry and
23 Na-NMR

studies suggest NaV6 O11 undergoes a transition to a spin-singlet ground state

below Tt = 245 K as a result of magnetic frustration [72]. The triangular units of the kagome
lattice undergo a geometric distortion upon the formation of the singlet state which suggests
the formation of a triangular valence bond solid (TVBS), where the singlets forms around
the triangular units of the kagome lattice.
The kagome lattice in YCa3 (VO)3 (BO3 )4 is made up of VO6 octahedra connected by
BO3 units in the ab-plane, whilst along the c-axis edge-sharing VO6 units form infinite
chains [73]. Magnetometry measurements display a suppression of magnetic order down
to T = 3 K despite a very strong antiferromagnetic mean-field of θW = −453 K, which
suggests the formation of either a spin-ice or a spin-liquid ground state. Structural analysis
suggests the dominant antiferromagnetic exchange pathway in YCa3 (VO)3 (BO3 )4 lies along
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the VO6 edge-sharing chains that run perpendicular to the kagome plane, and within the
kagome planes the exchange interaction is ferromagnetic. This suggests the suppression of
magnetic order in YCa3 (VO)3 (BO3 )4 originates from the interactions within the VO6 chains
and not the kagome plane.
In contrast to NaV6 O11 and YCa3 (VO)3 (BO3 ), single crystal diffraction of KV3 Ge2 O9
evidence a highly 2-dimensional iostropic kagome lattice. The kagome lattice is made up
of edge-sharing octahedrally-coordinated V3+ ions, and these are separated by GeO4 pillars
and interstitial K+ ions [74]. A peak in the χ(T ) plot at Tp ∼ 70 K indiacte short range
correlations build-up as a result of the suppression of strong antiferromagnetic interactions
(θW ≈ −250 K); where the peak in the susceptibility coincides with a transition from hexagonal to orthorhombic symmetry [75]. The in-plane and out-of-plane susceptibility diverge
at T < 70 K, with an increase of in-plane susceptibility at low temperature ruling out the
formation of a singlet ground state.
Away from the isotropic kagome system, the S = 1 distorted-kagome lattice materials
Cs2 AV3 F12 (A =K+ , Na+ ) and Rb2 NaV3 F12 reveal ground states dominated by Ising-like
anisotropies from unquenched orbital angular momentum and anisotropic exchange interactions [76]. Single crystal X-ray diffraction reveals structures with VF6 octahedra that make
up undulated kagome layers which are separated by non-magnetic alkali and alkali-earth
ions to produce a highly two-dimensional frustrated system. Each material displays signatures of frustration with order suppressed below the antiferromagnetic Weiss temperature.
The magnetic order is believed to be a result of limited quantum fluctuations and the strong
Ising-like anisotropies.

3.5.2 S = 1 Ni2+ kagome magnets
The

two

Ni-based

S = 1

kagome

magnets

[C6 N2 H8 ][NH4 ]2 [Ni3 F6 (SO4 )2 ]

and BaNi3 V2 O8 (OH)2 have also undergone preliminary analysis of their frustrated magnetic properties. [C6 N2 H8 ][NH4 ]2 [Ni3 F6 (SO4 )2 ] has a Ni-based kagome layer built up
from vertex-sharing NiF4 O2 octahedra where the fluoride ligand mediates nearest neighbour superexchange; separating the kagome layers are the SO4 tetrahedra, NH+
4 ions and
the organic compound [C6 N2 H8 ] [77]. The inverse of the susceptibility indicates dominant
antiferromagnetic exchange (θW ≈ −55 K) but a low temperature hysteresis shows ferromagnetic character. DFT calculations indicate the low temperature magnetism is dominated
by competing antiferromagnetic interactions, both in and out of the kagome plane, and a
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DM component. This DM component prevents singlet formation and leads to out-of-plane
spin canting but as T → 0 the out-of-plane AFM interactions cause the spins to relax into
the plane and reduce the polarization [78].
BaNi3 V2 O8 (OH)2 is a Ni-analogue of the S =

1
2

kagome antiferromagnet vesignieite

that will be introduced in the following section. The kagome lattice is constructed from vertex sharing NiO6 octahedra and the layers are well separated by VO4 tetrahedra and Ba2+
ions [79]. BaNi3 V2 O8 (OH)2 has monoclinic symmetry (C2/m) so the in-plane exchange
interactions will be anisotropic and the 6 O–Ni–O bond angles suggest competing nearestneighbour ferro- and antiferromagnetic exchange pathways. The dominant ferromagnetic
Weiss mean-field suggests geometric frustration will be absent but AC-susceptibility measurements indicate the build-up of superparamagnetic regions, a characteristic of magnetic
frustration.
In this work we expand the library of known S = 1 kagome magnets by introducing the structural and preliminary magnetic properties of the nickel vanadate,
NH4 Ni2.5 V2 O7 (OH)2 .H2 O and nickel molybdate, NH4 Ni2 Mo2 O10 H3 . Both materials have
significant Ni vacancies on the kagome lattice, but still display frustration through the suppression of magnetic order below their antiferromagnetic Weiss temperatures. The structure of both materials indicate competing antiferromagnetic and ferromagnetic nearestneighbour exchange, and both display a ferromagnetic-response below their transition temperatures.

3.6

S=

The S =

1
2

1
2

kagome antiferromagnets

kagome antiferromagnet materials (KAFM) are considered the best systems

to realize exotic frustrated physics due to their combination of highly frustrated ground
states and large quantum fluctuations.
izations of S =

1
2

Many of the most studied experimental real-

KAFMs are from naturally occurring minerals, such as the parat-

acamites (Znx Cu4 – x (OH)6 Cl2 ), herbertsmithite (γ-ZnCu3 (OH)6 Cl2 ) and kapellasite (αZnCu3 (OH)6 Cl2 ), and the copper vanadates, vesignieite (BaCu3 V2 O8 (OH)2 ) and volborthite (Cu3 V2 O7 (OH)2 .2H2 O). This section will review the structure and ground state magnetic properties of these S =

1
2

kagome magnets.
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3.6.1

Paratacamites, (Zn, Mg)x Cu4−x (OH)6 Cl2

The Zn-paratacamite mineral herbertsmithite, ZnCu3 (OH)6 Cl2 , has proved to be one of
the best experimental realizations of a S =

1
2

kagome antiferromagnet as the kagome lat-

tice has ideal 3-fold symmetry and hosts a QSL ground state with properties similar to
the RVB state proposed by Anderson [36]. Herbertsmithite is a Zn-doped member of
the atacamite mineral class which consists of numerous 3D pyrochlore materials such
as clinoatacamite (Cu4 (OH)6 Cl2 ) [80], barlowite (Cu4 (OH)6 BrF) [81], and claringbullite
(Cu4 (OH)6 ClF) [82]. Zinc and magnesium doping of clinoatacamite creates 2D kagome
lattice materials, as these diamagnetic ions preferentially occupy the sites between layers,
leading to the model S = 21 kagome magnets: herbertsmithite (γ-ZnCu3 (OH)6 Cl2 ) and structural analogue ‘Mg-herbertsmithite’ (MgCu3 (OH)6 Cl2 ), and the two polymorphs of these
materials, kapellasite (α-ZnCu3 (OH)6 Cl2 ) and haydeeite (α-MgCu3 (OH)6 Cl2 ).
Herbertsmithite is the x = 1 member of the Znx Cu4−x (OH)6 Cl2 solid-solution that has
3-fold symmetry along the c-axis as a result of rhombohedral symmetry (R3̄m) [83, 84].
The kagome lattice, displayed in Figure 3.9, is formed from sheets of vertex-sharing
Cu(OH)4 Cl2 octahedra that are linked along the c-axis by octahedral Zn(OH)6 units. High
concentrations of Zn2+ /Cu2+ anti-site defects have been reported for many herbertsmithite
samples and are the material’s major deviation from ideality [84–86]. Although the defects
will work to dilute the frustration of the kagome lattice, the exact nature of the anti-site
defects is still disputed and are often sample dependent [84, 87]. The defects can mask the
intrinsic physics of the ground state; they have been responsible for spurious responses in
different NMR studies and are believed to be the cause of a low temperature increase in
magnetic susceptibility [88–91]. Anti-site defects are similarly a problem for the Mg structural analogue, Mg-herbertsmithite, where X-ray diffraction revealed ∼ 5% Mg occupation
on the Cu-site and ∼ 17% Cu occupation on the Mg-site [92], which may allow significant exchange between the kagome layers [92]. Despite these defects, µSR investigations
showed a dynamic state down to T = 20 mK where a ferromagnetic component observed at
T ≈ 4 K is believed to be caused by impurity spins [93].
A QSL ground state in herbertsmithite was indicated by magnetic susceptibility experiments that revealed no magnetic order down to T = 2 K despite strong antiferromagnetic exchange (θW = −314 K) [84]. µSR further confirmed the absence of order down to
T = 20 mK [94], despite a strong out-of-plane DM component revealed by ESR measure-
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Figure 3.9: The layered structure of herbertsmithite is displayed. a. Cu octahedra sheets separated
by diamagnetic zinc. b. The kagome lattice of herbertsmithite as viewed down the caxis. Nearest-neighbour antiferromagnetic superexchange is mediated by the hydroxyl
groups.

ments [95]. The growth of herbertsmithite single crystals allowed seminal inelastic neutron spectroscopy experiments to be completed. A ‘spinon-like’ continuum was observed
in these experiments that showed similarities to the predicted spectrum of a resonancevalence-bond state, and was significantly different from the ‘magnon’ excitations recorded
for clinoatacamite [37]. Despite this data providing some of the best evidence for a QSL
state, many questions remain over the true nature of herbertsmithite’s ground state, as the
observed strength of energy and momentum dependants differ from predicted values [96].
Both kapellasite and haydeeite are structural polymorphs of herbertsmithite and Mgherbertsmithite, respectively. In these systems the site of the diamagnetic ion lies in the
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a.
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a

b.

b

c.

Figure 3.10: The kagome lattice of kapellasite is displayed in a. as observed down the c-axis. In
contrast to herbertsmithite the Zn-site resides in the kagome plane, at the centre point
of the hexagonal in the kagome lattice. The competing superexchange pathways are
displayed in b. where frustration is facilitated by the antiferromagnetic Jd through
the zinc ion’s orbitals. c. Shows the ground state phase diagram for kapellasite and
haydeeite as a function of different exchange strength. Kapellasite and haydeeite were
found to have cuboc2 and ferromagnetic ground states, respectively. Figures b. and c.
were taken from. Adapted from [97].
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centre of the hexagon in the kagome lattice, and this is displayed for kapellasite in Figure 3.10a [98, 99]. As a result of this change the 6 Cu–O–Cu superexchange angle decreases
and nearest-neighbour exchange is ferromagnetic. Frustration instead arises from diagonal
antiferromagnetic exchange across the kagome hexagon facilitated by the orbitals of the
Zn2+ /Mg2+ ions [100]. This frustration is sufficient to prevent kapellasite from forming
long range order and instead display a ‘spinon’ continuum in INS experiments that indicates a QSL state [97]. The INS data further revealed that the QSL state of kapellasite has
short-range correlations based on a 12-sublattice cuboc2 magnetic structure [101], a result
that shows that many flavours of QSL states are possible away from the simple nearestneighbour antiferromagnetic exchange model. Haydeeite in contrast, displays a ferromagnetic ground state at T = 4.2 K that has been shown to lie close to a phase boundary with
the cuboc2 state [102].

3.6.2

Copper-vanadate minerals

Model S =

1
2

KAFMs from the copper-vanadate mineral family have been pivotal in un-

derstanding the interactions at play in the frustrated magnetic Hamiltonian. Volborthite,
Cu3 V2 O7 (OH)2 · 2 H2 O, was the first model S =

1
2

kagome antiferromagnet identified and

motivated interest in these materials [103], and vesignieite, BaCu3 V2 O8 (OH)2 , is one of the
best realizations of an ideal system with its near-perfect kagome geometry [104]. In comparison to the paratacamites, exchange between kagome layers is often negligible in the
copper-vanadates due to large layer separation caused by the vanadate and interstitial units.
High concentrations of anti-site defects are also absent as a result of large differences in
charge between the Cu2+ and V5+ ions and the kagome lattices of these materials are often
nearly fully occupied with S =

1
2

Cu2+ ions. From a synthetic viewpoint, these materials

provide great structural flexibility due to the presence of interstitial units where substitution
at these sites allows structural influences on the magnetic ground state to be mapped.
The kagome layer of volborthite is made up from brucite-type layers of CuO4 (OH)2
that are separated by V2 O7 bivanadate pillars and interstitial water molecules (Figure 3.11)
[105]. The crystal structure has monoclinic symmetry which produces a ∼ 3% distortion
from equilateral to isosceles triangles in the kagome lattice. As a result of this symmetry,
the kagome lattice is constructed from two separate copper sites (Cu1, Cu2) and produces
two NN exchange integrals J1 and J2 , which have an average strength of J ∼ 85 K [103].
For the majority of powder samples, volborthite has C12/m1 symmetry but diffraction stud-
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ies on single crystals have indicated a room temperature C2/c structural polymorph and a
structural transition at T ≈ 310 K to I2/a symmetry [106, 107]. This structural transition
coincides with a change at the Cu1 site from a axially-compressed (2 + 4) JT distortion
to an axially elongated (4 + 2) JT distortion. Originally, this change in distortion was believed to be due to the lone electron occupation of the dz2 orbital switching to the dx2 −y2
orbital but it now seems a result of the freezing of dynamic Jahn-Teller fluctuations [107],
where the observed (2+4) distortion in volborthite is a time-average between 2 axially elongated (4+2) Jahn-Teller distortions [108]. The consequence of the orbital degeneracy on the
ground state of the S =

1
2

KAFMs is still unknown but such orbital fluctuations have been

shown to suppress magnetic order in LaSrVO4 , and are predicted to couple with the spin
degrees-of-freedom in frustrated magnets to produce spatially dependent quantum spinorbital liquids [109, 110]. Future discussions on these materials may need to account for
the role of orbital physics and signs of orbital fluctuation are observed in the copper-based
kagome magnets discussed in this work.
The magnetic susceptibility of volborthite evidences frustration through the suppression of strong antiferromagnetic exchange (θW = −115 K) down to T ≈ 2 K [103], and
further studies using

51

V NMR [111, 112] and µSR [113] techniques indicated a transition

at T < 1 K to either an incommensurate ordered state or short range order, where both states
are coupled with slow spin fluctuations. Above the transition, volborthite also displays
QSL-like behaviour with a linear dependence in the specific heat and the build up of shortrange spin correlations. Recently, volborthite has been found to exhibit the thermal Hall
effect, an observation that opens up interest in charge carrier properties [114], and has been
predicted, along with other distorted kagome materials, to exhibit topological excitations
under a magnetic field [115].
The crystal structure of vesignieite (BaCu3 V2 O8 (OH)2 ) is displayed in Figure 3.12a
and consists of copper octahedra-layers separated by vanadate tetrahedra and Ba2+ ions
[116]. There is some inconsistency in the literature as to the crystal structure symmetry of
vesignieite, where the crystal structure is dependent on synthesis conditions and whether
the sample is a powder or a single crystal. Most powder samples have monoclinic C12/m1
symmetry which leads to a small (< 1%) distortion in the kagome lattice [117]. R3̄m symmetry has been found in small hydrothermally grown single crystals [118] and large crystals formed topochemically from volborthite crystals [119]. Hydrothermally annealed pow-
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Figure 3.11: The C2/m crystal structure of volborthite, Cu3 V2 O7 (OH)2 · 2 H2 O. a. The CuO6 layers
that make up the kagome lattice separated by V2 O7 pillars and water molecules a. The
kagome lattice made up of isosceles triangles. There are 2 nearest-neighbour exchange
pathways, J1 and J2 , as a result of the monoclinic symmetry.

der samples displayed the trigonal P31 21 symmetry via synchrotron and neutron diffraction [120], that is also shared by the Sr-vesignieite analogue, SrCu3 V2 O8 (OH)2 [121]. In
the P31 21 structure the lone electron occupies the dx2 −y2 orbital and one of the two copper
sites display axial compression, suggesting that is undergoes dynamic Jahn-Teller fluctuations [120], similar to those observed in volborthite.
Vesignieite undergoes an antiferromagnetic transition at T = 9 K, that shifts slightly
based on sample quality, and displays a small hysteresis at low-temperature which susceptibility measurements on single crystals indicate comes from an in-plane spin canting [119].
The presence of the magnetic order in vesignieite is surprising due to the strong antiferromagnetic interaction (θW = −80 K) and relatively small kagome distortion compared to
volborthite: which shows no magnetic order down to T < 2 K [104]. Originally the ground
state was believed to be based on an unconventional non-coplanar spin structure formed by
an in-plane DM interaction [122–124]. However, a recent unpublished study suggests that
nearest-neighbour exchange is negated as a result of competition between AFM and FM
exchange, and next-nearest-neighbour exchange (J3 ) dominates. From these interactions a
coplanar multi-k spin structure ground state forms made up of 3 independent k components
(Figure 3.12b) [125], and such a structure coincides with the observed in-plane ferromagnetic response [119].
The structural flexibility of the copper vanadates make them a potentially fruitful
source of new model S =

1
2

KAFMs that would provide insight into the effect of small
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Figure 3.12: The P31 21 crystal structure and proposed magnetic structure of vesignieite. a. The
copper kagome layers separated by vanadate units and Ba2+ ions b. The multi-k magnetic structure of vesignieite composed of 3 magnetic sub-lattices represented by the
green, red, and yellow spins. The J3 antiferromagnetic exchange interaction dominates
so that the majority of each spins interaction is with one of the same colour. Adapted
from [125].

changes in the Hamiltonian on the ground state. The synthesis of both Sr-vesignieite and
KCu3 As2 O7 (OH)3 shows the potential to substitute ions at both the interstitial and vanadium site, with both materials displaying frustrated magnetism; KCu3 As2 O7 (OH)3 has been
revealed to have a complex helical ground state and exhibit multiferroic transport properties [126]. Further substitution is possible as highlighted by unsynthesised natural minerals such as Pb-vesignieite (PbCu3 V2 O8 (OH)2 ) and engelhauptite (KCu3 V2 O7 (OH)2 Cl)
[127]. In Chapter 5 of this thesis three S =

1
2

KAFMs are introduced with general formula

+
ACu2.5 V2 O7 (OH)2 .H2 O (A = K+ , NH+
4 , Rb ) that show structural similarities to volbor-

thite.
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Chapter 4

Experimental techniques

This chapter introduces the experimental techniques used to synthesise and characterise the
materials presented in this work. Crystal structure analysis was performed using powder
diffraction data collected on X-ray and neutron diffractometers, and a theoretical introduction to these techniques and the diffractometers used is provided, along with an overview of
the Rietveld method of crystal structure refinement. The principal magnetic characterisation
techniques used are described in the final section.

4.1

Hydrothermal synthesis

Hydrothermal techniques were used to synthesise all the materials presented in this thesis.
A general overview of these techniques will be given here and the specifics of each synthesis are outlined in the relevant chapters. Each synthesis was carried out in a sealed reaction
vessel, either a steel autoclave bomb or a glass pressure tube. The steel autoclave bomb
is spring-loaded with a Teflon-lined acid-digestion vessel (23 ml) manufactured by Parr Instruments. The bombs were heated in a Carbolite fan-oven to a maximum temperature of
220 ◦ C, where higher temperatures cause degradation of the Teflon-lining. The borosilicate
glass pressure tubes are made by Ace Glass and have a Teflon bushing with a ‘front seal’:
the O-ring, which is made of fluoroelastomer with tertrafluorolethylene additives (FETFE),
sits below the threads. For these studies, the pressure tubes were

2
3

submerged in a Sili-

cone oil bath that was heated on a stirrer hot plate; the silicone oil has a maximum safe
working temperature of 200 ◦ C. After heating, each reaction vessel was left to cool to room
temperature in air before opening. Both reaction vessels are displayed in Figure. 6.1.
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a.

Figure 4.1: Reaction vessels for hydrothermal syntheses. a. Parr Instrumental steel autoclave bomb
with 23 ml Teflon lining b. 15 ml Ace pressure tube with front seal O-ring

4.2

Diffraction theory

Crystal structure information is commonly obtained through the diffraction of radiation that
has a wavelength on the scale of inter-atomic spacings (∼ 1 − 100 Å), such as X-rays,
neutrons and electrons. Here, a brief overview of diffraction theory in relation to X-ray
and neutron scattering is presented, where both techniques are used in this work to obtain
complimentary structural information.
More detailed texts on the fundamentals of crystallography were read to produce this
work and should be reviewed for a more in-depth study of the field. For an undergraduate
level introduction to crystallography books by Whittaker [1], Myers [2] and Kittel [3] can
be used and were consulted for this thesis. A more detailed review of the subject is provided
in texts by Warren [4] and Giacovazzo [5]; Squires [6] provides a specific introduction to
the theory of neutron scattering.

4.2.1

Principles of diffraction

A crystal structure is a three-dimensional periodic arrangement of atoms in space. This
crystal structure is modelled as a crystal lattice, made up of an infinite array of repeating
points in three-dimensions, in which the surroundings of each point are identical. Such
an infinite array of repeating points is represented by the irreducible unit of translational
symmetry, known as the unit cell. Each type of unit cell is described by 6 lattice parameters;
the unit cell vectors a, b and c, and the angles between them, α, β , and γ. The atomic
arrangement within the unit cell is defined using symmetry operations, such as rotations,
mirror planes, and inversion centres. The combination of such symmetry operations allows

4.2. Diffraction theory

81

λ

dhkl

θ

Figure 4.2: Schematic of Bragg diffraction from atomic planes in a crystal. Radiation scattered
from planes of atoms that differs by an integer wavelength will interfere constructively
and produce a diffraction pattern. The spots in the pattern are a product of the radiation
wavelength, scattering angle (2θ ) and inter-plane spacing (dhkl ). The value of dhkl can
be calculated using Bragg’s law if the position of a diffracted peak (2θ ) at a specific
wavelength is known.

all possible orientations of the atoms in three-dimensions to be mapped in what is known as
point groups. The crystal structure is therefore obtained by repeating through space the unit
cell and the atomic arrangement described by the point group. This symmetry description of
the atomic arrangement is contained within 230 different space groups that are outlined in
the International Table for Crystallography [7]. To solve and refine a crystal structure from
a diffraction experiment it is essential to know or find the correct space group. Different
information required to find the crystal structure space group are provided by the intensity
and position of the diffracted radiation, where the unit cell symmetry is determined from
the position of the peaks, and the atomic arrangement is found using information from the
peak intensity.
Diffraction is a result of the elastic scattering of waves, where only the direction of
the diffracted wave changes and no energy is transferred to the system. The regular planes
of atoms in a crystal structure act as a diffraction grating for radiation with a wavelength
on the scale of the spacing between each plane (Figure 4.2). Waves diffracted from each
plane may interact with one another constructively or deconstructively, and only waves that
interfere constructively are observed. This constructive interference only happens from
planes that share symmetry parameters, and as such the observed pattern tells us about
the crystal structure. These observed diffraction peaks are known as Bragg peaks and are
described by the famous Bragg’s law

82

Chapter 4. Experimental techniques

nλ = 2dhkl sinθ ,

(4.1)

where λ gives the radiation wavelength, θ the angle of incidence and the diffracting layer
is given by n, where Bragg diffraction is only observed for integer values. dhkl is the perpendicular distance between equivalent diffraction planes, where each plane is described
using the Miller indices h, k, and l and these integer indices describe the orientation of the
diffraction plane in the unit cell; where the plane is written (hkl) and denotes the point at
which the plane intersects the a, b and c lattice vectors, such that ha ,

b
k

and cl . Values of

dhkl are therefore obtained from the position of the diffraction peaks and used to find a unit
cell consistent with the observed reflection position, in a process known as indexing. For
high-symmetry unit cells, such as the cubic system where a = b = c and α = β = γ = 90◦ ,
the unit cell only has a small number of independent variables and indexing the system is
often straight forward. In lower symmetry systems, the unit cell lattice parameters are less
constrained so that the indexing process has many more variables and often requires extensive computational analysis. Not all reflections give rise to diffraction peaks, and those
observed result from the structural symmetry. A diffraction profile therefore has systematic
absences in peak positions that allow space group assignment.
Information about the atomic arrangement of a crystal structure is obtained from the
measured intensity (I) of a Bragg reflection, which is proportional to the squared modulus
of the wave amplitude, as follows:
I ∝ |Fhkl |2 .

(4.2)

Where Fhkl is the structure factor: the sum of the diffracted wave amplitudes from a single
reflection plane. The structure factor therefore results from the atom that makes up that
reflection plane in the following relationship:
N

Fhkl =

∑ f j N j exp[2πi(hx j + ky j + lc j )],

(4.3)

j=1

where N j and x j , y j , z j , give the atomic site occupancy and the atomic coordinates of atom
j, respectively. f j is the atomic form factor from diffracted X-rays, and describes the form
of the atomic scattering as a function of 2θ . The form factor character is determined by the
type of incident radiation, and for neutron diffraction is described by the atomic scattering
length, b j ; these parameters are described in more detail in following sections. Structural
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solutions using the information in the form factor is non-trivial as information about the
relative phases of the diffracted beams is lost during data collection, in what is known as
the phase problem. Despite the loss of phase information, structural solutions are possible
using techniques such as the Patterson and direct methods, where the atomic positions are
estimated using the Fourier transform of the electron density [8, 9].

The structure factor described by Equation 4.3 does not account for thermal oscillation
around the equilibrium atomic position, which will reduce the final measured intensity of
the peaks in the diffraction profile. This thermal motion is accounted for with the addition
of the Debye-Waller factor, as such:
N

Fhkl =

∑ f j N j exp[2πi(hx j + ky j + lc j )]exp(−B j sin2 θ /λ 2 )

(4.4)

j=1

where the temperature factor B is proportional to the mean square oscillation amplitude
2

for individual atoms and has units Å . The value of B depends on factors such as the
temperature at which the data was recorded and the rigidity of the atom’s bonds in the crystal
structure. The temperature factor assumes spherical oscillation around a mean position but
elliptical motion can be accounted for with the addition of anisotropic thermal parameters.

Powder samples are often used for structural analysis as the growth of single crystals
is synthetically challenging, as is the case for the materials analysed in this work. Figure 4.3a displays a schematic of a diffraction pattern recorded from one face of a single
crystal, where the diffraction profile consists of spots produced by diffraction from individual (hkl) planes. In contrast, a powder is made up of many randomly orientated crystallites,
so that all crystal faces are simultaneously in the path of the incident radiation. Figure 4.3b
displays the rotationally averaged diffraction profile obtained from such a powder, where
information about individual reflections is lost due to the overlap of Bragg peaks. The powder morphology also significantly contributes to the observed diffraction pattern, such that
this contribution must be accounted for in order to extract information about the crystal
structure. Techniques such as Rietveld refinement can be used to refine individual reflection
intensities from the powder diffraction profile (Figure 4.3c) and details of this data analysis
technique are given in Section 4.4.
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a.

2θ

Intensity (arb. units)

c.

2θ (o)
Figure 4.3: Schematic of the diffraction data recorded using a single crystal and powder sample a.
Diffraction from one face of a single crystal creates a diffraction pattern with distinct
spots at an angle 2θ from the position of the incident beam b. The diffraction pattern
from a powder sample of the material in a. In contrast to the single crystal, all the
diffracting faces of the crystal are simultaneously in the path of the beam because the
powder consists of many randomly ordered crystallites. The resulting powder diffraction
profile is a rotational average of the single crystal diffraction pattern. Information about
individual reflections is lost due to peak overlap c. Schematic of the powder diffraction
profile collected by a powder diffractometer: the grey region in b shows the area of
collected data. The peak intensities provide structure factor information and the peak
positions can be used to obtain values of dhkl using Bragg’s law.
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X-ray diffraction

X-ray diffraction is a widely used and powerful structural characterisation technique, where
the main benefits come from the accessibility of laboratory diffractometers and the high flux
and resolution of synchrotron devices. The set-up of both of these devices is discussed in
detail in Section 4.3.1 and 4.3.2.
X-rays are electromagnetic radiation that are scattered by the electron cloud of an atom.
The observed intensity is therefore proportional to the square of the number of electrons in
an atom, and so its atomic number. The diffuse nature of the electron cloud leads to a reduction in observed intensity at higher scattering angle, where this angle dependent reduction
in intensity is characterised by the atomic form factor, f, and reduces the structural information available from X-rays at high-angle. The multiple scattering points in an electron
cloud cause small phase shifts between diffracted waves, which increases deconstructive
interference. The shifts in the phase of the scattered waves increases with the scattering angle and results in a reduction in observed intensity at high angle. The dependence of X-ray
scattering on atomic number means it can be used to identify different elements in a crystal
structure, although this is more difficult for those close to one another in the periodic table
and for lighter elements; which have very few electrons.

4.2.3

Neutron diffraction

Alongside X-ray diffraction, neutron scattering is another powerful characterisation tool
used to analyse a variety of material properties. Neutron diffraction is used to build an
accurate picture of a materials bulk crystal structure, where the neutron penetrates into the
bulk of the material and is scattered by an atomic nucleus. The ordered magnetic structure
of a material is also investigated using elastic neutron scattering, where the spin of the
neutron causes it to be scattered by the electronic magnetic moments of the sample. Neutron
inelastic scattering is used to explore a material’s excitation spectra, where the range of
neutron wavelengths accessible through thermal moderation allow analysis of low energy
excitations, such as phonons and magnons; although, as no inelastic scattering experiments
are performed in this work, only elastic neutron scattering experiments are discussed here.
Neutrons are predominantly scattered by the atomic nucleus which acts as a ‘point scatterer’ (Figure 4.4), where the scattering is usually described as a function of the scattering
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kf

Q=2kisin(θ)

2θ
ki

ki

Figure 4.4: Vector diagram of an elastic point scattering event. The incoming wavevector, ki , retains
its magnitude but undergoes a direction change after scattering to give wavevector, ki .
The transfer of momentum between the wevectors is by Q.

vector, Q . The scattering vectors relationship with d is given by
Q = k i − k f = 2kk sinθ =

2π
4πsinθ
=
,
λ
d

(4.5)

where k i and k f are the incident and scattered wavevectors, respectively. As a result of this
point scattering, neutron diffraction from a nucleus has a mostly flat form factor so the 2θ
dependence of the intensity is commonly ignored. This means neutron diffraction can be
used to gain accurate thermal parameters, where the measured intensity is commonly greater
at high-angle compared to an X-ray diffraction profile. The magnitude of the scattering
from a nucleus is dependent on its composition and the related scattering cross-section can
have large variations between neighbouring elements and isotopes. This allows neutron
diffraction to distinguish between elements with similar atomic numbers and to refine the
atomic parameters of light elements invisible to X-rays. This is often exploited to find
a material’s hydrogen positions, where hydrogens are substituted for deuterium isotopes
(2 H), which have a larger neutron scattering length; sample deuteration also reduces the
large incoherent scattering contribution to the diffraction profile from hydrogen atoms.
In addition to characterising nuclear structure, neutron diffraction can be used to analyse the magnetic structure of a material. A neutron has spin- 12 and an associated magnetic
moment that causes it to be scattered by the electronic magnetic moment. This diffracted
magnetic scattering is dependent on the orientation of the atomic moments of the sample,
and so can be used to study the details of a sample’s magnetic order and spin correlations.
Sensitive diffractometers with low backgrounds are required to observe magnetic scattering
as the recorded intensity is often small relative to nuclear diffraction. The intensity also
follows a form factor dependence similar to scattered X-rays due to the diffuse nature of
the electron cloud, although the fall-off in intensity is steeper than for X-rays as the neu-
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trons are only scattered by unpaired electrons. The high-flux WISH diffractometer at ISIS
specialises in the observation of magnetic scattering and it is discussed in greater detail in
Section 4.3.3.

4.3

Diffraction techniques

The materials presented in this work were characterised on various X-ray and neutron
diffractometers that are introduced in the following sections. For X-ray diffraction, both laboratory diffractometers and the 11-BM beamline at the Adavanced Photon Source (APS),
Illinois, USA were utilised. Time-of-flight neutron diffraction data was collected on the
WISH and POLARIS beamlines at the pulsed-neutron facility ISIS, Harwell Oxford, UK.

4.3.1

Laboratory X-ray powder diffraction

The majority of laboratory based X-ray diffraction data reported in this thesis were collected on Cu-source (λ = 1.5406 Å) (Figure 4.5) and Mo-source (λ = 0.7093 Å) Stoe
Stadi-P diffractometers. The hard radiation of the Mo-source diffractometer is often used
to minimise absorption for samples containing heavy atoms. These diffractometers are in
Debye-Scherrer geometry and have micro-strip solid state Dectris Mythen 1K detectors.
This detector has a low dead-time for high-quality resolution over short-detection times.
Analysis was also performed using a Cu-source Bruxer-AXS D4 diffractometer in BraggBrentano geometry. This diffractometer is useful for rapid data collection for qualitative
phase analysis as it has a VANTEC-1 detector for fast reading of X-ray diffraction patterns
over a wide angle range, with an automatic sample loader used for high throughput.
The Stoe instrument generates X-rays from the X-ray fluorescence of a copper or
molybdenum anode that is under electron bombardment from a hot tungsten cathode. The
X-ray emission has characteristic Kα1 = 1.54056 Å and Kα2 = 1.54439 Å wavelengths and
the Ge (111) monochromator crystal is used to select the Kα1 wavelength via Bragg diffraction from the (111) plane. The Bruxer-AXS D4 diffractometer uses a graphite monochromator which cannot select between the two Kα wavelengths but has a wide band path which
helps to maximise the instrument’s flux.
Powder X-ray diffractometers have two geometries that are identified by their number
of goniometers. Bragg-Brentano geometry has two goniometers, with either the source and
detector, or sample and detector rotating. Bragg-Brentano allows quick data acquisition and
provides good counting statistics from highly absorbing samples. The Stoe diffractometer
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2.

4.

1.
3.

Figure 4.5: The STOE Stadi-P powder X-ray diffractometer in transmission geometry. 1. Cu X-ray
tube split between 2 diffractometers. 2. Cladding for Ge(111) monochromator, used
to isolate Kα1 radiation 3. Rotating sample holder 4. Dectris MYTHEN 1k solid state
detector

is in Debye-Scherrer geometry. For this geometry, the detector is the only goniometer and a
collimator is used to create a parallel beam of X-rays. This geometry allows the sample to
be placed in transmission mode which helps to increase counting statistics by maximising
the amount of sample in the beam. Although this geometry can become prohibitive when
the sample is highly absorbing, which is the case for samples which contain heavy atoms.
Another benefit of transmission geometry is that it helps to minimise the effect of
preferred orientation, this is where crystallites of the powder are not randomly orientated
due to their shape. For example, flat crystallites may preferentially stack orthogonal to the
flat plane. For powders it is initially assumed that the crystallites are arranged randomly so
that observed intensities and peak positions are in proportion to those of a single crystallite.
Preferred orientation may cause reflection specific changes in intensity and peak profile
that would need to be accounted for when modelling the system or, ideally, through better
sample preparation. In transmission geometry the sample is often packed into a capillary
which minimises the stacking of crystallites along a single plane, a problem more likely
for samples on a flat plate. Samples are also spun in the path of the beam to maximise the
number of crystallite faces that diffract. This can help improve the quality of the recorded
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profile when the sample is small or the crystallites are large.

4.3.2

Synchrotron X-ray powder diffraction

X-ray synchrotron diffraction data were collected on some of the materials presented in this
thesis as the high intensity and resolution of synchrotron diffractometers provides structural
information of a higher quality than most laboratory devices. A synchrotron is a large
scale facility that generates high intensity electromagnetic radiation by the acceleration of
electrons, which are produced by a heated cathode. These electron packets with energy
> 1 GeV are created by accelerating the electrons to relativistic speeds in a linac and booster
ring. The electron packets are then fed into a storage ring where they are accelerated through
a bipolar magnetic fields set at discreet intervals around the ring. This field causes the
electrons to take on a circular orbit and accelerates them to produce high-intensity X-rays
of various wavelengths. The X-rays are given off in a fan-like orientation to produce highly
collimated parallel beams that pass out of the storage ring into the beamline, where the
sample is analysed.

Figure 4.6: The 11-BM beamline at the APS is made up of two hutches. The first hutch houses the
components used to focus and shape the beam and the second hutch is the experimental
end station where the powder diffraction experiments are carried out. A schematic of
the components within the beam focusing hutch are magnified. The white X-ray beam is
vertically collimated by the first mirror which lies 26 m away from the bending magnetic
source. The vertical beam is monochromated by a 20 mm Si(111) double-crystal and a
second mirror downstream of the monochromator is used for harmonic rejection and
vertical beam focussing. Reproduced from [10].
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Synchrotron diffraction data presented in this thesis was collected on the 11-BM beam-

line at the APS which is displayed in Figure 4.6. The beam-line has an operational energy
range of 15 - 35 keV and a short wavelength of ∼ 0.41 Å is produced. A schematic of the
beamline is displayed in Figure 4.6. The white radiation from the source is collimated using
a water-cooled Pt coated mirror, and the optimum wavelength is chosen using two doublecrystal Si (111) monochromators, where the second is sagittally bent in order to focus the
beam. A final mirror is used to focus the beam vertically. The high-resolution and highintensity recordings are conducted using a 12-analyser detector system which combines a
LaCl3 scintillation detector with independent Si (111) crystal analysers that can be individually adjusted. The detector allows for high-resolution and high-speed data collection of
∼ 1 hour. Samples are packed into tubes made of Kapton, a material that contributes very
little to the diffraction background.

4.3.3

Time-of-flight neutron powder diffraction

The neutron diffraction data presented in this work was collected at the ISIS spallation facility using the WISH and POLARIS diffractometers. The POLARIS beamline provides
medium resolution information over a wide Q-range and is optimised to record data for
crystal structural refinements over short collection times. The WISH beamline is optimised
to analyse magnetic scattering from a sample due to the high-flux of long wavelength neutrons it observes at low-Q.
At ISIS neutrons are generated by spallation in which a heavy metal is bombarded
with protons moving close to the speed of light. This spallation produces a polychromatic
neutron beam which is diffracted by the sample. Unlike a photon, a neutron has mass
and so its wavelength is dependent on its velocity. This leads to the following de Broglie
relationship for a neutron,
λ=

ht
mn L

(4.6)

where mn is the neutron mass, t is the flight time from the spallation source to the detector,
and L is the flight path length [6]. At ISIS the wavelength of the diffracting neutron is
measured as a function of the time it takes to travel from the source to the detector in a
method known as time-of-flight (TOF), where the de Broglie relationship can be substituted
into Bragg’s law to give t as a function of Q:
t=

4πmn Lsinθ
.
hQ

(4.7)
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The detectors banks are therefore at fixed angles around the sample, with each giving a full
diffraction profile. The peak resolution,

∆d
d ,

for TOF is a function of the flight path and the

scattering angle, where greater resolution can be achieved by increasing L or measuring at
higher angle.
POLARIS is a time-of-flight powder diffractometer located in Target Station 1 (TS1) at
the ISIS spallation source neutron facility. To aid the structural characterisation of the materials presented in this thesis, data were collected on POLARIS via the ISIS mail-in service
at ambient conditions. The sample is positioned 12 m from the moderator on the POLARIS
beamline and leads to the collection of medium resolution data [11, 12]. POLARIS receives
a polychromatic beam of neutrons from the H2 O moderator at ambient temperatures and the
beam size can be adjusted according to the sample size using two stepper-motor collimators. The five detector banks consist of both solid state ZnS detectors and 3 He gas tubes that
cover a wide d-spacing range of between d = 0.1 − 21.0 Å. The diffractometer has a high
incident flux of neutrons which allows data acquisition from small sample volumes or short
counting times (∼ 40 µAh).

Figure 4.7: The layout of the WISH diffractometer. The pictures show the 3 He detector banks
(Left) and the instrument as observed inside the Target Station 2 experiment hall (Right).
The schematic of the WISH instrument shows the separate components along the 40 m
flightpath from the moderator face to the sample detector. Reproduced from [13].

The WISH diffraction beamline (Figure 4.7) at ISIS was used to analyse the magnetic
correlations and crystal structures of materials considered in this thesis. WISH is specialised
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to observe magnetic Bragg peaks. For the majority of neutron diffractometers, these peaks
are difficult to observe for low spin systems due to the weak scattering of neutrons by the
magnetic moment and the magnetic form factor fall-off with Q. WISH is housed in the
Target Station 2 (TS2) experiment hall and views cold neutrons from the solid-methane
moderator at T = 40 K [13]; this produces a large flux of long wavelength neutrons optimal
for the analysis of small-Q magnetic scattering events. The bandwidth of these neutron
velocities is selected using a series of rotating choppers and a wide wavelength range of
between 0.7 − 17 Å allows access to large and small Q values. Sets of piezoelectric slits
8 m from the sample allow beam divergence to be controlled. The detector consists of
an array of 3 He gas tubes that capture scattered neutrons over a horizontal angle range of
10◦ − 170◦ , giving WISH a high flux in detected neutrons. This flux, combined with the
inherently low background of a pulsed neutron source, makes WISH the ideal instrument to
allow simultaneous nuclear and magnetic structure refinement from powder or single crystal
samples.

4.4

Analysis of powder diffraction data

Crystal structure information may be obtained from a powder diffraction pattern using the
Rietveld method, where the calculated diffraction data from a model is refined via a nonlinear least-squares analysis to fit experimental data [14]. As well as the crystal structure, powder diffraction profiles have contributions from the background, instrument, and
sample morphology and, crucially, the Rietveld method models all these contributions to
produce accurate fits to the data. The numerous variables within a refinement creates a
multi-dimensional phase space for the least-squares engine which can easily deviate into
local minima or diverge into instability. Key to preventing these situations is understanding
the physical relevance of each variable.
A Rietveld refinement is an iterative procedure where the model is shifted following
the derivatives required to improve agreement with the data; the model is then updated and
the procedure is repeated again. In Rietveld refinement the residual Sy is minimised with
the sum,
Sy = ∑ wi (yi − yic )2

(4.8)

and yi and yic are the intensities of the observed and calculated data points and wi is a suitable weight derived from the standard deviations associated with the peak and background
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intensities [15]. yic is the sum of the contributions from the background, Bragg reflections
and instrument, and is given by
yic = s ∑ mk Lk |Fk |2 G(∆θik )Pk A + yib

(4.9)

where s is the scale factor; yib is the background contribution; Lk is the Lorentz-polarization
factor for the reflection k; Fk is the structure factor; mk is the multiplicity factor; ∆θik =
2θi − 2θk , where 2θk is the zero-point error corrected position of the Bragg peak; Pk is
the preferred orientation function; A is an abosrbtion factor; and G(∆θik ) is the reflection
profile function. The structure factor contains all the crystal structure information such
as atomic positions, site occupation factors and thermal displacement parameters, which
will all make characteristic contributions to the diffraction intensity. Alongside the crystal
structure information, obtaining a model for the profile function G(∆θik ) is one of the main
challenges of the Rietveld refinement process. Both instrument and sample contributions
cause broadening and asymmetry in the peak profile that causes deviation from the ideal
delta functions. A typical starting point for a peak profile function is to use a convolution
of Gaussian and Lorentzian peak shapes as this is able to account for many contributions to
the observed intensity.
The Rietveld method plays a crucial role in the accurate determination of a new material’s structure from powder diffraction data. Ideally, the chemical composition of the
material is known before attempts to solve the crystal structure are made. Information on
a material’s chemical composition can be obtained through both physical characterisation
techniques, such as electron-dispersive X-ray spectroscopy, and knowledge of the synthesis.
Once the chemical composition is known, the following steps for the solving and refinement
of a crystal structure are commonly followed:
1. Determination of the crystal system and lattice parameters via indexing
2. Determination of the space group
3. Determination of the structural model
4. Structure refinement
Indexing software is commonly used to find lattice parameters and a space group that match
the data, where individual peaks are matched with the hkl index of a space groups based
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on systematic absences. Accurate space group assignment using this method is challenging as numerous space groups with similar quality matches can be produced, especially for
low symmetry structures where numerous reflections contribute to a single peak. Highresolution diffraction data, such as obtained from synchrotron sources, is optimal for the
indexing process as it minimises the instrumental contribution to peak overlap. A whole
pattern fitting approach can be used to check the space group and refine the lattice parameters obtained from indexing, where, in the absence of structural information, the Bragg peak
intensity is treated as a single variable; LeBail and Pawley refinements are two separate versions of this approach [16, 17].
Once the space group and approximate lattice parameters are found, a suitable structural model for the refinement is required. It is often difficult to solve a structure from
powder diffraction data, compared to single crystal diffraction data, because structural solution techniques, such as the Paterson method, are less successful. Initially, attempts should
be made to find an isostructural material where the analogy between atomic positions is
obvious. Extensive searches of crystal structure databases, such as the Inorganic Crystal
Structure Database (ICSD), are used to find appropriate materials. Trial-and-error methods are also commonly used, where a model structure is constructed using both X-ray and
neutron diffraction data. Heavier elements are located using X-ray data, and the position
of lighter elements are found using neutron data. Difference Fourier approaches help to
locate the position of unknown atoms, where areas of unaccounted for electron density can
be located.
A Rietveld refinement can then be carried out using the structural model, where numerical indicators of the agreement between the model and the data are given by the R-factors,
of which the ‘weighted R factor’, Rwp , is the square root of the optimised intensity values
scaled by the weighted intensities:
s
Rwp =

∑ wi (yi − yic )2
,
∑ wi (yi )2

(4.10)

where Rwp should minimise to zero for perfect agreement between the data and model. The
‘expected R factor’, Rexp , gives an estimate of the best possible fit with the data and model
used, and the goodness-of-fit parameter, χ 2 , represents the square of the ratio between Rwp
and Rexp , where χ 2 = 1 indicates perfect agreement between the refined model and the
expected structure [18]. An estimate of the precision in a refined parameter (p j ) is given
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by its estimated standard deviations, which is calculated from the diagonal elements of the
symmetric least squares matrix (A j j ):
h
i 12
.
σ (p j ) = A−1
jj

(4.11)

These values represent the minimum in the uncertainty of the parameter if the model is
correct. Estimated standard deviations therefore aid comparison between parameters once
the refinement is complete and indicate whether parameters are equal within statistical error.
A ‘good fit’ based on numerical parameters does not ensure a correct structural solution
as the refined model may not make chemical sense. To perform a meaningful structural
refinement, it is necessary to understand the physical sources of features of the powder
pattern. Then through analysis of the profile and difference plot the inaccurate features of
the model can be actively refined.
In this work the TOPAS V4.1 and GSAS software packages were used to perform Rietveld refinements of the diffraction data [19, 20]. TOPAS was used for the X-ray diffraction
data analysis where the indexing function aided space group assignment and the ability to
manually define functions helped to fit a range of peak shapes. The TOF neutron diffraction
data from ISIS were refined using GSAS as the profile functions were found to better match
experimental data.
Alongside structural refinements, powder diffraction data is also used for phase identification, where the sample’s powder diffraction profile is commonly compared with a
database of powder diffraction patterns from known materials. The database used in this
work is part of the EVA Bruxer phase match software. Such database comparisons also
require some chemical knowledge of the sample so the suitability of any match can be
assessed.

4.5

Magnetometry

Magnetic susceptibility measurements are often the first means by which the bulk magnetic
properties of a sample are characterised due to the availability of magnetometry devices.
In DC magnetometry, the applied magnetic field is a product of a direct current and the
magnetisation is measured as either a function of temperature or field. These measurements
provide information about the strength and character of the Weiss mean-field, the temperature and type of transition, the form of paramagnetic-like response and other properties
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discussed in Chapter 2. At the simplest level most magnetometers are comprised of a magnetic field that allows the magnetisation to be measured as a function of applied field, a
pick-up coil to measure the sample’s response, and a sample transport to enable isolation of
the response from the sample.

4.5.1

SQUID magnetometer

The sensitivity of modern magnetometers is often based on a Superconducting QUantum
Interference Device (SQUID). These are extremely sensitive magnetometers able to measure magnetic fields as low as ∼ 10−15 T. This sensitivity is important for measuring quantum frustrated magnetic systems as the atomic moments may be small and the spins may
be entangled into non-magnetic units. SQUIDs commonly use liquid helium cryostats so
that temperatures as low as T ≈ 2 K can be accessed, which is also important in frustrated
systems as ordering temperatures are typically suppressed.

Magnetic field

Superconducting wire

nΦ

Sample
SQUID response

Distance

b.

a.

Josephson
junction

Figure 4.8: a. A graphic of a SQUID magnetometer. The phase of the superconducting current is
shifted by the magnetic field of the sample as it passes through the Josephson junctions.
Phase shifts of a single flux quanta, Φ, can be measured allowing extraordinary sensitivity b. The sample is moved through a pick-up coil where the induced magnetic response
is measured. Measurements at the central pair of coils and the single coils either side
reduce errors. Reproduced from [21].

The sensitivity of the SQUID comes from the use of the DC Josephson effect, where
Cooper pairs of a superconducting current tunnel through thin insulating breaks in the
wire. The indefinite tunnelling event allows for phase changes in the current of a single Cooper pair caused by a magnetic field to be recorded, known as a flux quanta
Φ=

2π h̄
2e

= 2.07 × 10−15 Tm2 . An example of a SQUID is shown in Figure 4.8 where

the ring splits the superconducting current and the magnetic field of the sample causes a
discontinuous phase shift. The current is converted to a voltage by the SQUID amplifier in
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a manner that is proportional to the magnetisation of the sample [22].
A response from the magnetic sample is detected in the pick-up coil: a gradiometer
made from superconducting wire. A current is induced in the pick-up coil when the sample
is moved up and down within an applied field, and this induced current is transferred to the
SQUID via the superconducting wire. To reduce errors, the flux quanta measured at the
two central pick-up coils must exactly equal the measured value at the single coils either
side. In this work, SQUID measurements are performed using the Magnetic Properties
Measurement System (MPMS XL-7). The sample is loaded into a non-magnetic gelatin
capsule and secured using PTFE tape.

4.5.2

Vibrating Sample Magnetometry

Another method to measure the magnetisation is by using vibrating sample magnetometery
(VSM), and a Quantum Design Physical Property Measurement System (PPMS-9T) was
used to collect data for this thesis. In this system, a sample is vibrated at a fixed frequency
(40 Hz) and amplitude (1-3 mm) through a compact gradiometer pickup coil. The induced
voltage in the pickup coil is converted to a magnetisation, where changes of ∼ 10−6 emu
can be resolved at a data rate of 1 Hz. The sensitivity of a VSM is not as great as a SQUID
magnetometer, however fast data acquisition rates are possible. Care must be taken to make
sure the sample does not move during the measurement.

4.5.3

Analysis of magnetometry data

In a magnetometry experiment, the magnetisation of a sample is typically measured as a
function of field or temperature. For experiments as a function of temperature presented in
this thesis, the sample is either cooled with or without an applied field and measurements
are made as the temperature is incrementally increased. Molar paramagnetic susceptibility
values are obtained by dividing the recorded magnetisation values by the moles of sample
and the strength of the applied field. The diamagnetic contribution to the signal is subtracted
using the Pascal’s constants for the different elements in the sample [23]. A variety of
susceptibility plots provide information about the onset of magnetic order and the character
of the mean-field in the sample, as previously shown in Figure 2.4 and 2.6 (Chapter 2). A
magnetic transition is indicated in χ(T ) plots by a kink or up-turn in susceptibility, with
the value of the ferromagnetic (TC ) or antiferromagnetic (TN ) transition temperatures given
by the maximum in

dχ
dT .

Indications of the character of the magnetic transition are given by

field-cooled and zero-field cooled χ(T ) plots, where separation between the data sets below
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the transition indicate the presence of ferromagnetic or spin glass behaviour: spin polarised
domains or particles align with the field upon cooling. Plots of χ −1 vs T provide information
about the strength and character of the mean-field, where the value and sign of the Weiss
temperature can be found by linear extrapolation from the paramagnetic (high temperature)
regime to the x-axis intercept. The value of the susceptibility in the paramagnetic regime
can be used to estimate a value of the Curie constant, from which values of the effective
magnetic moment and Landé g-factor can be derived.
Magnetisation data collected as a function of field is commonly used to analyse a sample’s ferromagnetic component, where the hysteresis provides information on the sample’s
coercivity and moment at zero-field. Measurements are also used to analyse the value and
rate of magnetic saturation, and measurements at high-field allow analysis of spin-flop transitions and magnetisation plateaus.
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Chapter 5

S = 12 KAFMs ACu2.5V2O7(OH)2 · H2O (A =
K+, NH4+, Rb+)

5.1

Introduction

Inspired by Anderson’s suggestion that a quantum spin-liquid (QSL) state underpins the
high-TC superconductivity of doped cuprates [1], the search for QSLs has become an enduring problem in solid state physics, and we still know little about them. S =

1
2

kagome

magnets have been proposed, and found, to provide some of the best examples of 2D QSLs
in spite of a frequent lack of ideality. This is because aspects of the degeneracies have
proven themselves to be remarkably robust to additional energy scales beyond the simple
nearest neighbour Hamiltonian, and these can lead to other exotic ground states, such as
static and dynamic spin structures [2], or QSLs with complex chiral spin correlations [3].
An introduction into experimental realisations of S =

1
2

KAFM materials is given in Chap-

ter 3.
In this chapter we introduce the syntheses, structures and bulk magnetism of a
series of S =

1
2

kagome magnets with the general formula ACu2.5 V2 O7 (OH)2 · H2 O

(A – K+ , NH4 + , Rb+ ), where the K+ and Rb+ analogues are novel materials, and the NH4 +
material has not been previously studied from the perspective of frustrated magnetism:
the varying sizes and coordination of the interstitial A+ ions results in different magnetostructural chemistry and ground state properties. Each material shows signs of magnetic
frustration through suppression of magnetic order, and RbCu2.5 V2 O7 (OH)2 · H2 O displays
an absence of magnetic order down to T = 2 K. Deviations from the ideal kagome lattice
are present in each system with a combination of site vacancies and geometrical distortions
away from trigonal symmetry. It is hoped that comparisons between the properties of these
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1
2

KAFMs ACu2.5 V2 O7 (OH)2 · H2 O (A = K+ , NH4 + , Rb+ )

materials may help determine the role played by the distortions to the kagome lattice.
Our work on the ACu2.5 V2 O7 (OH)2 · H2 O series was inspired by the discovery of
the natural mineral engelhauptite, KCu3 V2 O7 (OH)2 Cl, which has a geometrically perfect kagome lattice made up of S =

1
2

Cu2+ ions. A short introduction to this mate-

rial and its similarities to the well studied S =
lined in the following section.

1
2

KAFM material volborthite are out-

The synthesis and structural characterisation of each

of the materials is then presented in the order in which they were first synthesised,
starting with KCu2.5 V2 O7 (OH)2 · H2 O, the orthorhombic and monoclinic polymorphs of
NH4 Cu2.5 V2 O7 (OH)2 · H2 O, and then RbCu2.5 V2 O7 (OH)2 · H2 O. For simplicity, a structural shorthand will be used for each material with general formula ACu · H/D where A
is the univalent cation and the isotopes of hydrogen will represent whether the sample is
deuterated or protonated. The A = NH4 + member has both a monoclinic and orthorhombic
polymorph so the prefix m or o are used to indicate the symmetry. The details of the formula
for each material are shown in Table 5.1. After a structural discussion on each material, the
bulk magnetic data is presented, followed by the results from the neutron scattering experiment on ND4 Cu2.5 V2 O7 (OD)2 · D2 O at WISH.
I supervised Philip Reeves in the synthesis of KCu2.5 V2 O7 (OH)2 · H2 O, which he carried out as part of his MSci project.
Table 5.1: The structural shorthand for the members of the ACu2.5 V2 O7 (OH)2 · H2 O series.

A
K+
NH4 +

Rb+

5.1.1

D/H
Protonated
Deuterated
Protonated
Protonated
Deuterated
Protonated

Symmetry
Orthorhombic
Orthorhombic
Orthorhombic
Monoclinic
Monoclinic
Orthorhombic

Formula
KCu · H
KCu · D
o · NH4 Cu · H
m · NH4 Cu · H
m · ND4 Cu · D
RbCu · H

Synthesis inspiration for the ACu2.5 V2 O7 (OH)2 · H2 O series

This work originated from attempts to synthesise the natural copper-vanadate mineral engelhauptite, that was approved by the International Mineralogical Association in 2013 and
flagged for interest in the field of frustrated magnetism because of its 3-fold rotational symmetric (P63 /mmc) kagome lattice of S =

1
2

Cu2+ ions [4]. Yellow-brown spindle-like single

crystals of engelhauptite were first discovered in a nepheline basalt mine in the Eifel region
of Germany, where they are believed to form in alkaline lava at relatively low tempera-
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tures. The samples of engelhauptite were discovered near those of the similarly structured
copper-vanadate mineral volborthite. The water molecules that occupy the interstitial sites
in volborthite are replaced by K+ and Cl – ions in engelhauptite.
Volborthite
Cu3V2O7(OH)2.2H2O

Engelhauptite
KCu3V2O7(OH)2Cl

K+

Cl-

H 2O

Figure 5.1: Crystal structure of monoclinic volborthite (Cu3 V2 O7 (OH2 ) · 2 H2 O) and hexagonal engelhauptite (KCu3 V2 O7 (OH2 )Cl) with the copper-octahedra sheets that make up the
kagome lattice in blue and the V2 O7 pillars in red. The symmetry of each lattice mean
that volborthite does not have 3-fold rotational symmetry and engelhauptite does. Between the kagome layers of volborthite lies interstitial water molecules, whilst for engelhauptite these sites are occupied by K+ and Cl – ions. The V2 O7 pillars for engelhauptite
are in an eclipsed configuration whilst they are staggered for volborthite [4, 5]

Unlike herbertsmithite and vesignieite, few synthetic relatives of volborthite have been
widely studied and the potential synthesis of engelhauptite presents an opportunity to map
the ground state phase space. Figure 5.1 displays literature crystal structures of engelhauptite and volborthite [4, 5], which share similar structural frameworks; the kagome lattice
of both materials is made up of sheets of distorted CuO6 octahedra separated by V2 O7 pillars and interstitial units. In engelhauptite, the V2 O7 pillars have an eclipsed formation
that maximises oxygen bonding to the interstitial cation, whilst in volborthite these pillars
have a staggered formation. The hexagonal symmetry of engelhauptite indicates that the
kagome lattice retains 3-fold rotational symmetry, whereas volborthite has a monoclinic
space group.
Unfortunately, attempts to synthesise engelhauptite were unsuccessful and lead to
the synthesis of the similarly structured S =

1
2

KAFM KCu2.5 V2 O7 (OH)2 · H2 O (KCu · H).

Structural investigations of KCu · H revealed it to have a distorted kagome lattice of S =

1
2

Cu2+ ions. This kagome lattice is separated by in-registry V2 O7 pillars and interstitial K+
cations and H2 O molecules.
The successful synthesis of KCu · H inspired the syntheses of the ammonium and
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rubidium structural analogues, NH4 Cu2.5 V2 O7 (OH)2 · H2 O and RbCu2.5 V2 O7 (OH)2 · H2 O,
where the feasibility of ion substitution was indicated by similarities in the ionic radii of the
NH4 + (148 pm) and Rb+ ions (152 pm) to that of the K+ ion (138 pm) [6, 7]. In addition
to this, the synthesis of NH4 Cu2.5 V2 O7 (OH)2 · H2 O has previously been reported [8], although details about the structure and magnetic response are unreported. For RbCu · H, the
synthesis of a Zn-analogue outlined in the literature suggests the Cu-analogue may also be
stable [9]. Such substitution of diamagnetic ions in magnetic materials induces structural
changes which alter the system’s exchange environment. In frustrated magnets, this ion
substitution provides a means to analyse different frustrated ground states, where similar
experiments have been carried out for vesignieite and herbertsmithite through the synthesis and characterisation of their structural analogues, Sr-vesignieite and Mg-herbertsmithite
[10, 11].

5.2

Attempted syntheses of engelhauptite

To better understand the origins of the ACu2.5 V2 O7 (OH)2 · H2 O series presented in this work
an overview of unsuccessful attempts to synthesise engelhauptite is provided; these synthetic trials may act as a reference for future syntheses of engelhauptite. Initial syntheses
developed for engelhauptite aimed to substitute K+ and Cl – ions for the water molecules
of volborthite, where the interstitial units present a key structural difference between the
two materials. We proposed the uptake of K+ ions into volborthite may be analogous to
the incorporation of Ba2+ ions in vesignieite (BaCu3 V2 O8 (OH)2 ), which shares a similar
layered copper-vanadate framework with volborthite, although the interstitial site is occupied by Ba2+ ions. The flexibility of the vesignieite structural framework to interstitial ion
substitution was recently highlighted through the synthesis of the structural analogue, Srvesignieite (SrCu3 V2 O8 (OH)2 ) [10]. This material is synthesised in a two step process,
where volborthite is first made from V2 O5 and Cu(OH)2 at room temperature (48 h). The
volborthite sample is then reacted with acidified Sr(CH3 COO)2 in a Teflon-lined steel bomb
and heated at 220 ◦ C for 48 h. This synthetic method was adapted in attempts to synthesise
engelhauptite, where KCl was substituted for Sr(CH3 COO)2 to give the following reaction
procedure:

Cu3 V2 O7 (OH)2 .2H2 O + KCl → KCu3 V2 O7 (OH)2 Cl + 2H2 O

(5.1)
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The reaction was carried out at 220 ◦ C for 24 h and 72 h. Both reactions were unsuccessful
and the final product was identified as volborthite using powder XRD. Two simpler, single step, syntheses were then derived from a literature synthesis of vesignieite [12], where
Cu(OH)2 , V2 O5 and Ba(CH3 COO)2 are heated at 180 ◦ C (24 h) in a Teflon-lined steel
bomb. For one of these engelhauptite syntheses, Ba(CH3 COO)2 was substituted for KCl.
For the second, Cu(OH)2 and Ba(CH3 COO)2 were substituted for CuCl2 · 2 H2 O and KOH,
respectively. The hypothesised reaction schemes for these syntheses are as follows:
3Cu(OH)2 + V2 O5 + KCl → KCu3 V2 O7 (OH)2 Cl + 2H2 O

(5.2)

3CuCl2 .2H2 O + V2 O5 + KOH → KCu3 V2 O7 (OH)2 Cl + 3H2 O + 5HCl

(5.3)

Stoichiometric reagent ratios were used for both syntheses, and the reaction mixtures were
heated in a Teflon-lined steel bomb at 220 ◦ C for 24 h and 48 h. Both synthetic methods
produced volborthite. Alongside this, Synthesis 5.2 was attempted with a 5:1 excess of KCl
and also produced volborthite, where no evidence for K+ and Cl – ion uptake was observed
via significant changes in the lattice parameters.
Due to the failure of the previous syntheses to incorporate any interstitial ions into
the structure of volborthite, a new synthetic method was adapted from the synthesis of
the vesignieite structural isomorph KCu3 As2 O7 (OH)3 (C2/m, a = 12.30 Å, b = 5.99 Å,
c = 7.89 Å, β = 117.86◦ ) [13]. In this synthesis a mixture of KH2 AsO4 , Cu(OH)2 and
KOH are heated in a Teflon-lined steel bomb at 220 ◦ C for 24 h. This synthesis was adapted
because it successfully results in a K+ ion in an interstitial site between kagome layers,
where the presence of the K+ ion in the arsenate framework of the KH2 AsO4 reagent may
facilitate its incorporation into the final product. In our adapted engelhauptite synthesis, the
reagent KH2 AsO4 was substituted for KVO3 so the K+ ion was pre-incorporated into the
vanadate framework, and KOH was replaced by KCl to provide a source of chloride ions in
solution. The following reaction scheme was proposed for this synthesis:

3Cu(OH)2 + 2KVO3 + KCl → KCu3 V2 O7 (OH)2 Cl + H2 O + 2KOH

(5.4)

Stoichiometric ratios of each reagent were added to Teflon lined bomb in 7 ml of water
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Figure 5.2: The powder diffraction pattern (black) of KCu2.5 V2 O7 (OH)2 · H2 O recorded on the Cusource Stoe Stadi-P diffractometer, where this phase was extracted from the mixedphase product of Synthesis 5.4 at 190 ◦ C. The blue lines represent the positions and
relative intensities for the literature powder diffraction peaks of engelhauptite [4]

and stirred for 10 mins. The reaction mixture was heated at 190 ◦ C and 220 ◦ C for 24 h.
Both reactions produced a mixed-phase product, with a black impurity phase and a green
phase. Figure 5.2 displays the powder diffraction profile of the extracted green phase from
the 190 ◦ C synthesis, this profile displays similarities to the literature powder pattern of
engelhauptite. The green phase was identified as KCu2.5 V2 O7 (OH)2 · H2 O using the EVA
Bruxer phase match software, where the majority of peaks were initially matched as its
Zn-analogue KZn2.5 V2 O7 (OH)2 · H2 O, an orthorhombic (Pnnm) layered material that is
used as a catalyst for the formation of organic materials [14]. Structural characterisation
of KCu2.5 V2 O7 (OH)2 · H2 O is presented in Section 5.4, where it is revealed it to have a distorted kagome lattice of S =

1
2

Cu2+ ions. Synthesis 5.4 was also carried out using varying

concentrations of KCl to investigate Cl – ion incorporation into KCu2.5 V2 O7 (OH)2 · H2 O.
A series of syntheses were carried out with relative changes in KCl concentration of 75 %,
150 % and 200 %, where no significant differences were observed in the diffraction profile
of KCu2.5 V2 O7 (OH)2 · H2 O extracted from each synthesis. This suggests KCl has no role
in the synthesis and therefore was not used in future syntheses of KCu2.5 V2 O7 (OH)2 · H2 O.
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Optimisation of KCu2.5 V2 O7 (OH)2 · H2 O synthesis

A series of KCu2.5 V2 O7 (OH)2 · H2 O syntheses were carried out at different temperatures
in order to isolate a phase pure product for structural analysis. Syntheses were performed
at 40 ◦ C, 60 ◦ C, 80 ◦ C, 100 ◦ C, 130 ◦ C and 170 ◦ C in Pyrex pressure tubes suspended
in silicone oil baths. Only the green phase was observed in syntheses between T = 40− 100 ◦ C, and the black impurity phase formed at T ≥ 130 ◦ C. Figure 5.3a shows the
powder diffraction data for the results of the reaction series carried out between T = 40− 100 ◦ C alongside the literature powder diffraction profile of KZn2.5 V2 O7 (OH)2 · H2 O,
which acts as a reference for the powder diffraction peaks of KCu2.5 V2 O7 (OH)2 · H2 O. In
each diffraction profile, peaks from the Cu(OH)2 starting reagent are observed, with two
phase refinements of both KCu2.5 V2 O7 (OH)2 · H2 O and Cu(OH)2 showing a reduction in
the phase fraction of Cu(OH)2 with temperature: these refinements are displayed in Appendix A. As further increases in temperature led to production of the black phase, the
initial [Cu(OH)2 ] was reduced for the 100 ◦ C synthesis to give a yellow-orange phasepure sample of KCu2.5 V2 O7 (OH)2 · H2 O. The final hypothesised reaction scheme for
KCu2.5 V2 O7 (OH)2 · H2 O formation is as follows:
2.5Cu(OH)2 + 2KVO3 → KCu2.5 V2 O7 (OH)2 · H2 O + KOH

(5.5)

The suggested production of KOH alongside KCu2.5 V2 O7 (OH)2 · H2 O is based on the stoichiometry of the reaction scheme, and justifies an observed increase in the mixtures postsynthesis pH. Structural and chemical similarities between KCu2.5 V2 O7 (OH)2 · H2 O and
volborthite were highlighted when attempts to improve sample crystallinity through hydrothermally annealing at T = 170 ◦ C produced volborthite. The synthetic method for
phase pure KCu2.5 V2 O7 (OH)2 · H2 O is outlined below.

5.3.1

Optimised synthesis

KVO3 (101 mg, 96 %, Aldrich) and Cu(OH)2 (54 mg, > 99%, Sigma-Aldrich) were suspended in H2 O (7.5 ml, distilled) and stirred for 20 minutes. The suspension was then
loaded into a Pyrex pressure tube (15 ml, Ace Glass Inc.) and heated at 100 ◦ C in a silicone
oil bath for 24 h. The pH of the suspension before heating was 8.9 and the final pH after
heating was 9.4. The product was washed 3 times with water and 3 times with acetone
via centrifugation (4400 rpm, 2 mins per wash). A yellow-orange powder of KCu · H was
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Figure 5.3: KCu2.5 V2 O7 (OH)2 · H2 O was hydrothermally synthesised from KVO3 and Cu(OH)2 .
a. The diffraction profile shows similarities to the literature XRD diffraction profile of KZn2.5 V2 O7 (OH)2 · H2 O [9]. Increasing the temperature of the synthesis reduced the amount of unreacted Cu(OH)2 in the synthesis: this impurity can be observed by the peak at ∼ 16.2◦ (black arrow). b. Two phase Rietveld refinements with
KCu2.5 V2 O7 (OH)2 · H2 O and Cu(OH)2 show the decreasing Cu(OH)2 phase fraction
with temperature. Further syntheses at T = 100 ◦ C were carried out with reduced
Cu(OH)2 to produce phase pure KCu2.5 V2 O7 (OH)2 · H2 O. Syntheses at T ≥ 130 ◦ C
produced an amorphous impurity.

produced with a yield of 84 % (86.7 mg) based on the hypothetical reaction scheme.
A deuterated sample was also synthesised, which can be used to find hydrogen positions in powder neutron diffraction experiments; the deuteration also minimises incoherent
neutron scattering from hydrogen. A deuterated sample was produced through replacement
of water with D2 O (99.9 atom % D, Sigma-Aldrich) in the above reaction scheme, this synthesis was carried out 32 times and the products combined to produce 3.0712 g of KCu · D.
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Structural analysis of KCu2.5 V2 O7 (OH)2 · H2 O

5.4

Structural characterisation of KCu · D using both X-ray and neutron diffraction techniques is
outlined in this section, followed by comparison of the structures obtained using both techniques. Initial phase identification was carried out on protonated samples and the deuterated
sample was used for structural characterisation with the use of both laboratory X-ray and
TOF neutron diffraction data.

5.4.1

Laboratory X-ray diffraction

Initial characterisation of KCu · H was performed using laboratory powder XRD data
recorded on a Stoe Stadi-P diffractometer (Cu-Kα1 , λ = 1.5406 Å) with the sample loaded
into a 0.3 mm diameter borosilicate glass capillary. The indexing programme of the TOPAS
diffraction software was used to generate possible space groups for KCu · H. The highest
symmetry space groups that indexed all observed diffraction peaks were the orthorhombic
space groups P 21 /n 21 /m 21 /a (Pnma), P 21 /m 21 /m 2/n (Pmmn), and P 21 /n 21 /n 2/m
(Pnnm): the P in the space group symbol denotes a primitive lattice and the following symbols state the symmetry operation along the a, b, and c axes of the lattice; for example, 21 /m
describes a 2-fold screw axis and a perpendicular mirror plane. The Pnnm space group was
assigned to KCu · H as it returned the best Pawley fit to the data with Rwp = 2.093 for 23
variables, compared to Rwp = 2.572 and Rwp = 2.426 for Pmna and Pmmn (Appendix A),
respectively.
Table 5.2: Orthorhombic unit cell parameters of protonated and deuterated KCu2.5 V2 O7 (OH)2 · H2 O
(Pnnm) and literature lattice parameters for the Zn-analogue, KZn2.5 V2 O7 (OH)2 · H2 O
[14]

Lattice parameters (Å)
a
b
c

KCu2.5 V2 O7 (OH)2 · H2 O
Protonated
Deuterated
14.45295(91) 14.44994(51)
10.41727(55) 10.42462(30)
5.89350(25)
5.88965(15)

KZn2.5 V2 O7 (OH)2 · H2 O
Pnnm
14.5493(12)
10.1685(9)
6.0668(5)

Table 5.2 displays lattice parameters obtained from Pawley refinements of both a protonated and a deuterated sample of KCu2.5 V2 O7 (OH)2 · H2 O; literature lattice parameters
for KZn2.5 V2 O7 (OH)2 .H2 O are also displayed to highlight similarities between the Cuand Zn-analogues [14]. Only small differences between the protonated and deuterated sample’s lattice parameters are observed: the a and c parameters for the deuterated sample are
slightly shorter than the protonated sample, and the b axis is elongated. Further X-ray and
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Figure 5.4: Literature crystal structure of KZn2.5 V2 O7 (OH)2 · H2 O viewed (a.) along the c-axis
and (b.) the a-axis [14]. The structure of KZn2.5 V2 O7 (OH)2 · H2 O consists of ZnO6
octahedral sheets separated by V2 O7 pillars,with interstitial pores occupied by K+ ions
and water molecules. The structural framework displays similarities to both volborthite
and engelhauptite. Compared to these materials, the kagome lattice is depleted on a
single site that causes a separation between hexagon strips. The dotted outline of a
kagome arrangement shows that a kagome lattice can be constructed with an additional
site between the hexagon strips.

neutron structural analyses were carried out on the deuterated sample.
Initial

crystal

structure

models

for

KCu · D

were

based

on

KZn2.5 V2 O7 (OH)2 · H2 O, with the Zn2+ ions replaced by Cu2+ ions. Figure 5.4 displays
the crystal structure of KZn2.5 V2 O7 (OH)2 · H2 O with brucite-type CuO6 octahedral layers
separated by V2 O7 pillars, a structural framework that is shared by volborthite and engelhauptite. Unlike these Cu2+ materials, KZn2.5 V2 O7 (OH)2 · H2 O does not have a kagome
lattice as the depletion of the 2-dimensional Zn lattice forms quasi 1-dimensional hexagon
strips separated by vacancies (Figure 5.4b). Two structural models were examined for
KCu · D: 1. based on the original two copper site KZn2.5 V2 O7 (OH)2 · H2 O model, and
2. an adapted model that forms a kagome lattice through addition of a 3rd copper site at
the 2a Wyckoff site, which corresponds to a vacancy between the hexagon strips. The
occupancy of the 3rd copper site, Cu(3), was initially split across the Cu(2) and Cu(3) sites
as they represent similar chemical environments: they both lie on a 2-fold site with 2/m
point symmetry. Figure 5.5 shows that allowing occupation of the Cu(3) site improved
the refinement, with Rwp changing from Rwp = 3.727 to Rwp = 2.728 upon inclusion: the
full refinement for the 2 cooper site model is displayed in Appendix A. As such, the 3-site
copper model was believed to better represent the crystal structure of KCu · D. Physically
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Figure 5.5: Rietveld refinements of KCu · D. The data, fits and difference plot are represented by the
red, black and grey lines, respectively, with the reflection positions marked by blue ticks.
a. The Rietveld fit using a model based on the KZn2.5 V2 O7 (OH)2 · H2 O structure with
2 Cu sites. The intensity for some reflections is over represented and a peak generated
at ∼ 36.2◦ has no observed intensity. b. The Rietveld refinement for KCu · D with an
additional 3rd Cu site gave an improved fit over the original model.

sensible atomic displacement parameters for the oxygen of the water site were obtained by
placing it on the general 8h site with its occupancy set to 0.5. A similar split site was used
for the interstitial Cl – ion in engelhauptite [4].
The final structural refinement for KCu · D is displayed in Figure 5.6 and the crystal
structure information is shown in Table 5.3. The background was modelled using Chebyshev and pseudo-Voigt functions, where the pseudo-Voigt function specifically accounts for
the broad peak centred at 22◦ that results from amorphous scattering by the borosilicate
glass capillary. Stephen’s anisotropic broadening function was used to fit the diffraction
profile [15]. Broad peaks in the diffraction profile indicate the poor crystallinity of the sample, where peak width is inversely proportional to sample crystallinity. Figure 5.7 shows
the structural framework and distorted kagome lattice of KCu · D, which consists of two
separate isosceles triangular units made from 3 copper sites. Compared to the original 2
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Figure 5.6: Rietveld refinements of XRD data measured on a powdered sample of KCu · D at a
wavelength of λ = 1.5406 Å with Pnnm (58) symmetry. The fits, data and difference
plots are represented by the red, black and grey lines respectively, and the blue ticks
mark reflection positions. 75 parameters were freely refined to give a fit of Rwp = 2.728.
Table 5.3: Refined structural parameters for KCu2.5 V2 O7 (OD)2 .D2 O (Pnnm, a = 14.44994(51) Å,
b = 10.42462(30) Å, c = 5.88965(15) Å) from structural refinements of PXRD data
collected on the Cu-source Stoe Stadi-P diffractometer. The final R-value for this fit was
Rwp = 2.728
Name
Cu(1)
Cu(2)
Cu(3)
V(1)
V(2)
O(1)
O(2)
O(3)
O(4)
O(5)
O(6)
O(7)
O(w)
K

Wyckoff site
8h
2d
2a
4g
4g
4g
8h
4g
4g
4g
8h
4g
8h
4g

x
-0.00237(43)
0
0
0.13409(48)
0.12538(51)
0.0868(10)
0.11706(67)
0.0560(12)
0.2578(12)
-0.0728(11)
0.09524(60)
0.0663(11)
0.2553(23)
0.25337(82)

y
0.24075(27)

z
0.75288(69)

1
2

1
2

0
0.01799(71)
0.52231(64)
0.1751(16)
-0.06464(92)
0.1627(16)
0.04963(71)
0.3255(19)
0.43343(90)
0.6470(20)
0.1929(15)
0.33161(52)

0
1
2

0
1
2

0.3185(19)
1
1
2
1
2

0.7382(19)
0
0.0600(34)
1
2

Biso (Å2 )
0.619(76)
0.619(76)
0.619(76)
0.22(11)
0.22(11)
1.11(20)
1.11(20)
1.11(20)
1.11(20)
1.11(20)
1.11(20)
1.11(20)
4.55(69)
2.29(22)

Occ.
0.9735(81)
0.759(11)
0.4895(86)
1
1
1
1
1
1
1
1
1
1
2

0.9986(94)

copper-site structure, the Cu(2) occupancy (0.759(81)) is now roughly split with the Cu(3)
(0.4895(86)) occupancy. The refined structural formula is KCu2.57 V2 O7 (OD)2 · D2 O, which
corresponds to a slight over estimation of the Cu-occupancy.
To analyse the reproducibility of the synthesis described in Section 5.3.1, comparisons
are made between the lattice parameters of 5 samples of KCU · D that were obtained via
Pawley refinements of PXRD data (Appendix A). Table 5.4 displays the lattice parameters and estimated standard deviations from these refinements. The difference between the
largest and smallest a, b and c lattice parameters is 0.007 Å, 0.01 Å and 0.004 Å, respectively. The structural studies on KCu · D show the material is highly defective, with severe
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Figure 5.7: a. The kagome lattice of KCu · D is a product of 2 vertex sharing isosceles triangles
made from 3 crystallographically distinct Cu-sites. b. The structure of KCu · D showing
the in-registry V2 O7 units along with interstitial K+ ions and water molecules (only the
oxygen is shown here) that separate brucite-layers of octahedral CuO6 .
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Table 5.4: Lattice and quality-of-fit parameters obtained from Pawley fits for samples of KCu · D
synthesised under conditions described in Section 5.3.1.

KCu · D sample
1
2
3
4
5

Lattice parameters (Å)
a
b
c
14.4359(15) 10.40458(89) 5.88263(51)
14.4364(12) 10.4034(77)
5.88277(4)
14.4356(11) 10.41383(71) 5.88195(39)
14.4326(16) 10.4115(10) 5.88025(52)
14.4298(15) 10.41016(93) 5.87911(47)

Rwp
4.135
3.865
3.774
4.306
4.479

Rexp
3.992
3.56
3.741
4.479
4.667

χ
1.036
1.086
1.009
0.962
0.96

site depletion on the Cu(2) and Cu(3) sites. The observed deviation in lattice parameters
is therefore expected for such deficient materials, where small differences in copper site
occupancies between materials results in some variation in the lattice parameters. Further
to this, sample dependent differences in strain and crystallite size will alter the peak profile
for each material and result in lattice parameter variation.

5.4.2

Powder neutron diffraction - POLARIS

Time-of-flight powder neutron diffraction data were collected on KCu · D on the mediumresolution POLARIS diffractometer at ISIS, where ∼ 3.0 g of sample was held in a thin
10 mm vanadium can at 300 K. Refinements were carried out using the GSAS software,
where the pseudo-Voigt profile function convoluted with exponential terms (peak shape 3)
was used to fit the profile as it accounts for characteristic features of spallation-source TOF
data. Background fits were initially carried out manually in EXPGUI using a Chebyshev
polynomial function, and then refined: the background has been subtracted from the displayed refinement data. Simultaneous refinements of both X-ray and neutron diffraction
data were initially attempted, where the inclusion of X-ray data allows the vanadium structural parameters to be refined. A non-physical fit to the data was produced from simultaneous Rietveld refinements of the Stoe PXRD data and low-angle bank 2 and back scattering
bank 5 POLARIS data. This poor fit was a result of the low peak resolution of the bank 2
data set, where large variations in instrument parameters was required to obtain stable lattice parameters. Simultaneous refinements of Stoe PXRD data and high-resolution bank 5
data produced good fits, although no deuterium positions could be found due to an absence
of deuterium scattering at high-Q. In order to obtain both good fits and information on
deuterium positions, POLARIS data from bank 2 and bank 5 were simultaneously refined
and the vanadium structural parameters were fixed to those obtained from the PXRD refinement (Table 5.3), where the same methodology has been applied in a previous structural
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Figure 5.8: Rietveld refinement of powder neutron TOF data collected on KCu · D with data from
bank 2 (a) and 5 (b) of the POLARIS diffractometer. The red, black and purple lines,
and blue markers represent the fit, data, difference plot and reflection positions, respectively. The final combined Rwp value was 1.93 with 43 variables.

refinement of vesignieite [16].
The KCu2.5 V2 O7 (OD)2 · D2 O structure refined from laboratory X-ray diffraction data
was used as a starting model for the refinement. The µ3 −O(3) and µ3 −O(5) sites were
assumed to form the OD units based on comparison with similarly structured materials such
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a
c
Figure 5.9: View of the interstitial site of KCu · D as observed down the b-axis. O(3) forms an OD
unit with D(1) site. The O-D bond points towards the interstitial O(w) site.

as volborthite [5]. The O – D bonds were placed along the a-axis pointing at the interstitial
water units. Initial refinements had a D(1) and D(2) site with hydroxide bond lengths of
O(3)/ O(5) – D(1)/ D(2) = 1.00 Å. The D(2) site proved unstable and its removal lead to
improved fits. The absence of a D(2) site that accounts for one hydroxide deuterium means
that the structural model is incomplete. The site could not be located using the difference
Fourier map and it seems higher quality neutron data may be required to find it. The site
of a similar hydroxide site in engelhauptite is also disputed [4], and indicates that locating
such sites in these materials remains challenging.
Figure 5.8 displays the final fits to the data which have a combined weighted pattern
R value of Rwp = 1.93 using 43 variables. The refined crystal structure data is displayed
in Table 5.5, atomic positions and atomic displacement parameters of the vanadium sites
were not refined and the isotropic displacement parameter for the deuterium site was set at
a literature value [11]. The interstitial region of the structure is shown in Figure 5.9, where
O(3) – D(1) = 0.980 (15) Å and forms a hydrogen bond with the interstitial water molecule
of O(3) − D(1) · · · O(w) = 1.973(19) Å. Initial refinements of the D(1) site occupancy gave
a value close to unity (1.02803) such that it was set to 1 and indicates the material is fully
deuterated.
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Table 5.5: Crystallographic information for KCu2 .5V2 O7 (OD)2 .D2 O (Pnnm, a = 14.4628(12) Å,
b = 10.4304(8) Å, c = 5.8912(5) Å) obtained from structural refinements of powder neutron diffraction data collected on the POLARIS TOF beamline at ISIS. A final combined
Rwp = 1.93 was obtained for this fit

Uiso (Å2 )
0.0002(6)
0.0002(6)
0.0002(6)
0.01
0.01
0.0103(5)
0.0103(5)
0.0103(5)
0.085 [11]
0.0103(5)
0.0103(5)
0.0103(5)
0.0103(5)
0.0056(21)
0.076(6)

Name
Cu(1)
Cu(2)
Cu(3)
V(1)
V(2)
O(1)
O(2)
O(3)
D(1)
O(4)
O(5)
O(6)
O(7)
O(w)
K

Wyckoff site
8h
2d
2a
4g
4g
4g
8h
4g
4g
4g
4g
8h
4g
4g
4g

5.4.3

Discussion on KCu · D structures refined from X-ray and neutron

x
-0.0003(4)
0
0
0.13044
0.12745
0.0710(8)
0.1065(4)
0.0491(7)
0.1168(7)
0.2690(6)
-0.0697(7)
0.0889(4)
0.0628(7)
0.2514(8)
0.2740(29)

y
0.2614(4)

z
0.7417(10)

1
2

1
2

0
0.0169
0.5155
0.1604(9)
-0.0705(7)
0.1741(12)
0.1771(14)
0.0485(6)
0.3450(11)
0.4391(7)
0.6934(10)
0.2001(8)
0.3424(19)

0
1
2

0
1
2

0.2816(12)
1
1
1
2
1
2

0.7527(14)
0
0.0514(13)
1
2

Occ.
0.974(7)
0.441(18)
0.654(18)
1
1
1
1
1
1
1
1
1
1
1
2

1

diffraction data
Table 5.6 displays the different

6

Cu–O–Cu bond angles for the crystal structures of

KCu2.5 V2 O7 (OD)2 · D2 O obtained from refinements of X-ray and neutron diffraction data.
These angles are of particular interest in these materials as they facilitate superexchange
across the kagome lattice, these exchange pathways are shown in Figure 5.10.

The

Goodenough-Kanamori-Anderson rules indicate antiferromagnetic and ferromagnetic exchange is mediated by 6 Cu–O–Cu superexchange angles greater-than and less-than 90◦ ,
respectively [17, 18], suggesting that the displayed angles, with a range of values above
and below 90 ◦ , involve a competing set of ferromagnetic and antiferromagnetic nearest
neighbour exchange interactions.
The O – H bond length is also an important structural feature that may affect the
strength of superexchange.

DFT calculations on the S =

1
2

KAFMs kapellasite and

hayedeeite indicate that decreasing the length of the µ3 -O – H bond length weakens the
nearest-neighbour antiferromagnetic superexchange mediated by the 6 Cu−µ3 -O−Cu pathway [19, 20]. As the hydroxide bond length of O(3) – D(1) = 0.980 (15) Å in KCu · D is
close to the ideal hydroxide bond length of 1 Å the effect of the side group on the Cu(1)-O(3)-Cu(3) and Cu(1)-O(3)-Cu(1) exchange pathways is expected to be minimal. Similar

118

Chapter 5. S =

1
2

KAFMs ACu2.5 V2 O7 (OH)2 · H2 O (A = K+ , NH4 + , Rb+ )
O(2)
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O(5)

c
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Figure 5.10: Cu – O – Cu superexchange environments for the 3 copper sites of KCu · D
Table 5.6: Cu-O-Cu angles from the X-ray and neutron diffraction refinements of KCu · D

Cu(1)–O(1)–Cu(1)
Cu(1)–O(3)–Cu(1)
Cu(1)–O(5)–Cu(1)
Cu(1)–O(7)–Cu(1)

Angles (◦ )
X-ray
Neutron
96.83(45)
88.0(5)
101.46(65) 105.5(6)
95.72(80)
93.9(5)
88.61(78)
112.4(7)

Cu(1)–O(5)–Cu(2)
Cu(1)–O(6)–Cu(2)

97.29(59)
85.23(34)

96.2(4)
82.9(3)

Cu(1)–O(3)–Cu(3)
Cu(1)–O(2)–Cu(3)

101.46(65)
68.96(27)

107.9(4)
79.1(3)

Bond

theoretical work on KCu · D would be required to understand the role of the O – H bond
length on superexchange.
Comparisons of the superexchange angles from structural refinements of KCu · D re-

6

fined from neutron and X-ray diffraction data show large differences between both the
Cu(1)–O(2)–Cu(1) and 6 Cu(1)–O(7)–Cu(1) angles, where the angles are 6 Cu(1)–O(7)–Cu(1)= 88.61(78)

◦

and 6 Cu(1)–O(2)–Cu(1)= 68.96(27)

ments and 6 Cu(1)-O(7)–Cu(1)= 112.4(7)

◦

◦

for X-ray diffraction refine-

and 6 Cu(1)–O(2)–Cu(1)= 79.1(3)

◦

for neu-

tron diffraction refinements.
The difference in the

6

Cu(1)–O(7)–Cu(1) angle is accompanied by a shift in

the V(2)-O(7) bond length: it is V(2) − O(7) = 2.078(11) Å from neutron data and
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V(2) − O(7) = 1.55(3) Å from X-ray data. The large distortion in the V(2) − O(7) bond
length of the neutron refined structure may result from unaccounted-for deuterium intensity
from a second OD unit. A band in the IR spectrum of engelhauptite is assigned to an O−H
bond of a HV2 O7 unit [4], and similarities between the structures of engelhauptite and
KCu · D mean that the unknown second deuterium site for KCu · D could be bonded to an
oxygen of the V2 O7 unit such as the O(7) site.
The difference in 6 Cu(1)–O(2)–Cu(1) angles between the structures is accompanied
by a shift in the V(1)-(O2) bond length, which is 1.393(12) Å for the structure from X-ray
diffraction and 1.614(8) Å for the structure refined from POLARIS data. The V(1)−O(2)
bond length for the structure from POLARIS data agrees well with that observed in the
V2 O7 unit of volborthite (1.636(4) Å) [5]. The difference in the O(2) position between neutron and X-ray refinements is taken to be due to the larger sensitivity of neutron diffraction
to the O(2) position.

5.5

Synthesis of NH4 Cu2.5 V2 O7 (OH)2 · H2 O

Two types of hydrothermal reaction were used to synthesise the KCu · H structural analogue,
NH4 Cu2.5 V2 O7 (OH)2 · H2 O: (I) using reagents NH4 OH, V2 O5 and CuCl2 · 2 H2 O following
the literature synthesis [8], and (II) a reaction between NH4 VO3 and CuCl2 · 2 H2 O adapted
from the synthesis of KCu · H (Section 5.3).

5.5.1

Synthesis I

The literature synthesis of NH4 Cu2.5 V2 O7 (OH)2 · H2 O is a hydrothermal reaction between
V2 O5 , CuCl2 · 2 H2 O and NH4 OH in a Teflon-lined autoclave at 170 ◦ C for 24 h [8].
This synthesis is comprised of two steps described by the following hypothesised reaction
scheme:
V2 O5(s) + 2NH4 OH → 2NH4 VO3 + H2 O

(5.6)

5
2NH4 VO3 + CuCl2 .2H2 O + 4NH4 OH →
2
3
NH4 Cu2.5 V2 O7 (OH)2 .H2 O + 5NH4 Cl + 3H2 O + O2
2

(5.7)

Synthesis 5.6 is carried out at room temperature, where V2 O5 and NH4 OH are mixed together in 64 % of the final water volume and stirred for 1 h. This synthesis is known to form
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NH4 VO3 based on comparisons with a literature synthesis [21]. CuCl · 2 H2 O, dissolved
in the remaining water, is then added to the reaction mixture and heated in a Teflon-lined
bomb at 170 ◦ C for 24 h. NH4 Cu2.5 V2 O7 (OH)2 · H2 O is synthesised according to this reaction methodology and non-ideal products such as NH4 Cl are hypothesised to form in order
to balance the reaction scheme.
10
8
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Figure 5.11: Powder X-ray diffraction profiles for NH4 Cu2.5 V2 O7 (OH)2 · H2 O formed with varying
NH4
4
molar ratios of NH
V . At higher values of V new peaks in the profile are observed.
The black arrows highlight the peaks that can not be fitted by the Pnnm space group,
the reflections of which are indicated by the blue ticks Inset: The pre-heating pH of
4
the reaction suspension as a function of NH
V . NH4 Cu · H forms at pH > 7.5, which
corresponds with the plateau in the curve.

When the literature synthesis was replicated, NH4 Cu · H formed alongside a black impurity phase similar to the phase observed in the synthesis of KCu · H (Section 5.3). To
obtain pure phase product, further syntheses were carried out at T < 170 ◦ C. The impurity
phase was absent for syntheses carried out at temperatures between T = 80 ◦ C - 120 ◦ C.
Further synthesis were therefore carried out at a temperature of 115 ◦ C to obtain a phase
pure sample.
The original literature synthesis of NH4 Cu · H was adapted from that of the Znanalogue NH4 [Zn3 – x V2 O7 (OH)2 Cl1 – 2x · (1 + 2 x)H2 O [9], where the atomic composition,
x, was altered through changes in the reagent ratios. This methodology was therefore believed to present a potential method to increase kagome lattice occupation in NH4 Cu · H.
Using this method, changes in the structure of NH4 Cu · H were investigated through variations in

Cu
V

and

NH4
V

molar ratios. In the synthetic trials outlined here, changes to the ratios
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result from alterations in [CuCl2 · 2 H2 O] and [NH4 OH], whilst [V2 O5 ] was kept constant.
Initially, improved Cu2+ uptake was investigated through alteration of the
whilst a ratio of

NH4
V

= 5.4 was maintained. A range of syntheses with

Cu
V

Cu
V

molar ratio,

= 0.8 − 2 were

carried out, where NH4 Cu · H was synthesised for copper-vanadium molar ratios between
1.5 >

Cu
V

> 1. For

Cu
V

> 1.5, volborthite was found to form, and for

Cu
V

< 1 an orange

impurity phase of Cu(V2 O6 )(NH3 ) formed, which was identified using the EVA Bruxer
phase match software. No significant differences in the powder diffraction phase profiles of
NH4 Cu · H synthesised between

Cu
V

= 1 − 1.5 were observed, and this suggests the chemical

composition of these materials remains relatively consistent.
To investigate the role of pH on the synthesis procedure, a series of syntheses with
ammonium-vanadium ratios between

NH4
V

= 3 − 9 and

Cu
V

= 1.2 were carried out. The inset

of Figure 5.11 displays the pre-heating pH as a function of the

NH4
V

molar ratio. NH4 Cu · H

was found to form for pH values between 7.5 < pH < 10 and volborthite formed at
NH4
V

New peaks in the diffraction profiles were observed at

NH4
V

= 3.

> 5.4 (Figure 5.11), alongside

reduced peak width, which suggests a material being formed with improved crystallinity.
Structural analysis on samples synthesised at

NH4
V

= 4.5 and

NH4
V

= 9 presented in Sec-

tion 5.6 and 5.7, respectively, show that these samples have orthorhombic (Pnnm) and
monoclinic (P21 /n) structures and that changes in the

NH4
V

ratio lead to the formation of

NH4 Cu · H structural polymorphs.
The reaction procedure for the orthorhombic sample formed at
(o · NH4 Cu · H) and the monoclinic sample formed at

NH4
V

NH4
V

= 4.5

= 9 (m · NH4 Cu · H), which are

used in the structural investigations, are as follows: V2 O5 (138 mg, 99.6 %, Aldrich) was
added to a 4.5 ml solution of NH4 OH (o · NH4 Cu · H = 1.52 M, o · NH4 Cu · H = 3.04 M, 28
% wt Sigma-Aldrich) made up with distilled water and stirred for 1 hour to produce a white
powder of NH4 VO3 suspended in a yellow solution. A 3.0 ml solution of CuCl2 .2H2 O (311
mg, 99.8 %, Aldrich) was added to the yellow suspension and stirred for 1 hour to produce
a turquoise gel. The gel was loaded into a Pyrex pressure tube (15 ml, Ace Glass Inc.) and
heated in a silicone oil bath at 115 ◦ C for 24 h. The product was washed 3 times in distilled
water and 3 times with acetone by centrifugation (4.5×103 rpm, 2 min) before being dried
at 60 ◦ C for 6 h.
A further synthesis of NH4 Cu · H was carried out with a large excess of NH4 OH to
analyse if further improvements could be made to the crystalinity of the the monoclinic
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phase. In this synthesis V2 O5 (166 mg, 99.6 %, Aldrich) and 4.5 ml of NH4 OH (4.68 M,
28 % wt Sigma-Aldrich) were stirred together for 1 hour before CuCl2 · 2 H2 O (311 mg,
99.8 %, Aldrich) dissolved in 3 ml of distilled water was added. This dark blue suspension
was loaded into a Pyrex pressure, suspended in a silicone oil bath and heated at 115 ◦ C for
24 h. The product was washed 3 times in both distilled water and acetone. The sample
was dried at 60 ◦ C for 6 h. This synthesis produced an unknown novel green phase identified as NH4 Cu2 V2 O7 (OH)2 · H2 O (Pn21 m, a = 14.79164(26) Å, b = 10.69214(21) Å,
c = 5.88711 Å): the structural refinement and crystallographic information for this phase
are provided in Appendix A. The structure of this material was solved using the same
method for the structural solution of m · NH4 Cu · H described in detail in Section 5.7, where
a suitable space group was indexed and then verified using Pawley refinements. An initial
structural model for NH4 Cu2 V2 O7 (OH)2 · H2 O was derived from the refined structure of
o · NH4 Cu · H (Section 5.6), where structural similarities between these materials was indicated by their comparable lattice parameters.
The structure of NH4 Cu2 V2 O7 (OH)2 · H2 O has the same structural framework as all
the ACu · H/D materials studied in this work, with V2 O7 pillars separating sheets of CuO6
octahedra. Although, NH4 Cu2 V2 O7 (OH)2 · H2 O does not have a kagome lattice like the
other materials, where it has one less copper site. Instead, the magnetic lattice displays
similarities to a distorted olivine lattice, where the Cu2+ ions are arranged in a quasi 1dimensional saw tooth structure. As this thesis concentrates on materials with kagome
lattices this system was not further investigated here. Although, we note the olivine systems are known to display frustrated magnetism [22], and this system may be of further
interest in this field. We speculate charge balance mechanism for the loss of copper to
form NH4 Cu2 V2 O7 (OH)2 · H2 O could be through the uptake of protons to form hydroxide
groups.

5.5.2

Synthesis II

A second synthetic method was developed for NH4 Cu2.5 V2 O7 (OH)2 · H2 O derived from
the methodology for KCu2.5 V2 O7 (OH)2 · H2 O outlined in section 5.3, in which KVO3 is
replaced by NH4 VO3 . This reaction is described by the following equation:
2.5Cu(OH)2 + 2NH4 VO3 → NH4 Cu2.5 V2 O7 (OH)2 · H2 O + NH4 OH

(5.8)
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Table 5.7: The crystal structure data for NH4 Cu2.5 V2 O7 (OH)2 .H2 O (Pnnm, a = 14.55156(74) Å,
b = 10.44388(60) Å, c = 5.90583(33) Å) displaying site name, Wyckoff site, atomic
coordinates, atomic displacement parameters and occupancies. The weighted R-value
for the fit is Rwp = 8.458
Name
Cu(1)
Cu(2)
Cu(3)
V(1)
V(2)
O(1)
O(2)
O(3)
O(4)
O(5)
O(6)
O(7)
O(w)
N

Wyckoff site
8h
2d
2a
4g
4g
4g
8h
4g
4g
4g
8h
4g
4g
4g

x
-0.00072(17)
0
0
0.12940(21)
0.12647(21)
0.05917(54)
0.09170(35)
0.07057(55)
0.23819(51)
-0.05814(55)
0.10759(34)
0.08814(55)
0.25145(96)
0.24178(74)

y
0.24155(13)
0.5
0
0.01721(29)
0.52009(29)
0.16464(86)
-0.07563(47)
0.1547(10)
0.04167(44)
0.3288(10)
0.44172(46)
0.66195(82)
0.68277(84)
0.32342(67)

z
0.75918(26)
0.5
0
0.5
0
0.5
0.2868(11)
1
0.5
0.5
0.7762(12)
0
0.5
0.5

Biso (Å2 )
1.006(23)
0.946(54)
0.946(54)
0.986(23)
0.986(23)
1.337(52)
1.337(52)
1.337(52)
1.337(52)
1.337(52)
1.337(52)
1.337(52)
5.70(21)
6.80(20)

Occ.
0.9371(22)
0.7313(46)
0.5566(47)
1
1
1
1
1
1
1
1
1
1
1

A deuterated sample of ND4 Cu2.5 V2 O7 (OD)2 · D2 O was synthesised using the molar
reagent ratio

Cu
V

= 1.2 with the following optimised synthetic method: NH4 VO3 (223 mg)

and Cu(OH)2 (223 mg) were loaded into a Teflon-lined Steel bomb (20 ml) and suspended in D2 O (7.5 ml, 99.9 atom % D, Sigma-Aldrich). The suspension was stirred
for 10 mins (800 rpm) after which the pH was recorded as pH= 9.2. The reaction mixture was then heated at 115 ◦ C for 24 h. After the reaction the pH of the suspension was
recorded as pH= 9.5, where the small increase in pH supports the assumed formation of
NH4 OH outlined in the above reaction procedure. The final product was a yellow powder
of m · ND4 Cu · D, the structural characterisation of which is described in Section. 5.7.1. This
reaction was carried out 9 times and the deuterated samples combined for a sample with a
total mass of 2.6003 g.

5.6

Powder XRD studies of o · NH4 Cu · H

Powder Synchrotron diffraction data were collected on o · NH4 Cu · H at the 11-BM beamline
at the APS. Initial lattice parameters, space group (Pnnm), and atomic positions for the crystal structure model were based on the structure of KCu2.5 V2 O7 (OH)2 .H2 O (Section 5.4).
The Pnnm space group was the highest symmetry space group found that accounted for all
observed peaks using Pawley refinements.
The final refined profiles are given in Figure 5.12 and the crystallographic information
is presented in Table 5.7. A Chebyshev polynomial function was used to fit the background.
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Figure 5.12: Rietveld refinements of synchrotron XRD data collected at the 11-BM beamline at
the APS measured on powdered samples of o · NH4 Cu · H (Pnnm) at a wavelength of
λ = 0.412738 Å. The fits, data and difference plots are represented by the red, black
and grey lines respectively, and the blue ticks mark reflection positions. The weighted
R-value for the fit using 76 variables is Rwp = 8.458 and the goodness-of-fit value is
χ 2 = 1.774

The profile shape was fitted using Stephen’s anisotropic broadening function for orthorhombic symmetry. The structural features of o · NH4 Cu · H most relevant to the understanding of
the magnetism are discussed in greater detail in Section 5.10.

5.7

Powder XRD studies of m · NH4 Cu · H/D

Powder XRD data were collected on the highly crystalline m · NH4 Cu · H structural polymorph in a 0.3 mm diameter borosilicate capillary on the Stoe Stadi-P Cu-source diffractometer. Table 5.8 lists space groups obtained from indexing that had high goodness-of-fit
parameters and returned good Pawley fits. These monoclinic space groups all have similar lattice parameters to those of o · NH4 Cu · H which indicates that the high pH of the
m · NH4 Cu · H synthesis lead to monoclinic symmetry. The P21 and P21 /c space groups are
more likely to form from the loss of symmetry as they are non-isomorphic sub-groups of
Pnnm; of these, P21 /c has the higher symmetry. The non-standard setting P21 /n, a variant
of P21 /c was used in subsequent refinements as it retains the diagonal glide plane of Pnnm.
A structural model for m · NH4 Cu · H was generated from the Pnnm structure using the
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Table 5.8: Space groups are listed that indexed to powder X-ray diffraction data collected on
m · NH4 Cu · H and gave Pawley fits that accounted for all observed Bragg peaks. The
Goodness-of-Fit (GoF), number of unindexed peaks (UNI) and the lattice parameters
obtained from indexing are shown. Whether the space group is a non-isomorphic sub
group of the Pnnm space group is given along with the refined lattice parameters for
o · NH4 Cu · H

Intensity (arb. units)

Space group
GoF
UNI
a (Å)
b (Å)
c (Å)
β (◦ )
Non-isomorphic Subgroup

Pnnm
14.55156(74)
10.44388(60)
5.90583(33)
90
-

P21
14.72
0
14.5781
10.4398
5.9047
91.119
Yes

8

12

P2
14.41
0
14.5781
10.4398
5.9047
91.119
No

P21 /c
7.67
0
14.5781
10.4398
5.9047
91.119
Yes
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Figure 5.13: Rietveld refinement fit to powder synchrotron data collected at the 11-BM beamline
on m · NH4 Cu · H (P21 /n) showing the (Top) low-angle data and (Bottom) high-angle
data. The fit, diffraction data and difference plot are represented by the red, black and
grey lines respectively, whilst the blue marks give the reflection positions of the P21 /n
space group. The weighted R-value is Rwp = 9.735 and goodness-of-fit parameter is
χ 2 = 2.194 using 87 variables.
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Table 5.9: Crystallographic information for the monoclinic protonated phase of
NH4 Cu2.5 V2 O7 (OH)2 · H2 O (P21 /n, a = 14.57262(12) Å, b = 10.444349(99) Å,
c = 5.905449(43) Å, β = 88.98725(69) Å). The Cu(1), O(2) and O(6) sites have been
labelled with reference to the orthorhombic structure; as each of these orthorhombic 8
fold sites was split into two 4 fold sites they are labelled a and b. The weighted R-value
for this fit is Rwp = 9.735
Name
Cu(1a)
Cu(1b)
Cu(2)
Cu(3)
V(1)
V(2)
O(1)
O(2a)
O(2b)
O(3)
O(4)
O(5)
O(6a)
O(6b)
O(7)
O(w)
N

Wyckoff site
4e
4e
2d
2a
4e
4e
4e
4e
4e
4e
4e
4e
4e
4e
4e
4e
4e
U11
0.0837(56)

x
0.00038(18)
0.50093(16)
0.5
0.5
0.36714(13)
0.37681(14)
0.42397(52)
0.89124(48)
0.40088(48)
0.42905(46)
0.24411(52)
0.55808(46)
0.90765(49)
0.39656(48)
0.43306(52)
0.24608(87)
0.25152(73)
U22
0.1492(73)

y
0.76104(24)
0.73415(23)
0
0.5
0.51370(19)
0.02425(17)
0.66347(67)
0.07009(66)
0.43703(66)
0.66246(70)
0.54778(44)
0.83339(78)
0.55917(68)
0.94016(70)
0.16962(70)
0.68554(67)
0.83371(66)
U33
0.1737(81)

z
0.75324(49)
0.74751(46)
0
0.5
0.00971(29)
0.48455(32)
0.0016(14)
0.2833(12)
0.2337(12)
0.5130(14)
0.0197(12)
0.0103(15)
0.7477(12)
0.7115(13)
0.4935(14)
0.4815(22)
-0.0201(24)
U12
0.0051(78)

Biso (Å2 )
0.726(18)
0.726(18)
0.486(45)
0.486(45)
0.505(21)
0.505(21)
2.023(48)
2.023(48)
2.023(48)
2.023(48)
2.023(48)
2.023(48)
2.023(48)
2.023(48)
2.023(48)
5.17(22)
U13
0.0062(54)

Occ.
0.9351(33)
0.9453(33)
0.8553(37)
0.1680(28)
1
1
1
1
1
1
1
1
1
1
1
1
1
U23
0.0443(86)

Cu(3)

r3
Cu(1a)

r1
r2

r6
r4
Cu(2)

r5
Cu(1b)

c
b
Figure 5.14: The kagome lattice of monoclinic NH4 Cu2.5 V2 O7 (OH)2 · H2 O (P21 /n) composed of 2
scalene triangles with 4 distinct Cu-sites and 6 separate Cu-Cu distances.

5.8. Synthesis of RbCu2.5 V2 O7 (OH)2 · H2 O

127

TRANSTRU software on the Bilbao crystallographic server, and involved splitting each
of the general position 8h sites of the Cu(1), O(2), and O(6) sites into two 4e sites for the
P121 /n1 structure [23, 24]. Powder synchrotron data were collected on the monoclinic sample of NH4 Cu2.5 V2 O7 (OH)2 · H2 O at the 11-BM beamline, APS (λ = 0.412738 Å). Initial
fits produced large isotropic atomic displacement parameters for the N site and anisotropic
displacement parameters were used to better model the thermal displacement of the loosely
coordinated interstitial molecule. The fit, data and difference plot are displayed in Figure 5.13 and the crystallographic information is displayed in Table 5.9. The background
was fitted with a Chebyshev polynomial function, and Stephen’s anisotropic broadening
function was used to fit the profile. Figure 5.14 shows the kagome lattice of m · NH4 Cu · H
which is now composed of 4 separate copper sites and two separate scalene triangles. The
Cu(3) site is also heavily depleted with a refined site occupancy of 0.1680(28). It is possible that the monoclinic symmetry is a result of the drop in the Cu(3) site occupancy relative
to the orthorhombic system, and the increase in the pH of the reaction mixture leads to
unfavourable Cu(3) site occupation.

5.7.1

Structural characterisation of deuterated m · ND4 Cu · D

Figure 5.15 displays the Rietveld refinement fit to the powder X-ray diffraction data for the
deuterated sample of monoclinic ND4 Cu2.5 V2 O7 (OH)2 · H2 O (m.ND4Cu.D) synthesised in
Section 5.8, that were collected on the Cu-source Stoe diffractometer (borosilicate glass
capillary, d = 0.3 mm). The deuterated sample’s crystal structure appears to be close to
the orthorhombic structure as only the peak at 2θ ∼ 52 ◦ (marked by the * in Figure 5.15)
cannot be accounted for using the Pnnm space group. The crystallographic information is
given in Table 5.10. A Chebyshev polynomial function was used to fit the background data
in this refinement, and Stephen’s anisotropic broadening function was used to fit the profile.
Further characterisation of the low temperature structure and the paramagnetic scattering
from the neutron scattering of this sample is presented in Section 5.12.

5.8

Synthesis of RbCu2.5 V2 O7 (OH)2 · H2 O

A synthesis for RbCu · H was devised from a combination of the literature synthesis
of the Zn-analogue, RbZn2.5 V2 O7 (OH)2 · H2 O [9], and the synthesis for NH4 Cu · H outlined in Section 5.5.1. The synthetic method was based on the literature synthesis of
RbZn2.5 V2 O7 (OH)2 · H2 O, where RbOH and V2 O5 are mixed together in water and stirred
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Figure 5.15: Structural refinement of m · ND4 Cu · D (P21 /n) using X-ray diffraction data collected
on the Cu-source Stoe Stadi-P diffractometer. The fit (red), data (black), difference
plot (grey), and reflection tick marks (blue) are displayed and an asterisk (*) shows
the peak unaccounted for by the Pnnm space group. The weighted R-factor for the
refinement was Rwp = 2.929 and χ 2 = 3.771 with 84 variables

Table 5.10: Crystallographic information for the monoclinic deuterated phase of
ND4 Cu2.5 V2 O7 (OD)2 · D2 O (P21 /n, a = 14.55630(50) Å, b = 10.45393(28) Å,
c = 5.90512(17) Å, β = 89.4897(32) Å) displaying the site name, Wyckoff site, unit
cell parameters, atomic displacement parameters and site occupancy. The weighted
R-factor for the refinement was Rwp = 2.929
Name
Cu(1a)
Cu(1b)
Cu(2)
Cu(3)
V(1)
V(2)
O(1)
O(2a)
O(2b)
O(3)
O(4)
O(5)
O(6a)
O(6b)
O(7)
O(w)
N

Wyckoff site
4e
4e
2d
2a
4e
4e
4e
4e
4e
4e
4e
4e
4e
4e
4e
4e
4e

x
-0.00050(51)
0.50213(59)
0.5
0.5
0.36873(38)
0.37551(39)
0.4130(11)
0.9117(14)
0.4123(12)
0.4410(12)
0.2635(10)
0.5699(13)
0.8860(12)
0.3884(11)
0.4226(11)
0.2521(21)
0.25056

y
0.76316(67)
0.74100(65)
0
0.5
0.51202(60)
0.02419(54)
0.6541(14)
0.0736(20)
0.4351(19)
0.6667(18)
0.53488(82)
0.8311(18)
0.5796(16)
0.9646(15)
0.1856(15)
0.6703(11)
0.82093

z
0.7556(11)
0.7488(14)
0
0.5
0.0105(12)
0.4781(11)
-0.0224(32)
0.2535(34)
0.2499(28)
0.5102(36)
-0.0420(22)
-0.0117(36)
0.7879(28)
0.6862(30)
0.4976(35)
0.4984(61)
-0.05718

Biso (Å2 )
0.714(38)
0.714(38)
0.714(38)
0.714(38)
0.737(65
0.737(65
1.49(12)
1.49(12)
1.49(12)
1.49(12)
1.49(12)
1.49(12)
1.49(12)
1.49(12)
1.49(12)
8.03(41)
7.46(35)

Occ.
0.910(11)
0.884(11)
0.6595(81)
0.4888(83)
1
1
1
1
1
1
1
1
1
1
1
1
1
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Figure 5.16: The pre-heating pH for reaction suspensions for RbCu2.5 V2 O7 (OH)2 · H2 O at different Rb
V ratios. The colour of the dot represents the colour of the final product. RbCu2.5 V2 O7 (OH)2 · H2 O is orange and only formed for the suspension with
pH= 11.68 and Rb
V = 1.74.

for 1 hour, then CuCl2 · 2 H2 O powder is added to the reaction mixture and it is heated
at 170 ◦ C for 24 hours in a Teflon-lined steel bomb. Based on the previous syntheses of
KCu · H and NH4 Cu · H, it was believed syntheses of RbCu · H at 170 ◦ C would produce an
impurity phase. For this reason syntheses were carried out at 115 ◦ C, the same temperature
used for successful syntheses of NH4 Cu · H. For the synthesis of NH4 Cu · H, the structure of
the reaction products were sensitive to the reagent molar ratios, where changes in the

NH4
V

molar ratio lead to the formation of different structural polymorphs. For the synthesis of
RbCu · H, a copper-vanadium molar ratio of

Cu
V

= 1 was used based on the zinc-vanadium

ratios used in the literature synthesis of RbZn2.5 V2 O7 (OH)2 · H2 O, and a series of syntheses with rubidium-vanadium molar ratios between

Rb
V

= 0.55 − 3.5 were carried out. Fig-

ure 5.16 displays the pre-heating pH of the reaction suspension as a function of

Rb
V,

where

the colour of each data point represents the colour of the product. For a rubidium-vanadium
molar ratio of

Rb
V

= 1.74 a brick orange powder was produced which was identified as

RbCu2.5 V2 O7 (OH)2 · H2 O via powder diffraction analysis, and this process is described in
more detail in Section 5.9. For the syntheses with
and for the syntheses carried out at

Rb
V

Rb
V

< 1.74 volborthite was found to form,

> 1.74 only a black amorphous phase formed. These

results suggest RbCu · H formation is highly sensitive to changes in the

Rb
V

molar ratio.

The details for the procedure was used to synthesise RbCu · H are as follows: V2 O5
(166 mg, 99.6 %, Aldrich) was added to a solution of RbOH (0.65 ml, 50 % wt, Sigma-
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Figure 5.17: Top Single phase Rietveld refinements of powder synchrotron diffraction data
collected on the 11-BM beamline at the APS for RbCu2.5 V2 O7 (OH)2 .H2 O
(λ = 0.412738 Å).
* marks a small peak not accounted for by the Pnnm
RbCu2.5 V2 O7 (OH)2 .H2 O structural model. Bottom A two phase Rietveld refinement
with the additional RbVO3 accounts for the small peak with a phase fraction of 0.27 %.
RbVO3 is most likely the impurity phase as the metavanadates have been shown to be
a common intermediates in the synthesis of the ACu2.5 V2 O7 (OH)2 · H2 O series

Aldrich) dissolved in distilled water (6.85 ml). The suspension was stirred for 1 hour,
whereupon it turned yellow/orange. To this suspension CuCl2 .2H2 O (311 mg, 99.8 %,
Aldrich) was added and stirred for 1 hour to produce a turquoise suspension. The gel was
loaded into a steel hydrothermal bomb (20 ml) and then heated in an oven at 115 ◦ C for 24 h
before cooling naturally to room temperature. The pH of the suspension before heating
was 11.68 and the final pH was 11.08. An orange powder of RbCu2.5 V2 O7 (OH)2 .H2 O was
produced in a yield of ∼ 51 %. The sample was washed 3 times in both distilled water and
acetone via centrifugation (4.5×103 rpm, 2 min) and dried at 60 ◦ C for 6 h. The ratios of
the final reagent used are 1 V2 O5 : 2 CuCl2 .2H2 O : 12 RbOH : 422 H2 O.

5.9

Structural characterisation of RbCu · H

Qualitative phase analysis was carried out on RbCu · H using PXRD data from the Cusource Stoe Stadi-P diffractometer loaded into a borosilicate glass capillary (d = 0.3 mm).
RbCu · H was found to be orthorhombic and have the same Pnnm space group symmetry as
the other compounds in the ACu2.5 V2 O7 (OH)2 · H2 O series.
High-resolution powder synchrotron data were collected on a sample of RbCu · H
at 300 K on the 11-BM beamline, APS. The high flux and high resolution data improves the quality of the structural characterisation and accuracy of the space group as-
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Figure 5.18: Final Rietveld refinement of the synchrotron powder diffraction data collected on the
11-BM beamline at the APS on RbCu · H (λ = 0.412738 Å). The * marks the peak
from the RbVO3 impurity phase. The final fit has an Rwp = 6.178 and a goodness-offit parameter of χ 2 = 1.379 from 84 variables
Table 5.11: The crystal structure data for RbCu2.5 V2 O7 (OH)2 .H2 O (Pnnm, a = 14.51382(39)Å,
b = 10.48436(31)Å, c = 5.91023(16)Å) refined from data collected on the 11-B
beamline of the APS (λ = 0.412738 Å). The final weighted R-value for the fit was
Rwp = 6.178
Name
Cu(1)
Cu(2)
Cu(3)
V(1)
V(2)
O(1)
O(2)
O(3)
O(4)
O(5)
O(6)
O(7)
O(w)
Rb

Wyckoff site
8h
2d
2a
4g
4g
4g
8h
4g
4g
4g
8h
4g
4g
4g

x
-0.00031(31)
0
0
0.13307(24)
0.12228(24)
0.08082(77)
0.09798(51)
0.06488(77)
0.23508(52)
-0.05971(81)
0.10046(47)
0.42419(78)
0.2548(14)
0.24829(24)

y
0.24239(13)
0.5
0
0.01646(31)
0.52145(32)
0.16575(99)
-0.06652(47)
0.1620(12)
0.54122(51)
0.3427(12)
0.44493(47)
0.1611(11)
0.17387(73)
0.33554(11)

z
0.74739(44)
0.5
0
0.5
0
0.5
0.23912(95)
1
0
0.5
0.80330(99)
0.5
0
0.5

Biso (Å2 )
0.936(24)
0.790(42)
0.790(42)
0.873(30)
0.873(30)
1.380(57)
1.380(57)
1.380(57)
1.380(57)
1.380(57)
1.380(57)
1.380(57)
4.68(20)
1.911(22)

Occ.
0.9393(25)
0.7607(53)
0.5050(51)
1
1
1
1
1
1
1
1
1
1
0.9813(20)

signment, and the high energy and small wavelength of the synchrotron’s incident X-rays
(λ = 0.412738 Å) reduced sample absorption from µR = 2.54 for the Cu-source Stoe data
to µR = 0.55, which is in-line with best practise values (µR < 1). The initial structural
model for RbCu · H was adapted from KCu2.5 V2 O7 (OH)2 · H2 O with the potassium ion substituted for the rubidium ion. Figure 5.17 shows the result of an initial single phase structural refinement, where the background and profile were fitted with a Chebyshev polynomial
and Stephen’s anisotropic broadening function, respectively; spherical harmonics were also
used to account for preferred orientation effects. Notably, it does not account for a small
peak at 2θ = 7.6 ◦ . The position of this peak was identified as the most intense peak from
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Table 5.12: Cu–Cu distance for the orthorhombic phases of ACu2.5 V2 O7 (OH)2 · H2 O that make up
the isosceles triangular units of the distorted kagome lattice and the percentage distortion away from the equilateral triangular units of a ‘perfect’ kagome. The distance rn is
displayed in Figure 5.7 in the plane of the kagome lattice.

Cu–Cu distance (Å)
Cu(1)–Cu(1) (r1 )
Cu(1)–Cu(2) (r2 )
Distortion (%)
Cu(1)–Cu(1) (r3 )
Cu(1)–Cu(3) (r4 )
Distortion (%)

K+
2.9749(82)
3.0819(31)
3.60
2.9071(82)
2.8976(31)
-0.33

NH+
4
3.061(4)
3.1030(15)
1.35
2.844(4)
2.8960(15)
1.80

Rb+
2.9242(52)
3.0713(18)
4.79
2.9860(52)
2.9474(18)
-1.31

the powder diffraction profile of RbVO3 , a phase likely to form from a preliminary reaction between RbOH and V2 O5 . A two phase refinement with RbCu · H and RbVO3 found
the impurity made up only 0.27 %, of the sample. Figure 5.18 shows the final fit for the
refinement of RbCu · H where the weighted R-value was Rwp = 6.178. The crystallographic
information is displayed in Table 5.11 and the important structural features will be discussed
in Section 5.10.

5.10

Structural comparisons between the ACu · H/D series

All the synthesised materials presented in this chapter have edge-sharing Cu-octahedra
sheets that are separated by pyrovanadate pillars and interstitial cavities, which are occupied by the A+ cations and H2 O molecules. The distance between neighbouring layers
of moment-bearing copper ions is similar to volborthite (7.21 Å) [5], indicating that the
superexchange between layers is weak and the magnetic Hamiltonian will be highly 2dimensional.
The kagome lattice in the orthorhombic materials is made up of 3 separate copper sites
within the Pnnm structure, as displayed above in Figure 5.7. Cu(2) and Cu(3) sites both
have 2/m point symmetry and the Cu(1) site is a general position with point symmetry 1.
The 3 sites form a kagome lattice made up of 2 isosceles triangles. For m · NH4 Cu · H, the
Cu(1) site of the orthorhombic structure is split into two separate sites labelled Cu(1a) and
Cu(1b) that form a kagome lattice made up of 2 separate scalene triangles with 6 separate Cu–Cu distances. As these materials lack the 3-fold symmetry of the simple kagome
lattice, frustration is expected to be reduced through the addition of anisotropic exchange
terms into the Hamiltonian. The distortions away from equilateral triangular units for the
orthorhombic materials and the difference in distortions between the two separate triangu-
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lar units are listed in Table 5.12. The smaller difference between the separate distortions
in the orthorhombic ammonium material suggests a greater equivalence between the local
environments of the Cu(2) and Cu(3) sites that may reduce the difference between exchange
integrals and increase frustration.
The structural analysis of the orthorhombic series indicates no clear deviations from
the Cu site occupation expected for the Cu2.5 stoichiometry. The Cu per formula unit refined
for RbCu · H, o · NH4 Cu · H and KCu · D was 2.51, 2.52 and 2.57, respectively. The refined
Cu per formula unit for m · NH4 Cu · H is 2.39 which corresponds to a ∼ 80 % occupied
kagome lattice and a small depletion relative to the orthorhombic phases. Despite the ∼
83 % maximum Cu-site occupation for these materials, QSL physics is still possible as the
occupancy is greater than that of the site percolation threshold for a kagome (psite
c =65%)
[25] and exotic quantum states may be stabilized by further-neighbour spin entanglement.
Further to this, we recall a QSL state was found in kapellasite despite similar levels of
kagome site dilution [3].

5.10.1

Analysis of the distortions in the CuO6 octahedra

The observation of unusual Jahn-Teller distortions in crystal structures obtained from powder diffraction data has been explained to often result from the averaging of fluctuations
between different axially elongated (4+2) Jahn-Teller (JT) distortions [26, 27]. For example, the axially compressed (2+4) orientation may appear as the observed average of 2
different (4+2) JT distortions of similar energy (Figure 5.19a). Such distortions have been
seen in several Cu-vanadate kagome magnet materials, including volborthite, vesignieite
and Sr-vesignieite [10, 16, 28, 32]. These orbital degeneracies are particularly important
in frustrated physics as they could play an important role in the formation of a frustrated
quantum ground state: spin and orbital fluctuations may lead to a spin-orbital quantum liquid or other ground states [29]. An example of this type of state is in the frustrated Cu2+
honeycomb-lattice material Ba3 CuSb2 O9 [30]. Characterisation of the ACu · H/D series’ Cu
octahedra is therefore important as it may reveal the possible presence of orbital fluctuations.
Table 5.15 displays the Cu – O bond lengths for the orthorhombic members of the
ACu · H/D series characterised from PXRD data. Axially compressed JT distortions are
observed in both the Cu(2) and Cu(3) octahedra of o · NH4 Cu · H and RbCu · H, respectively,
and the Cu(3) octahedron of KCu · D. This suggests that these materials have similar dy-
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Figure 5.19: a) Two degenerate orientations of the Jahn-Teller distortion which average to give
a (2+4) axially compressed octahedron b) The non-degenerate orientations average to a (2+2+2) rhombohedral distorted octahedron with one long and one
short axis c) General representation of the 3 separate Cu-octahedron for the
ACu2.5 V2 O7 (OH[D])2 .H(D)2 O class of materials
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Table 5.13: The Cu–O bond distances for each octahedron from the ACu2.5 V2 O7 (OH)2 · H2 O series
in space group Pnnm.

Cu–O bond distance (Å)
Cu(1) Octahedron
Cu(1)–O(6)ax
Cu(1)–O(2)ax
Cu(1)–O(3)eq
Cu(1)–O(5)eq
Cu(1)–O(1)eq
Cu(1)–O(7)eq
Cu(2) Octahedron
Cu(2)–O(5)ax
Cu(2)–O(6)eq
Distortion (Ax./Eq.)
Cu(3) Octahedron
Cu(3)–O(3)ax
Cu(3)–O(2)eq
Distortion (Ax./Eq.)

K+

NH+
4

Rb+

2.453(1)
2.505(11)
1.866(11)
2.006(13)
2.082(12)
2.081(14)

2.6201(52)
2.1976(55)
1.9803(67)
1.9675(63)
1.9358(54)
2.1580(65)

2.5995(63)
2.3272(68)
1.9582(81)
1.9965(88)
2.0420(83)
2.1106(85)

2.099(19)
2.081(1)
1.01

1.978(10)
2.3414(60)
0.84

1.863(12)
2.3817(63)
0.78

1.877(17)
2.611(11)
0.72

1.914(10)
2.2966(60)
0.83

1.942(12)
2.1228(65)
0.91

namic fluctuations at room temperature to those observed in other Cu-vanadate materials.
In the following chapter, the Ni-analogue of NH4 Cu · H, NH4 Ni2.5 V2 O7 (OH)2 · H2 O is characterised. Despite the d 8 Ni2+ ion of NH4 Ni2.5 V2 O7 (OH)2 · H2 O being Jahn-Teller inactive,
a similar axially compressed NiO6 octahedral distortion is observed. This distortion is believed to result from structural constraints, where migration of the µ3 -O away from the
kagome plane, along the c-axis, is restricted due to the rigid V2 O7 units. Similar structural
restrictions may be present in the Cu materials due to their comparable structural frameworks. Although, regardless of such a favourable compression along one axis, dynamic
orbital fluctuations are still possible between 2 degenerate orientations in the Cu(2) and
Cu(3) octahedra.
The Cu(2) octahedron of KCu · D appears to have no Jahn-Teller distortion, which is
unusual for a d 9 system. This does not rule out the presence of orbital fluctuations, as studies of similar regular geometry Cu2+ systems are commonly powder averages of fluctuating
(4+2) JT distortions along the 3 equivalent orientations [31]. The chemical environment of
the µ3 -O(5) site in KCu · D would appear to be similar to that found in the ammonium and
rubidium materials. As such, the reason for the change in distortion between the materials
is not obvious from structural analysis of this data. Table 5.14 compares the Cu-O bond
lengths from the Cu(2) and Cu(3) octahedra of KCu · D refined using PXRD and neutron
diffraction data, where distortion details for the same sites in RbCu · H are shown for ref-
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Table 5.14: The Cu–O bond distances for the Cu(2) and Cu(3) octahedra of KCu · D based on structural refinements of PXRD and neutron data. The Cu–O bond distances from the axially
compressed octahedra of RbCu · H are also displayed.

Cu–O bond distance (Å)
X-ray
Cu(2) Octahedron
Cu(2)–O(5)ax
Cu(2)–O(6)eq
Distortion (Ax./Eq.)
Cu(3) Octahedron
Cu(3)–O(3)ax
Cu(3)–O(2)eq
Distortion (Ax./Eq.)

K+
Neutron

Rb+

2.099(19)
2.081(1)
1.01

1.905(11)
2.067(7)
0.92

1.863(12)
2.3817(63)
0.78

1.877(17)
2.611(11)
0.72

1.949(13)
2.380(7)
0.82

1.942(12)
2.1228(65)
0.91

erence. Axially compressed octahedral distortions are observed for the Cu(2) and Cu(3)
environments of KCu · D taken from neutron diffraction data, and the axial-equatorial ratio
of these distortions are comparable to the Cu(3) and Cu(2) octahedra distortions of RbCu · H,
respectively. As such, it is possible the Cu(2) octahedron also undergoes orbital fluctuations
between 2 degenerate axially elongated configurations and the neutron diffraction’s greater
sensitivity to oxygen positions allows a more accurate characterisation of the Cu octahedra.
The Cu(1) octahedron of RbCu · H and KCu · D display a (2+2+2) rhombohedral JT
distortion consisting of long, short and intermediate length axes, where O(5)–Cu(1)-O(3)
and O(6)–Cu(1)-O(2) are the short and long axes, respectively. Such a distortion may result
from the observed powder average of fluctuations between two non-degenerate orientations
(Figure 5.19b), or the limited symmetry constraints on the oxygen positions may allow
small variations in Cu – O bond lengths that distort the octahedra away from a simple axially
elongated orientation. For o · NH4 Cu · H, the Cu(1) octahedron has a distorted O(1)–Cu(1)-O(7) intermediate axis made up of a long Cu(1)–O(7) bond and a short Cu(1)–O(1) bond.
We speculate that this distortion may be a product of hydrogen bonding by these oxygen to
the interstitial NH+
4 ion.
Table 5.15 displays the Cu–O bond lengths for both the monoclinic and orthorhombic
NH4 Cu · H phases. The Cu–O bond distances for the the Cu(1a) and Cu(1b) octahedra in the
monoclinic sample are closer to a conventional (4+2) JT distortion than in the orthorhombic
phase. The Cu(2) octahedron of the monoclinic phase also appears closer to a more common
(4+2) JT distortion, where the Cu(2)–O(5) and Cu(2)–O(6a) axes form the equatorial plane.
The differences in the Cu(1) and Cu(2) octahedral environments between the orthrhombic
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Table 5.15: The Cu–O bond distances from the Cu-octahedra of the orthorhombic and monoclinic
phases of NH4 Cu2.5 V2 O7 (OH)2 · H2 O. The listed Cu(1a), O(2a) and O(6a) sites correspond to the Cu(1), O(2) and O(6) sites of the orthorhombic phase, respectively

Cu–O Bond distance (Å) NH+
NH+
4 (P21 /n)
4 (Pnnm)
Cu(1a) Octahedron
Cu(1a)–O(6a)ax
2.5048(75)
2.6201(52)
Cu(1a)–O(2a)ax
2.3748(73)
2.1976(55)
Cu(1a)–O(3)eq
2.0041(82)
1.9803(67)
Cu(1a)–O(5)eq
1.9222(87)
1.9675(63)
Cu(1a)–O(1)eq
2.0316(82)
1.9358(54)
Cu(1a)–O(7)eq
2.0351(81)
2.1580(65)
Cu(1b) Octahedron
Cu(1b)–O(6b)ax
2.6456(76)
Cu(1b)–O(2b)ax
2.2939(73)
Cu(1b)–O(3)eq
1.9042(80)
Cu(1b)–O(5)eq
2.0549(88)
Cu(1b)–O(1)eq
1.9989(81)
Cu(1b)–O(7)eq
1.9779(80)
Cu(2) Octahedron
Cu(2)–O(5)a
1.9365(79)
1.978(10)
Cu(2)–O(6a)a
2.0645(71)
2.3414(60)
a
Cu(2)–O(6b)
2.3783(71)
Cu(3) Octahedron
Cu(3)–O(3)ax
1.9878(71)
1.914(10)
Cu(3)–O(2a)eq
2.3985(70)
2.2966(60)
Cu(3)–O(2b)eq
2.2523(68)
a Each Cu(2) octahedron has different equatorial and axial axes

and monoclinic materials may result from a ‘freezing’ of some orbital fluctuations, where
the drop in symmetry corresponds to a change in the energy minima for different axially
elongated (4+2) JT distortions. We note that a similar orbital freezing is observed in the
Cu(2) octahedron of volborthite single crystals at TS = 310 K [32], where the change from
the C2/m space group to the I2/a space group is driven by the change from an axially
compressed (2+4) JT distortion of one CuO6 octahedron to an axially elongated (4+2) JT
distortion. These single crystals undergo a further structural transition at TS = 155 K from
the I2/a space group to the P21 /a space group [34], which DFT calculations indicate represents the lowest energy structure for volborthite [47]. (The P21 /a space group is another
non-standard variant of the P21 /n space group of monoclinic NH4 Cu · H that highlights the
structural similarities between these materials.)
Anisotropic atomic displacement parameters can be used to give further indication of
orbital fluctuations where thermal displacement would be expected to be greatest parallel
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Table 5.16: Freely refined isotropic displacement parameters for the oxygen of the Cu(2) and Cu(3)
octahedra in each material from the ACu · H series.

Biso (Å2 )
Cu(2) Octahedron
O(5)
O(6a)
O(6b)
Cu(3) Octahedron
O(3)
O(2a)
O(2b)

K+

NH+
4

Rb+
Pnnm

P21

-0.62(52)
-0.68(40)

0.22(20)
6.82(28)

0.07(18)
1.49(20)

1.27(18)
2.10(22)
5.75(31)

5.22(68)
4.95(58)

-0.78(13)
0.07(12)

-1.09(13)
2.90(25)

1.39(17)
2.45(22)
-0.38(15)

to the Cu–O bond [33]. Unfortunately, stable structural refinements could not be obtained
using anisotropic displacement parameters for the materials in the ACu · H series, where
oxygen displacement parameters were constrained to a single refinable parameter to obtain
physically reasonable value. Examples of freely refined isotropic displacement parameters
for the oxygens of the Cu(2) and Cu(3) octahedra of each material from the ACu · H series are displayed in Table 5.16. The displacement parameters display a large variation in
values, with many negative, that indicate disorder around the oxygen positions. This disorder may result from orbital fluctuations or limitations in the structural information due
to poor sample crystallinity. The oxygen displacement parameters for the Cu(2) octahedron of m · NH4 Cu · H appear the most stable and may result from the ‘freezing’ of orbital
fluctuations.

5.10.2

Superexchange angle analysis

The Cu-O-Cu superexchange angles of the orthorhombic and monoclinic samples are displayed in Table 5.17 and 5.18, respectively. Antiferromagnetic and ferromagnetic exchange
is mediated by superexchange angles greater-than and less-than 90◦ , respectively, based on
the Goodenough-Kanamori-Anderson rules [17, 18], and as such the predominant nearestneighbour exchange pathways are close to a ferromagnetic and antiferromagnetic crossover. In Table 5.17, volborthite’s superexchange angles are presented for comparison. The
angles of the Rb+ material are close to that of volborthite, raising the possibility of similarities in their ground states.
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Table 5.17: Superexchange angles for the Pnnm ACu2.5 V2 O7 (OH[D])2 .H(D)2 O (A=K+ , NH+
4,
Rb+ ) materials. Comparable Cu-O-Cu superexchange angles from volborthite (C2/m)
are displayed [5].

Angles (◦ )
Cu(1)–O(1)–Cu(1)
Cu(1)–O(3)–Cu(1)
Cu(1)–O(5)–Cu(1)
Cu(1)–O(7)–Cu(1)

K+
96.83(45)
102.32(65)
95.72(80)
88.61(78)

NH+
4
104.51(41)
96.06(31)
102.16(44)
82.45(30)

Rb+
91.46(47)
99.36(55)
94.16(53)
90.04(47)

Cu(1)–O(5)–Cu(2)
Cu(1)–O(6)–Cu(2)

97.29(59)
85.23(34)

103.70(30)
77.20(16)

105.38(44)
75.99(19)

Cu(1)–O(3)–Cu(3)
Cu(1)–O(2)–Cu(3)

101.46(65))
68.96(27)

96.06(31)
80.21(19)

98.18(42)
82.82(25)

Volborthite (C2/m)
100.3(3)
91.4(2)

104.3(2)
82.13(13)

Table 5.18: Superexchange angles for the orthorhombic (Pnnm) and monoclinic (P21 /n) polymorphs of NH4 Cu2.5 V2 O7 (OH)2 · H2 O

5.11

Angles (◦ )
Cu(1a)–O(1)–Cu(1b)
Cu(1a)–O(3)–Cu(1b)
Cu(1a)–O(5)–Cu(1b)
Cu(1a)–O(7)–Cu(1b)

Pnnm
104.51(41)
96.06(31)
102.16(44)
82.45(30)

P21 /n
95.64(33)
92.76(32)
97.30(35)
93.35(33)

Cu(1a)–O(5)–Cu(2)
Cu(1b)–O(5)–Cu(2)
Cu(1a)–O(6a)–Cu(2)
Cu(1b)–O(6b)–Cu(2)

103.70(30)

107.39(36)
104.26(36)
85.20(25)
77.50(21)

Cu(1a)–O(3)–Cu(3)
Cu(1b)–O(3)–Cu(3)
Cu(1a)–O(2a)–Cu(3)
Cu(1b)–O(2b)–Cu(3)

96.06(31)

77.20(16)

80.21(19)

92.77(23)
94.09(32)
74.52(35)
77.61(36)

DC magnetometry of the ACu · H/D series

Zero-field cooled (ZFC) and field cooled (FC) magnetisation data were collected using the
vibrating sample magnetometer of a Quantum Design PPMS in fields of 500 Oe on RbCu · H
(14.7 mg), KCu · D (16.8 mg), o · NH4 Cu · H (24.0 mg) and m · NH4 Cu · H (16.5 mg) loaded
into polypropylene sample holders and mounted on a brass half-tube. For each material,
the diamagnetic contribution to the signal was accounted for using literature Pascal’s constants applied to the refined structural formula [35]. Plots comparing the data recorded
on the orthorhombic ACu · H/D materials are displayed in Figure 5.20 and key parameters
determined from each plot are shown in Table 5.19. The Weiss temperatures for each of
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Figure 5.20: a. Zero-field-cooled χ1 vs. T plots of data collected on KCu · D, o · NH4 Cu · H and
RbCu · H. Extrapolation from the linear Curie-Weiss regime between 300 > T > 200 K
to the x-axis gives negative Weiss temperatures that show these materials have antiferromagnetic mean-fields. Frustration is evidenced by the suppression of magnetic order
below |θW | and the deviation from the linear Curie-Weiss suggests the build up of
superparamagnetic-like correlations b. Plots of ZFC χ(T ) for the 3 materials show
transitions for KCu · D and o · NH4 Cu · H at TN = 6.5 K and TN = 3.5 K, respectively
Inset Low temperature ZFC and FC χ(T ) plots for KCu · D which displays bifurcation
at the transition. c. The plot of M(H) for KCu · D at 2 K with no magnetic saturation
up to 9 T d. A small hysteresis is observed in the M(H) data collected on KCu · D at
2 K with a spontaneous moment of 1.4 × 10−4 µB Cu−1 .

the samples were obtained by extrapolation from the linear Curie-Weiss regime between
300 > T > 200 K of

1
χ

vs T to the x-axis, where similar values of θW ∼ −200 K were ob-

tained and indicate an antiferromagnetic mean field. The deviations from the linear CurieWeiss regime at around T ∼ 200 K suggest the build up of superparamagnetic-like shortrange correlations, a common characteristic of frustrated magnets [36–38].
KCu · D displays a transition (TC = 6.5 K) with bifurcation between the FC and ZFC
data. M vs H hysteresis data recorded at 2 K between −9 T and 9 T indicates that the
magnetic order involves a very small spontaneous moment of 1.4 × 10−4 µB Cu−1 with a
coercive field of 85 Oe. Similar ferromagnetic-like responses have been observed in volbor-
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Figure 5.21: a. Plots of the zero-field inverse susceptibility for the monoclinic (P21 /n) and orthorhombic (Pnnm) phases of NH4 Cu · H with Curie-Weiss fits to the paramagnetic
region indicating θW ∼ −208 ± 7 and θW ∼ −170 ± 30 respectively b. Comparisons
of the low temperature zero-field cooled χ(T ) plots of the P21 /n and Pnnm phases
dχ
showing the broad transitions with maxima in dT
at TN = 3.0 K and TN = 3.5 K respectively; a peak is observed in the susceptibility of P21 /n phase with a maximum at
TP ≈ 14.6 K.
Table 5.19: Key parameters determined from the bulk magnetic data recorded on the the coppervanadate materials. Recorded are the Weiss or Curie temperatures, the temperature at
which superparamagnetic-like domains begin to build up (SPM), the effective magnetic
moments, µeff at room temperature and calculated Landé g-factors

θW (K)
SPM (K)
TC/N (K)
µeff (µB Cu−1 )
Landé g-factor

K+

Rb+

−195 ± 20
190
6.5
2.00
2.31

−150 ± 30
210
N/A
1.89
2.18

NH+
4
Pnnm
P21 /n
−170 ± 30 −208 ± 7
180
200
3.5
3.0
1.85
2.08
2.15
2.40

thite and vesignieite, where a spin-glass transition and Dzyaloshinskii-Moriya induced outof-plane spin canting were speculated as the source of the respective signals [40, 41]. The
room temperature values of the effective moment (Table 5.19) are higher than the predicted
spin-only value of µeff = 1.73 µB but are consistent with observed values for Cu-systems and
support the presence of small orbital moments [42]. RbCu · H displays no magnetic transition down to T = 2 K but only a steep increase in χ below T ∼ 10 K, where the absence of
magnetic order indicates a possible quantum spin-liquid ground state.
A comparison of the data from the NH4 Cu · H polymorphs is displayed in Figure 5.21
and a broad transition in χ(T ) is observed for both monoclinic (P21 /n) and orthorhombic (Pnnm) NH4 Cu · H samples; the maximum in the

dχ
dT

gradient of the data from the or-

thorhombic phase is at TN ' 3.5 K which is very close to the value of TN ' 3.0 K for the

Chapter 5. S =

142

1
2

KAFMs ACu2.5 V2 O7 (OH)2 · H2 O (A = K+ , NH4 + , Rb+ )

monoclinic phase. The sample of m · NH4 Cu · H shows a broad peak in the plot of χ(T ) with
a maximum at T = 14.6 K. This is quite similar to the susceptibility data of volborthite and
vesignieite, these have maxima at T ≈ 20 K and T = 21 K, respectively [12, 39], and are
indicative of the build-up of short range order.

5.12

Neutron scattering of m · ND4 Cu · D - WISH

Neutron diffraction data were collected from the deuterated sample of m · ND4 Cu · D at the
WISH diffractometer, ISIS to investigate the build-up of magnetic order at low temperatures. Data were recorded on 2.6 g of m · ND4 Cu · D sample loaded in a thin walled 10 mm
vanadium can at 1.5 K (160 µAh), 3 K (6.7 µAh), 6 K (6.7 µAh), 9 K (6.7 µAh), 12 K
(6.7 µAh), 24 K (120 µAh), 50 K (6.7 µAh), 100 K (6.7 µAh), 200 K (6.7 µAh) and 285 K
(6.7 µAh). Figure 5.22a displays the diffraction patterns collected on bank 1 of WISH at
24 K and 1.5 K, temperatures above and below the magnetic ordering transition expected at
TN ∼ 3 K. The difference data 1.5 − 24 K (Figure 5.22b) indicates that some peaks increase
and others decrease in intensity. For data sets close to the magnetic transition at T < 50 K,
−1

the Q ≈ 1.2 Å

peak area was obtained through fitting a Gaussian function with a sloping

linear background. The inset of Figure 5.22b shows an increase in peak area upon cooling
to T < 24 K, that corresponds with the temperature at which magnetic order builds-up. The
combination of peak intensity increases and decreases at temperatures below the magnetic
transition suggest that any magnetic contribution to the Bragg peaks is accompanied by
structural changes, although it is not possible to separate these contributions with this data.
The increases in intensity at the position of structural peaks show the magnetic and nuclear
unit cells are the same size and the magnetic propagation vector is k = [000].
Paramagnetic scattering events can be detected on the WISH diffractometer via
changes in the background intensity at low-Q. Figure 5.23a shows the background be−1

tween 0.15 < Q < 0.60 Å

for all temperatures, where a reduction in background intensity

is observed from 285 K to 100 K. Figure 5.23b shows the integrated intensity of the low-Q
−1

region 0.15 < Q < 0.60 Å : the background reduction is seen to be steepest down to 100 K
but still continue below that. This intensity decrease likely corresponds to a change from
paramagnetic behaviour as short-range spin correlations build-up. At T < 12 K it appears
that the rate these correlations evolve is distinct from the higher temperature region, and
may reflect the formation of magnetic order.
Pawley refinements were completed on data sets collected on the high-resolution bank
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Figure 5.22: a. m · ND4 Cu · D diffraction patterns collected on bank 1 of the WISH diffractometer at T = 1.5 K and 24 K, either side of TN Inset: Comparison of the peaks at
−1
−1
Q ≈ 1.2 Å and Q ≈ 1.3 Å from the (020)/(011) and (120)/(111) reflections, respectively, recorded above and below TC where magnetic Bragg scattering may cause
the increase in peak intensity b. Plot of the 1.5 K - 24 K data sets showing both increases and decreases in peak intensity below TN that may result from a combination
−1
of magnetic and structural order Inset: Increase in Q ≈ 1.2 Å peak area observed at
T < 24 K
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Figure 5.23: a. Neutron diffraction data between 0.15 < Q < 0.60 Å collected on bank 1 of WISH
for all temperatures. The background is observed to reduce in intensity upon cooling.
b. The change in integrated intensity of the low-Q background with temperature. The
background intensity is shown to reduce down to T = 1.5 K. At T < 12 K there is a
change in the rate at which the intensity decreases due to the onset of magnetic order.
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Figure 5.24: a. Change in m · ND4 Cu · D unit cell volume with temperature shows the volume contracts with decreasing temperature b. Change in the a and c lattice parameter with
temperature. a display an increase upon cooling to T < 24 K that indicates structural
changes more complex than simple thermal contraction

5 of WISH to investigate the change in the unit cell parameters with temperature; with the
Pawley refinement plots displayed in Appendix A. A plot of the unit cell volume against
temperature in Figure 5.24a shows a contraction of the unit cell upon cooling that begins
to plateau at T < 100 K. The plot of the c lattice parameter with temperature displays a
similar contraction upon cooling (Figure 5.24b). A similar trend is observed in the b lattice
parameter and suggests a contraction in the direction of the bc kagome plane. The plot
of the a lattice parameter against temperature shows a contraction upon cooling down to
T ∼ 50 K, below this temperature the a lattice parameter displays an increases in size that
coincides with the onset of magnetic order.
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To investigate the structural changes indicated by the change in the lattice parameters
and peak intensities upon cooling, Rietveld refinements were carried out on data collected
at 285 K, 24 K and 1.5 K. Simultaneous refinements of bank 2 and 5 were used for the data
collected at 285 K (Figures 5.25) and 24 K (Figure 5.26) to maximise the structural information provided by the wide Q-range of WISH. Only the high resolution back-scattering
bank 5 was used for the refinement of data collected at 1.5 K (Figure 5.27), where coherent
magnetic scattering will be minimal as a result of the magnetic form factor fall-off with
increasing Q. Refinements were carried out using the GSAS software package, where the
pseudo-Voigt function convoluted with Lorentzian terms was used to model the asymmetric
TOF peak profiles. The background of each data set was fitted with the Chebyschev function and has been subtracted for the displayed refinements. Due to the negligible neutron
scattering from vanadium, structural parameters have been fixed to values obtained from
the m · ND4 Cu · D structure refined from XRD data. Refinements of the data collected at
285 K, 24 K and 1.5 K have combined weighted R-values of Rwp = 0.89, Rwp = 0.82 and
Rwp = 0.87, respectively (these low R-values may result from the large background contribution to the data). Crystallographic information is presented in Tables 5.20, 5.21 and
5.22.
Table 5.23 displays the Cu – O bond lengths for the monoclinic ND4 Cu · D crystal
structure at 285 K, 24 K and 1.5 K. Comparisons of the structure at 285 K and 24 K
show reductions in Cu – O bonds upon cooling account for the largest changes in the
CuO6 octahedra, with the Cu(1a)–O(6a), Cu(1b)–O(1) and Cu(2)–O(6a) all reducing in
length by > 0.1 Å. This suggests a general thermal contraction in the CuO6 octahedra
of m · ND4 Cu · D down to T = 24 K, which supports the observed reduction in unit cell
volume with temperature. More complex behaviour than a simple thermal contraction
of Cu – O bond lengths is observed for the cooling from 24 K to 1.5 K, where both increases and decreases in bond lengths of > 0.1 Å are present. For example, the Cu(1a)–
O(7) bond increases by 0.233 Å and the Cu(1a)–O(6a) bond decreases by 0.188 Å These
changes suggest a rearrangement of the CuO6 octahedra which is coupled with the onset of magnetic order. Comparisons of the Cu(2) – O and Cu(3) – O bond lengths indicate that both sites transition from a (2+2+2) rhombohedral distortion at 285 K to an
axial compressed (2+4) JT distortion at 1.5 K, where this structure has a greater equivalence between the Cu(2) − O(6a) = 2.261(10) Å and Cu(2) − O(6b) = 2.370(10) Å, and
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Figure 5.25: Rietveld refinement fit to neutron diffraction data for m · ND4 Cu · D (P21 /n) recorded
on a. bank 2 and b. bank 5 of the WISH diffractometer at 285 K. The final combined
Rwp value was 0.89 with 102 variables.
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Figure 5.26: Rietveld refinement fit to neutron diffraction data for m · ND4 Cu · D (P21 /n) recorded
on a. bank 2 and b. bank 5 of the WISH diffractometer at 24 K. The final combined
Rwp value was 0.82 with 114 variables.
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Figure 5.27: Rietveld refinement fit to neutron diffraction data for m · ND4 Cu · D (P21 /n) recorded
on bank 5 of the WISH diffractometer at 1.5 K. The final Rwp value for this fit was
0.87 with 78 variables.

Table 5.20: Crystallographic information for m · ND4 Cu · D (P21 /n, a = 14.5544(5) Å, b =
10.45018(33) Å, c = 5.90399(27) Å, β = 89.445(4) Å) obtained from the structural
refinement of powder neutron diffraction data collected at 285 K on bank 2 and 5 of the
WISH diffractometer, ISIS. The site name, Wyckoff site, unit cell parameters, atomic
displacement parameter and site occupancy are displayed. The final combined Rwp
value for this fit was 0.89
Name
Cu(1a)
Cu(1b)
Cu(2)
Cu(3)
V(1)
V(2)
O(1)
O(2a)
O(2b)
O(3)
O(4)
O(5)
O(6a)
O(6b)
O(7)
O(w)
N
D(1)

Wyckoff site
4e
4e
2d
2a
4e
4e
4e
4e
4e
4e
4e
4e
4e
4e
4e
4e
4e
4e

x
0.0103(4)
0.5044(5)
0.5
0.5
0.36925
0.3719
0.4138(4)
0.8980(4)
0.4200(4)
0.43973(29)
0.2379(5)
0.55920(28)
0.8991(4)
0.39049(35)
0.4337(4)
0.2528(11)
0.2468(6)
0.4204(8)

y
0.7676(5)
0.7409(7)
0.0
0.5
0.51924
0.0179
0.6732(6)
0.0549(6)
0.4263(7)
0.6620(6)
0.5449(4)
0.8290(7)
0.5577(6)
0.9314(7)
0.1657(6)
0.6758(8)
0.8350(4)
0.6986(17)

z
0.7751(10)
0.7501(13)
0.0
0.5
0.01041
0.48792
0.0049(16)
0.2762(13)
0.2483(15)
0.5078(14)
0.0425(10)
0.0101(15)
0.7704(13)
0.7182(12)
0.4871(16)
0.5365(17)
0.0220(12)
0.6943(27)

Uiso (Å2 )
0.0064(4)
0.0064(4)
0.0518(18)
0.0518(18)
0.00406
0.00165
0.00792(17)
0.00792(17)
0.00792(17)
0.00792(17)
0.00792(17)
0.00792(17)
0.00792(17)
0.00792(17)
0.00792(17)
0.0801(19)
0.0077(8)
0.098(6)

Occ.
1
1
0.822(8)
0.615(9)
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
0.7485(25)
0.540(8)
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Table 5.21: Crystallographic information for m · ND4 Cu · D (P21 /n, a = 14.5520(5) Å, b =
10.4205(4) Å, c = 5.88722(29) Å, β = 89.392(4) Å) obtained from the structural refinement of powder neutron diffraction data collected at 24 K on bank 2 and 5 of the
WISH diffractometer, ISIS. The site name, Wyckoff site, unit cell parameters, atomic
displacement parameters and site occupancy are displayed. The final combined Rwp
value for this fit was 0.82
Name
Cu(1a)
Cu(1b)
Cu(2)
Cu(3)
V(1)
V(2)
O(1)
O(2a)
O(2b)
O(3)
O(4)
O(5)
O(6a)
O(6b)
O(7)
O(w)
N
D(1)

Wyckoff site
4e
4e
2d
2a
4e
4e
4e
4e
4e
4e
4e
4e
4e
4e
4e
4e
4e
4e

x
0.0081(4)
0.5021(5)
0.5
0.5
0.36925
0.3719
0.4278(4)
0.8894(4)
0.4154(4)
0.44094(34)
0.2400(6)
0.55917(32)
0.9053(4)
0.3942(4)
0.4271(4)
0.2483(13)
0.2470(8)
0.4078(7)

y
0.7630(6)
0.7325(9)
0.0
0.5
0.51924
0.0179
0.6591(6)
0.0603(7)
0.4289(7)
0.6586(7)
0.5453(4)
0.8274(7)
0.5576(7)
0.9293(8)
0.1706(6)
0.6833(8)
0.8285(5)
0.6859(14)

z
0.7741(10)
0.7642(21)
0.0
0.5
0.01041
0.48792
-0.0192(14)
0.2813(14)
0.2510(15)
0.5044(15)
0.0454(9)
-0.0147(14)
0.7565(14)
0.7234(13)
0.4958(15)
0.5282(20)
0.0081(15)
0.6909(22)

Uiso (Å2 )
0.0103(5)
0.0103(5)
0.0171(16)
0.0171(16)
0.00406
0.00165
0.00762(21)
0.00762(21)
0.00762(21)
0.00762(21)
0.00762(21)
0.00762(21)
0.00762(21)
0.00762(21)
0.00762(21)
0.0684(18)
0.0078(8)
0.057(5)

Occ.
1
1
0.723(8)
0.652(9)
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
0.7519
0.54196

Table 5.22: Crystallographic information for m · ND4 Cu · D (P21 /n, a = 14.5521(7) Å, b =
10.4199(4) Å, c = 5.88889(32) Å, β = 89.369(4) Å) obtained from the structural refinement of powder neutron diffraction data collected at 1.5 K on bank 5 of the WISH
diffractometer, ISIS. The site name, Wyckoff site, unit cell parameters, atomic displacement parameters and site occupancy are displayed. The final Rwp value for this fit was
0.87
Name
Cu(1a)
Cu(1b)
Cu(2)
Cu(3)
V(1)
V(2)
O(1)
O(2a)
O(2b)
O(3)
O(4)
O(5)
O(6a)
O(6b)
O(7)
O(w)
N
D(1)

Wyckoff site
4e
4e
2d
2a
4e
4e
4e
4e
4e
4e
4e
4e
4e
4e
4e
4e
4e
4e

x
-0.0038(8)
0.5089(7)
0.5
0.5
0.36925
0.3719
0.4176(7)
0.9046(6)
0.4149(6)
0.4400(4)
0.2561(8)
0.5560(5)
0.9014(6)
0.3876(6)
0.4293(6)
0.2519(16)
0.2523(9)
0.4383(11)

y
0.7576(9)
0.7334(8)
0.0
0.5
0.51924
0.0179
0.6673(9)
0.0647(9)
0.4231(10)
0.6670(9)
0.5507(4)
0.8474(9)
0.5668(9)
0.9404(10)
0.1705(9)
0.7069(7)
0.8208(5)
0.7016(22)

z
0.7412(22)
0.7660(17)
0.0
0.5
0.01041
0.48792
-0.0167(20)
0.2535(21)
0.2428(21)
0.4920(20)
0.0431(14)
-0.0034(22)
0.7749(18)
0.7315(18)
0.4855(21)
0.5181(29)
0.0063(21)
0.6592(29)

Uiso (Å2 )
0.0110(6)
0.0110(6)
0.0054(23)
0.0054(23)
0.00406
0.00165
0.00539(26)
0.00539(26)
0.00539(26)
0.00539(26)
0.00539(26)
0.00539(26)
0.00539(26)
0.00539(26)
0.00539(26)
0.0311(20)
0.0048(10)
0.095(7)

Occ.
1
1
0.559(15)
0.550(15)
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
0.808(5)
0.672(21)
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Table 5.23: The Cu–O bond lengths for ND4 Cu · D taken from the neutron powder diffraction data
collected on the WISH diffractometer at 285 K, 24 K and 1.5 K.

Cu–O Bond distance (Å)
Cu(1a) Octahedron
Cu(1a)–O(6a)ax
Cu(1a)–O(2a)ax
Cu(1a)–O(3)eq
Cu(1a)–O(5)eq
Cu(1a)–O(1)eq
Cu(1a)–O(7)eq
Cu(1b) Octahedron
Cu(1b)–O(6b)ax
Cu(1b)–O(2b)ax
Cu(1b)–O(3)eq
Cu(1b)–O(5)eq
Cu(1b)–O(1)eq
Cu(1b)–O(7)eq
Cu(2) Octahedron
Cu(2)–O(5)ax
Cu(2)–O(6a)eq
Cu(2)–O(6b)eq
Cu(3) Octahedron
Cu(3)–O(3)ax
Cu(3)–O(2a)eq
Cu(3)–O(2b)eq

285 K

24 K

1.5 K

2.726(9)
2.303(8)
1.859(10)
1.988(10)
2.224(10)
1.948(10)

2.614(9)
2.390(9)
1.853(9)
2.074(10)
2.247(16)
1.918(10)

2.426(16)
2.349(14)
1.855(16)
2.000(16)
2.065(15)
2.151(16)

2.599(10)
2.065(10)
1.907(11)
1.966(11)
2.113(11)
1.925(11)

2.546(10)
2.109(10)
1.885(10)
1.883(10)
1.920(10)
2.001(11)

2.796(14)
1.972(13)
2.031(14)
1.935(14)
1.959(15)
1.994(15)

1.985(7)
2.241(6)
2.424(6)

1.996(7)
2.120(7)
2.370(7)

1.786(9)
2.261(10)
2.370(10)

1.907(6)
2.268(7)
2.047(7)

1.862(7)
2.381(7)
2.062(8)

1.947(9)
2.137(11)
2.124(11)

the Cu(3) − O(2a) = 2.137(11) Å and Cu(3) − O(2b) = 2.124(11) Å bond lengths. This
indicates that the structure is rearranging towards the Pnnm phase; the two 4e O(6) and
O(2) sites each have a single 8h sites in the Pnnm structure as a result of an ab mirror plane.
The observation of the axially compressed distortions in this material also suggests orbital
fluctuations are present down to T = 1.5 K. The transition to higher symmetry at lower temperature is unusual, as naively it could be expected that small energy scales would become
more important and cause a transition to lower symmetry. Orbital fluctuations may however
play an important role as they could stabilise a higher symmetry structure, where this energy
scale becomes more relevant as thermal fluctuations decrease in energy. Correspondingly,
our data may provide evidence for a new order-by-disorder mechanism based on orbital
fluctuations.

5.13

Discussion

The structural investigations of the ACu2.5 V2 O7 (OH)2 · H2 O series of materials revealed
each has a distorted kagome lattice of S =

1
2

Cu2+ ions, such that this investigation sig-
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KAFM materials, where neither KCu · D or

RbCu · H have been previously synthesised, and structural and bulk magnetometry analysis
of NH4 Cu · H is previously unreported. Bulk magnetometry investigations support structural characterisation of a frustrated magnetic lattice in each material, where, despite strong
antiferromagnetic mean-fields (θW ∼ −200 K), magnetic order is suppressed below |θW |.
Low temperature bulk magnetometry measurements on the ACu2.5 V2 O7 (OH)2 · H2 O
series of materials show a range of ground state characteristics that suggest they occupy a
rich ground state phase space. KCu · D undergoes a magnetic transition (TC = 6.5 K) to a
state with a small ferromagnetic component. This may result from Dzyaloshinskii-Moriya
induced spin-canting or the formation of a spin glass state, such as has been previously
observed in the S =

3
2

KAFM hydronium jarosite (H3 OFe3 (SO4 )2 (OH)6 ) [43]. The absence

of magnetic order in RbCu · H suggests the formation of a quantum spin-liquid ground state,
of which there are few material realisations, and indicates the ground state degeneracy is
robust to perturbations from the site vacancies and geometric distortions. Both structural
polymorphs of NH4 Cu · H undergo magnetic transitions at low temperature, although the
absence of bifurication in the ZFC/FC susceptibility suggests a distinct ground state from
KCu · D. The sample of m · NH4 Cu · H has a broad maximum in its susceptibility, similar to
volborthite [39], and suggest a greater build-up of short range correlations in this material
over the orthorhombic polymorph.
Neutron diffraction studies of m · ND4 Cu · D show the magnetic structure’s propagation vector is k = [000]. Of the theoretical predictions for the regular magnetic orders on the
classical kagome lattice, only the q = 0 and ferromagnetic structure have identical magnetic
and nuclear unit cells [44], and the absence of a net moment for m · ND4 Cu · D rules out a
ferromagnetic spin arrangement. Therefore the q = 0 ordered structure, where the spins on
the triangular vertices are arranged at 120 ◦ to their neighbour, is a candidate ground state
for m · ND4 Cu · D. m · ND4 Cu · D displays a structural transition towards the orthorhombic
Pnnm structure upon the onset of magnetic order. We note that the rearrangement to high
symmetry upon cooling is in contrast to the transition to lower symmetry observed in volborthite under similar conditions [34]. For m · ND4 Cu · D, the site vacancies might favour
orbital fluctuations as they relieve structural constraints on the CuO6 octahedra environment.
Of the materials analysed here, RbCu · H and m · NH4 Cu · H show the greatest sup-
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pression of magnetic order: RbCu · H displays no magnetic order down to T = 2 K and
m · NH4 Cu · H displays magnetic order at TN ≈ 3 K. RbCu · H and m · NH4 Cu · H also display
the least variation in their Cu(1)-O-Cu(1) exchange angles, potentially reducing the difference between the various exchange terms in the magnetic Hamiltonian. The consequences
of this are uncertain, though an increase in ground state frustration is expected.
Each material in the ACu2.5 V2 O7 (OH)2 · H2 O series evidences the build-up of shortrange spin correlations in their susceptibility measurements via deviation from linear CurieWeiss behaviour. The build up of these short-range correlations are also evidenced in paramagnetic neutron scattering of m · ND4 Cu · D through the change in the functional form of the
low-Q scattering with temperature. Similar spin correlations are observed above the transition temperature in volborthite, and thermal Hall measurements revealed this state to possess exotic changeless excitations [45], where such quasi-particle excitations are believed
to result from a topological spin-liquid state [46]. Alongside volborthite, such states are
predicted to be present in other anisotropic kagome materials such as vesignieite, and could
therefore be pertinent to the spin-correlated states observed in the ACu2.5 V2 O7 (OH)2 · H2 O
series of materials.
Similarities between the structural framework, polymorphism and magnetic response
of the materials in the ACu · H/D series and volborthite suggest that magnetic interaction
studies of volborthite may have relevance for the materials presented here. A recent DFT
study of volborthite indicates that the microscopic model is dominated by coupled trimers
that form along the Cu(2)-Cu(1)-Cu(2) antiferromagnetic exchange pathway [47]. Figure 5.28 shows the kagome lattice of volborthite where the trimers are illustrated and bridge
Cu(2)-Cu(2) spin chains (cyan). The frustration in volborthite is predicted to arise from
competition between the trimers and different nearest-neighbour and further neighbour
exchange terms. The respective axially elongated and axially compressed Cu(2) O6 and
Cu(1) O6 octahedra of volborthite (C2/m) share the same distortions with the Cu(1) O6 and
Cu(2,3) O6 environments of the orthorhombic ACu · H/D series, respectively. These similar
orbital environments and the similarity in Cu – O – Cu superexchange angles (Table 5.17)
indicate that a similar microscopic model may account for the frustration in the ACu · H/D
series of materials.
Despite these structural similarities, comparisons with volborthite are speculative as
the significant site depletion observed in the ACu · H/D series is not present in volborthite.
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Figure 5.28: The coupled trimers model for the interactions in volborthite. Strong antiferromagnetic
exchange between the Cu(2)-Cu(1)-Cu(2) sites causes the build up of coupled trimers
that compete with other forms of exchange in the system such as the coupled chains
that form along the Cu(2)-Cu(2) sites. Adapted from [47].

Site depletion has previously been shown to significantly alter defining characteristics of
volborthite’s coherent ground state, where 5 % doping with diamagnetic Zn2+ ions on to
the kagome lattice reduced the magnetic transition temperature and lowered the muon relaxation rate of a characteristic low-temperature dynamic plateau [40, 48]. With ∼ 17 %
kagome lattice depletion in the ACu · H/D series significant deviation from the ground state
found in volborthite is expected.

5.14

Future work

This chapter highlights similarities between the crystal structure and bulk magnetic response
of the ACu · H series and volborthite. Volborthite’s ground state was found to have a dynamic
component down to T = 50 mK using µSR [49] and, as such, spin dynamics in the ground
states of the ACu · H/D series cannot be discounted. This is especially true for RbCu · H,
which displays no ordering down to T = 2 K. Muon spin relaxation (µSR) studies should
be carried out on the ACu · H series to characterise their low-temperature coherent spin
dynamics.
Neutron scattering on WISH showed a change in Bragg peak intensity below the magnetic transition temperature for m · ND4 Cu · D which may result from both nuclear and mag-
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netic scattering. The expected antiferromagnetic structure means that neutron diffraction
with polarised neutrons, using an instrument such as D7 at the ILL, could be used to extract
the magnetic contribution to the scattering. The flipped spin of a polarised neutron scattered by a magnetic moment allows the signal to be isolated from nuclear scattering where
no spin-flip processes occur.

5.15

Conclusions

The hydrothermal syntheses of three S =

1
2

KAFMs with general formula ACu2.5 V2 O7

(OH[D])2 .H(D)2 O (A – K+ , NH4 + , Rb+ ) have been outlined. Powder diffraction techniques
showed that the potassium and rubidium materials have orthorhombic (Pnnm) symmetry,
whilst the ammonium material has orthorhombic (Pnnm) and monoclinic (P211 /n) polymorphs. The structural framework of the ACu · H series is similar to the S =

1
2

KAFMs

volborthite and engelhauptite. The synthetic methods outlined here could therefore inform
future attempts to synthesise samples of engelhauptite, or NH4 + and Rb+ analogues. The
kagome lattice of the ACu · H series consists of edge-sharing CuO6 octahedra with unusual
distortions, similar to those observed in volborthite, that indicate the presence of the static
and dynamic JT effects. Neutron diffraction showed that the structure of m · ND4 Cu · D rearranged towards the high-symmetry (Pnnm) polymorph at low temperature and this structural
rearrangement was consistent with a greater degree of orbital fluctuations. We propose the
fluctuations may help stabilise the high symmetry structure via an order-by-disorder mechanism. The observation of possible orbital fluctuations down to T = 1.5 K suggests orbital
frustration could couple to the spin frustration in the ground state, making the ACu · H series
candidate materials to further explore the role of orbital physics on frustrated ground states.
Magnetic frustration is evidenced in each member of the ACu · H series by the suppression of magnetic order below |θW | ∼ 200 K, and deviation from the linear Curie-Weiss
regime at T ∼ 200 K due to the build-up of superparamagnetic-like domains. Despite similar mean-field responses, each of the ACu · H materials display a different low temperature magnetic response. The sample of KCu · D displays a ferromagnetic-like transition at
TC = 6.5 K that may arise from spin-canting induced by the Dzyaloshinskii-Moriya interaction. No magnetic transition is observed for RbCu · H down to T = 2 K indicating it may
host a QSL, or other coherent dynamic ground state. The ground states of orthorhombic and
monoclinic NH4 Cu · H appear to lie between the potassium and rubidium material’s ground
states, with broad transition observed at TN ∼ 3.5 K and TN ∼ 3 K, respectively. The range
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of magnetic responses displayed by these materials suggest they occupy a rich ground state
phase space. Further characterisation of the ground states in the ACu · H series will help
map this phase space and improve understanding of the exotic states formed in anisotropic
S=

1
2

kagome magnets.
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Chapter 6

Study of the novel S = 1 kagome magnet
NH4Ni2.5V2O7(OH)2 · H2O
Away from the limit of the S =

1
2

frustrated materials, S = 1 KAFMs are also predicted

to host unconventional ground states as a result of the interplay between strong frustration
and the S = 1 spins. Possibilities have been put forward that range from exotic disordered
states, such as a spin nematic phase, to unconventional ordered states formed as a result
of dominant small-energy magnetic terms in the Hamiltonian [1]. This chapter outlines
the synthesis, crystal structure and preliminary magnetization measurements of the newly
synthesized S = 1 kagome magnet, NH4 (D)Ni2.5 V2 O7 (OH[D])2 · H(D)2 O. This material has
the 3-fold symmetry of the kagome lattice but with significant Ni site depletion (∼ 77 %
site occupancy). Despite the disorder, bulk magnetic data show clear evidence of frustration
and competition between ferromagnetic and antiferromagnetic interactions that hints at the
formation of an unconventional ground state.
This work is summarised in Connolly E T, Reeves P, Boldrin D and Wills A S 2017 J.
Phys. Condens. Matter 30 2.

6.1

Introduction

S = 1 magnets are between quantum and classical systems, as the role of quantum fluctuations is reduced in comparison to the S =

1
2

systems, but the high frustration of the kagome

lattice can still produce novel ground states. A notable example is the spin liquid hexagonal singlet state (HSS) predicted for a S = 1 KAFM, introduced in Section 3.5, where the
integer spins are modelled as S =
tual S =

1
2

1
2

ferromagnetic-dimers [2–4]. In this state, each vir-

spin in the ferromagnetic-dimer forms an entangled singlet around the hexagons

of the kagome lattice. Possible example HSS magnets are the S = 1 KAFM materials m-
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MPYNN·BF4 and NaV6 O11 , where NMR and single-crystal susceptibility data have shown
these to display the gapped singlet ground state characteristic of HSS formation [5, 6].
Moving away from the kagome geometry itself, much of the research has also been done on
the kagome staircase material Ni3 V2 O8 , following the discovery of multiferroic behaviour
caused by an incommensurate magnetic structure that simultaneously breaks time-reversal
and space inversion symmetry [7, 8].
As with their S =

1
2

analogues, frustrated S = 1 magnets can have additional energy

terms that add to the richness of magnetic phases. In these systems quadrupolar ordering via
biquadratic exchange is possible and is predicted to produce nematic spin states. Such states
consist of uniaxially aligned spins that break rotational symmetry but retain time-reversal
symmetry [9]. A S = 1 XXZ kagome model with large uniaxial spin-anisotropy and nearestneighbour ferromagnetic exchange is predicted to host such a spin nematic state [10]. In the
S = 1 isotropic KAFM [C6 N2 H8 ][NH4 ]2 [Ni3 F6 (SO4 )2 ], a net moment observed below 10 K
matches expectations of an in-plane polarized state produced by moderate DM exchange
[11, 12]. Other S = 1 kagome materials include: KV3 GeO9 [13, 14], (NH4 )(C2 H8 N)[V2 F12 ]
[15], BaNi3 V2 O8 (OH)2 [16] and YCa3 (VO)3 (BO3 )4 [17], and an overview of their initial
magnetic and structural characterisation is presented in Chapter 3.5. While these materials
show that S = 1 kagome-based magnets are capable of displaying exotic physics, there
remain only a few well studied systems and additional studies are needed to map the phase
space of possible ground states.
The

successful

synthesis

of

both

protonated

and

deuterated

NH4 Ni2.5 V2 O7 (OH)2 · H2 O is outlined in this chapter alongside their crystal structures
and bulk magnetic properties. Despite significant depletion of the kagome sites, magnetic
frustration is evidenced in the bulk magnetometry by a build-up of superparamagnetic-like
domains and suppression of the ordering transition to TC ∼ 17 K (θW = −42 K). Analysis of
the superexchange angles indicates that the frustration arises from a competition between
nearest-neighbour ferromagnetic and antiferromagnetic exchange terms. Our crystal structure analysis and magnetometry results point to an unconventional ground state with contributions from additional energy terms, such as DM exchange and single-ion anisotropy. The
structural shorthand NH(D)4 Ni · H/D will be used to identify NH4 Ni2.5 V2 O7 (OH)2 · H2 O
in this chapter, where H and D indicates whether the sample is protonated or deuterated,
respectively.
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The synthesis work presented here was in part completed by Philip Reeves as a part of
his MSci project under my supervision.

6.2

Synthesis

The synthesis of NH4 Ni · H was adapted from the hydrothermal synthesis for
NH4 Cu2.5 V2 O7 (OH)2 · H2 O, outlined in Chapter 5, and the the literature synthesis of
NH4 Zn2.5 V2 O7 (OH)2 · H2 O [18]. The hydrothermal synthesis of these hydrated vanadate
minerals have the following general reaction procedure: NH4 OH and V2 O5 are mixed in
60 % of the final reaction suspension volume to produce an alkaline suspension of NH4 VO3 .
The transition metal salt solution is added to the suspension to make it up to its final volume
where it is then heated in a reaction vessel, such as a steel autoclave or Pyrex pressure tube,
before the final product is washed via centrifugation and dried in an oven.
In the synthesis of NH4 Ni · H presented here NiSO4 · 6 H2 O was used as the source
of Ni2+ ions due to its good solubility in water, and the molar ratio of nickel to vanadium used was Ni/V = 0.65 which is similar to ratios used for the literature synthesis of
NH4 Zn2.5 V2 O7 (OH)2 · H2 O [18]. The pH of the suspension can be controlled using the concentration of NH4 OH in the reaction, which is represented here in terms of the
ratio. To find an ideal starting ratio of

NH4
V

NH4
V

molar

for the synthesis of NH4 Ni · H, the pre-heating

pH of the suspension was recorded as a function of

NH4
V

using a Mettler Toledo MP220 pH

meter with a glass probe, these results are displayed in Figure 6.1a. The colour of the suspension when the pH was recorded is represented by the colour of the data point. The plot
displays the characteristic weak-acid and strong-base titration curve [19]. A similar trend
in the pre-heating pH and solution colour was observed in the synthesis of the Cu2+ material NH4 Cu2.5 V2 O7 (OH)2 · H2 O (Section 5.5.1), where the higher pH regime produces the
more pure crystalline product up to pH ≈ 10. Utilising this information for the NH4 Ni · H
synthesis, a ratio of

NH4
V

= 5.7 was chosen to give a pre-heating pH of between pH = 9 − 10.

Using the reagent ratios stated above, a series of syntheses were carried out at a range
of temperatures in order to optimise the synthesis conditions. The XRD diffraction patterns
of the products formed at T = 50, 115 and 120 ◦ C are displayed in Figure 6.1b. NH4 Ni · H,
with the hexagonal space group P63 /mmc, formed in a temperature window of 80 ◦ C < T <
130 ◦ C; with unreacted reagent NH4 VO3 present at T = 50 ◦ C and an amorphous black
phase at T = 130 ◦ C. For the sample formed at T = 120 ◦ C, lower intensity peaks than
the 115 ◦ C sample are observed and indicate a poorer crystallinity sample. Alongside this,
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a.

b.
o
C
o

o

C
C

NH4Ni2.5V2O7(OH)2.H2O
NH4VO3

4
Figure 6.1: a. Plot of the pre-heating pH of the reaction suspension as a function of the NH
V ratio
Ni
where V = 0.65. The colour of the data point represents the colour of the suspenNH4
4
sion at different NH
V values prior to heating. The plateau in pH at high V values
and pre-synthesis turquoise suspension match conditions observed for the synthesis of
4
NH4 Ni · H and the value of NH
V = 5.7 was chosen as initial conditions for the synthesis
b. Cu-source (λ = 1.5406 Å) Bruxer D4 XRD data on the products of syntheses carried
out at 50 ◦ C, 115 ◦ C and 120 ◦ C show unreacted staring material NH4 OH, phase pure
NH4 Ni · H, and an impurity phase (black arrows) alongside poorly crystalline NH4 Ni · H,
respectively
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additional peaks are observed that indicate either impurity phase formation or a reduction
in the main phase symmetry. As the synthesis at T = 115 ◦ C gave phase-pure crystalline
product, evidenced by peak sharpness relative to other samples, it was the temperature used
for further syntheses of NH4 Ni · H.

6.2.1

Optimised syntheses

A phase pure sample was obtained as follows: V2 O5 (166 mg, 99.6 %, Aldrich) was added
to NH4 OH (0.62 ml, 32 % wt, Sigma-Aldrich) diluted in distilled water (3.88 ml) and
this suspension was stirred for 1 hour, whereupon it turned yellow. NiSO4 .6H2 O (311 mg,
≥ 99.0 %, Aldrich) dissolved in distilled water (3.0 ml), was added to the yellow suspension
and the reaction was left stirring for 1 hour to homogenize. This produced a turquoise gel
which was loaded into a Pyrex pressure tube (15 ml, Ace Glass Inc.) and suspended in a
silicone oil bath at 115 ◦ C for 24 hours. The product was washed 3 times with water via
centrifugation for 2 mins at 4400 rpm. The sample was dried in the centrifuge tube at 60 ◦ C
for 5 hours. A yellow powder of NH4 Ni2.5 V2 O7 (OH)2 · H2 O (193 mg) was produced.
A deuterated sample of ND4 Ni · D was synthesised for neutron diffraction studies on
the WISH diffractometer by replacement of distilled water with D2 O (99.9 atom % D,
Sigma-Aldrich). The same methodology is used as for the protonated sample but the synthesis temperature was increased to T = 130 ◦ C as impurity phases formed at T > 140 ◦ C
and unreacted starting reagents were observed in the product at T < 120 ◦ C.
The ratios of the final reagent used for synthesis are 1 V2 O5 : 1.3 NiSO4 .6H2 O
: 11.5 NH4 OH : 236 H(D)2 O. The pH of the second reaction was 9.6 both before and after the synthesis.

Due to similarities between the synthesis methodol-

ogy of NH4 Cu2.5 V2 O7 (OH)2 · H2 O (Section 5.5.1) and NH4 Ni · H, the formers reaction mechanism can be adapted to give the following assumed reaction scheme for
NH4 Ni2.5 V2 O7 (OH)2 · H2 O:

V2 O5 + 2NH4 OH → 2NH4 VO3 + H2 O

(6.1)

5
2NH4 VO3 + NiSO4 .6H2 O + 4NH4 OH →
2
5
NH4 Ni2.5 V2 O7 (OH)2 .H2 O + (NH4 )2 SO4 + 15H2 O
2

(6.2)
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Which suggests a yield of ∼ 56 % for the protonated synthesis. The reagent ratios for 1 M
of NH4 Ni · H according to the idealized reaction scheme are 1 V2 O5 : 2.5 NiSO4 · 6 H2 O :
6 NH4 OH, indicating that our synthetic conditions correspond to a deficit of NiSO4 · 6 H2 O
and an excess of NH4 OH. The outlined synthetic procedure can be used to understand how
variation of concentrations or reagents will affect the product.

6.3

Structural analysis

Structural refinements of laboratory powder XRD and TOF neutron diffraction data on protonated and deuterated samples of NH4 Ni2.5 V2 O7 (OH)2 · H2 O are presented here. Initially,
powder XRD data was refined for the protonated sample and subsequent structural refinements were completed on neutron diffraction data collected on the WISH diffractometer at
ISIS. The structural features pertinent to the magnetic properties are discussed.

6.3.1

Rietveld refinement of laboratory X-ray diffraction data

The powder XRD data were recorded on a Stoe Stadi-P diffractometer using Cu-Kα1 radiation (λ = 1.5406 Å) with a rotating capillary sample holder (d = 0.3 mm). As no crystal
structure is known for NH4 Ni · H, the starting lattice parameters, space group and atomic positions for the crystal structure model were based on the engelhauptite (KCu3 V2 O7 (OH)2 Cl)
structure [20], where similarities between the powder diffraction pattern of NH4 Ni · H and
engelhauptite suggested engelhauptite’s crystal structure would make a good starting model.
The P63 /mmc (194) space group of engelhauptite is the highest symmetry hexagonal space
group and accounts for all the peaks observed in the powder X-ray diffraction pattern of
NH4 Ni · H, and is therefore assumed to be the correct space group. Rietveld refinement was
carried out using the TOPAS software package [21]. The data, final calculated fit and difference plots are shown in Fig. 6.2. The background was fitted using a polynomial Chebyshev
and pseudo-Voigt function, where the pseudo-Voigt function helped to account for the broad
peak centred at 22◦ that results from amorphous scattering by the borosilicate glass capillary. Stephen’s anisotropic broadening function was used to fit the diffraction profile [22].
Crystal structure information obtained from the refinement is displayed in Table 6.1. All
crystal structure figures were produced using VESTA [23].
The structure of NH4 Ni · H viewed along the a-axis is displayed in Fig. 6.3. The magnetic moments reside on brucite-type Ni-octahedra sheets that are separated by pyrovanadate pillars and interstitial pores, the latter contain NH+
4 and H2 O. Atomic positions were
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Figure 6.2: Rietveld refinement of XRD data measured on a powdered sample of
NH4 Ni2.5 V2 O7 (OH)2 .H2 O at a wavelength of λ = 1.5406 Å. The red, blue and
grey lines, and blue markers represent the fit, data, difference plot and reflection
positions, respectively. The final Rwp = 3.236 and final goodness-of-fit parameter was
χ 2 = 2.276 with 53 variables.

Table 6.1: Crystallographic
information
for
NH4 Ni2 .5V2 O7 (OH)2 .H2 O
(P63 /mmc,
a = 5.91119(23) Å, c = 14.43394(61) Å) refined from PXRD data recorded on
the Stoe Stadi-P diffractometer (λ = 1.5406 Å). The final R-value for this refinement
was Rwp = 3.236

Name
Ni
V
O(1)
O(2)
O(H)
O(w)
N

Wyckoff site
6g
4e
12k
2b
4f
6h
2d

x

y

1
2

1
2

0
0.15637(78)
0

0
0.3127(16)
0

1
3

2
3

0.3877(28)

0.7753(56)

1
3

2
3

z
0
0.37369(16)
0.59122(27)
1
4

0.06380(51)
1
4
3
4

Biso (Å2 )
1.98(10)
0.93(12)
1.93(20)
3.62(29)
0.30(26)
4.4(11)
0.42(44)

Occ.
0.8010(73)
1
1
1
1
1
3

1
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Figure 6.3: The structure of NH4 Ni2.5 V2 O7 (OH)2 · H2 O observed down the a-axis. The Nioctahedra sheets and bivanadate layers are illustrated in blue and red, respectively. The
oxygen of the H2 O and the nitrogen of the NH+
4 are shown in the interstitial sites.

assigned to sites equivalent to those in the similarly structured engelhauptite [20]. The NH+
4
and H2 O units of NH4 Ni · H were found to reside in the respective framework cavities of
Cl− and K+ found in engelhauptite. The nitrogen of the ammonium molecule was placed
in the Cl− site despite the opposing charge. With respect to literature studies of engelhauptite [20], we raise the possibility that difficulties in distinguishing Cl− and K+ ions using
X-ray diffraction could have led to misassignment of their positions. Our assignment of
cavity ions also matches that of K+ and H2 O in KZn2.5 V2 O7 (OH)2 · H2 O, a vanadate with
a comparable structure to NH4 Ni2.5 V2 O7 (OH)2 · H2 O [24].
During the refinement, the site occupancy of the bivanadate and hydroxide groups were
fixed to be unity while the occupancies of the Ni, N and O(w) sites were freely refined.
The occupancy of the Ni on the 6g site was freely refined to a value of ∼ 80%, which
is close to the idealized stoichiometric value of 83 %. Our refined structural formula is
NH4 Ni2.4 V2 O7 (OH)2 · H2 O.

6.3.2

Rietveld refinement from TOF neutron diffraction data - WISH

Neutron diffraction data was collected on 3.64 g of ND4 Ni2.5 V2 O7 (OD)2 · D2 O in a 10 mm
thin-walled vanadium can on the TOF WISH diffractometer at 300 K (80 µAh), 200 K
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Figure 6.4: Rietveld refinement of neutron TOF data measured on a powdered sample of
ND4 Ni2.5 V2 O7 (OD)2 .D2 O at a. bank 2 and b. bank 5 of the WISH diffractometer.
The red, black and purple lines, and blue markers represent the fit, data, difference plot
and reflection positions, respectively. The final combined Rwp value was 1.20 with 73
variables.

(80 µAh), 100 K (20 µAh), 50 K (80 µAh), 20 K (280 µAh), 12.5 K (60 µAh), and 1.5 K
(280 µAh). Here we discuss the structural refinement of the neutron diffraction data collected at T = 1.5 K where no magnetic Bragg peaks are observed.
A large Q-range of neutron diffraction data collected on ND4 Ni · D was used in Rietveld refinements through simultaneous use of the low-angle bank (bank 2) and back−1

scattering bank (bank 5), which have ranges of 0.5 − 10.5 Å
−1

tively. Bank 5 data of Q ≥ 7.6 Å

−1

and 1.4 − 15.7 Å
−1

and bank 2 data at Q ≥ 5.4 Å

respec-

was excluded due to
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Table 6.2: Crystallographic
information
for
ND4 Ni2.5 V2 O7 (OD)2 .D2 O
(P63 /mmc,
a = 5.90716(23) Å, c = 14.4273(7) Å) based on neutron diffraction data collected
on the WISH diffractometer at 1.5 K. The final combined Rwp value for this refinement
was 1.20
Name
Ni
V
O(1)
O(2)
O(D)
O(w)
N
D(1)

Wyckoff site
6g
4e
12k
2b
4f
6h
4f
12k

x

y

1
2

1
2

0
0.16586(31)
0

0
0.3317(6)
0

1
3

2
3

0.4400(13)

0.5600(13)

1
3

2
3

0.38930(34)

0.61070(34)

z
0
0.37321
0.58796(15)
1
4

0.05481(16)
1
4

0.7559(22)
0.10789(18)

Uiso (Å2 )
0.0093(5)
0.0051
0.0092(5)
0.0060(16)
0.0184(13)
0.040(7)
0.1015(30)
0.034(6)

Occ.
0.7655(21)
1
1
1
1
0.287(4)
0.4538(33)
0.1695(33)

poor peak resolution; crystal structure refinements were carried out using GSAS [25, 26].
The data profile of both banks was fitted with a pseudo-Voigt function convoluted with
anisotropic-broadening Lorentzian terms and the background was fitted with a shifted
Chebyschev function. A broad increase in the background with decreasing Q is observed
that likely results from incoherent proton scattering; this background was subtracted for the
data that is presented.
The refined crystal structure of ND4 Ni · D presented in Table 6.5 was used as a starting
model for this refinement, where this model was obtained from simultaneous refinement
of laboratory X-ray and neutron diffraction data collected at 300 K. The vanadium atomic
coordinates and atomic displacement parameters from this model were fixed as vanadium
has a small coherent scattering cross section and would not be expected to give stable atomic
positions from neutron diffraction data. Stable molecular orientations for the ND4 + and D2 O
interstitial units could not be found using rigid bodies and so the deuteriums of the water
and ammonium were not accounted for in the final fits. The inability to find the orientations
of the interstitial units may result from reduced coherent scattering, where the molecular
units take up different orientations in different interstitial sites.
The final fits to bank 2 and bank 5 data sets are displayed in Figure 6.4 and have
a weighted pattern R values of Rwp = 0.93 and Rwp = 1.45 respectively, and a combined
Rwp = 1.20, which is unusually low and reflects the large contribution of the background to
the total recorded scattering. The refined crystal structure data is displayed in Table 6.2 and
the interstitial region of the structure is shown in Figure 6.5. From the refinement it is clear
that the O(w) site lies away from the 3-fold rotational symmetry axis. This position is likely
stabilised by hydrogen bonding between the deuteriums of the water molecules and the oxy-
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D(1)
O(w)

N

Figure 6.5: Based on the refinements of neutron diffraction data collected at T = 1.5 K the oxygen
of the D2 O in ND4 Ni2.5 V2 O7 (OD)2 · D2 O occupies a site away from the 3-fold rotational
axis that lies along the c-axis. The deuterium of the hydroxide point into the interstitial
site at O(w) where O(D)-D(1)· · ·O(w)= 2.115(4) Å. The nitrogen of the ND4 + unit is
displaced slightly off the ab-mirror plan along the c-axis.

gens of the vanadate pillars. Physically meaningful displacement parameters for the D(1)
site of the O(D) hydroxide unit were obtained by placing it on a 12k site where the O(D)− D(1) bond points towards the O(w) site to form a O(D) − D(1) · · · O(w) = 2.115(4) Å hydrogen bond (Figure 6.5). The large displacement parameters of the N site were accounted
for in the model by lowering the site symmetry from the 2d Wyckoff site to the 4 f Wyckoff
site, where the nitrogen is displaced of the mirror plane and along the c-axis. Refinements
of neutron diffraction data for KCu2.5 V2 O7 (OD)2 · D2 O discussed in the previous chapter
indicate the deuterium site in the interstitial cavity accounts for half the deuterium hydroxide sites in these materials and, therefore, there is an unidentified deuterium site. Structural similarities between NH4 Ni2.5 V2 O7 (OD)2 · D2 O and KCu2.5 V2 O7 (OD)2 · D2 O mean it
is probable that NH4 Ni2.5V2 O7 (OD)2 · D2 O also has an unidentified deuterium site, and as
such the refined fractional occupancy of 0.1695(33) for the D(1) site accounts for 50 % of
the hydroxide deuteriums in NH4 Ni2.5 V2 O7 (OD)2 · D2 O. This implies the sample is fully
deuterated based on the refined fractional occupancy.
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6.3.3

Structural discussion

Selected bond distances and angles which are pertinent to the magnetic properties of both
protonated and deuterated NH4 Ni · H/D are displayed in Table 6.3. The interlayer Ni–Ni
separation of 7.22 Å is very similar to that of volborthite (7.21 Å) [27] , suggesting that the
superexchange between layers will be very weak and the magnetic Hamiltonian is highly
2-dimensional. The local geometry of the V2 O7 pillars differs between the two materials
– in volborthite they are staggered while those of NH4 Ni · H are eclipsed. The eclipsed
formation maximises ionic bonding between the interstitial NH4 + unit and the oxygens of
the V2 O7 pillars.
Analysis of the structural data reveals few differences between the protonated and
deuterated crystal structures. The most notable difference is between the atomic coordinates of the the O(w) site, which lie further from the 3-fold rotational axis in the deuterated
sample. The shift as a result of low temperature ordering is discounted as structural refinements of diffraction data collected at T = 300 K (Section 6.4.3) have roughly the same
atomic positions to the structure refined from data collected at T = 1.5 K. Shifts in the O(w)
positions may result from changes in the strength of the hydrogen bonding between samples or as an artefact of differences between the incident radiation, where the O(w) position
discerned using X-ray diffraction is less accurate due to the spread of electron density over
the water molecule. The following structural data quoted in the text is from the deuterated
sample as the neutron diffraction data is believed to give more accurate atomic positions.
The moment-bearing Ni2+ ions occupy the 6g site and have point symmetry 2/m.
They form an isotropic kagome lattice that is made up of identical equilateral triangular
units of side 2.95358(12) Å. The simplicity of the isotropic kagome lattice allows for good
comparison with idealised models of theory, in comparison to distorted systems where the
Hamiltonian is often more difficult to model due to its larger number of exchange terms.
The significant depletion of the kagome lattice through site vacancies is expected to lessen
the magnetic frustration [28], QSL physics may still occur as the occupancy is still higher
than the site percolation threshold for a kagome (psite
c =65%) [29]. Entanglement of spins
at greater separation than nearest neighbour could occur, which may further stabilize exotic
quantum states. We note that similar levels of site disorder are seen in some kapellasite
samples where they do not destroy its QSL ground state [30].
The Ni–Ni nearest-neighbour superexchange interactions in ND4 Ni · D are mediated
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Table 6.3: Selected bond distances and angles from the refined structure of NH4 Ni · H and ND4 Ni · D
(bold).

Interatomic distances (Å)
Ni-O(H)
1.9390(36)
1.8797(10)
Ni-O(1)
2.1992(40)
2.1289(18)

Angles (◦ )
Ni-O(H)-Ni
Ni-O(1)-Ni
O(1)-Ni-O(1)
O(H)-Ni-O(1)

V-O(2)
V-O(1)
O(D)-D(1)

1.7853(23)
1.77758(8)
1.6792(77)
1.7870(31)
0.9562(33)

V-O(2)-V
O(2)-V-O(1)
O(D)-D(1)· · ·O(w)

99.30(24)
103.56(8)
87.94(17)
87.84(10)
87.62(18)
88.38(16)
92.06(17)
96.36(7)
180.00
180
107.56(17)
108.27(7)
2.115(4)

Ni O(H) Ni

Ni O(1) Ni

Figure 6.6: The kagome plane viewed down the c-axis. The Ni2+ ions (blue) sit on a 6g site of the
P63 /mmc space group which has 3-fold rotational symmetry. The Ni2+ ions ferromagnetic and antiferromagnetic superexchange pathways via the O(1) (pink) and O(H) (red)
species, respectively, are shown.
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by a bridging µ3 -OD group which sits on a 4 f Wyckoff site with a 3-fold axis and a mirror plane and the O(1) of the bivanadate pillar which occupies a 12k Wyckoff site and
also lies on a mirror plane. Both superexchange pathways are displayed in Fig. 6.6. The
bridging angles of

6

Ni–O(D)–Ni = 103.56(8)◦ and
6

Ni–O(1)–Ni = 87.84(10)◦ are ex-

pected to mediate antiferromagnetic and ferromagnetic exchange, respectively, based on
the Goodenough-Kanamori-Anderson rules [31, 32]. Both interactions are predicted to be
weak as the angles of these pathways are close to the cross-over angle of 90◦ where both ferromagnetic and antiferromagnetic exchange are minimal [33], their competition may reduce
the overall strength of nearest-neighbour exchange.
Looking more closely at the environment of the Ni, we find its coordination octahedra have an unusual tetragonal distortion with axially compressed Ni–O(D)=1.8797(10) Å
and equatorially elongated Ni–O(1)=2.1289(18) Å bonds. This distortion is likely to be
the result of the structural requirements of the rigid bivanadate pillars which restrict the
spacing between kagome planes to be approximately 7.22 Å. In order to allow the D2 O to
occupy the interstitial site the O–D unit needs to move out of the interstitial cavity causing
a compression of the Ni–O(D) bond. Similar Ni-octahedral distortions are observed in the
kagome magnets NH4 Ni2 Mo2 O10 H3 and BaNi3 V2 O8 (OH)2 , where the restrictions of the
rigid MO4 and VO4 tetrahedra force the unusual geometry [16, 34].

6.4

Magnetic analysis

DC magnetometry was used to investigate the bulk magnetic properties of NH4 Ni · H. As
well as typical measurements against T , M(H) data were recorded at different temperatures
for analysis with an adapted Brillouin function, which has additional terms to account for
the build up of spin correlations and magnetic order at low temperatures. Magnetic neutron scattering data collected on the deuterated sample at WISH is also reported, where
no magnetic Bragg peaks were observed but analysis of the low-Q magnetic scattering is
presented.

6.4.1

DC Magnetometry - χ vs T

Zero-field-cooled and field-cooled magnetisation data were collected from NH4 Ni · H (131.8
mg) using a Quantum Design MPMS XL-7 DC-SQUID in a field of 1000 Oe and with a
heating rate of 2 K min−1 . A small diamagnetic correction was applied to the data using literature Pascal’s constants for the refined structural formula [35]. Inspection of

1
χ

vs T (Fig-

6.4. Magnetic analysis

175

ure 6.7a) shows a linear Curie-Weiss regime over the range 170 ≤ T ≤ 300 K from which a
Weiss temperature of θW ' −42 K can be extrapolated. The deviation from linear behaviour
on cooling below 170 K indicates that while spin correlations are building up, ordering is
suppressed to a temperature below T = |θW |: a well known characteristic of frustrated magnets [36–38]. In contrast to the negative Weiss temperature, the temperature-dependence
of the susceptibility (Figure 6.7b) indicates that there is a ferromagnetic-like transition at
TC ∼ 17 K that leads to a broad maximum. The juxtaposition of a ferromagnetic-like transition and a negative Weiss temperature agrees with the competing exchange interactions
expected from our crystal structure analysis. The dominant character of the mean field,
which would include contributions from further-neighbour exchange, appears to be antiferromagnetic and the transition only occurs when a ferromagnetic energy scale becomes
dominant. From the room temperature value of the effective moment, µeff = 3.18 µB , a
spin-only Landé g-factor of 2.25 can be calculated, in agreement with the higher estimates
for Ni2+ found in the literature [39].

6.4.2

DC Magnetometry - M vs H

The M(H) data collected between -5 T and 5 T at 2.5 and 20 K (Figure 6.7c) reveal a ferromagnetic component with field-dependent hysteresis. The field-dependence of the magnetization does not show saturation up to 5 T, which confirms contributions other than purely
ferromagnetic correlations. This type of response is common in kagome magnets and is displayed in S = 12 systems such as vesignieite, haydeeite, and Mg-herbertsmithite [38, 40, 41],
and the S = 1 system [C6 N2 H8 ][NH4 ]2 [Ni3 F6 (SO4 )2 ] [12]. The contribution of ferromagnetic and paramagnetic signals to similar M(H) curves were previously isolated for the
kagome magnet haydeeite using a paramagnetic Brillouin function and a factor that accounts
for the ferromagnetic contribution to the saturated magnetization at low-field [42, 43]. Fits
with such a Brillouin function to the magnetization of NH4 Ni · H at 2.5 K between 1 T and
5 T failed to accurately describe the field-dependence, as the build up of magnetic order
means the assumption of non-interacting paramagnetic spins does not hold. The effect of
interacting spins on the magnetization was previously modelled in Mn-doped CdTe [44]
where the data is fitted with an adapted-Brillouin function that includes an effective temperature to account for interactions between the spins of the Mn2+ ions. In Mn-doped
CdTe, and other systems fitted with this model [45, 46], reduced values of Msat are observed, when compared to the theoretical ideal value. The increase in interactions between
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d.

Figure 6.7: Bulk magnetization data collected for a sample of NH4 Ni · H a. The χm−1 vs T plot shows
deviation from the linear Curie-Weiss law at T ≤ 170 K due to a build up of local spin
correlations. Extrapolation from the linear region yields a of θW ' −42 K indicating an
antiferromagnetic mean field. b. A plot of χm vs T shows a ferromagnetic component
orders ∼ 17 K c. M vs H at 2.5 K and 20 K confirm ferromagnetic ordering, the red line
indicates the fit to the data with the adapted Brillouin function described in the text d.
The collected data at 2.5 K (•) compared to the extracted ferromagnetic response (◦)

the spins means larger fields are required to saturate, as is observed for herbertsmithite at
0.4 K where the strong antiferromagnetic exchange prevents the magnetization from saturating in fields up to 50 T [47]. Instead, based on these arguments, we use the following
magnetization function to fit the M(H) plots:

M(H)/Msat = (1 − f )BJ (H) + f

(6.3)

Where Msat = ngJ JµB , f is the proportion of the total signal that contributes to the ferromagnetic response, and BJ is the adapted-paramagnetic Brillouin function per mole,
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0

b.

Figure 6.8: a. M(H) data (◦) collected at temperatures ≤ 100 K between 1 T to 5 T fit the adapted
Brillouin function where three refinable parameters - Msat , f , and T0 - account for the interaction between spins b. The refined values of Msat and f increase upon cooling. The
change in f indicates the build up of a ferromagnetic response. This larger ferromagnetic response will increase the value of Msat at low-field. Inset: The increase in T0 with
decreasing temperature indicates possible increase in antiferromagnetic interactions, in
contrast to the observed increase in the ferromagnetic response



2J + 1
1
y
2J + 1
coth
y − coth
BJ (H) =
2J
2J
2J
2J

(6.4)

Here, y = gµB JH/kB Teff and Teff = T + T0 where T0 is a phenomenological parameter that
accounts for antiferromagnetic interactions when positive [45]. Ni2+ is taken to be spin
only, with J = S = 1 and gJ = 2.25, as calculated from the determined value of µeff . The
values of T0 , f and Msat are freely refined and the fit to data between 1 and 5 T at 2.5 K
is displayed in Fig. 6.7c and a plot of the extracted ferromagnetic component is displayed
in Fig. 6.7d where a spontaneous moment of 0.085 µB Ni−1 is observed. At 2.5 K, a value
of f = 0.203 indicates that only a small fraction of spins contribute to the ferromagnetic
signal. The refined value of Msat = 0.604 µB Ni−1 is 27 % of the ideal theoretical value of
2.25 µB Ni−1 that indicates a slow rate of saturation with increasing field due to the build up
of internal interactions. Similar reductions in Msat are observed at T < 2 K for the KAFM
materials herbertsmithite and barlowite of ∼ 10 % and 48 % respectively [48, 49]. The
Msat reduction in barlowite has been related to a competition between ferromagnetic and
antiferromagnetic exchange.
Further magnetization against magnetic-field data were recorded between 1 T and 5 T
at 5, 12.5, 30, 40, 50, and 100 K in order to analyse the contributing interactions to the
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Table 6.4: The refined values for T0 , f and Msat from the adapted Brillouin function given in Equations 6.3 and 6.4 for M(H) plots collected at T ≤ 40 K. Msat values for 100 K and 50 K
were refined using a standard Brillouin function [50]

T (K)
100
50
40
30
20
12.5
5
2.5

T0 (K)
-30.42(6)
-23.19(7)
-12.18(9)
-5.30(7)
0.84(3)
2.82(3)

f
0.006(2)
0.062(2)
0.146(1)
0.164(1)
0.174(1)
0.203(1)

Msat (µB Ni−1 )
1.959(2)
1.957(10)
0.475(2)
0.461(3)
0.545(4)
0.584(4)
0.593(7)
0.604(2)

mean-field described by the adapted-Brillouin function. The fits to the data are displayed
in Fig. 6.8a and the refined values (Table 6.4) are plotted against temperature in Fig. 6.8b.
The data recorded at 100 K and 50 K were well fitted with a standard Brillouin function
and required no additional parameters [50]. Msat values of 1.959 µB Ni−1 and 1.957 µB Ni−1
were refined respectively, which are both close to the idealized value. Fits at temperatures
T ≤ 40 K required the adapted-Brillouin function. This change in behaviour follows the
build up of magnetization that leads to a broad transition in χ(T ) at ∼ 17 K (Fig. 6.7b). f is
found to be non-zero below ∼ 40 K and increases upon cooling, indicating that ferromagnetic behaviour is increasing, and is consistent with an increase in spontaneous moment at
lower temperature (Fig. 6.7c). The value of Msat drops sharply below ∼ 40 K due to the
build up of interactions and then increases upon cooling as the ferromagnetic component
strengthens. In contrast to the increased ferromagnetic contribution at low temperature, increases in T0 upon cooling indicate an increasing antiferromagnetic contribution. Although
this parameter is phenomenological it hints at complex ground state interactions.

6.4.3

Magnetic scattering analysis - WISH

Neutron diffraction was carried out on ND4 Ni · D at WISH to characterise the ordered magnetic structure, however no magnetic Bragg peaks were observed. Instead of peaks, changes
in the low-Q background were observed as a result of both magnetic and structural scattering.
Investigations into the background scattering were carried out on data recorded on the
low-Q bank (bank 1) of WISH, where the high-flux is suited to identifying small changes
in the signal. The low-Q region for data recorded at 300, 200, 100, 50, 20, 12.5 and 1.5 K
is shown in Figure 6.9a where the background intensity is observed to increase from 300
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Figure 6.9: Changes in the background intensity of data collected on bank 1 of WISH at 300, 200,
100, 50, 20, 12.5 and 1.5 K was investigated a. Increases in the low-Q background are
observed between 300 to 100 K. The Ni2+ form factor for paramagnetic scattering is
shown, as the temperature decreases correlations build up and the scattering deviates
−1
from paramagnetic behaviour. b. Between 1.0 > Q > 0.3 Å the background intensity
decreases with temperature as a result of the change in magnetic scattering. c. The
−1
different-temperature behaviours seen for the 0.19 > Q > 0.135 Å and 0.8 > Q >
−1
0.3 Å indicate deviation from paramagnetic form factor type behaviour and indicates
the build-up of spin correlations.
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Figure 6.10: a. Neutron data collected on bank 1 of WISH at 300, 200, 100, 50, 12.5 and 1.5 K
−1
−1
showing the peak at Q = 0.86 Å and Q = 1.21 Å from the (002) and (010) reflections, respectively Inset: The (002) peak maximum and width appears to change with
temperature b. The (002) peak intensity and width are shown as a function of temperature, where the increase in intensity and decrease in peak width plateaus at T < 100 K.
c. The (010) peak intensity increases from 300 to 100 K. d. A decrease in ND4 Ni · D
unit cell volume is observed with temperature.

to 100 K. The 300 K data shows the greatest similarity with the plotted Ni2+ form factor in this region [51], and indicates that the scattering is more paramagnetic-like in the
high temperature region. As the temperature decreases the background deviates from the
paramagnetic form factor as the scattering evolves to develop short-range correlations. At
−1

1.0 > Q > 0.3 Å

(Figure 6.9b) the background appears to decrease with temperature,

showing a change in form of the scattering compared to the change in background ob−1

served at low-Q. Integration of the background over the regions 0.19 > Q > 0.135 Å
−1

0.8 > Q > 0.3 Å

and

are shown in Figure 6.9c. The different behaviours seen indicate the

deviation from paramagnetic behaviour, as described by the form factor, and suggests the
build up of magnetic correlations.
The change in background with temperature was observed to correspond with a change
−1

in the width of the peak at Q ≈ 0.86 Å

(Figure 6.10a) from the (002) reflection. A pseudo-
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Table 6.5: Crystallographic
information
for
ND4 Ni2.5 V2 O7 (OD)2 · D2 O
(P63 /mmc,
a = 5.91186(12) Å, c = 14.4225(4) Å) based on the simultaneous refinement of
Cu-source Stoe PXRD data and bank 5 WISH neutron diffraction data collected at
300 K. The final combined Rwp value for this refinement 4.12
Name
Ni
V
O(1)
O(2)
O(D)
O(w)
N
D(1)

Wyckoff site
6g
4e
12k
2b
4f
6h
2d
12k

x

y

1
2

1
2

0
0.16735(26)
0

0
0.3347(5)
0

1
3

2
3

0.4091(6)

0.5909(6)

1
3

2
3

0.38729(6)

0.61271(6)

z
0
0.37321(26)
0.58921(11)
1
4

0.057694(28)
1
4

0.7451(11)
0.111950(28)

Uiso /Å2
0.00906(23)
0.0051(11)
0.02019(25)
0.0089(8)
0.0261(7)
0.049(4)
0.0709(12)
0.029(5)

Occ.
0.6939(13)
1
1
1
1
1
3

0.4824(28)
0.1166(32)

voigt function and a sloping background was fitted to the peak in all bank 1 data sets to
observe whether this change corresponded to an overall alteration in (002) peak intensity
upon cooling. The peak intensity (Figure 6.10b) was shown to increase on cooling from
300 to 100 K and plateau at T < 100 K, with an inverse trend observed in the refined full
width at half maximum (FWHM) parameter that confirms a reduction in peak width upon
cooling. To investigate whether changes in magnetic or nuclear scattering caused changes
in the (002) peak, a similar peak fitting for each temperature was performed on the (010)
−1

peak on bank 2 of WISH, where the flux at Q = 1.21 Å

is higher than in bank 1 and

so reduced errors in the fitting. A minimal magnetic contribution to scattering would be
expected at this Q-value where the form factor is ∼ 0.1 % of its total height. Figure 6.10c
shows the (010) peak intensity increase upon cooling from 300 to 100 K and plateaus at
T < 100 K. This change in peak intensity with temperature corresponds to that observed for
the (002) peak and indicates these changes have a structural contribution, with no evidence
for a magnetic contribution.
Pawley refinements were carried out on data recorded at each temperature to investigate the structural changes implied by the changes in peak intensity. Figure 6.10d shows
the unit cell volume decreases upon cooling, with a large decrease observed from 300 to
100 K that corresponds to the temperature range at which the (002) and (010) peak intensity
was observed to increase. Plots of the a and c lattice parameters against temperature are not
shown here but display a similar trend to the plot of unit cell volume against temperature.
Rietveld refinements were carried out on data recorded at 300 K and 20 K to investigate
the structural features that caused the observed decrease in unit cell volume and changes in
peak intensity. The high-resolution bank 5 WISH data collected at 300 K was simultane-
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Figure 6.11: Simultaneous structural refinements of a. Cu-source Stoe PXRD data and b. bank 5
WISH neutron diffraction data collected on a sample of ND4 Ni2.5 V2 O7 (OD)2 · D2 O
at 300 K. The red, black and purple lines, and blue markers represent the fit, data,
difference plot and reflection positions, respectively. The final combined Rwp value
was 4.12 with 96 variables.
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Figure 6.12: Rietveld refinement of neutron TOF data measured on a powdered sample of
ND4 Ni2.5 V2 O7 (OD)2 .D2 O at a. bank 2 and b. bank 5 of the WISH diffractometer
at 20 K. The red, black and purple lines, and blue markers represent the fit, data, difference plot and reflection positions, respectively. The final combined Rwp value was
1.21 with 54 variables.
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Table 6.6: Crystallographic
information
for
ND4 Ni2.5 V2 O7 (OD)2 .D2 O
(P63 /mmc,
a = 5.90998(22) Å, c = 14.4332(6) Å) based on neutron diffraction data collected
on the WISH diffractometer at 20 K. The final combined Rwp value for this refinement
was 1.21
Name
Ni
V
O(1)
O(2)
O(D)
O(w)
N
D(1)

Wyckoff site
6g
4e
12k
2b
4f
6h
2d
12k

x

y

z
0
0.37321
0.58808(16)

1
2

1
2

0
0.16642(30)
0

0
0.3328(6)
0

1
3

2
3

0.4407(12)

0.5593(12)

1
3

2
3

1
4
3
4

0.39090(31)

0.60910(31)

0.10798(17)

1
4

0.05569(16)

Uiso /Å2
0.0069(5)
0.0051
0.0160(5)
0.0121(16)
0.0252(14)
0.019(6)
0.1236(31)
0.028(7)

Occ.
0.7225(22)
1
1
1
1
0.243(5)
0.944(7)
0.1466(32)

ously refined with Cu-source Stoe PXRD data collected at the same temperature: the inclusion of the X-ray diffraction data allows the vanadium structural parameters to be freely
refined. The refined structure of the protonated sample (Table 6.1) was used as the initial
structural model in the refinement. The deuterium of the hydroxide group, D(1), was initially placed on a 4 f Wyckoff site in the interstitial cavity above the µ3 -O(D) site, with an
initial hydroxide bond length of O(D) − D(1) = 1 Å. Refinements revealed the D(1) position lied away from the 3-fold axis and on a 12k Wyckoff site, where this position allowed
physically reasonable thermal parameters to be obtained. For the refinement of data collected at 20 K, data from bank 2 and 5 of WISH were used, and the structure refined from
the 300 K data sets was used as a starting model: the vanadium atomic coordinates and
thermal parameters from the starting model were fixed. The combined R values for the data
collected at 300 K (Figure 6.11) and 20 K (Figure 6.12) are Rwp = 4.12 and Rwp = 1.21,
respectively; the details of each crystal structure are presented in Table 6.5 and Table 6.6. A
pseudo-Voigt profile function was used to fit the TOF neutron data and Stephen’s anisotropic
profile function was used to fit the PXRD data. A Chebyshev background function was used
to fit the backgrounds, this background was subtracted from the presented data. Table 6.7
shows the bond distances from the crystal structure of ND4 Ni · D at 300, 20 and 1.5 K. The
Ni–O(D) bond length shows the most significant change in length with decreasing temperature, where the Ni–O(D) bond shortens and O(D) moves closer to the ab-plane. As such,
changes in unit cell volume and peak intensity with temperature likely result from shifts in
the O(D) atomic coordinates. It is expected that the ammonium and water units would order
at low-temperature, and this may act as the driving force for any structural changes.
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Table 6.7: Bond lengths from ND4 Ni · D at 300, 20 and 1.5 K

Bonds
Ni–O(D)
Ni–O(1)
V–O(2)
V–O(1)
O(D)–D(1)

6.4.4

Bond lengths (Å)
300 K
20 K
1.5 K
1.89866(18) 1.8859(10) 1.8797(10)
2.1344(14)
2.1287(18) 2.1289(18)
1.777(4)
1.77832(8) 1.77758(8)
1.7971(28)
1.7927(30) 1.7870(31)
0.9579(6)
0.9576(24) 0.9562(33)

Magnetic ground state discussion

These analyses of NH(D)4 Ni2.5 V2 O7 (OH[D])2 · H(D)2 O indicate a ground state with a predominantly antiferromagnetic interactions competing with a weaker ferromagnetic contribution. The antiferromagnetic character of the field is suggested by the negative Weiss
temperature and the reduced Msat values at T ≤ 40 K obtained from the Brillouin analysis.
Both neutron diffraction and magnetisation studies support the picture that the paramagnetic
scattering expected at high temperature evolves into short-ranged superparamagnetic-like
clusters upon cooling.
It is not possible to identify the individual energy terms that contribute to the magnetic
Hamiltonian from the bulk magnetic analysis presented here but dominant terms can be
speculated on based on the structural analysis and bulk magnetic response. The ferromagnetic signal may arise due to DM exchange which has been shown to cause a ferromagnetic
hysteresis in the S = 1 kagome staircase material Ni3 V2 O8 [7], by canting the spins away
from the orientations preferred by the dominant nearest-neighbour antiferromagnetic exchange. Despite the small strength of DM exchange, it can be the dominant interaction
in frustrated systems and is more commonly expected to induce an ordered state, such as
predicted for the Fe and Cr jarosites [52], but may also help form exotic ground states in
S = 1 kagome magnets, such as the spin nematic phase [1]. Spin-anisotropy may also play
a prominent role in the energetics of the magnetic ground state based on comparison to the
similarly coordinated S = 1 triangular lattice material Li2 NiW2 O8 . In this material easyaxis spin-anisotropy is of the same magnitude as the principal exchange interaction and
stabilizes a collinear magnetic ground state [53].

6.5

Future work

Inelastic neutron scattering experiments of ND4 Ni · D may allow a model of the ground state
magnetic Hamiltonian to be constructed and single crystals of ND4 Ni · D would aid this. No
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attempts to synthesise single crystals have yet been made, so whether they can be grown is
an open question and numerous synthetic avenues for further optimisation remain.
A proposal to investigate the local susceptibility of ND4 Ni · D via muon spin relaxation at the PSI has been submitted by collaborator Dr Jean-Christophe Orain, PSI. This
local probe technique will help determine whether the ground state is fully ordered and
should allow separation of the intrinsic contributions to the kagome susceptibility to be
distinguished from signals caused by impurity spins.

6.6

Conclusion

A hydrothermal synthesis and reaction mechanism for the production of pure crystalline
samples of protonated and deuterated NH4 Ni2.5 V2 O7 (OH)2 · H2 O has been outlined. The
crystal structure of NH4 Ni2.5 V2 O7 (OH)2 · H2 O consists of Ni2+ kagome-planes separated
by V2 O4−
7 pyrochlore pillars with ammonium and water groups residing in the interstitial
sites.
Preliminary magnetization measurements on NH4 Ni2.5 V2 O7 (OH)2 · H2 O show that despite significant depletion of the magnetic site, it displays the suppression of magnetic ordering and superparamagnetic-like correlations that are characteristic of kagome antiferromagnets, and a ferromagnetic transition at TC = 17 K. The juxtaposition of these responses
points to a complex ground state with an ordered component. The 6 Ni–O–Ni bond angles
show competing nearest neighbour exchange which may produce a small value of Jij . In
such systems the low temperature Hamiltonian is often dominated by anisotropic energy
terms such as DM exchange or easy-axis spin-anisotropy.
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Chapter 7

Study of the S = 1 kagome magnet
NH4Ni2Mo2O10H3

7.1

Introduction

The series of transition-metal molybdates with general formula AM2 Mo2 H3 O10 (M = Cu2+ ,
Ni2+ , Co2+ , Zn2+ ; A = NH4 + , K+ , Na+ ) have isotropic kagome lattices formed from sheets of
moment-bearing MO6 octahedra. These sheets are separated by diamagnetic MoO4 tetrahedra units and interstitial cavities occupied by the A+ cation [1–3]. Previous studies of these
materials have focused on their role as possible precursors for catalytic converters [4, 5], as
such this work presents their introduction to the field of frustrated magnetism. Their structure is similar to those of the S = 1 and S =

1
2

kagome magnets Ni- and Cu- vesignieite,

BaCu[Ni]3 V2 O8 (OH)2 , with the diamagnetic V5+ ion of the pyrovanadate unit replaced by
a Mo6+ ion and the interstitial Ba2+ ion replaced by an A+ cation [6, 7]. These structural
similarities provide opportunities to help reveal the role the tetrahedral MoO4 and VO4 units
play in the resulting magnetic behaviour. These diamagnetic tetrahedral units are important
for maintaining 2-dimensionality of the kagome lattice by restricting interlayer exchange,
and can mediate further neighbour superexchange within the kagome lattice. For example,
DFT studies on volborthite suggest the Cu-O-V-O-Cu superexchange pathway enhances the
dominant antiferromagnetic exchange integral in the magnetic Hamiltonian [8].
In
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chapter
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NH4 Ni2 Mo2 O10 H3 adapted from a previous literature synthesis is outlined and the refined
crystal structure of NH4 Ni2 Mo2 O10 H3 is reviewed from the perspective of frustrated mag-
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netism, where superexchange angles indicate competing nearest-neighbour anti- and ferromagnetic exchange. Magnetic frustration is evidenced in NH4 Ni2 Mo2 O10 H3 using bulk
magnetometry, with magnetic order suppressed below the Weiss temperature (θW = −70 K)
down to T ≈ 13.5 K and low-temperature field-dependant magnetisation studies reveal a
ferromagnetic response that accounts for a small fraction of the total magnetic signal.
The synthesis of NH4 Ni2 Mo2 O10 H3 was carried out under my instruction by Jack
Wardell as part of his MSci project.

7.2

Synthesis

The synthetic method for NH4 Ni2 Mo2 O10 H3 was adapted from literature hydrothermal
syntheses [1, 4, 5], where a 1:1 suspension of ammonium heptamolybdate tetrahydrate,
(NH4 )6 Mo7 O24 · 4 H2 O, and basic nickel carbonate, NiCo3 · 2 Ni(OH)2 · 4 H2 O, are heated to
T = 90 ◦ C, basified with concentrated ammonium hydroxide, and heated for 12 hours. The
volume of distilled water and NH4 OH used in the literature syntheses were not reported,
although the pre-heating pH of the reaction suspensions were 8.6 [1] and 10 [4, 5]. The pH
of the suspension before the addition of NH4 OH was reported in one literature synthesis
as 4.6 [1], and this was used as a guild for the initial volume of water in the suspension.
Using this volume of distilled water, the volume of NH4 OH that gave pH = 8.6 and 10 were
determined through the dropwise addition of NH4 OH to the solution. Only the reaction performed at pH = 10 produced pure phase NH4 Ni2 Mo2 O10 H3 and so further syntheses were
carried out at this pH. The reaction time of this synthesis was changed from the 12 hours
used in the literature synthesis to 8 hours [4, 5], as the evolution of ammonia during the synthesis was found to be important for the precipitation of NH4 Ni2 Mo2 O10 H3 out of solution,
and the shorter reaction time allowed the synthesis to be easily monitored: the shorter time
was found not to detriment the sample quality.

7.2.1

Optimised synthesis

The optimised synthesis of NH4 Ni2 Mo2 O10 H3 is as follows: Ni(NO3 )2 · 6 H2 O (1.1632 g, ≥
98 %, Fisher) and (NH4 )6 Mo7 O24 · 4 H2 O (0.7062 g, 99.98 %, Sigma-Aldrich) were added
to 100 ml volume single-neck round bottom flask and dissolved in 30 ml of distilled water
to give a solution of pH = 4.60. The solution was heated to T = 90 ◦ C on an aluminium
heating mantle and concentrated NH4 OH (3.05 ml, 28 % wt, Sigma-Aldrich) was added
dropwise whilst being stirred to give a deep blue solution of pH = 10.00. The solution was
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Figure 7.1: The diffraction data for NH4 Ni2 Mo2 O10 H3 collected on a Mo-source (λ = 0.7093 Å)
Stoe Stadi-P diffractometer is displayed in black with the fit to the data in red. The
grey line represents the difference plot and the blue tick marks the reflection positions.
The final weighted R-value for the data was Rwp = 6.860 using 36 variables and the
goodness-of-fit was χ 2 = 1.441.

heated at T = 90 ◦ C for 8 hours where a green precipitate of NH4 Ni2 Mo2 O10 H3 formed.
The product was vacuum filtered and rinsed with water until the solution ran clear and
then dried in an oven at T = 100 ◦ C for 12 hours. A green powder of NH4 Ni2 Mo2 O10 H3
(527 mg) was produced.

7.3

Structural analysis

The powder XRD data were recorded on a Stoe Stadi-P diffractometer using Mo-Kα1
radiation (λ = 0.7093 Å) with the sample held in a rotating borosilicate glass capillary
(d = 0.3 mm). The short wavelength X-rays of the Mo-Stoe were used to reduce the effects
of absorption by the heavy Mo6+ ion in NH4 Ni2 Mo2 O10 H3 . Assuming a packing fraction
of 0.6, absorption was calculated as µR ≈ 0.6 so at this wavelength the effects of absorption
of X-rays can be considered minimal. The initial structural model used in the refinements
was taken from Levin et. al. [1]. Refinements were carried out using the TOPAS software
package [9]. The background was fitted using a Chebyshev polynomial function and a fundamental parameters approach was applied to fit the diffraction profile, where Lorentzian
and Gaussian functions accounted for the peak broadening that results from both strain and
crystallite size. Figure 7.1 displays the diffraction data and final refinements plots. The
crystal structure information obtained from the refinement is displayed in Table 7.1.
The structure of NH4 Ni2 Mo2 O10 H3 viewed along the b-axis is displayed in Fig. 7.2.
The magnetic moments reside on edge-sharing sheets of NiO6 octahedra that are separated
by MoO4 tetrahedra and an interstitial NH4 + unit. No large deviations are observed between
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Table 7.1: Crystallographic information for NH4 Ni2 Mo2 O10 H3 (R3̄m, a = 6.03550(12) Å, c =
21.92534(64) Å) obtained from the structural refinement of X-ray diffraction data from
the Stoe (Mo-source) Stadi-P diffractometer. The site name, Wyckoff site, unit cell parameters, atomic displacement parameters and site occupancy are displayed. The final
weighted R-value for this refinement was Rwp = 6.860

Name
Mo
Ni
O(1)
O(2)
O(3)
N

Wyckoff site
6c
9e
6c
6c
18h
3b

x
0
0.5
0
0
0.3180(11)
0

y
0
0
0
0
0.15900(56)
0

z
0.088114(93)
0
0.29387(46)
0.16742(65)
-0.06171(23)
0.5

Biso (Å2 )
3.117(88)
2.18(12)
2.32(28)
8.80(45)
3.10(19)
5.41(45)

Occ.
1
0.6642(43)
1
1
1
1

c

a
Figure 7.2: The structure of NH4 Ni2 Mo2 O10 H3 observed down the b-axis. The NiO6 octahedra that
make up the kagome lattice are represented by the blue polyhedra. The black tetrahedra
represent the MoO4 units and the pink atoms represent the N atom of the NH4 + unit.
The black box outlines the unit cell.
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refined atomic structural parameters of the NH4 Ni2 Mo2 O10 H3 sample presented here and
the literature structure. The O(2) site of the refined structure has a large displacement pa2

2

rameter (Biso = 8.80(45) Å ) in agreement with the literature refinement (Biso = 7.6 Å ).
The O(2) site lies at the vertex of the MoO4 tetrahedra where the Mo – O(2) bond points
along the c-axis towards the µ 3 -O(1) site on the opposite kagome layer. The large atomic
displacement parameter might result from the lack of restriction on the O(2) site position
due to its relatively low coordination number. We suggests that this causes the O(2) to
move away from the 6c Wyckoff site and off the 3-fold rotational axis. The Ni occupancy
of the literature model is reported as ∼ 58 %, where it is proposed any deficit in Ni2+ ions
is charged balanced by proton uptake [1]. The refined value of 0.6642(43) from our data
indicates a ∼ 66 % kagome lattice occupancy.

7.3.1

Structural discussion

The moment-bearing S = 1 Ni2+ ion occupies the 9e Wyckoff site with 2/m point symmetry
that forms an isotropic kagome lattice (Figure 7.3) with the ideal 3-fold rotational symmetry.
The length of these equilateral triangles units is 3.01775(5) Å. As a result of this ‘perfect’
kagome geometry, few exchange terms are expected in the magnetic Hamiltonian, which
may encourage large ground state degeneracies.
As the kagome lattice of NH4 Ni2 Mo2 O10 H3 is ∼ 66 % occupied, significant disorder
due to site vacancies are expected to reduce the ground state magnetic frustration [10]. From
the perspective of QSL formation, a 66 % kagome occupancy is near the site percolation
threshold (psite
c =65%), the upper limit at which a coherent disordered state based on nearestneighbour valence bond configurations is believed to form [11]. This view does not account
for the possibility of long range entangled valence bonds which may contribute to stabilising
a disordered quantum ground state. We also note that kagome occupancy is higher than the
bond percolation threshold (pbond
=52%) [11], which may be more relevant for states based
c
on valence bond formation.
Figure 7.3 shows the two nearest-neighbour exchange pathways for NH4 Ni2 Mo2 O10 H3 ,
where Ni – O(1) – Ni = 101.7(4)

◦

and Ni – O(3) – Ni = 84.75(19) ◦ . These correspond

to antiferromagnetic and ferromagnetic exchange pathways, respectively, based on the
Goodenough-Kanamori-Anderson rules [12, 13], and a magnetometry study of various
Ni-oxides that indicates 6 Ni2+ − O2− − Ni2+ ≥ 100

◦

superexchange pathways are anti-

ferromagnetic [14]. It follows that a competition between the nearest-neighbour anti- and

196

Chapter 7. Study of the S = 1 kagome magnet NH4 Ni2 Mo2 O10 H3

Ni-O(3)-Ni = 84.75(19)o

Ni-O(1)-Ni = 101.7(4)o

b

a

Figure 7.3: The kagome lattice of NH4 Ni2 Mo2 O10 H3 as viewed along the c-axis. The Ni2+ ions
(blue) occupy the vertex of the equilateral triangles that make up the kagome lattice.
The O(1) (red) and O(3) (pink) sites are expected to mediate antiferromagnetic and
ferromagnetic exchange, respectively. The unit cell and kagome lattice are represented
by the respective bold and dashed black lines.

ferromagnetic exchange is expected that will affect the overall strength of the exchange
field and could lead to further degeneracies. An example of this situation is found in kapellasite, where competing nearest-neighbour ferromagnetic exchange and further neighbour
antiferromagnetic exchange produce a chiral spin-liquid ground state, and this is despite the
occupation of the kagome lattice by the S =

1
2

Cu2+ ions being around ∼ 73 % [15].

It is noticeable that in the NH4 Ni2 Mo2 O10 H3 structure the distance between the
kagome layers is ∼ 5.48 Å, which is significantly smaller than the separation in the isostructural Ni-vesignieite of ∼ 7.78 Å [7]. Despite this closeness, the absence of an obvious exchange pathway between the layers suggests any interlayer spin coupling will still
be weak and the kagome lattice of NH4 Ni2 Mo2 O10 H3 should retain a high degree of 2dimensionality.

7.4

DC Magnetometry - χ vs. T

Zero-field and field cooled data were collected on NH4 Ni2 Mo2 O10 H3 (368.8 mg) in a field
of 500 Oe between 300 K to 2 K on a Quantum Design MPMS XL-7 DC-SQUID. The
diamagnetic contribution to the signal was corrected for the refined structural formula using
literature Pascal’s constants [16]. Figure 7.4a shows the temperature dependence of the
inverse susceptibility. Extrapolation of the high temperature data to the linear behaviour of
the Curie-Weiss law leads to a Weiss temperature of θW ∼ −70 K which indicates a strong

7.4. DC Magnetometry - χ vs. T
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Figure 7.4: a. Plot of the FC and ZFC inverse susceptibility vs. T with a Curie-Weiss plot that
indicates a Weiss temperature of θW ∼ −70 K and the build up of short range spin
correlations at T ∼ 190 K b. Low temperature region of the χ(T ) plot where magnetic
order is observed at TC = 13.5 K and a bifurcation between ZFC and FC at T ≈ 10 K is
observed due to a ferromagnetic component to the magnetic order

antiferromagnetic mean field. Further analysis of the plot shows deviation from the linear
Curie-Weiss regime at T ≈ 190 K, indicating that there is a build up of short range spin
correlations as is commonly observed in frustrated magnets [17–19]. The low temperature
region of the susceptibility data (Figure 7.4b) shows the build-up of magnetic order below
T < 24 K with a maximum in the gradient steepness at TC = 13.5 K. The bifurcation of
the ZFC and FC data at T ≈ 10 K is compatible with a small ferromagnetic component to
the magnetic order, in contrast to the antiferromagnetic character to the overall mean field.
A spin-only Landé g-factor of 2.04 was calculated from the room temperature effective
moment of µeff = 2.89 µB .
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Figure 7.5: a. M(H) data recorded on NH4 Ni2 Mo2 O10 H3 between -7 to 7 T that show the hysteresis at T = 2 K; no hysteresis is observed above the transition at T = 40 K. An adapted
Brillouin function was fitted to the data at T = 2 K between 2 and 7 T. b. A plot of
the ferromagnetic component extracted from the 2 K M(H) data using the adaptedBrillouin function, where a small spontaneous moment of 0.032 µB Ni−1 and coercive
field of 0.1 T are observed c The adapted Brillouin function was fitted to M(H) plots
between 2 to 7 T for data collected at 2, 7.5, 13, 25, and 40 K with the refined parameters displayed in Table 7.2 d Plots of Msat and the ferromagnetic component f with
temperature that shows the build up of magnetic order at T < 25 K. Inset: The plot of
T0 against temperature which indicates the build up of antiferromagnetic correlations at
low temperatures

7.5

DC Magnetometry - M vs. H

M(H) data were collected at 2 and 40 K to explore the magnetic response either side of the
transition. Figure 7.5a shows a field-dependent hysteresis observed at T = 2 K that confirms
a ferromagnetic component to the magnetic order. No saturation of the magnetic field is
observed up to 7 T, indicating that the ferromagnetic component only partially accounts for
the total magnetic response. For example, the sample could be ferromagnetic as a result of
spins canted out of the ab-plane or because partial disorder generates a paramagnetic-like
response. A similar response was observed for NH4 Ni2.5 V2 O7 (OH)2 · H2 O, as explained in
Chapter 6, and has also been seen in other frustrated kagome magnets, including vesignieite,

7.5. DC Magnetometry - M vs. H

199

Table 7.2: Refined T0 , f , and Msat values from the adapted Brillouin function fitted to the M(H)
plots collected at T ≤ 25 K. The M(H) data collected at T = 40 K was fitted with a
standard Brillouin function with a refined Msat value

T (K)
40
25
13
7.5
2

T0 (K)
-13.2(3)
-2.7(3)
3.2(5)
10.5(6)

f
0.020(1)
0.066(1)
0.094(1)
0.130(3)

Msat (µB Ni−1 )
1.367(1)
0.57(1)
0.61(2)
0.69(2)
0.79(3)

haydeeite, and [C6 N2 H8 ][NH4 ]2 [Ni3 F6 (SO4 )2 ] [19–21].
The adapted Brillouin function described previously (Chapter 6.4.2) was fitted to the
M(H) data recorded at 2 K between 2 and 7 T (Figure 7.5a), and the refined Msat , f , and
T0 parameters are displayed in Table 7.2. Figure 7.5b shows a plot of the extracted ferromagnetic response with a spontaneous moment of 0.032 µB Ni−1 and coercive field of
0.1 T. The plot shows the ferromagnetic component saturates at ∼ 0.13 µB Ni−1 which is
below the value of 2.04 µB Ni−1 expected if all the Ni2+ spins contributed to the signal.
These findings indicate that the ferromagnetic component accounts for only ∼ 6 % of the
total expected signal. The refined Msat = 0.79(3) µB Ni−1 value is also smaller than the
expected value of 2.04 µB Ni−1 , indicating these magnetic field values are unable to induce
a completely parallel spin structure as expected for the strong antiferromagnetic exchange.
The refined effective temperature parameter in the adapted Brillouin function, T0 = 10.5 K,
provides further support to the picture of strong antiferromagnetic correlations. Comparisons with the effective temperature determined for NH4 Ni2.5 V2 O7 (OH)2 · H2 O at T = 2.5 K
of T0 = 2.82 K, suggest the strength of the antiferromagnetic correlations are stronger in
NH4 Ni2 Mo2 O10 H3 , in general agreement with the larger Weiss temperature.
Further field-dependent magnetisation data were collected at 7.5, 13 and 25 K to study
how the Brillouin-like response changes over the temperature range where magnetic order
is observed. Figure 7.5c shows the fits to each data set between 2 and 7 T and the refined
parameters are displayed in Table 7.2. A standard Brillouin function was used to fit the
data at T = 40 K, as this is above the magnetic transition and strong correlations associated
with magnetic order have not formed. To fit the data at 40 K the saturated magnetisation
was refined to a value of Msat = 1.367(1) µB Ni−1 , which is lower than the expected value
of 2.04 µB Ni−1 . This indicates that there are still antiferromagnetic spin correlations in a
superparamagnetic-like state that are reducing Msat , a behaviour that has also been seen in
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Table 7.3: Key parameters from the χ(T ) plots of S = 1 Ni-based kagome magnets
NH4 Ni2 Mo2 O10 H3 and NH4 Ni2.5 V2 O7 (OH)2 · H2 O studied in this thesis, and
[C6 N2 H8 ][NH4 ]2 [Ni3 F6 (SO4 )2 ] [23] and BaNi3 V2 O8 (OH)2 from the literature [7].

NH4 Ni2 Mo2 O10 H3
NH4 Ni2.5 V2 O7 (OH)2 · H2 O
[C6 N2 H8 ][NH4 ]2 [Ni3 F6 (SO4 )2 ]
BaNi3 V2 O8 (OH)2
the S =

1
2

TC (K)
-70
-40
-60
10

θW (K)
13.5
17
∼ 13
20

ZFC/FC bifurcation
Yes
Yes
Yes
No

KAFM barlowite [22]. Figure 7.5d shows plots of the refined f , Msat , and T0 pa-

rameters against temperature for the data collected at T ≤ 25 K. The value of f increases at
lower temperature representing the build-up of the ordered ferromagnetic component. Interestingly, the value of T0 also increases with decreasing temperature, which may correlate to
an increase in antiferromagnetic correlations, in contrast to the increasing f component. The
inverse relationship between Msat and temperature at T ≤ 25 K may result from the build-up
of ferromagnetic-like order at low temperature, as the ferromagnetic domains readily align
with the applied field and increase the rate of saturation.

7.6

Magnetic Ground State Discussion

Bulk magnetometry analysis on NH4 Ni2 Mo2 O10 H3 show that the magnetic ground state
involves the coexistence of antiferromagnetic correlations with a small ferromagnetic response. Comparable bulk magnetic responses have been observed in many of the other Nibased S = 1 kagome magnets. Table 7.3 shows some key parameters taken from ZFC and FC
χ(T ) plots of the other S = 1 magnetic materials, [C6 N2 H8 ][NH4 ]2 [Ni3 F6 (SO4 )2 ] [23], Nivesignieite (BaNi3 V2 O8 (OH)2 ) [7], and NH4 Ni2.5 V2 O7 (OH)2 · H2 O. The table shows that
NH4 Ni2 Mo2 O10 H3 , NH4 Ni2.5 V2 O7 (OH)2 · H2 O, and [C6 N2 H8 ][NH4 ]2 [Ni3 F6 (SO4 )2 ] all
share similar strength antiferromagnetic mean fields and Curie temperatures, and ZFC/FC
bifurcation in the χ(T ) plot indicates a ferromagnetic response below the transition. The observed ferromagnetic response in these materials may result from antisymmetric exchange
inducing out-of-plane spin canting, as is suggested for [C6 N2 H8 ][NH4 ]2 [Ni3 F6 (SO4 )2 ] [24].
Structural similarities between NH4 Ni2 Mo2 O10 H3 , NH4 Ni2.5 V2 O7 (OH)2 · H2 O and
Ni-vesignieite allow comparisons to be made between their exchange pathways. The similarity in superexchange angle for each material (Table 7.4) indicates they should share
similar strength nearest-neighbour anti- and ferromagnetic exchange. The geometric frustration in NH4 Ni2 Mo2 O10 H3 appears greater than for the other two Ni minerals, where
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Table 7.4: The 6 Ni−O−Ni superexchange angles for S = 1 Ni-based kagome magnets
NH4 Ni2 Mo2 O10 H3 , NH4 Ni2.5 V2 O7 (OH)2 · H2 O and BaNi3 V2 O8 (OH)2 [7]

NH4 Ni2 Mo2 O10 H3
NH4 Ni2.5 V2 O7 (OH)2 · H2 O
BaNi3 V2 O8 (OH)2

Ni−µ3 -O(H)−Ni
101.7(4)
103.33(7)
97(2)

Ni−O−Ni
84.74(19)
87.32(10)
83.7(19)/93.8(14)

magnetic order is suppressed to a lower temperature (TC ≈ 13.5 K) than is observed in both
NH4 Ni2.5 V2 O7 (OH)2 .H2 O and Ni-vesignieite, despite a strong antiferromagnetic mean
field of θW = −70 K. The frustration in NH4 Ni2 Mo2 O10 H3 persists despite the significant
depletion of the kagome sites, and we speculate that further neighbour exchange such as via
the Ni−O−Mo−O−Ni pathway may play a role in further frustrating the magnetic order.
Limited material realisations of S = 1 KAFM systems means the ground states formed
from coupling of S = 1 spin states and geometric frustration are little understood. Many
of the current model systems display structural deviations from ideality, such as interkagome exchange in YCa3 (VO)3 (BO3 )4 [25], low-temperature structural distortions in
NaV6 O11 [26], and undulated kagome lattices in the CsAV3 F12 series [27]; where all of
these are discussed in detail in Section 3.5. The structural and magnetometry investigations of NH4 Ni2.5 V2 O7 (OH)2 · H2 O and NH4 Ni2 MO2 O10 H3 in this work present their first
study from the perspective of frustrated magnetism, where their highly 2-dimensional, 3fold symmetric kagome lattices mean they represent some of the best structural models of
S = 1 KAFM systems. Both materials and [C6 N2 H8 ][NH4 ]2 [Ni3 F6 (SO4 )2 ] display similar
bulk magnetic responses with a ferromagnetic-like component and competing antiferromagnetic and ferromagnetic exchange. Similarities in these responses suggest a shared dominant
low temperature energy scale, where further characterisation of these materials will inform
theoretical understanding of common ground states in the S = 1 KAFM systems.

7.7

Future Work

The bulk magnetic studies on NH4 Ni2 Mo2 O10 H3 reveal an unconventional ground state
with a ferromagnetic response and an antiferromagnetic mean field. The Brillouin analysis of the field-dependent magnetisation indicates that the ferromagnetic response only
makes up a small component of the total magnetic signal. Muon spin relaxation (µSR)
measurements could be used to further characterise the nature of the ground state, where
similar experiments have been carried out for vesignieite that showed a highly unconven-
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tional ground state with combined dynamic and frozen spin components [28]. Further to
this, neutron diffraction studies, using an instrument such as the WISH diffractometer, may
allow such a magnetic structure to be characterised.
The effects of further perturbations to the magnetic ground state could also be studied
by further diamagnetic doping of the kagome lattice of NH4 Ni2 Mo2 O10 H3 . For example,
where doping below the kagome site percolation threshold of 65 % may allow studies of the
role played by entanglement in this system at low temperatures. A literature synthesis of the
diamagnetic Zn-analogue, NH4 Zn2 Mo2 O10 H3 , implies such doping should be possible [29].
Work by Levin et al. proposed NH4 Ni2 Mo2 O10 H3 as a member of solid solution
(NH4 )H2x Ni3 – x (MoO4 )2 (OH) [1], where Ni site depletion of the 9e site is charged-balanced
by the uptake of H+ ions. This proposal is based on chemical analysis of a range of
ammonium-nickel-molybdate samples synthesised by Astier [30], that indicated a range of
Ni
Mo

= 0.8 − 1.5 had been synthesised via. alteration of the starting reagent ratios. Although

no structural characterisation of samples with

Ni
Mo

> 1 are available, this structural flexi-

bility may allow for a sample with a fully occupied kagome lattice to be synthesised, that
would bring the structure closer to simple theoretical models. Our preliminary attempts to
synthesise materials with varying

Ni
Mo

molar ratios proved unsuccessful but further synthesis

optimisation could be attempted to improve sample quality.

7.8

Conclusion

A preliminary study of NH4 Ni2 Mo2 O10 H3 as a model S = 1 kagome magnet is presented.
The structure of NH4 Ni2 Mo2 O10 H3 has been reviewed in the context of frustrated magnetism and has an isotropic kagome lattice of S = 1 Ni2+ ions that is highly 2-dimensionality
due to the absence of interlayer exchange pathways. Both anti- and ferromagnetic exchange
is suggested by the N−O−Ni superexchange angles. The magnetometry data shows signs
of magnetic frustration; e.g. the suppression of magnetic order below |θW | and the build-up
of a superparamagnetic-like state at a relatively high temperature. The weak ferromagnetic
component in the field-dependent magnetisation may result from canting of the antiferromagnetic correlations. This response is commonly a result of a dominant DM interaction,
which suggests a complex mix of competing exchange in the ground state. The major drawback of NH4 Ni2 Mo2 O10 H3 as a model S = 1 kagome magnet is the significant site depletion
on the kagome lattice. Although, despite this, the frustration in NH4 Ni2 Mo2 O10 H3 appears
to be stronger than the isostructural S = 1 kagome magnet Ni-vesignieite, which has a fully

7.8. Conclusion
occupied kagome lattice.
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Chapter 8

Conclusions

S=

1
2

kagome magnets are one of the best model materials to realise unconventional mag-

netic states that arise as a result of strong geometric frustration and spin. Such states include
the 2-dimensional QSL, a coherent quantum entangled state predicted to host fractional
quasi-particle excitations and recently observed in the model S =
Alongside the S =

1
2

1
2

KAFM herbertsmithite.

kagome magnets, the S = 1 systems may also realise a variety of dif-

ferent exotic states that result from the features of this spin quantum number, such as a
spin nematic state. This work explores several model S =

1
2

and S = 1 kagome magnets

not studied previously from the perspective of frustrated magnetism. They display a variety
of magnetic behaviours that are induced by frustration and consistent with exotic ground
states.
In Chapter 5 a series of S =

1
2

KAFMs with general formula ACu2.5 V2 O7 (OH)2 · H2 O

(A = K+ , NH4 + , Rb+ ) are synthesised and characterised using both X-ray and neutron
diffraction techniques, and DC magnetometry. Magnetic frustration is evidenced in each
material by the suppression of magnetic order below the Weiss temperature (θW ∼ 200 K)
and the build-up of short-range spin correlations at T ∼ 200 K. Despite the similar strength
mean-fields, the materials of the ACu · H series display a range of low temperature magnetic properties that include a field-hysteretic magnetisation in KCu · D and an absence of
a magnetic transition in RbCu · H down to T = 2 K. These varied properties evidence a
rich magnetic phase diagram for this series, consistent with ground states such as a spincanted state and a quantum disordered ground state, respectively. These states likely result
from competing exchange interactions, where superexchange pathways indicate competing nearest-neighbour antiferromagnetic and ferromagnetic exchange. Moreover, the bulk
magnetic responses for samples of KCu · D and m · NH4 Cu · H show similarities with those
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observed in the structurally related S = 21 kagome magnet volborthite. The ACu · H series has
a similar exchange environment and can inform understanding into the microscopic models
of anisotropic S =

1
2

kagome magnets. Distorted CuO6 octahedra, determined from powder

neutron diffraction, observed in each material suggest the presence of orbital frustration as
a result of static and dynamic JT effects, which persist to low temperature and help stabilise
a high symmetry structure. Such low temperature orbital fluctuations could couple to spin
frustration and modify the ground state, making the ACu · H series model systems to further
explore the role of orbital physics on the ground states of kagome magnets.
Two S = 1 kagome magnets, NH4 Ni2.5 V2 O7 (OH)2 · H2 O and NH4 Ni2 Mo2 O10 H3 , are
synthesised and characterised in Chapter 6 and 7, respectively. Powder diffraction experiments show that both materials have isotropic kagome lattices which, unlike many of the
known S = 1 kagome magnets, appear to be highly 2-dimensional. Evidence for competing
interactions in both materials is found in the superexchange pathways and field-dependant
magnetisation results, where the presence of a Dzyaloshinsky-Moriya interaction is indicated by a small ferromagnetic hysteresis in the magnetometry data. Similarities between
the magnetic response of these materials and other Ni-based S = 1 kagome magnets in the
literature suggest similar energy terms dominate the ground state to induce magnetic order,
where further work is required to identify these interactions and inform theoretical models
of the S = 1 kagome magnets. Despite significant site depletion, the low dimensionality
of both materials kagome lattices and the frustration they evidence through the suppression of magnetic order make these two of the best known model S = 1 kagome systems,
and excellent materials to investigate the effects of kagome lattice dilution in an otherwise
geometrically perfect system.
Fundamental understanding of quantum kagome magnets can be limited by a lack of
experimental systems to test proposed theoretical models. All materials studied in this thesis deviate from these simplified theoretical models due to the presence of crystal structure
distortions and a range of competing energy terms. The broad range of magnetic properties observed illustrate how these perturbations can reveal ground states not predicted by
theory. These findings should spur further experimental characterisation to identify the underlying ground states and, in turn, theoretical modelling that can subsequently enrich our
fundamental understanding of quantum kagome magnets.

Appendix A

Appendix for Chapter 5
This appendix presents Pawley and Rietveld refinement data discussed in Chapter
5. This includes refinements used in the characterisation of KCu2.5 V2 O7 (OH)2 · H2 O,
the novel NH4 Cu2 V2 O7 (OH)2 · H2 O phase, and bank 5 WISH data collected on
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Figure A.1: Rietveld refinement of Stoe Stadi-P (Cu-source Kα1 ) PXRD data collected on a sample
synthesised at 40 ◦ C from Cu(OH)2 and KVO3 . This mixed-phase refinement shows
both KCu2.5 V2 O7 (OH)2 · H2 O (Pnnm, 16.51 %) and Cu(OH)2 (Cmc21 , 83.49 %) phases
are present in the sample. Unfitted peaks at ∼ 18.75 ◦ and ∼ 31.00 ◦ also suggest
a 3rd unknown impurity phase is present. The final weighted R-value for the fit is
Rwp = 5.655
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Figure A.2: Rietveld refinement of Stoe Stadi-P (Cu-source Kα1 ) PXRD data collected on a sample
synthesised at 60 ◦ C from Cu(OH)2 and KVO3 . This mixed-phase refinement shows
both KCu2.5 V2 O7 (OH)2 · H2 O (Pnnm, 47.53 %) and Cu(OH)2 (Cmc21 , 52.47 %) phases
are present in the sample. Unfitted peaks at ∼ 18.75 ◦ and ∼ 31.00 ◦ also suggest
a 3rd unknown impurity phase is present. The final weighted R-value for the fit is
Rwp = 6.142
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Figure A.3: Rietveld refinement of Stoe Stadi-P (Cu-source Kα1 ) PXRD data collected on a sample
synthesised at 80 ◦ C from Cu(OH)2 and KVO3 . This mixed-phase refinement shows
both KCu2.5 V2 O7 (OH)2 · H2 O (Pnnm, 60.76 %) and Cu(OH)2 (Cmc21 , 39.24 %) phases
are present in the sample. Unfitted peaks at ∼ 18.75 ◦ and ∼ 31.00 ◦ also suggest
a 3rd unknown impurity phase is present. The final weighted R-value for the fit is
Rwp = 5.502
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Figure A.4: Rietveld refinement of Stoe Stadi-P (Cu-source Kα1 ) PXRD data collected on a sample
synthesised at 100 ◦ C from Cu(OH)2 and KVO3 . This mixed-phase refinement shows
both KCu2.5 V2 O7 (OH)2 · H2 O (Pnnm, 75.77 %) and Cu(OH)2 (Cmc21 , 24.23 %) phases
are present in the sample. The final weighted R-value for the fit is Rwp = 4.196
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Figure A.5: Pawley refinement of Stoe Stadi-P (Cu-source Kα1 ) PXRD data collected on
KCu2.5 V2 O7 (OH)2 · H2 O using the P 21 /n 21 /n 2/m (Pnnm) space group. The refined
lattice parameters for this space group are a = 14.45295(91) Å, b = 10.41727(55) Å,
c = 5.89350(25) Å. The final weighted R-value for the fit is Rwp = 2.093
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Figure A.6: Pawley refinement of Stoe Stadi-P (Cu-source Kα1 ) PXRD data collected on
KCu2.5 V2 O7 (OH)2 · H2 O using the P 21 /m 21 /m 2/n (Pmmn) space group. The refined
lattice parameters for this space group are a = 14.42578(94) Å, b = 10.40388(62) Å,
c = 5.88261(29) Å. The final weighted R-value for the fit is Rwp = 2.426
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Figure A.7: Pawley refinement of Stoe Stadi-P (Cu-source Kα1 ) PXRD data collected on
KCu2.5 V2 O7 (OH)2 · H2 O using the P 21 /n 21 /m 21 /a (Pnma) space group. The refined
lattice parameters for this space group are a = 14.42876(96) Å, b = 10.40476(59) Å,
c = 5.88346(31) Å. The final weighted R-value for the fit is Rwp = 3.727
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Figure A.8: Rietveld refinement of Stoe Stadi-P (Cu-source Kα1 ) PXRD data collected on
KCu2.5 V2 O7 (OH)2 · H2 O (Pnnm, a = 14.42537(42) Å, b = 10.40565(43) Å, c =
5.88064(20) Å) using a structural model with 2 copper sites. The final weighted Rvalue for the fit is Rwp = 2.572
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Figure A.9: Pawley refinement of Stoe Stadi-P (Cu-source Kα1 ) PXRD data collected on Sample 1
of KCu · D (Pnnm, a = 14.4359(15) Å, b = 10.40458(89) Å, c = 5.88263(51) Å). The
lattice parameters from this refinement are displayed in Table 5.4. The final weighted
R-value for the fit is Rwp = 4.135
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Figure A.10: Pawley refinement of Stoe Stadi-P (Cu-source Kα1 ) PXRD data collected on Sample
2 of KCu · D (Pnnm, a = 14.4364(12) Å, b = 10.4034(77) Å, c = 5.88277(4) Å). The
lattice parameters from this refinement are displayed in Table 5.4. The final weighted
R-value for the fit is Rwp = 3.865
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Figure A.11: Pawley refinement of Stoe Stadi-P (Cu-source Kα1 ) PXRD data collected on Sample 3
of KCu · D (Pnnm, a = 14.4356(11) Å, b = 10.41383(71) Å, c = 5.88195(39) Å). The
lattice parameters from this refinement are displayed in Table 5.4. The final weighted
R-value for the fit is Rwp = 3.774
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Figure A.12: Pawley refinement of Stoe Stadi-P (Cu-source Kα1 ) PXRD data collected on Sample 4
of KCu · D (Pnnm, a = 14.4326(16) Å, b = 10.4115(10) Å, c = 5.88025(52) Å). The
lattice parameters from this refinement are displayed in Table 5.4. The final weighted
R-value for the fit is Rwp = 4.306
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Figure A.13: Pawley refinement of Stoe Stadi-P (Cu-source Kα1 ) PXRD data collected on Sample 5
of KCu · D (Pnnm, a = 14.4298(15) Å, b = 10.41016(93) Å, c = 5.87911(47) Å). The
lattice parameters from this refinement are displayed in Table 5.4. The final weighted
R-value for the fit is Rwp = 4.479
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Figure A.14: Rietveld refinement of Stoe Stadi-P (Cu-source Kα1 ) PXRD data collected on
NH4 Cu2 V2 O7 (OH)2 · H2 O (Pn21 m, a = 14.79164(26) Å, b = 10.69214(21) Å, c =
5.88711 Å). The final weighted R-value for the fit is Rwp = 6.836
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Table A.1: The crystal structure data for NH4 Cu2 V2 O7 (OH)2 .H2 O (Pn21 m, a = 14.79164(26) Å,
b = 10.69214(21) Å, c = 5.887110(97) Å) displaying site name, Wyckoff site, atomic
coordinates, atomic displacement parameters and occupancies. Thermal parameters
were fixed to values refined for the structure of o · NH4 Cu · H (Section 5.7). The weighted
R-value for the fit is Rwp = 6.836
Name
Cu(1)
Cu(2)
Cu(3)
V(1)
V(2)
V(3)
V(4)
O(1)
O(2)
O(3)
O(4)
O(5)
O(6)
O(7)
O(8)
O(9)
O(10)
O(11)
O(12)
O(13)
O(14)
O(w1)
O(w2)
N
N

Wyckoff site
4b
2a
2a
2a
2a
2a
2a
2a
2a
4b
4b
2a
2a
2a
2a
2a
2a
4b
4b
2a
2a
2a
2a
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Figure A.15: Pawley fit of data collected on bank 5 of the WISH neutron diffractometer on a sample
of m · ND4 Cu · D (P21 /n) at 285 K, where Rwp = 0.67 using 24 variables. The refined
lattice parameters are a = 14.56152(83) Å, b = 10.44192(49) Å, c = 5.90953(39) Å
and β = 89.4363(48) ◦ .
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Figure A.16: Pawley fit of data collected on bank 5 of the WISH neutron diffractometer on a sample
of m · ND4 Cu · D (P21 /n) at 200 K, where Rwp = 0.81 using 27 variables. The refined
lattice parameters are a = 14.55067(57) Å, b = 10.43948(27) Å, c = 5.89394(29) Å
and β = 89.4281(33) ◦ .

3.0
2.0
1.0
0.0

Intensity (arb. units)

4.0

217

2.0

4.0

3.0

5.0

Q (Å-1)

3.0
2.0
1.0
-1.0

0.0

Intensity (arb. units)

4.0

Figure A.17: Pawley fit of data collected on bank 5 of the WISH neutron diffractometer on a sample
of m · ND4 Cu · D (P21 /n) at 100 K, where Rwp = 0.61 using 26 variables. The refined
lattice parameters are a = 14.55241(50) Å, b = 10.42444(27) Å, c = 5.88925(22) Å
and β = 89.4049(31) ◦ .

2.0

4.0

3.0

5.0

-1

Q (Å )
Figure A.18: Pawley fit of data collected on bank 5 of the WISH neutron diffractometer on a sample
of m · ND4 Cu · D (P21 /n) at 50 K, where Rwp = 0.67 using 26 variables. The refined
lattice parameters are a = 14.55058(54) Å, b = 10.42243(29) Å, c = 5.88801(23) Å
and β = 89.3798(33) ◦ .
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Figure A.19: Pawley fit of data collected on bank 5 of the WISH neutron diffractometer on a sample
of m · ND4 Cu · D (P21 /n) at 24 K, where Rwp = 0.58 using 26 variables. The refined
lattice parameters are a = 14.54961(46) Å, b = 10.4222(26) Å, c = 5.88814(20) Å
and β = 89.3677(28) ◦ .
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Figure A.20: Pawley fit of data collected on bank 5 of the WISH neutron diffractometer on a sample
of m · ND4 Cu · D (P21 /n) at 12 K, where Rwp = 0.85 using 26 variables. The refined
lattice parameters are a = 14.55097(56) Å, b = 10.41961(31) Å, c = 5.88758(25) Å
and β = 89.3664(36) ◦ .
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Figure A.21: Pawley fit of data collected on bank 5 of the WISH neutron diffractometer on a sample
of m · ND4 Cu · D (P21 /n) at 9 K, where Rwp = 0.62 using 26 variables. The refined
lattice parameters are a = 14.55293(55) Å, b = 10.41845(30) Å, c = 5.88819(24) Å
and β = 89.3613(34) ◦ .
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Figure A.22: Pawley fit of data collected on bank 5 of the WISH neutron diffractometer on a sample
of m · ND4 Cu · D (P21 /n) at 6 K, where Rwp = 0.86 using 26 variables. The refined
lattice parameters are a = 14.55029(72) Å, b = 10.41887(46) Å, c = 5.88856(34) Å
and β = 89.3704(45) ◦ .
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Figure A.23: Pawley fit of data collected on bank 5 of the WISH neutron diffractometer on a sample
of m · ND4 Cu · D (P21 /n) at 3 K, where Rwp = 0.67 using 26 variables. The refined
lattice parameters are a = 14.55137(53) Å, b = 10.4206(29) Å, c = 5.88808(24) Å
and β = 89.3657(34) ◦ .
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Figure A.24: Pawley fit of data collected on bank 5 of the WISH neutron diffractometer on a sample
of m · ND4 Cu · D (P21 /n) at 1.5 K, where Rwp = 0.60 using 22 variables. The refined
lattice parameters are a = 14.55114(45) Å, b = 10.42007(27) Å, c = 5.88818(20) Å
and β = 89.3665(28) ◦ .

Appendix B

Appendix for Chapter 6
This appendix presents Pawley refinements of bank 5 WISH data collected on a sample of
ND4 Ni2.5 V2 O7 (OD)2 · D2 O. The refinements were used to analyse the change in unit cell
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volume and lattice parameters discussed in Chapter 6.
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Figure B.1: Pawley fit of data collected on bank 5 of the WISH neutron diffractometer on a sample
of ND4 Ni2.5 V2 O7 (OD)2 · D2 O (P63 /mmc) at 1.5 K, where Rwp = 1.22 using 36 variables. The refined lattice parameters are a = 5.90736(48) Å and c = 14.4356(17) Å
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Figure B.2: Pawley fit of data collected on bank 5 of the WISH neutron diffractometer on a sample
of ND4 Ni2.5 V2 O7 (OD)2 · D2 O (P63 /mmc) at 12.5 K, where Rwp = 1.31 using 37 variables. The refined lattice parameters are a = 5.90859(45) Å and c = 14.4405(18) Å
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Figure B.3: Pawley fit of data collected on bank 5 of the WISH neutron diffractometer on a sample
of ND4 Ni2.5 V2 O7 (OD)2 · D2 O (P63 /mmc) at 20 K, where Rwp = 1.46 using 37 variables. The refined lattice parameters are a = 5.90911(57) Å and c = 14.4469(22) Å
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Figure B.4: Pawley fit of data collected on bank 5 of the WISH neutron diffractometer on a sample
of ND4 Ni2.5 V2 O7 (OD)2 · D2 O (P63 /mmc) at 50 K, where Rwp = 1.58 using 37 variables. The refined lattice parameters are a = 5.91012(63) Å and c = 14.4506(27) Å
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Figure B.5: Pawley fit of data collected on bank 5 of the WISH neutron diffractometer on a sample
of ND4 Ni2.5 V2 O7 (OD)2 · D2 O (P63 /mmc) at 100 K, where Rwp = 1.35 using 36 variables. The refined lattice parameters are a = 5.91339(83) Å and c = 14.4534(38) Å
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Figure B.6: Pawley fit of data collected on bank 5 of the WISH neutron diffractometer on a sample
of ND4 Ni2.5 V2 O7 (OD)2 · D2 O (P63 /mmc) at 200 K, where Rwp = 1.43 using 37 variables. The refined lattice parameters are a = 5.92491(70) Å and c = 14.4683(27) Å
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Figure B.7: Pawley fit of data collected on bank 5 of the WISH neutron diffractometer on a sample
of ND4 Ni2.5 V2 O7 (OD)2 · D2 O (P63 /mmc) at 300 K, where Rwp = 1.34 using 54 variables. The refined lattice parameters are a = 5.93189(51) Å and c = 14.4859(20) Å

