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Lay Summary of Thesis

The study and understanding of magnetism is a central feature of solid state
and materials sciences. As early as the 2nd century A.D. the appreciation of
the magnetic properties of materials, such as naturally occurring iron oxides,
led to the very first applications of magnetic materials as navigational tools or
compasses. However, it was not until the beginning of the 20th century and the
development of quantum mechanics before we had an understanding of magnetism
on a microscopic level. It is thanks to this detailed understanding that we are
now able to design materials that exploit the useful properties of magnets. As a
result, magnetic materials have become ubiquitous within modern day life with
a wide range of important applications, including magnetic imaging techniques
in medicine and memory storage devices in information technology. On a more
fundamental level, magnetic materials are of interest as they can be used as model
systems to experimentally test and explore many scientific concepts or theories.
The microscopic magnetic moments that give rise to magnetism in a material
behave in a similar manner to the atoms or molecules in a gas. At sufficiently
high temperatures they are weakly interacting and free to move or fluctuate in a
random fashion. However, as a gas is cooled the atoms or molecules begin to slow
down and ultimately arrange in a regular pattern to form a solid. In analogy,
the magnetic moments in a magnet will also tend to interact with each other
at lower temperatures and eventually align to give magnetic order. There are,
however, certain situations in which this conventional magnetic ordering is not
observed. This unusual behaviour is not entirely understood and may give rise
to exotic physical phenomena. One particularly important class of magnetic
materials that support such behaviour are known as geometrically frustrated
magnets. In a geometrically frustrated magnet, the arrangement or geometry
of the magnetic moments with respect to each other prevents them from ordering
at low temperatures. Instead, they can adopt novel magnetic phases that display

unusual and often difficult to predict glassy or liquid-like behaviours. Within this



Thesis the unconventional magnetic properties of several geometrically frustrated

magnets are discussed through a range of experimental studies.
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Abstract

Mixed anion systems, such as oxynitrides and oxyfluorides, are an emerging class
of interesting materials. The lower stability of mixed anion systems in comparison
to oxide materials has had the consequence that this area of materials research
is relatively less well explored. However, the development of new synthesis
techniques has resulted in the preparation of many new mixed anion systems
and so a detailed understanding of their structure and how this relates to their
electronic and magnetic properties is necessary. Within this Thesis, several oxide,
oxynitride and oxyfluoride systems are investigated with a particular focus on the
magnetic behaviour of materials based on geometrically frustrated pyrochlore and

kagome lattices.

The LuysMosO7 pyrochlore contains a geometrically frustrated network of vertex
sharing Mo*™ (d? S = 1) tetrahedra. Here, the solid state synthesis of
LusMo,O5_, is reported along with a discussion of the coexistence of two cubic
pyrochlore phases that has been discovered in samples synthesised at 1600 °C.
Powder neutron diffraction and thermogravimetric analysis have revealed that
this two-phase behaviour originates from a miscibility gap between stoichiometric
LusMo,0O7 and oxygen deficient LusMosOg 6. Magnetic susceptibility and muon
spin relaxation measurements support the formation of a geometrically frustrated
spin glass ground state in LusMoyO7 with a spin freezing temperature 7 ~ 16
K. Low temperature neutron diffraction has confirmed the absence of long range
magnetic order and magnetic diffuse neutron scattering data have indicated the
presence of competing nearest and next nearest neighbour antiferromagnetic
exchange interactions in the spin glass state. The magnetic heat capacity of
LusMo,O; follows a T?-dependence at the low temperatures, indicating that
LusMo,07 is another rare example of an unconventional, topological spin glass,
which is stable in the absence of significant chemical disorder. The magnetic

properties of the oxygen deficient pyrochlore phase LusMo,Og ¢ are qualitatively
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similar to those of LusMo,O7, but an increase in the spin freezing temperature
Ty ~ 20 K suggests that oxygen-vacancy disorder in LusMo,Og ¢ favours the onset

of a glassy state at higher temperatures and enhances the degree of frustration.

Oxynitride pyrochlores with the ideal composition RyMosO5Ny (R = rare earth)
contain Mo®* d* S = % cations on the frustrated pyrochlore lattice and are thus
ideal candidates to support exotic magnetic ground states. Here, the synthesis
of oxynitride pyrochlores of the LusMo,O; system by thermal ammonolysis is
discussed alongside powder neutron diffraction and susceptibility data that show
no evidence for long range magnetic order and an absence of spin freezing down
to at least 2 K despite the persistence of strong antiferromagnetic exchange
(0 = —120 K). A comparison of the magnetic diffuse neutron scattering between
the spin glass state of LusMosO7 and the oxynitride is given, which suggests that
the majority of the magnetic scattering in the oxynitride system is inelastic.
In addition, low temperature magnetic heat capacity shows an absence of
magnetic phase transitions and a continuous density of states through a T-linear

dependence down to 500 mK.

[NH,|2[C7H14N][V706F 5], diammonium quinuclidinium vanadium(I11,1V) oxyflu-
oride or DQVOF, is a kagome bilayer system with a geometrically frustrated
two-dimensional kagome network of V** @' S = 1 cations and V3" ¢* S = 1
cations between the kagome layers. Here, low temperature magnetisation and
heat capacity data are presented, which demonstrate that the interplane V3 2
cations are well decoupled from the kagome layers at low temperatures such that
DQVOF is a good experimental realisation of a S = % kagome antiferromagnet.
Despite significant antiferromagnetic exchange (¢ = —60 K) within the kagome
planes, muon spin relaxation data have confirmed the absence of spin freezing and
the persistence of internal field fluctuations that are intrinsic to the kagome layers
down to temperatures of 40 mK. The low temperature heat capacity of the V4*
kagome network follows T-linear behaviour down to the 300 mK, highlighting the
absence of a spin gap in the low energy excitation spectrum of DQVOF. The low
temperature magnetic study of DQVOF presented here thus strongly supports

the formation of a gapless quantum spin liquid phase.

In the final results chapter, a discussion of the anion ordering principles in
oxynitride systems is given. A high temperature, high resolution neutron
diffraction study of the oxynitride perovskite Sr'TaO;N has revealed that the
partial anion order that results in segregated Ta-N zig-zag chains is stable up

to 1100 °C. Furthermore, these anion ordering principles are extended to the d*
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perovskite oxynitrides RVOs_,N;,, (R = La, Nd, Pr) in a variable temperature
neutron diffraction study, which confirms that the anion chain ordering discovered
in d° SrTaO,N is robust to electron doping. The R = La analogue also provides an
interesting example of a rhombohedral oxynitride perovskite phase which coexists
with an orthorhombic phase over the 4 — 300 K temperature range of the neutron

diffraction study.
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Chapter 1

Magnetism and Magnetic

Frustration

1.1 Introduction

The study of magnetism is one of the oldest subjects in science and continues to
be a hugely important and popular topic in the fields of solid state chemistry,
condensed matter physics and materials science [1]. In addition to being of
great technological importance, magnetic materials provide model systems with
which to test the often complicated theories of many body interacting systems
[2]. The interactions between the magnetic moments that build up within a
magnetic solid upon cooling often result in long range magnetic order, giving
rise to magnetic ground states such as ferromagnets, the oldest known class of
magnets, and antiferromagnets. When these magnetic interactions are frustrated,
their competing nature means that they cannot be satisfied simultaneously. As
such, materials that are magnetically frustrated give rise to a rich variety of
novel magnetic ground states that can display complex physical phenomena. The
aim of the Thesis is to seek and study magnetic materials that support these
frustrated magnetic ground states. In particular, this study is focussed on mixed
anion transition metal systems, such as oxynitrides and oxyfluorides, which are
an emerging class of interesting materials that are relatively less well explored in
comparison with their oxide counterparts. The following Chapter aims to describe
to origin of magnetism in solids before going on to discuss the phenomenon of

magnetic frustration in detail.



The study and understanding of the intricate behaviour demonstrated by highly
frustrated magnets is often complicated and requires a concerted theoretical and
experimental approach. As an experimentalist, the field of frustrated magnetism
is an exciting one to work within. One important task is the design and synthesis
of new materials that can support exotic frustrated ground states in order to
compare with theory. Furthermore, the arsenal of tools required to characterise
their behaviour allows one to become practised in a wide variety of experimental
techniques. Chapter 2, therefore, outlines the synthetic methods used within
this Thesis and the important principles of experimental techniques that were
employed, including neutron scattering, muon spectroscopy, magnetisation and

thermodynamic measurements.

Chapters 3 - 6 contain the main body of work that was performed for this
Thesis. Chapter 3 gives a detailed experimental description of the frustrated
spin glass ground state in the rare earth molybdate pyrochlore LusMoyO7.
Chapter 4 discusses the suppression of the spin freezing transition in LusMoyO7
upon nitridation by thermal ammonlysis and the possibility of a spin liquid
ground state in the oxynitride pyrochlore LusMosO4 Ny 7. In Chapter 6, a low
temperature magnetic study of the first V4* d' S = % kagome antiferromagnet,
[NH,|2[C7H14N][V7O6F 5], is presented. Finally, Chapter 6 gives a discussion of
the anion ordering principles in mixed anion oxynitride systems, which can play
an important role in governing the properties that such materials display. A
summary of the main scientific conclusions drawn from this work can be found
in Chapter 7.

1.2 The Origin of Magnetism in Solids

The Magnetic Moment

The orbital motion of an electron about the nucleus of an atom gives rise to
an orbital angular momentum, L, which is associated with a magnetic moment
p [3]. The magnetic moment lies in the same direction as the orbital angular

momentum and is proportional to it,

p =L (1.1)



where the constant of proportionality, 7, is known as the gyromagnetic ratio. The

orbital angular momentum of an electron is quantised in units of A,

L? = (1 + 1)»? (1.2)

where [ is the orbital angular momentum quantum number, which can take values
of | =0,1,2,---,n where n is the principal quantum number. The magnitude of

the orbital angular momentum is given by,

IL| = I(l + Dk (1.3)

and since L is a vector quantity, its direction as well as its magnitude is quantised
such that a component of its direction projected along a given axis (conventionally

the z-axis) is,

L. =mh (1.4)

my; is the magnetic quantum number, which takes 2/ + 1 values between +[ and
—I. A convenient unit for describing the magnitude of atomic magnetic moments

is the Bohr magneton, pg, which is defined by,

eh

Me

pp = = 9.274x107%* Am? (1.5)

The component of the magnetic moment associated with the orbital angular

momentum projected along the z-axis is thus,

W, =L, =~ymh = —myup (1.6)

and its magnitude is,

| = VIl + Dps (1.7)

The energy of a magnetic moment in an applied magnetic field B is given by the



scalar product,

E = pu-B = —uBcosl (1.8)

where 6 is the angle between the magnetic moment and the applied field. The
energy of a magnetic moment is thus minimised when it lies along the direction
of the applied field. The presence of a magnetic field will also cause the direction
of a magnetic moment to precess about the the direction of the field with a
characteristic frequency known as the Larmor precession frequency, w;, = vB, as

shown in Figure 1.1.
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Figure 1.1 A magnetic moment p at an angle 6 to an applied magnetic field B,
which causes the direction of the magnetic moment to precess about
the field with an angular frequency wry,.

In addition to the magnetic moment associated with the orbital angular
momentum of an electron there is also a magnetic moment associated with
the intrinsic angular momentum or spin of an electron [3]. The spin angular
momentum can be treated in a similar manner to the orbital angular momentum,
it is quantised in units of & by the spin quantum number, s, which takes a value

1 . . . .
of 5. The magnitude of the spin angular momentum, S, is given by,

S| = /s(s + 1)k (1.9)

and its direction projected along a given axis is quantised by the spin magnetic
quantum number mg, which can take 2s + 1 values of m, = i%. The component
of the spin angular momentum along a particular axis is then given by mgh

according to Equation 2.4, which gives rise to values of %h and %h, known as the

4



spin-up |1) and the spin-down |]) spin states, respectively. The component of
the magnetic moment projected along the z-axis that is associated with the spin

orbital angular momentum is,

e = —GUBMs (1.10)

and the magnitude of the magnetic moment associated with this intrinsic angular

momentum is given by,

| = /s(s+ 1)gus (1.11)

where ¢ is a constant known as the g-factor, which for spin orbital angular
momentum takes a value of 2. In an applied magnetic field B, the energy of

an electron is given by,

E = gupmsB (1.12)

and the interaction of the electron with this external field results in a splitting of

the my levels as shown in Figure 1.2, which is known as the Zeeman interaction.

E

A m=+

1
s 2

Figure 1.2 The Zeeman energy splitting of the mg levels of the spin angular
momentum of an electron upon the application of a magnetic field
of strength B.

For an electron in an atom, there may be both orbital and spin angular momenta
such that the value of g and the total magnetic moment will depend on the

relative contributions of each. The effective magnetic moment of an atom or ion



is given by,

ferr = 9oV J(J + s (1.13)

where J is the total angular momentum quantum number, which results from the
coupling of the total orbital, L, and total spin, .S, angular momentum quantum

numbers. g; is the Landé g-factor, which is calculated according to,

3 S(S+1)—L(L+1)
2" 2J(J + 1)

9 = (1.14)

The orbital and spin angular momenta can couple in a total of (2L + 1)(25 + 1)
different ways to give a values of J between |L — S| and |L + S|. Each value
of J obtained in this way is simply a multiplet of the (2L 4 1)(2S + 1) states.
The situation is complicated further by the fact that the spin and orbital angular
momenta are not independent of each other and can, in fact, interact via the
spin orbit coupling interaction, AL-S, where A is the spin orbit coupling constant.
When the spin-orbit coupling interaction is considered, the (2L + 1)(2S + 1)
levels split into their fine structure levels, which are labelled by J. Furthermore,
each of these fine structure levels has a degeneracy of 2J + 1 that can be split
into their individual m; states upon the application of a magnetic field [3]. The
magnetic ground state of an atom of ion can be estimated using Hund’s Rules

and is typically expressed as a term symbol of the form,

@S+, (1.15)

where L is a letter associated with the total orbital angular momentum according
to the sequence given in Table 1.1. The definition of the effective magnetic
moment given in Equation 1.13 holds well for the 4 f ions of the lanthanide series.
First row transition metal ions, on the other hand, have 3d orbitals that are far
more spatially extended than the 4f orbitals of the lanthanide ions, which are
held beneath the filled 5s and 5p shells. As a consequence, the 3d electrons of
the first row transition metal elements interact strongly with their surrounding
crystal field, which can outweigh the effect of the coupling between the spin and
orbital angular momenta. A discussion of crystal field theory [4] and its effect

on the magnetic properties of the early transition metals is given in Figures 1.3



Table 1.1 Term symbols associated with the total orbital angular momentum L.

L o0 1 2 3 4 5 6
Label S P D F G H I

Z
s orbital T

— X
l/
) z Y Z z
p orbitals 1
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Figure 1.3 For 3rd row transition metal cations, Hund’s rules fail to describe the
magnetic ground state of the ion because the strength of the crystal
field interaction is greater than the spin-orbit interaction. As such,
it 1s important to consider the shape and symmetry of the d-orbitals
of the metal cations and the s- and p-orbitals of the anions that can
surround them in a crystal structure, depicted here, which generate
the electrostatic crystal field.

- 1.5. Under these circumstances, the orbital angular momentum is said to be

quenched such that L =0, J = S, g; = 2 and the effective magnetic moment can

be calculated using the spin-only formula,

fso =20/ S(S + g (1.16)

Magnetisation and Susceptibility

A magnetic solid is made up of an extremely large number of atoms or ions with

magnetic moment. The magnetic moment per unit volume of such a material is



Figure 1.4 Crystal field theory states that the d-orbitals of a metal cation centre
that point directly towards the orbitals of the surrounding anions
(left) are higher in energy than the metal orbitals that point between
the surrounding anions (right) due to the unfavourable electrostatic
repulsion of the electrons in the anion orbitals.

Free ion Crystal field Jahn-Teller
et dz?‘
s dz 2 d,E ........... _d‘z ;

Figure 1.5 The interaction with the crystal field thus spilts the metal cation
d-orbitals into two groups, in the octahedral case shown here, the
lower energy tag set and the higher energy e, set. Depending on the
electronic configuration of the the metal cation, these levels can be
split further by, for example, the Jahn-Teller effect, which is acting
here to remove the orbital degeneracy of this high spin d* cation
resulting in a distortion of the crystal field.



known as its magnetisation, M [5]. Magnetisation is a smooth vector field, which
is continuous everywhere within a magnetic solid except at its edges. Within a
vacuum there is no magnetisation and so a magnetic field can be described by

two linearly proportional vectors,

B = H (1.17)
where B is referred to a the magnetic flux density (in units T) H is the

magnetic field strength (in units Am~') and g is the vacuum permeability. The

relationship between B and H in a magnetic solid, however, is given by,

B = o(H+ M) (1.18)

The magnetic susceptibility of a material, y, is a dimensionless quantity that

linearly relates magnetisation and an applied external field,

M = yH (1.19)

such that Equation 1.18 becomes,
B = (1 4+ x)H = pop, H (1.20)
where p, = 1+ x is the relative permeability of a material. The magnetic

susceptibility, x, therefore, represents the magnetic moment induced in a

magnetic solid by an external magnetic field per unit volume.

Diamagnetism and Paramagnetism

Magnetic susceptibility is a measure of the response of a material in an applied
magnetic field [5]. A diamagnetic material is repelled by an external field, where
as a paramagnetic substance is attracted by an external field. Diamagnetism
is important in systems of paired electrons and a diamagnet is defined as a
substance in which the density of magnetic field lines of force is reduced when it
is placed into an external magnetic field. Diamagnetic molar susceptibilities are

negative, relatively small (~ 107% emu mol™') and temperature independent [5].



T T T
(a) (b) (c)

Figure 1.6 The Curie law states that (a) magnetic susceptibility, x, is inversely
proportional to temperature, T, resulting in a straight line graph (b)
when plotting x~1 against T with gradient C and (c) constant XT
against T

Paramagnetism is displayed in materials with unpaired electrons and is defined
by a concentration of of magnetic lines of force within a substance when it is
placed within an external field. Paramagnetic susceptibilities are temperature
dependent, and to a first approximation at high temperatures, the magnetic

susceptibility is inversely proportional to temperature as shown in Figure 1.6,

X = (1.21)

C
T
Equation 1.21 is known as the Curie Law, where C' the Curie constant. This
behaviour can be understood from a classical treatment of paramagnetism [3],
such that one takes the total angular momentum quantum number J = oo and
allows the magnetic moments within a system to point in any direction. Any
magnetic moments lying between angles of 6 and 6 4+ df to an applied magnetic
field B, as shown in Figure 1.7, will have an energy of —uBcosf according to
Equation 1.8 and a moment of pcosf in the direction of the applied field. The
fraction of magnetic moments that will point between these two angles is given by
%sinGdG and the probability of a magnetic moment pointing in this direction at a
given temperature, 7', is given by the product of this fraction and the Boltzmann
factor [3],

1 B
P(T) = isinﬁdﬁexp<ﬂk;;89> (1.22)
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Figure 1.7 The fraction of classical magnetic moments, w, that lie between
angles of 6 and 0 + dO to an applied magnetic field B is given by
%sin@d@, which corresponds to the shaded annulus shown here on a
unit sphere of surface area 4.

The average magnetic moment along the direction of the field is then given by,

[ neosfeap(pupcost /kpT)5sinfdé B fl 11:6:1}]9 zy)dx

M fie = U 1.23
{pigicia) = [ exp(ppcosd/kpT)3sinfdo lexp zy)dz (1.23)
where y = u/kpT and x = cosf such that,
; 1
igicia) _ cothy — — (1.24)
K Y

which is known as the Langevin function, L(y), shown in Figure 1.8. For small
values of y (i.e. in small applied fields or at high temperatures) cothy can be

approximated by the series expansion,

1
cothy = ; + % + O(y*) (1.25)

11



such that the Langevin function becomes,

L(y) = 5 +O(") (1.26)

The saturation magnetisation, M., is the magnetisation obtained when all of

the magnetic moments within the system are aligned,

My = np (1.27)

where n is the number of magnetic moments within the system per unit volume.
The ratio between the observed magnetisation, M = nfifieq, and the saturated

magnetization is given by,

M (piea) Yy uB

~ < = 1.28
Msat % 3 3kBT ( )

In small applied fields one can approximate the susceptibility according to,

M ILLoM

XTHwH = B

(1.29)

and by substituting this expression for the susceptibility into Equation 1.28 one

obtains the Curie Law for a paramagnetic system of classical magnetic moments,

2
npop”  C
- - = 1.30
N BkeT T (1.30)
where,
O = ol (1.31)
3T ‘

is the Curie constant. In the more general case, however, J can take any integer
or half integer value and the component of the of the magnetic moment along
the field is quantised by m; which takes 2J + 1 values between +.J and —.J. The

12



saturation magnetisation in this case is given by,

Msat = ngJ,uBJ (132)
and,
M
=B 1.33
T =B (1.33)

where B;(y) is known as the Brillouin function,

2J + 1 2J + 1 1 y
B(y) = h — —coth| = 1.34
(y) = — oot (y 27 ) 27" <2J) (1.34)
and,
gsppJB
= P77 1.35

In the classical limit (J—o0), the Brillouin function becomes the Langevin

function given in Equation 1.24. In the quantum limit (J = %), it reduces to,

Bi(y) = tanh(y) (1.36)

1
2

as shown in Figure 1.8. Once again, for small y in small magnetic fields, Equation

1.34 can be approximated by the series expansion,

J+1
B;(y) = Y57t O(y°) (1.37)
and the susceptibility is given by,
Y = nftoftess” (1.38)
3kgT '

The Curie Law can, therefore, be used to relate the bulk property x to the effective

magnetic moment given in Equation 1.13 of the atoms or ions in a paramagnetic

13
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Figure 1.8 The Brillowin function for paramagnetic moments for several J from
tanh(y) function for J = % in green to the Langevin function of the
classical J = oo limit in blue.

system,

BkBXT

nfto

freff = (1.39)

In analogy with an ideal gas, an increase in temperature will cause the magnetic
moments in a Curie paramagnet to randomise or disorder. On the other hand,
the application of a stronger external field will tend the magnetic moments to
align and order. When the temperature applied to the system is on the order of
the energy of the magnetic moments in the applied field (i.e. kT ~ uB) it is
possible to excite transitions from the magnetic ground state, which gives rise to
a characteristic broad feature in the magnetic heat capacity, known as a Schottky

anomaly [3].
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1.3 Long Range Magnetic Order

As the magnetic analogue of the ideal gas law, there are circumstances in
which the magnetic moments in a system do not obey Curie’s law due magnetic
interactions between the magnetic atoms or ions [3], [5]. The simplest description
for this behaviour is given by the Curie-Weiss law, a modified version of the Curie

law,

C

=7 (1.40)

X
where C' is once again the Curie constant and 6 is known as the Weiss constant.
Due to the interactions between the atoms or ions in a magnetically ordered state,
a sharp transition can be observed in the magnetic susceptibility upon cooling
as the material transforms from a paramagnetic state of randomly orientated
magnetic moments and adopts magnetic order. Low temperature magnetically
ordered states are typically ferromagnetic, antiferromagnetic or ferrimagnetic,
which are depicted in Figure 1.9. A ferromagnet has a spontaneous magnetisation
below a transition temperature known as the Curie temperature, T>, as shown
in Figure 1.10, at which point the magnetic moments on neighbouring ions align
parallel to one another. As a result, the magnetisation is no longer directly
proportional to the applied external field as is the case for a paramagnet. The
magnitude of the spontaneous molar magnetisation of a ferromagnet in the

absence of an external field at low temperatures is given by,

Msat = NAlflsat (141)

where N4 is Avogadro’s number and 4, is the saturated moment per ion,

[oat = 2 (1.42)

in the spin-only case. In an antiferromagnet, neighbouring magnetic moments
align antiparallel with respect to each other below a transition temperature
known as the Néel temperature, Ty, as shown in Figures 1.9 and 1.10. This
gives rise to two sublattices of magnetic moments jz,; = 25, which results in a

total magnetisation on each that exactly cancel out, such that there is no net
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magnetisation. In a ferrimagnetic system, neighbouring magnetic moments align
antiparallel below T but the magnitude of the magnetisation on one sublattice
is larger than on the other such that there is an overall net magnetisation the
material will behave as a ferromagnet. The Weiss constant, 6, takes a positive
value for a ferromagnet and is negative for an antiferromagnet. The magnitude
of # gives an indication of the energy scale of the magnetic interactions within a
system and, therefore, the temperature at which one might expect them to take
effect.

The underlying mechanism for long range magnetic order is known as magnetic
exchange. The Hamiltonian for the spins of two interacting magnetic moments,

S; and S,, is given by,

~

where J is the exchange constant,

 Es—Er

/ 2

(1.44)
Here, Eg and Ep are the energies of the spin singlet (S = 0, [t} — [1)/V2)
and triplet (S = 1, [11), |1} + {1)/v2 and ||])) states, respectively. If J is
positive, Fg>F7 such that the triplet state is energetically favoured and spins
align parallel. If J is negative, Fg<FEr such that the singlet state is energetically

favoured and spins align antiparallel. An estimate of the exchange energy can be

determined from the Weiss constant € using the mean field approximation [6],

C25(S+1)

n

where n is the nth nearest neighbour of a magnetic moment and J, is the
corresponding exchange energy. For a many body system, the spin Hamiltonian

given in Equation 1.43 is generalised to give the Heisenberg Hamiltonian,

ij

where J;; is the exchange constant for the interaction between the ith and jth
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(a) Paramagnetism.

Tttt

(b) Ferromagnetism.

[ I

(¢) Antiferromagnetism.

P11

(d) Ferrimagnetism.

Figure 1.9 A representation of the arrangement of magnetic moments of
magnetically ordered states (b), (¢) and (d) that can result from
the interaction of moments in a paramagnetic state (a).
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Figure 1.10 A critical magnetic phase transition can be observed in the (a),(b)
magnetic and (c),(d) inverse susceptibilities at the critical Curie
or Néel temperatures for a ferromagnet and antiferromagnet,
respectively. In the ferromagnetic case these leads to the (e)
onset of a spontaneous saturated magnetisation Mgy and in the
(f) antiferromagnetic case, a spontaneous magnetisation of equal
magnitude on each spin sublattice.
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spins. If magnetic exchange occurs directly between two neighbouring atoms or
ions, then the interaction is known as direct exchange. However, it is unlikely
that direct exchange is primarily responsible for the magnetic properties of a solid

due to the insufficient overlap of the orbitals of nearest neighbours [3].

Superexchange is an indirect exchange mechanism that couples the magnetic
ions in an ionic solid via a non-magnetic intermediate ion, see Figure 1.11.
The superexchange mechanism depends strongly upon the angle and degree of
orbital overlap. An antiferromagnetic interaction is favoured when orbitals of
the magnetic ions overlap well with the same intermediate orbital with a 180 °
bonding angle. Ferromagnetic superexchange is less common, but can result from
a weaker 90 ° orbital overlap. In metal oxides with mixed valence metal cations,
for example Lag 7Srg3MnOz which contains Mn®*T 3d* and Mn?* 3d? cations [7], it
is also possible to observe a ferromagnetic ground state via the double exchange

mechanism, which is shown in Figure 1.12.

1.4 Magnetic Frustration

A consequence common to all magnetically ordered phases is that of broken
symmetry. A high temperature paramagnetic state is highly symmetrical, each
magnetic moment can point in any direction such that the system is invariant to
translational and rotational symmetry operations. Below a critical Curie or Néel
temperature, the magnetic moments align along a unique direction and the total
invariant symmetry is broken. In the case of long range magnetically ordered
states the parameter driving this symmetry breaking transition is temperature
and the fact that at high temperatures, thermodynamics favours a high entropy
state. The order parameter, which characterises a magnetically ordered state,
is its magnetization MM, which is zero above the critical temperature and finite
below [8]. There are, however, certain magnetic systems, namely low dimensional
magnets and frustrated magnets, in which no such symmetry breaking magnetic
transitions are observed. This can give rise to unusual glass or liquid like magnetic
behaviour at low temperature. In the most extreme cases, magnetic fluctuations
can persist down to 7' = 0 in a quantum spin liquid phase. The remainder of
this chapter is devoted to giving an understanding of some of the most important
concepts in the field of frustrated magnetism, including a discussion of some of
the most widely studied experimental realisations of highly frustrated magnets

that have helped to build our knowledge of the complex magnetic behaviour that
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Metal Metal

rEg tzg

(a) 180 ° superexchange interaction leads to antiferromagnetic ordering of magnetic
moments on neighbouring magnetic metal ions.

Metal Metal

(b) 90 ° superexchange interaction results in a ferromagnetic ordering of
magnetic moments on neighbouring magnetic metal ions.

Figure 1.11 Superexchange mechanism between two magnetic metal ions with
an eg]L configuration and intermediate non-magnetic centres such

as the oxide anion.
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Figure 1.12 The double exchange mechanism results in the ferromagnetic
ordering (top) of localised tag electrons on mneighbouring sites
since antiferromagnetic ordering (bottom) would prevent the
energetically favourable hopping of localised e, electrons.

they display.

1.4.1 Competition, Degeneracy and Underconstraint

Frustration is a phenomenon common to systems of competing interactions.
It is frequently associated with magnetic materials in which it is not possible
to simultaneously satisfy each pairwise magnetic exchange interaction [6], [9],
[10]. Magnetic frustration was first used in the context of spin glasses, such
as the magnetically dilute metal alloys Cu;_,Mn, and Au;_,Fe, [10]. Here the
competition between different exchange interactions arises from site disorder, the
magnetic ions are randomly distributed throughout the non-magnetic matrix,
and the oscillatory nature of the Ruderman-Kittel-Kasuya-Yosida (RKKY)
interaction through which the magnetic ions couple indirectly resulting in
frustrated ferro- and antiferromagnetic exchange interactions [11], [12], [13]. This
competition, or frustration, means that there is no single or unique magnetic
ground state and the energy landscape consists of a large number of degenerate

ground states between which the system can fluctuate.
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An experimental result of this macroscopic degeneracy is that one observes a
lowering in the ordering temperature of a frustrated spin system with respect to
a non-frustrated system as it is able to resonate between its manifold of potential
ground states [14]. A quantitative measure of magnetic frustration can, therefore,

be given by the frustration index, f [15],

0

f= % (1.47)
which compares the energy scale of magnetic interactions, |6|, with a critical
magnetic ordering temperature, T,.. For antiferromagnetic order in the absence of
frustration || is on the order of the Néel temperature, Ty, as shown in Figure 1.13
[16]. For a frustrated magnet, in which long range order is inhibited, |0| >> T
and so in the extreme case f—o00. A value of f>10 is taken as an indication for
strong frustration of the spin order of a magnetic material. It should be noted,
however, that a high frustration index is not unique to strongly frustrated magnets
and can also be observed in systems of low dimensionality. In one-dimension,
entropy effects can prohibit long range order such that Ty is suppressed and

should not be confused as a result of magnetic frustration [17].

01~ 1,

"""" >T : >T
0 T 0 T
N N
(a) Non-frustrated (b)  Prustrated.

Figure 1.13 For (a) antiferromagnetism in the absence of frustration, |0| is on
the order of the Néel temperature, Ty . The presence of frustration
in (b) lowers Ty with respect to |6)|.

Another important concept used to quantify magnetic frustration is that of

underconstraint. The ground state degeneracy, D, of a system can be estimated

22



by [18],

D=F-K (1.48)

where F'is the degeneracy of the entire system and K is the number of constraints
required to keep that system in its ground state. For a magnetic lattice built of
N units or plaquettes of ¢ sites that are common to b of the plaquettes, and are
occupied by spins which individually have n dimensions or degrees of freedom

(see Table 1.2), the degrees of freedom per plaquette, D/N, is given by,

% - Q(”—b_l) —n (1.49)
A system where D/N<0 is referred to as over-constrained since it has more
constraints, K, than total degrees of freedom, D, and therefore, will not possess
macroscopic ground state degeneracy. A system in which D/N>0, on the other
hand, is under-constrained since it has fewer constraints than total degrees of
freedom and so will possess macroscopic degeneracy in its ground state. Under-
constrained (D/N>0) frustrated magnets are, therefore, most likely to show

interesting and unusual physics.

1.4.2 Geometric Frustration

It is also possible for magnetic frustration to arise in the absence of magnetic site
or bond disorder, in systems where the magnetic moments are located on a regular
lattice and couple through uniform magnetic exchange interactions. Here, the
frustration arises as a result of the lattice topology or geometry, which prevents
all pair-wise exchange interactions from being satisfied at once [9], [6], [10]. This

kind of geometric frustration was first discussed in the context of magnetism

Table 1.2 Spin degrees of freedom or dimensionality, n, as required in Equation
1.49.

Spin degrees of freedom, n

Ising 1
XY 2
Heisenberg 3
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with a model of antiferromagnetic Ising spins on a triangular plaquette shown in
Figure 1.14, where one can easily observe that the lattice geometry prevents the
simultaneous satisfaction of each pair-wise antiferromagnetic interaction [19], [20].
The three-dimensional analogue of the antiferromagnetic triangular plaquette is
a tetrahedron of antiferromagnetically interacting spins (Figure 1.14). Again,
one can see that it is not possible to satisfy each pair-wise exchange interaction
simultaneously as a result of the tetrahedral geometry. The geometrically
frustrated triangular and tetrahedral plaquettes can be extended to form infinite
lattices in two dimensions, the triangular and kagome lattices, and in three-
dimensions, the face centred cubic (FCC) and pyrochlore lattices shown in Figure
1.15. The degeneracy of these infinite lattices depends on the way in which they
are connected and the number of degrees of freedom per spin and in certain cases
can be macroscopic [14]. The design and synthesis of magnetic materials built of
these frustrated lattices is, therefore, of interest since their macroscopic ground
state degeneracy leads unusual glass or liquid like magnetic behaviour and has

been shown to induce many novel, exotic phenomena [18].

(a) (b)

Figure 1.14 The geometrically frustrated (a) triangular and (b) tetrahedral
plaquettes of anitferromagnetically interacting spins.

1.4.3 Geometrically Frustrated Magnetic Ground States

Non-Collinear Grounds States

Frustrated systems in which it is possible to undergo a transition to a ground
state of long-range order do so by adopting non-collinear or compromise spin

configurations [6], [21]. Non-collinear spin configurations are achieved when the
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(a) Triangular lattice. (b) Kagome lattice.

(c) FCC lattice. (d) Pyrochlore lattice.

Figure 1.15 The geometrically frustrated lattice that can be built up from (a,b)
triangular and (c,d) tetrahedral plaquettes.

spins on the triangular antiferromagnetic plaquette align at an angle of 120 °,
resulting in a vector sum of the spins that is equal to zero, and hence satisfying
the antiferromagnetic constraint. A similar result can be obtained when the
spins on the tetrahedral antiferromagnetic plaquette align at an angle of 109 °
as shown in Figure 1.16. The ability of a system to adopt the 120 ° and 109 °
structures depends upon the dimensionality of the spins involved and can be
achieved with XY and Heisenberg spins which have more than one degree of
freedom. In these cases, degeneracy is introduced as there is more than one way
to adopt the compromise spin configurations. Ising spins, however, which only

have one degree of freedom cannot adopt a non-collinear spin configuration.
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(a) (b)

Figure 1.16 The (a) 120 ° and (b) 109 ° compromise spin configurations on the
triangular and tetrahedral plaquettes, respectively.

Spin Glasses

A spin glass is a magnetic system which exhibits a distinct freezing temperature,
Ty, upon cooling from its paramagnetic state. At this well defined transition
temperature a spin glass undergoes a cooperative freezing process to a highly
irreversible glass like state of randomly orientated spins, which lacks the usual
long range order of a conventional ferromagnetic or antiferromagnetic phase
transition [13], [22], [23]. A spin glass has many experimental signatures,
including the divergence of field cooled (FC) and zero field cooled (ZFC) DC
magnetic susceptibility below 7%, the strong frequency dependence of the AC
magnetic susceptibility, the linear temperature dependence of magnetic heat
capacity below T and the absence of long range magnetic order in neutron
diffraction experiments. An important difference between a conventional glass
material 7.e. an amorphous, non-crystalline solid, and a spin glass is that the
latter undergoes a true thermodynamic phase transition to its spin glass ground
state. The key experiment to observe this defining feature of a static spin glass

state is that of non-linear susceptibility, which is defined by [13],

XoH

where Y is the linear susceptibility. Magnetisation, M, can be expanded in odd
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powers of the field, H, according to,

M = X(]H — CL3<X0H)3 + CI,5(X0H)5 — e (151)

Spin glass theory predicts that the linear susceptibility should remain non-
singular at T but that the other a,-coefficients should diverge according to the

critical exponents,

as = (T —Tp)™ (1.52)

az = (T — Ty)~ A (1.53)

etc. An important example of such a non-linear susceptibility measurement was
performed on the spin glass pyrochlore YoMo,O7, where is was shown that the
system adheres to the critical exponents expected for a canonical spin glass that

has undergone a true thermodynamic phase transition [24].

As mentioned above, the first spin glasses to be studied were the magnetically
dilute metal alloys, in which small concentrations of a magnetic metal are placed
into a non-magnetic metallic matrix. It was long perceived that the necessary
ingredients for a spin glass were randomness, either through site disorder or the
sign of neighbouring exchange interactions, and frustration, which could arise
from competing exchange interactions or geometrically. In the case of the metallic
alloys, both of these requirements are satisfied given their random site occupancy
and the oscillatory nature of the aforementioned RKKY interaction in which the
exchange interaction between two spins, J, as a function of their separation, r, is

given by [13],

sin(2kgr)  cos(2kpr)
(QkFT‘)4 (2]€F7')3

J(r)x (1.54)
were kp is the Fermi momentum. This oscillatory behaviour in the exchange
interaction .JJ changes the sign of the interaction between the magnetic impurities
within the non-magnetic matrix depending on their separation and, therefore,
produces the required frustration or competition between ferromagnetic and

antiferromagnetic interactions.
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More recently, the formation of a spin glass state in the absence of site or bond
disorder has become an important concept in highly frustrated magnetism. Two
widely studied examples of these so called topological spin glasses are the jarosites
25], for example (Hy)sFe3(SO4)2OHg, which contain a kagome network of Fe3*™
S = % cations and the Heisenberg pyrochlore antiferromagnets, such as YosMo,O7,
which is composed of a vertex-sharing tetrahedral framework of Mol™ S = 1
cations [26]. In both cases, the frustration arises from the geometrically frustrated
corner-sharing lattices, but the source of disorder and whether it is truly required

for the formation of a spin glass remains an open question.

Spin Ice

Another widely studied and important class of frustrated magnets is that of the
spin ice materials [27]. The first reported example of a spin ice was the rare earth
pyrochlore Ho,TiyO7, which has magnetic Ho®** cations occupying the corners
of the tetrahedra in the geometrically frustrated pyrochlore lattice. The nearest
neighbour exchange interaction in Ho,TiyO7 is ferromagnetic, with a positive
Weiss constant § = +1.9 K, however, the initial study of the system showed
no evidence for long range magnetic order down at least to 50 mK [28]. It is
perhaps not immediately obvious why a ferromagnetic pyrochlore should display
behaviour characteristic of strong magnetic frustration. For instance, a pyrochlore
lattice composed of ferromagnetically interacting Ising spins on a tetrahedral
plaquette, shown in Figure 1.17, is not frustrated and will undergo a conventional
magnetic phase transition to a long range ordered ground state at Ty ~ 6.
On the other hand, a tetrahedral plaquette of antiferromagnetically interacting
Ising spins is considered as the canonical example of geometrical frustration in
three-dimensions. In the cubic pyrochlore system, however, this uniaxial Ising
spin anisotropy is unphysical since there is no reason that the spins should be
constrained to lie along one particular crystallographic axis over the other two
when all three are symmetrically equivalent. In fact, the local crystal field at the
Ho3" site splits its °Ig free ion ground state such that its lowest crystal field level is
composed of the m; = +8 and m; = —8 free ion states, which results in a strong
easy-axis anisotropy that is compatible with the overall cubic symmetry of the
pyrochlore structure [29]. As such, the Ho*" spins align along the crystallographic
111-axis, which points towards the centre of each tetrahedron. In the presence of
antiferromagnetic exchange, this gives rise to a unique ground state and thus

long range magnetic order. For ferromagnetic exchange, two spins point in
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(c) (d)

Figure 1.17 (a) Ferromagnetically and (b) antiferromagnetically interacting
uniaxial Ising spins on a tetrahedral lattice have long range
ordered and geometrically frustrated ground states, respectively.
The introduction of 111 easy axis anisotropy effectively swaps the
nature of the ground states such that the (c) ferromagnetic state
is frustrated and the (d) antiferromagnetic state is a unique non-
collinear ground state.

towards and two spins point out from the centre of each tetrahedron. The infinite
number of ways to arrange these two-in two-out spin tetrahedra on a real lattice
results in a macroscopically degenerate, disordered ground state that evades
long range order down to the lowest temperatures. The magnetic anisotropy
in HoyTi5O7, therefore, effectively swaps the nature of the antiferromagnetic and
ferromagnetic ground states on the pyrochlore lattice such that the ferromagnetic

system becomes frustrated as shown in Figure 1.17 [30].

The spin directions of Hoy,Ti,O7; map directly onto the proton positions of
crystalline water ice as shown in Figure 1.18, hence the name for this family of
materials, spin ice [27]. The crystalline structure of water ice can be considered

as the first frustrated system to be investigated. In water ice, proton disorder
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Figure 1.18 In crystalline water ice each oxygen atom (red) has two short bonds
and two long bonds to hydrogen atoms (blue), which corresponds to
the spin directions (arrows) on a tetrahedron within the pyrochlore
structure of spin ice.

results in macroscopic degeneracy and frozen-in disorder, which leads to a residual
or zero-point entropy at low temperatures. The proton disorder, to which the spin
directions in spin ice correspond, obey the so-called “ice rules” that require each
oxygen atom to possess two short bond and two long bonds to hydrogen atoms
in a tetrahedral arrangement with the oxygen atom located at the centre of each
tetrahedron [31]. The ground state degeneracy expected for such a structure,
which has since been validated by neutron diffraction [32], was of great interest
thermodynamically. Pauling famously predicted the residual zero-point entropy
of water ice as %Rln(%) per H atom [33], which was later confirmed by experiment
[34]. This led Ramirez et al. to determine the entropy of the spin ice Dy,TiyO7
through the measurement of heat capacity (S = [C/TdT). The benefit of spin
ice here was that it is stable over a far greater energy range than water ice such
that the progression of the system towards its degenerate ground state could
be studied [35]. The experimentally determined values of the spin entropies of
Dy, TisO7 and water ice differed by less than 6 %, which demonstrates beautifully
how magnetic systems such as spin ice can be used as models for other physical

phenomena.

Perhaps the best example of this can be given by the excitations that emerge
from the spin ice ground state. The separation and transport of electrically
charged particles such as electrons and ions is widely exploited in modern

technology. However, no magnetic analogue of particles with a net magnetic
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Figure 1.19 In (a) spin ice the magnetic rare earth ions obey the ice rules such
that two spins point towards and two spins point away from the
centre of each tetrahedron. An excitation from the spin ice ground
state in the form of (b) a spin flip on a tetrahedron creates a
monopole (blue) and antimonopole (red) pair. These fractionalized
magnetic particles can then (c) separate throughout the lattice
through a series of spin flips with a Dirac string (green) carrying
the magnetic fluxz between the magnetic monopoles.

charge, a magnetic monopole, had ever been observed. In spin ice, however, local
violations of the ice rules generated by flipping a single spin, create a magnetic
source and magnetic sink on two neighbouring tetrahedra [36]. These defects can
move apart from each other throughout the spin ice structure as an oppositely
charged monopole-antimonopole pair connected by a Dirac string of flipped spins,
see Figure 1.19 [37], [38]. The experimental and theoretical study of spin ice
continues to be a important field of solid-state sciences. Current research involves
the characterisation of the magnetic coulomb phase and the magnetic monopoles
that spin ice supports, how their charge and current can be measured directly
[39], [40], [41], [42] and the synthesis of novel spin ice phases through different
synthetic methods, such as the high pressure high temperature technique [43].
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1.4.4 Quantum Frustrated Spin Systems

The geometrically frustrated spin systems discussed above possess a large ground
state degeneracy which allows spins to fluctuate down to a certain temperature
at which point they will either order and adopt a non-colinear ground state, or
freeze, as in the spin glass or spin ice systems. This is due to the fact that in
these cases, the spin fluctuations are thermally driven and at increasingly lower
temperatures, there is no longer sufficient energy to allow these spin fluctuations
to persist. However, in frustrated spin systems with low spin magnetic ions
(S = %) strong quantum effects and the cooperative tunnelling of spins means
that there is no such energy barrier to prevent spins from fluctuating and evading
long range order even in the thermodynamic limit of 7" = 0 [44], [45], [46]. This
so called quantum spin liquid state was initially proposed by P. W. Anderson in
1973, who argued that a long range ordered Néel state was not the only possible
ground state for a quantum frustrated antiferromagnet. Anderson put forward
the concept of a resonating valence bond (RVB) state as a form of spin liquid that
is built up from a linear superposition of S = 0 spin singlet pairs or valence bonds
that cover the frustrated lattice [47]. In the 1980s, a possible link between the
RVB state and superconductivity led to a surge in interest in spin liquid theory
[48]. Since then, the study of this unusual state of matter has been a major
theme in both theoretical and experimental solid state research in an attempt to
understand its typically unpredictable behaviour and to find real materials that

support its existence.

It is important at this point to give the necessary features that positively define
a true quantum spin liquid. It is perhaps a common misconception that the
spin liquid is simply defined by what it is not; its spins do not order nor do
they freeze. However, the quantum spin liquid is, in fact, an entirely new phase
of matter with many non-trivial properties. It is a non-magnetic ground state
that is built up of well defined, localised magnetic moments, which allows for the
emergence of unusual fractionalised quasi-particles as excitations from the ground
state. The first key definition of a quantum spin liquid is that is does not develop
any long range order in any local order parameter at any temperature down to
T = 0. By pairing into spin singlet valence bonds, the spin symmetry in a spin
liquid phase is rotationally invariant and the continuous spin symmetry is not
broken [49], [50]. If these valence bond pairs cover the spin lattice in a periodic
fashion such that there is long range order in the valence bond configuration

and translational symmetry is broken, the system is known as a valence bond
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crystal or solid (VBS). The distinction between the valence bond solid and a true
RVB-liquid has an important consequence on the nature of their excitations. In a
VBS, the elemetary excitations are confined to take integer spin values. In a RVB-
type ground state these excitations can form deconfined S = % entities known
as spinons. This fractionalisation is the second key definition of a true quantum
spin liquid. Most elementary excitations are either electron-like, with spin S = %
and charge e = +1, or magnon like, with spin S = 1 and charge neutral [49]. The
spinon can, therefore, be considered as a “fraction of an electron” given its S = %

and charge-0 state [44].

The fundamental building block in both the VBS and the RVB-liquid is
the valence bond, which minimises the antiferromagnetic exchange interaction
between two spins. A valence bond configuration is given by the product of all

the valence bonds covering the spin lattice such the total spin of the configuration,

1
2

Heisenberg kagome and pyrochlore lattices this type of valence bond ground state

SZ . = Siot(Sior + 1) = 0, is non-magnetic. In certain systems, such as the S =

is energetically favourable such that it wins out over classical Néel order [44]. In
any valence bond configuration, the energy of each spin singlet pair is minimised
which acts to relieve the competing interactions that arise due to the geometrically
frustrated lattice topology. It is however, very unlikely that one single valence
bond configuration can exactly describe the ground state of a frustrated spin
system and, therefore, the fluctuations between different valence bond coverings

becomes very important in determining the true nature of a system.

Valence Bond Solids

An ordered or periodic arrangement of valence bond coverings acts to break some
discrete lattice symmetry to form a VBS, see Figure 1.20. The dominant valence
bond configuration in such a system can be unique, or there may be several
degenerate configurations that are related by symmetry. In the case where there
is a dominant configuration, local fluctuations can act to lower the energy of the
system and drive it towards its true ground state, an example of the mechanism
known as order by disorder [16]. The magnetic excitations in a VBC are gapped,
integer spin AS = 1 transitions that appear as a sharp feature in an inelastic
neutron scattering spectrum [45]. In a VBS it is energetically unfavourable
to liberate two free S = % quasi-particles from the integer spin excitation as

this would require a disruption in the valence bond order and create a string of

33



misaligned spin singlet pairs. The energy cost of this spinon separation process
grows with the length of the string such that there is a strong force that acts to
keep the two S = % entities confined together. Deconfined spinons, a key feature
of a true spin liquid phase, are thus not observed in a VBS as shown in Figure

1.20.

Quantum Spin Liquids

In a RVB-liquid the broad distribution of valence bond configurations or
partitionings covering the lattice means that there is no preferred ordering of
the spin singlet pairs. As a result, it becomes energetically favourable to resonate
between the many different valence bond configurations, which gives rise to a
fully resonant superposition ground state, shown in Figure 1.21, where no spatial
symmetry is broken at all. The lack of an ordered valence bond configuration
means that there is no mechanism to prevent the deconfinement of spinons.
In a neutron scattering experiment, spinons are created in pairs due to the
AS}, = £1 selection rule, but can then propagate independently throughout the
fluctuating “sea” of valence bond pairs. Spinon excitations are well understood
in one-dimensional systems, such as a S = % Heisenberg chain, where a spin flip
excitation creates two spinons. The important property of such a fractionalised
system is that these two fractional entities can separate to an infinite distance
with only a finite energy cost. Neutron scattering experiments on such low-
dimensional systems provides a proof of principal that such fractional excitations
are observable [51]. An important feature that emerges alongside fractionalised
spinons is the gauge field, which contains the path information between deconfined

spinons [44].

It is now understood that not all quantum spin liquids are alike and that there are
several different flavours of this exotic ground state. In the most general terms
these can be classified into two main groups depending on the nature of their
low energy excitation spectrum, which can either be gapped or gapless. Gapped
quantum spin liquids are the simplest and best understood class, which are well
described by the original, short range RVB ground state model of Anderson [47].
In modern terminology, gapped spin liquids are known as the Z, spin liquids,
which possess a finite energy gap required to promote the non-magnetic singlet
ground state to the excited triplet state with deconfined spinons. In addition,

the Zy spin liquid has non-magnetic excitations, known as visons, which are
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(a) A walence bond crystal has an ordered configuration of wvalence
bond partionings, shown here covering a triangular lattice.  This
configuration can be unique or dressed by local perturbations about a
dominant configuration.
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(b) Due to the existence of an energetically favourable arrangement of
valence bonds, two spinons experience a confinement potential that
grows with the length of their separation path shown by the black dotted
line.

(c) Due to this unfavourable misalignement of valence bonds, deconfined
spinons are not observed as an excitation from the VBS ground state
and instead one observes integer spin AS = 1 transitions.

Figure 1.20 The valence bond solid ground state and its excitations.

excitations from the Z, gauge field that arises as a result of fractionalisation and

spinon deconfinement. Gapless spin liquids, known as long range RV B or algebraic
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spin liquids, have a gapless spinon excitation spectrum. Unlike the Z5 spin liquid
ground state, in which spin-spin correlations decay exponentially with distance,
gapless spin liquids have an algebraically decaying spin correlation function.
Algebraic spin liquids are, therefore, sometime referred to as a critical phase
as this algebraic decay is characteristic of a system close to a phase transition

where correlations diverge before a long range ordered state is adopted [8].

The exact ground state of several important lattice spin models are still
not very well understood and so the synthesis and experimental study of
candidate materials and their comparison with the theoretical models remains
an important task. For instance, the most recent predictions from density matrix
renormalization group algorithms are that the ground state of a S = % kagome
antiferromagnet is a fully gapped, topologically ordered [52], [53] Z, spin liquid,
with an estimated spin gap of 0.13(1) J [54], [55]. However, other theories expect
a gapless spin liquid ground state [56], [57], [58], [59] and the best experimental
candidate to date, the S = 3 KAFM herbertsmithite, (ZnCuz(OH)sCls), appears
to be a gapless critical QSL [60], [61]. In the case of the S = i pyrochlore
antiferromagnet there is some uncertainty too as to whether the system should
adopt a VBS ground state at low temperatures or a true RVB liquid state
[62], [63], [64]. An experimental realisation of a quantum spin liquid should
display an absence of long range order upon cooling in magnetic susceptibility
and diffraction experiments. The absence of spin freezing and the persistence
of incoherent spin fluctuations down to temperatures on the order of the energy
scale of the spin gap in a gapped spin liquid, or 7" = 0 in the gapless case,
can be observed by local probes such as nuclear magnetic resonance or muon
spectroscopies. The experimental signature of deconfined spinons is energy
continuum in the dynamical structure factor probed by inelastic magnetic neutron
scattering [65], as opposed to a sharp mode of a conventional magnon excitation.
Thermodynamic measurements, such as heat capacity, are also important for

revealing the spectrum of low energy states [44].
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(a) Short range RVB.

(b) Long range RVB.

Figure 1.21 In a true quantum spin liquid ground state there is no preferred
valence bond configuration and the ground state is fully resonant
between many different valence bond configurations. The valence
bond partitionings can be short range in nature or long range,
leading to highly entangled spin singlet pairs that stretch across
the spin lattice.
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Chapter 2

Experimental Methods

2.1 Solid State Synthesis and Sample

Characterisation

Polycrystalline metal oxides are most commonly prepared by solid state ceramic
synthesis [66]. Typically, stoichiometric amounts of the necessary precursors are
ground together and pressed into a pellet before heating. The ceramic method
usually requires high temperatures (up to 2000 °C) and small reactant particle
size to allow for ionic diffusion and sample homogeneity. The time, temperature
and heating profile of a particular reaction can each be varied in order to affect
the final product. Samples can be heat treated in air in a box furnace or under
a specific atmosphere in a tube furnace. For instance, if one wants to change the
oxidation state of a transition metal in one of the precursor materials involved in
the reaction, an oxidising (O2) or reducing (Hz) environment could be used. If
one wants to control or maintain a certain oxidation state an inert atmosphere of
argon or nitrogen gases could be chosen, or the reaction could be carried inside a
sealed ampoule. Within this Thesis the oxide pyrochlore LuyMo,O; was prepared

by the solid state ceramic method.

The direct synthesis of nitrides and oxynitrides is limited by their lower stability
in comparison with oxide materials [67]. The free energy of formation is lower
for nitrides due to the higher bond enthalpy of nitrogen compared with oxygen
and a more energetically costly electron affinity. The thermal ammonolysis of an

oxide precursor in ammonia gas, however, allows for the formation of oxynitrides
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at moderate temperatures (up to 1000 °C). During an ammonolysis reaction,
ammonia gas acts as a nitriding agent whilst inducing a change in the oxidation
state of the transition metals involved in order to charge balance the incorporation
of the higher charge of the N3~ nitride anion into the oxide framework [68]. By
varying the time, temperature, ammonia gas flow rate and sample surface area of
an ammonolysis reaction it is possible to control the O : N ratio in the resulting
oxynitride product. The thermal ammonolysis technique was employed to prepare
samples of the oxynitride pyrochlore LusMosO4 gNy 7 presented in Chapter 4 along
with the oxynitride perovskites presented in Chapter 6.

Another common preparative route in solid state chemistry is that of solvothermal
synthesis [66].  This is most often used in the synthesis of microporous
framework solids, such aluminosilicates and aluminophosphates, and metal
organic framework (MOF) solids [69]. In these cases, the aluminate and silicate or
phosphate sources are mixed together into a homogeneous gel along with a solvent,
usually water, and heated in a Teflon-lined steel autoclave to temperatures around
250 °C. When water is used as a solvent, the process is known as hydrothermal
synthesis. There are many parameters that can be varied during a synthesis: the
relative ratio of reagents present in the gel, the solvent, the reaction pH and the
reaction time and temperature, all of which can affect the final structure of the
framework material that is formed. Organic template molecules, often amines,
can also be added to the reaction system in order to direct the synthesis towards a
particular structure. Ionothermal synthesis [70] makes use of ionic liquids, which
act as both the solvent and the structure directing agent during a reaction. An
ionic liquid is defined as a salt which consists of only ionic species with a melting
point of less than 100 °C [71]. In recent years, there has been significant progress
in synthetic chemistry through the development of the ionothermal technique [72],
(73], [74]. Most importantly for this work, it was responsible for the discovery of
a novel S = % kagome antiferromagnet diammonium quinuclidinium vanadium
(IILIV) oxyfluoride, [NH4]o[C7H14N][V7O4F 5], or DQVOF, the study of which is
presented in Chapter 5 [75].

Once a sample has been prepared, it is initially characterised by powder X-ray
diffraction to ensure that the desired phase has been synthesised and that the
reaction is complete. X-rays are a form of electromagnetic radiation with a
wavelength on the order of the inter-atomic spacings within crystalline solids. As
such, the diffraction of X-rays by their interaction with the electrons of an atom

or ion can be used to yield structural information about a crystalline material.
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X-rays for laboratory diffraction experiments are generated by bombarding a
metal target, in this case copper, with electrons produced by a heated filament.
The incident electrons ionise electrons from the 1s K shell of the target, which
results in the emission of X-rays as the vacancies in the K shell are filled by
higher electrons from the 2p L or 3s M shells. These are known as K, and Kpg
radiation, respectively. Within this Thesis powder X-ray diffraction data were
collected on a Bruker D8 powder X-ray diffractometer with monochromated Cu
K1 A = 1.5406 A radiation. Further information on diffraction theory and the
differences between neutron and X-ray scattering are given within § 2.2 of this
Chapter. Thermogravimetric analysis, which involves taking a known mass of
sample and oxidising it completely in air or oxygen and measuring the change
in weight is also carried out so that one can determine the oxide content within
the sample and hence, the oxidation state of the transition metal cations that
it contains [76]. The nitrogen content of oxynitride samples was measured by
elemental analysis on a Carlo Erba CHNS analyser through the EaSTChem
Elemental Analysis Service at the School of Chemistry, University of St Andrews.
The combination of elemental and thermogravimetric analyses, therefore, allows
the total anion content of an oxynitride system to be accounted for [77]. Once
suitable, well characterised samples were prepared their structural and magnetic
properties that are of prime interest within this work were investigated through
a combination of techniques, including neutron scattering studies, muon spin
relaxation, magnetisation and heat capacity measurements. The rest of this
chapter is dedicated to explaining the fundamental principals of these techniques
and aims to describe how they have been of use in the study of the materials

presented within the results chapters of this Thesis.

2.2 Neutron Scattering

There are several important properties of the neutron what make it a useful
probe in the study of materials. For instance, the de Broglie wavelength of
the neutron, A = h/mu, is typically on the order of the inter-atomic spacings
within crystalline solids (~ 1 - 2 A) and, therefore, is an ideal tool with which
to investigate the structure of crystals by diffraction methods. Furthermore, the
energy of a neutron of wavevector k, £ = h?k?/2m ~ meV is of the same energy
scale of certain lattice and spin excitations that are of interest within condensed

matter systems. The neutron is a charge neutral particle, which means that it
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interacts very weakly with matter and penetrates deeply into a target where is it
scattered by its interaction potential with the target nuclei. In addition to this
nuclear interaction, the neutron possesses a magnetic moment such that it is also

scattered by its interaction with the unpaired electrons within a magnetic sample
(78], [79].

During a neutron scattering experiment, the neutron can undergo a change in
wavevector, from an initial wavevector state |k) to a final state wavevector state
|k’). This momentum transfer is denoted hQ, where Q is the scattering vector

shown in Figure 2.1,

Q=k-K (2.1)

The wavevector k indicates the direction of propagation of the wave associated

with a neutron and its magnitude, the wavenumber is given by,

2
kl=k=— 2.2
K === 22)

If the energy of the incident neutron, F, remains unchanged during its interaction
with the sample, such that & = k', the scattering process is known as elastic.
Upon inspection of the elastic scattering process depicted in Figure 2.1, it can be

shown that the magnitude of the scattering vector Q is given by,

47rsinfd

A

Q=Q= (2.3)
If the incident neutron, with initial energy F, loses or gains energy by an energy
transfer with the sample to give a final energy, E’, then the scattering is inelastic

and the energy transfer is given by,

hw=FE—FE (2.4)

In a typical neutron scattering experiment, one would like to observe the
proportion of incident neutrons that emerge from a scattering system with a given
energy and momentum transfer. This information is contained within a four-
dimensional function or scattering law commonly referred to as S(Q,w). When

the scattering process is elastic and w = 0, this collapses to a three-dimensional
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(b) Inelastic scattering.

Figure 2.1 The scattering vector Q for (a) an elastic scattering experiment in
which |k| = |[K'| and (b) an inelastic scattering experiment in which
|k|#|K'| due to an energy transfer between the incident neutron and
the sample.

scattering law known as S(Q) [80]. Figure 2.2 shows the general geometry of

such a neutron scattering experiment. The quantity that is measured during a
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neutron scattering experiment is the partial differential cross section [78],

d?o

015 = the number of neutrons of energy E scattered into a solid angle df)

with a final energy between E' and E' + dE'/®dQdE'
(2.5)

where ® is the flux of the incident neutrons. If only the elastic scattering is of
interest and the final energy of the scattered neutron is not analysed, then the

differential cross section is observed [78],

d
% = the number of neutrons scattered into a solid angle d2/®d)  (2.6)

The total scattering cross section, g;,, gives the number of neutrons scattered in

all directions per second.

Neutrons scattered
in direction 6, ¢
k’

Incident Kk
neutrons

> z-axis
Scattering
system

Figure 2.2 The geometry of a scattering experiment in which incident neutrons
with wave vector K are scattered into a solid angle dQ) with a final
wave vector kK'.
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2.2.1 Nuclear Neutron Scattering

When a neutron interacts with a single fixed nucleus, the nucleus acts as a
point scatterer ¢.e. the length scale of the nuclear forces that the neutron
experiences (~ 107! m) is several orders of magnitude smaller than incident
neutron wavelength (~ 107!% m). As a result, the scattered neutron takes the
form of a spherically symmetrical wave [80]. If one takes the position of the
scattering nucleus to be at the origin and the direction of the incident neutron
wave vector k aligned along the z-axis, then the wavefunction of the incoming

neutron plane wave is given by,

VYine = exp(ikz) (2.7)

The wavefunction of the spherically symmetric scattered wave, shown in Figure

2.3, at a distance r from the nucleus is denoted,

wsc - _;GXP(Z/W‘) (28)

where b is known as the neutron scattering length. The scattering interaction
between the neutron and the nucleus is a resonance phenomenon that results in
the formation of a compound nucleus of the neutron and scattering nucleus. The
behaviour of this compound state and, hence, the value of b depends on particular
details of a specific nuclide and on the spin state of the compound nucleus, which
can take values of I + % or [ — % for a system of non-zero nuclear spin, 0.
I = 0 nuclei only have one value of b and the spin state on the compound nucleus
is 1. The total scattering cross section, o, is then dependent on the nuclear

2
scattering length according to [80],

Otot — 47Tb2 (29)

A typical scattering system, however, will contain a very large number of nuclei
and for each element present within the system, the scattering length b can
vary from nucleus to nucleus due to the formation of different neutron-nucleus
spin states or the presence of difference nuclear isotopes. This gives rise to

the incoherent scattering of neutrons (spin incoherent and isotope incoherent
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Figure 2.3 An incident beam of neutron plane waves are scattered isotropically
and elastically as spherical waves by their interaction with a single
fized nucleus.

scattering, respectively.) The coherent scattering cross section,

Teon = 4m(b)? (2.10)

reflects the scattering from the mean scattering length of the system, b, which
gives rise to interference effects between the scattered neutron wave functions, and
hence, diffraction if the scattering system is a crystalline solid. The incoherent

scattering cross section,

Oine = 47 (02 — ()?) (2.11)

then reflects the random deviation of the scattering lengths from their mean value
values. This incoherent scattering does not give rise to interference effects but
rather leads to diffuse scattering of neutrons that adds to the background of a

diffraction profile.

In order to obtain an expression for the nuclear differential scattering cross section
that one measures during an elastic neutron scattering experiment, it is necessary
to make use of a standard result in quantum mechanics, Fermi’s Golden Rule [78],

[79]. By considering the definition of the differential scattering cross section given
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in Equation 2.6, one can write,

do 11
k/

where Wy_, ) is the number of transitions per second from the incident wavevector
state |k) to the final wavevector state |k’). This determines the probability of
the incident neutron undergoing a transition from its initial plane wave state to
its final wave state, which according to Fermi’s golden rule, is formally given by
[78],
2 5
Wi = 210V Q) o (213
where V(Q) is the interaction potential through which the transition from the
|k) state to the |k’) state occurs and py is the density of final |k’) states. In
scattering theory, Fermi’s golden rule is equivalent to the Born approximation,
which implicitly assumes that the scattering interaction between the neutron and
the nucleus is weak and that the scattered neutron has a negligible effect on the
incident beam [79], [80]. By evaluating the density of final states py [78], one

arrives at the following expression for the differential cross section,

do m ’ , 2
d—Q=< >|<k|V|k>| (2.14)

orh?

where m is the mass of the neutron. If the scattering potential of the neutron
for the jth nucleus with position vector R; in the scattering system has the form

V;(r — R;), then the scattering potential for the entire scattering system is given
by,

V=2 Vilr=Ry) =3 Vilx)) (2.15)

where r is the neutron coordinate and x; =r — R;.
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Evaluating the matrix element in Equation 2.14 gives,
K |V|k) = ZV )exp(iQ-R;) (2.16)

where,

V(Q) = / V() )exp(iQx; )dx, (2.17)

is the Fourier transform of the scattering potential for the jth nucleus. In order
to evaluate the expression given in Equation 2.17 further, it is necessary to find
a function that describes this scattering potential. Since the nuclear interaction
between the neutron and the nuclei within the scattering system is known to
be very short-ranged, the potential can take the form of a three-dimensional
d-function [81],

omh?

Vi(x;) = bé(xj) (2.18)

which as a function of the scattering vector Q is given by,

n? n’
V@) = [Tl expliQ ), = b, (2.19)

Inserting this into Equation 2.14, along with the evaluated matrix element given
in Equation 2.16, one obtains a general expression for the differential cross section

for nuclear elastic neutron scattering,

d
T = 1> xR, (2:20)

For inelastic neutron scattering, one must consider the energy transfer, hw,
between the neutron and the scattering system, which undergoes a transition
from an initial state |A) to its final state |\'). The energy distribution of the

scattered neutrons takes the form of delta function, so the inelastic scattering
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cross section can be written as [78],

2
d’c K m
dVdE  k (ﬁ) ](k/)\/\V|k)\>]25(E/\ — By + hw) (2.21)

By summing over all final |\’) states and averaging with respect to |A) one obtains

the general expression for the partial differential cross section, which becomes [78],

dgdUE’ B %%2/_00 (exp(—iQ-R;(0))exp(iQ-R;(t)))exp(—iwt)dt ~ (2.22)

Nuclear Scattering by Crystalline Materials

A crystalline material is a highly ordered phase of matter with a periodic structure
that gives rise to the diffraction of radiation, such as neutrons and X-rays. A
crystal can be described in terms of a lattice, a periodic array of points, onto
which a chemical entity, such as an atom or ion can be superimposed [80], [82].

These lattice points are displaced from the origin by the lattice vector,

1= nia + ngb + nocC (223)

where ny, ny and nz are any set of integers such that any point in the lattice
can be translated to an equivalent one by integer multiples of a, b and ¢. The
crystal lattice, therefore, reflects the underlying periodicity of a structure and
the translational symmetry that is a special property of crystalline solids. The
vectors a, b and ¢ form a parallelepiped that defines the unit cell of the crystal
structure shown in Figure 2.4. This is smallest repeat unit in a crystalline solid,
which is extended in all directions to give a three-dimensional periodic structure.
The magnitudes of the unit cell vectors, (a,b,c), and the angles between them,

(o, 5,7) are known as the lattice constants.

The differential cross section for elastic scattering by a crystal of n nuclei is given

48



/th unit cell

Origin

Figure 2.4 A unit cell defined by three vectors a, b and ¢ which is displaced from
the origin by the lattice vector 1. The position of a particular nucleus
contained within this unit cell is given in terms of its fractional
coordinates (xq, Y4, zq) by the position vector d.

d
é = y;bnem(i(;z-rn)|2 (2.24)
where the position vector of a particular nucleus, r,, is given by,

r,=1+d (2.25)

The differential cross section can thus be re-written as,

d
% - |;exp(iQ~l);bdexp(iQ~d)|2 (2.26)

where 1 and d are the vectors shown in Figure 2.4. The summation over 1, the
lattice vector, will cancel out to zero unless all of the terms in the sum are equal
such that,

exp(iQ1) =1 (2.27)
for all 1. This gives rise to non-zero scattering at well-defined points in Q. This
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situation is satisfied when the scattering vector, Q, is equal to the reciprocal

lattice, T, given by [83],

T = ha" + kb" +Ic” (2.28)
where,
2rbxc
= 2.2
a4 a-(bxc) (229)
2mcxa
b = — — 2.
a-(bxc) (2:30)
and
2raxb
e — 2.31
¢ a-(bxc) (2.31)

are the reciprocal lattice vectors. An example of the relationship between a real
space lattice and its reciprocal lattice is shown in Figure 2.5. The indices h, k and
[ are known as the Miller indices, which describe how parallel planes of lattice
points cut the axes of a unit cell at fractional parts, given by the reciprocals of
their intercepts with the a, b and ¢ unit cell axes, respectively (see Figure 2.5).
The spacing between these parallel planes is denoted dj;. The reciprocal lattice
has two important properties. Firstly, its direction is normal to a particular hkl

plane and secondly, its magnitude is given by [82],

2
|Thkl| = _d (232)
hkl

The condition for strong elastic scattering of neutrons from a crystalline solid is
known as the Laue condition, from which it is possible to derive the fundamental

law of scattering theory,

Q[ = [Tl (2.33)
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(a) Real space lattice. (b)  Reciprocal lattice.

(¢) 100 plane. (d) 110 plane. (e) 111 plane.

Figure 2.5 The (a) two-dimensional crystal lattice with lattice vectors a and
b has a (b) reciprocal lattice with reciprocal lattice vectors a* and
b* such that alb* and bla* and |a|/|b| = |b*|/|a*|. The Miller
indices describe parallel planes of atoms within a crystal structure
where h, k and | denote the reciprocals of the intercepts of the
particular plane with unit cell axes. Shown here are the (c) 100,
(d) 110 and (e) 111 Miller planes for a primitive cubic unit cell.

Q = Thi (2.34)

47TSin9hkl . 2

= 2.35
A dnki ( )

Bragg’s law,

A= 2dhk18in9hkl (236)

The sharp points of scattering intensity that arise when the Laue condition is
met are known as Bragg peaks and the pattern of Bragg peaks observed in a

diffraction pattern is characteristic of parallel hkl planes of atoms with different
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d-spacings and orientations within a sample, see Figure 2.6.

A

IR

Figure 2.6 Bragg’s law can also be derived by considering the scattering
from parallel Miller planes of d-spacing, dpg;.  If the path
difference between neutron scattered from mnuclei in neighbouring
planes, 2dpisinfi, is an integer multiple of the incident neutron
wavelength, \, then constructive interference of the scattered neutron
waves results and a Bragg peak corresponding to that particular
d-spacing and scattering angle Opp; is observed in the diffraction
pattern.

The position vector d given in Equation 2.25 for a particular nucleus within the

unit cell (see Figure 2.4) can be written in terms of its fractional coordinates,

(xd7ydazd)7

d= Tga + ydb + z4C (237)

Under the Laue condition, the differential cross section then becomes,

d
O = N3 baexpli(ha’ + kb’ +1e”)-(qa + yab + z00)* = N Fpal? (238)
d

where N is the number of unit cells within the crystal and Fy;,; is known as the

structure factor,

Fhkl = ZbdeXp(Qﬂi(hl’d + k‘yd + lZd)) (239)
d
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The structure factor, Fjy, is related to the intensity of a particular Bragg

reflection, Ik, by,

TocF 2, (2.40)

such that the measurement of the intensity of a Bragg peak only yields the
magnitude of its structure factor and not its sign. This is known as the

crystallographic phase problem [80].

Powder Averaging and Rietveld Refinement

A powder or polycrystalline sample contains an infinite number of randomly
orientated crystallites. Neutron scattering experiments on powder samples are
important given that it is not always possible to prepare a single crystal of
a material suitable for neutron diffraction. The lack of definite orientation of
the crystallites in a powder means that the resulting differential cross section is
spherically symmetric [80]. As a consequence, some of the directional information
contained in the diffraction pattern is lost as it no longer depends upon the
azimuthal angle ¢, shown in Figure 2.2. This angular invariance gives rise to
cones of diffraction, known as Debye-Scherrer cones shown in Figure 2.7, such
that rings of equal scattering intensity are observed perpendicular to the incident
beam. From this, one can obtain a two-dimensional powder diffraction pattern,
which shows the intensity of the Bragg peaks typically as a function of 26 or
d-spacing.

The peaks in a powder diffraction pattern occur when the spacing between parallel
planes of atoms and the diffraction angle satisfy Bragg’s law. Since this condition
may be satisfied by more than one set of Miller indices simultaneously, the area
under one particular Bragg peak may be composed of intensities from more than
one hkl reflection. This is known as the peak overlap problem. The Rietveld
method is a procedure that addresses this problem of peak overlap in powder
diffraction data [84]. It treats each data point in a diffraction pattern as an
individually observed intensity and uses knowledge of instrument parameters,
such as peak shape and width, and sample parameters, such as position and
intensity of reflections, to model a diffraction profile which is refined against
the experimental data by least squares methods in order to achieve a best fit.

The Rietveld method, therefore, allows for structural information to be extracted
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Figure 2.7 A Debye-Scherrer cone that gives a ring of scattering intensity from
a powder sample.

from a powder diffraction pattern with peak overlap. In order to carry out a
Rietveld analysis of powder diffraction data a reasonable starting structural model
is required along with certain instrumental details specific to the diffractometer
on which the data were collected. Parameters within the model are then refined
in order to minimise the sum of the differences between the model data points,
y(cale), and the observed data points, y(obs) in a least-squares process over all i

steps within the diffraction pattern given by,

D= Zwi(yi(obs) — y;(calc))? (2.41)

where w; is the inverse of the total observed intensity at the ith step. One aims
to obtain a stable refinement of the model to the data that converges to a global
minimum. A criterion often used to determine the goodness of a fit is the weighted
R-factor,

D 2
Hup = (Zwi(yi<0bs))2> (242)

The y2-factor is also commonly quoted as an indication of how well the fitted
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model accounts for the data, which is given by,

X’ = (%””) (2.43)

where R, is known as the expected R-factor, which is dependent upon the

the counting statistics for the data in comparison to the model errors. For a

statistically perfect fit, y* = 1.

The model parameters that are typically refined include structural parameters
such as atomic coordinates, site occupancies and cell constants, thermal param-
eters, background coefficients and profile parameters including peak shape and
sample displacement or zero point. Within this work, Rietveld refinements were

performed using the GSAS program [85].

2.2.2 Magnetic Neutron Scattering

In addition to nuclear scattering, the neutron is also deflected through the
interaction between its dipole moment and that of an unpaired electron in a
magnetic sample. The scattering potential for magnetic scattering is far more
complicated than for the nuclear case, which is a result of the long-range nature
of the magnetic forces that are responsible for the scattering process. Magnetic
scattering is ion specific and Q dependent, which is to say that it is subject
to a form factor F'(Q) such that magnetic scattering intensity falls off with
increasing Q. Unlike nuclear scattering, magnetic neutron scattering is also highly
anisotropic and a fundamental rule of magnetic scattering is that the neutron only
experiences the component of the sample magnetisation that is perpendicular to

the scattering vector [78], [86], denoted M and shown in Figure 2.8.

In order to obtain the scattering cross sections for the magnetic interaction
between a neutron and a scattering system, it is necessary to consider the
potential felt by the dipole moment of the neutron and the magnetic field
generated by the unpaired electrons in a magnetic material [78], [87]. The

magnetic dipole moment of the neutron is given by,

Bn = —VuhinO (2.44)
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> 0

Figure 2.8 The neutron only sees the component of the sample magnetisation,
M, that is perpendicular to the scattering vector, M .

where 7, is the nuclear gyromagnetic ratio, yu, is the nuclear magneton eh/2m,
and o is the Pauli spin operator for the neutron [3]. The magnetic dipole moment

corresponding to the unpaired electron in the scattering system is then,

H, = —2ups (2.45)

where pp is the Bohr magneton efi/2m, and s is the spin of the unpaired electron.
The total magnetic field generated by an unpaired electron of momentum p at
a distance R from the electron consists of contributions from both spin (S)and

orbital (L) moments,

o uexRY  2up pxR
B-B.,+B, - X ~ 9.4
s+ 5L 4w<vx< R ) h R2) (2.46)

The potential felt by the neutron in this magnetic field is then given by,

Ho uexf{ 1 pr{
Vm = _“n'B = _E'Yn,unZ/lBo-' (VX < R2 > + ﬁ R2 ) (247)

which can be inserted into the partial differential cross section, where one must
now also consider the spin state transition of the neutron during the scattering

interaction, |S)—|S’) in addition to the wave vector state of the neutron and state
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of the scattering system that were necessary in the case of nuclear scattering,

2
e K
o d‘;ﬂl - (ﬁ%) [(K'S'N Vi [KSN)25(Ey — Ex + Fiw) (2.48)

Evaluating the spatial part of the matrix element, (k'|V,,|k), for the ith electron

with spin s;, position vector r; and momentum p; yields,

(Vi) = drespliQur) (Qx(sxQ) + (@) (2.49)
Summing over all unpaired electrons one obtains,
Y KV lk) = 47ML(Q) = Qx(M(Q)xQ) (2.50)

7

where M (Q) is the component of the Fourier transform of the sample

magnetisation that is perpendicular to the scattering vector,

M(Q) = /M(r)exp(z’Q-r)dr (2.51)

Therefore, the incident neutron only experiences the component of the sample
magnetisation that is perpendicular to the scattering vector. Assuming for now
that the incident neutron beam is unpolarised, such that there are an equal
number of spin-up [1) and spin-down ||) neutrons and summing and averaging

over the scattering system states A and )\ gives

d*c

K )
o = (n70) > A AIMIL N VML) S(Ey — By +hw) - (2.52)

AN

where,

2
Mo €

= 2.53

"o 41 m, ( )

is the classical radius of the electron (2.818x107* m).
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Magnetic Scattering by Crystalline Materials

The position vector Rj; denotes the position of a nucleus within a crystalline
system where the subscript j gives the unit cell in which the nucleus sits and d
its position within that unit cell. If r. is the position of the eth unpaired electron

of spin s, relative to its nucleus then [86],

r, = Rjd + Te (254)

From the definition of M(Q) given in Equation 2.51, one obtains,

M(Q) = Zexp(iQ-ri)Si = Zexp(Q-Rjd)Zexp(iQre)se (2.55)
7 jd e

such that the matrix element (\'|M | |[A\) becomes,

(NML|A) = <X|ZGXP(Q'Rjd)ZGXP(iQTe)Se|)\> = I(Q)(N|exp(iQ-Rj;a)S;al\)
] ) (2.56)

Here, F'(Q), is known as the magnetic form factor and exp(iQ-R;4)S;q the
magnetic structure factor, which contains the spin orientation vectors S;; in the

unit cell. The magnetic form factor is given formally by,

F(Q = [ prjesxpli) (2.57)

where p(r) is the normalised density of unpaired electrons. It is the spatially
diffuse nature of the unpaired electrons in the outer most electronic orbitals that
gives rises to the ()-dependent scattering. It is important to note that X-ray
scattering is also subject to a form factor since X-rays are scattered by their
interaction with the electron density of an atom. There are several important
differences, however, between the magnetic and X-ray form factors. For instance,
the X-ray atomic form factor has a magnitude that increases proportionally
with atomic number, where as the neutron magnetic form factor is specific to
a particular ion and oxidation state and does not increase monotonically with

atomic number. Furthermore, the drop-off in scattering intensity with increasing
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@, shown in Figure 2.9, is more significant in the case of magnetic neutron
scattering since only the outermost valence orbitals that are most extended in
space that contain an unpaired electron are involved in the scattering interaction,
[80]. An analytical approximation for the magnetic form factor can be obtained

from the following expression,

F(Q) = Cojo(Q/4m)) + Co(j2(Q/4m)) + Cu(ja(Q/4m)) + - - (2.58)

where the constants Cy, Cy, Cy and functions jo, j2, j4 etc. are tabulated [88].
The (jo) term gives the spin only contribution to the magnetic form factor, where

as the higher order terms account for the orbital contribution.

A

X-ray

F(Q)

Neutron -
nuclear
Neutron -
_ magnetic

-

Y

Figure 2.9 The Q dependence of X-ray and magnetic and nuclear neutron
scattering. X-ray and magnetic neutron scattering are subject to a
form factor F(Q) such that scattering intensity drops off at higher
scattering angles.

The magnetic differential cross section of a high temperature paramagnetic state

of N magnetic ions of spin S is given by [86],

do 2

O = 2 (o N (59 F(Q)exp(~2W)S(S +1) (2:59)

2

where ¢ is the Landé g-factor and W is the Debye-Weller factor which takes
into account thermal displacements of the nuclei in the scattering system. This

paramagnetic scattering (in the absence of an applied magnetic field) is entirely
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diffuse due to the disordered nature of the paramagnetic state discussed in
Chapter 1. Magnetic diffuse scattering is discussed in more detail in this Chapter
in § 2.2.4. As a magnetic crystalline solid is cooled it may undergo a magnetic
phase transition to a long-range magnetically ordered state giving rise to magnetic

Bragg scattering or diffraction. The differential cross section in this case is given
by [86],

j—g = mro)zN(égﬂQ))?exp(—zW)Zwaa = QuQy)x > _exp(iQR;)(S5)(Q;)

v J (2.60)
where the sum over cartesian coordintates af is the orientation factor for spin
vectors perpendicular to the scattering vector and the sum over j is the structure
factor S(Q). In the case of a ferromagnetic state, in which all spins align parallel
to one another, the magnetic unit cell coincides with the crystal unit cell such
that one observes an increase in intensity of Bragg peaks upon cooling the system
below its critical Curie temperature, T-. In an antiferromagnetic state, in which
neighbouring spins align anti-parallel with respect to each other, the magnetic
unit cell is doubled with respect to the crystal unit cell and so additional peaks in
between the structural Bragg peaks will appear below the Néel temperature, Tly.
The archetypal example of this is manganese oxide MnO [89], shown in Figure
2.10, for which magnetic neutron scattering played a vital role in the experimental

proof of antiferromagnetism that was first proposed by Néel in 1936 [50], [90].

Inelastic magnetic neutron scattering is somewhat beyond the scope of the work
currently within this Thesis. However, it will form an extremely important part
of the future work of the projects discussed with the results chapters and in
general, inelastic magnetic neutron scattering plays a major role in the study
and understanding of the nature of magnetic ground states in highly frustrated
spin systems. Inelastic magnetic neutron scattering depends upon temporal and
spatial correlations between spins and so can measure the energies of magnetic
fluctuations in a system [91]. For completeness, the full inelastic magnetic partial

differential cross section is given by,

d*o k'
J0dE g(%ro)Q(ﬂQ))Q%Z(%B — QaQp)5*(Q,w) (2.61)

af
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(¢) Powder mneutron diffraction data of MnO, taken from
reference [89].

Figure 2.10 The low temperature antiferromagnetic structure of MnO shown in
(b) results in a doubling of the crystal unit cell in (a), which was
confirmed by the seminal neutron diffraction work of Smart and
Shull (¢) that shows the appearance of additional magnetic Bragg
peaks below the Néel temperature.
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where S“°(Q,w) is the dynamical structure factor.

2.2.3 The Production of Neutrons for Neutron Scattering

Experiments

There are two principal methods for the production of neutrons for scattering
experiments, nuclear fission and spallation [66]. The Institut Laue-Langevin, is a
high flux 60 MW nuclear reactor that produces a continuous source of neutrons by
fission of enriched 2**U fuel. The neutrons that emerge from the nuclear reactor
have a wide distribution of energies and so have to pass through a moderator
in order to achieve the required energy and wavelength, see Table 2.1. D2B
is a high resolution diffractometer at the Institut Laue Langevin that has been
used for the study of materials in this Thesis by powder neutron diffraction. A
schematic diagram of the instrument is shown in Figure 2.11 [92]. D2B uses
a germanium crystal monochromator to select out a single neutron wavelength
from the polychromatic beam of thermal neutrons from a D,O moderator, which
is incident upon the sample. The scattered neutrons are detected by a series of
128 detector banks that cover a 26 range of 5 © - 165 ° as they move around
the sample such that counts of scattered neutrons are averaged over more than
one bank. D2B uses *He tube detectors. Since the neutron is charge neutral,
a charged particle has to be produced within the detector in order to count the
scattered neutrons indirectly [80], and in the case of *He detectors this is the

proton, 'Hy,

3H62 + 1n0—>3H1 + 1H1 (262)

Upon integration of intensities of the powder diffraction rings measured on the
detectors, shown in Figure 2.12; one obtains a powder diffraction pattern for a
sample as a function of 20. This is, therefore, an example of constant wavelength

or angle dispersive diffraction.

The ISIS neutron facility of the Rutherford Appleton Laboratory is an example of
a spallation or pulsed neutron source. Here, pulses of neutrons are produced when
a high energy proton beam collides with a heavy-metal tungsten target which
spallates neutrons and other high energy particles. After moderation, the white

beam of neutrons is incident upon a sample, which after scattering are analysed
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Table 2.1 Neutron moderator characteristics at the Institut Laue-Langevin and
ISIS neutron facilities.

Moderator T/K Neutron £ / meV  Neutron A / A ILL ISIS
Cold 1—-120 0.1 -10 30 -3 Dy Dy, CDy
Thermal 6 — 1000 5 — 100 4—-1 D,O D,O
Hot 1000 — 6000 100 — 500 1-04 Graphite -
Neutron

Collimator flight tube

Monochromator

Radial collimator

Detectors

Figure 2.11 Schematic diagram of the instrumental layout the high resolution
diffractometer D2B at the Institut Laue Langevin.

by fixed detector banks as a function of their time-of-flight, and hence wavelength.
Faster neutrons, with a shorter wavelength will arrive at the detector banks first
while the slower neutrons with a longer wavelength and time-of-flight arrive at
a later time. The high resolution powder diffractometer (HRPD) is an example

of an instrument at ISIS on which time-of-flight or energy dispersive neutron
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Figure 2.12 Neutron powder diffraction rings measured on D2B. Integration
of the intensities over the centre of the detector array (white-
dotted lines) gives a high resolution powder diffraction pattern as
a function of 20.

diffraction has been performed in this Thesis. HRPD has three fixed detector
banks, a high resolution backscattering bank (26 = 168.3°), 90 ° detector banks
on either side of the sample (260 = 89.6 °) and a small angle bank (26 = 30.0 °)
as shown in Figure 2.13, which cover regions of d-spacings of 0.6 - 2.6 A, 0.9 -
3.8 A and 2.0 - 10.0 A, respectively. The particularly special feature of HRPD
is its extremely long flight path; the instrument is situated 100 m away from the

neutron target giving it one of the best Ad/d resolutions in the world.

2.2.4 Neutron Polarisation Analysis and the Diffuse
Scattering Spectrometer, D7

The underlying diffuse scattering found beneath the nuclear or magnetic Bragg
peaks in a neutron diffraction pattern can often contain interesting and important
information about structural and magnetic disorder and short range correlations
in a system. This is especially the case in magnetically frustrated spin systems
in which one does not expect to observe long range magnetic order upon cooling
but rather diffuse, short range spin-spin interactions in a disordered magnetic
ground state [93]. In order to unambiguously extract this kind of information

and separate the different components of the total neutron scattering from a
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Figure 2.13 The detector bank array at HRPD, with the backscattering, 90 °
and small angle banks fixed at 20 = 168.4 °, 89.6 ° and 30.0 °,
respectively. The incoming neutrons travel a flight path of 100 m
from the moderator to the sample.

sample one must apply neutron polarisation analysis techniques. The diffuse
scattering spectrometer D7 at the Institut Laue-Langevin is the ideal instrument
to perform such an experiment as it employs xyz polarisation analysis to separate
out the nuclear, magnetic and nuclear spin incoherent scattering cross sections

that contribute to total scattering over all scattering angles [94].

Neutron Polarisation

The neutron is a charge neutral particle with spin s = % and an angular
momentum of j:%h. If the spin vector of an individual neutron is denoted s,

then the polarisation of a beam of neutrons is given by [95],

P = (s.) /% — 2sw) (2.63)

i.e. the ensemble average of all neutron spin vectors normalised by [s,|. In order
to study the spin state transition of a neutron during the scattering process with
a sample, one needs to produce a beam of polarised neutrons with a definite spin
state. By applying a magnetic field on a scattering experiment, one creates a

quantisation axis (usually defined along the z-axis), along which the neutron spin
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can align parallel to give a spin-up state |1) = +37% or anti-parallel to give a spin-
down state |]) = —%h. A scattering experiment that has a single quantisation
axis is known as a longitudinal polarisation analysis experiment. It is possible to

express the neutron beam polarisation in such an experiment as a scalar,

N, — N_

I 2.64
N, +N_ (264)

where N, and N_ and spin-up and spin-down neutron spin states, respectively.
A perfectly polarised neutron beam will, therefore, have P = +1. A measurable
quantity in a longitudinal neutron polarisation analysis experiment is the flipping

ratio, F' = %, such that the beam polarisation can also be defined in terms of
F,

F-1
P=— 2.65
F+1 (265)
The equations for the spin-dependent scattering amplitudes are given by the
Moon-Riste-Koehler equations [96]. The scattering amplitudes are a convenient
way of describing how the incident neutron goes from an initial wavevector and

spin state |kS) to a final state |k’S’) via an interaction potential, V(Q) during
the scattering process [79],

U = (KS'|V(Q)[kS) (2.66)

For nuclear spin independent (I = 0), magnetic and nuclear spin dependent (17£0)
scattering processes, these scattering amplitudes can be derived from the nuclear

and magnetic scattering potentials, to give the Moon-Riste-Koehler equations
[96]:

Ut = ’T>_>|T> = beon — /YnTOMJ_z + BI, (267)
2pp
E— o TnTo
U - |\L>_>|\L> - bcoh + _MJ_z - BIZ (268)
2up
Ut = )= = —g’f (My, —iM,,) + B(L, — il,) (2.69)
B
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U =)=t = _*;Zro (M, +iM,,) + B(I, +il,) (2.70)
B

where b, is the coherent scattering length and B = (by +b_)/(2I + 1) is the
nuclear spin dependent scattering length from spin-singlet (b_) and spin-triplet
(by ) neutron-nucleus compound states. The U™ and U™~ scattering amplitudes
do not result in a change in the spin state of the neutron and are, therefore,
referred to as non-spin flip (NSF) amplitudes. Ut~ and U~ involve a change in
the spin state of the neutron as a result of the scattering process and so are known
as the spin flip (SF) amplitudes. It is important to note at this point that, with
the neutron polarisation aligned along the z-axis in a longitudinal polarisation
analysis experiment, the NSF scattering will be sensitive to components of the
sample magnetisation that are parallel to the neutron polarisation and the SF
scattering will be sensitive to those that are perpendicular to the polarisation
given that neutrons only ever see components of the magnetisation perpendicular

to the scattering vector.

The diffuse scattering of neutrons can arise from incoherent nuclear scattering,
discussed in § 2.2.1, or incoherent magnetic scattering from a paramagnetic
or disordered magnetic state. By including the contributions of nuclear
isotope incoherent and spin incoherent scattering the spin-dependent scattering

amplitudes in the Moon-Riste-Koehler equations become [96],

n 1

U = [1)=51) = buoh — 222 M 1, + by + by (2.71)
2/,63 3
n 1

U™ = 1) =1 = ook + 222 M1 + by + b (2.72)
2/13 3
n!’ . 2

U™ = )= ) = =220 (M, —iMy,) + 2bs (2.73)
Q[LB 3
n . 2

U™ = )= = —220(M, + ML) + Sy (2.74)
2,U,B Y 3

where b; = /{(0)2) — (b)? and by; = /B2I(I + 1) are the isotope and spin

incoherent scattering lengths, respectively. At this point, it is possible to see how
in the absence of magnetic scattering one can separate the nuclear spin incoherent

scattering from the nuclear coherent and isotope incoherent by subtracting half of
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the SF scattering from the NSF. This could be useful, for example, in the study
of hydrogenous organic substances where one may want to separate out the large

incoherent scattering of 'H.

xyz Polarisation Analysis

In order to fully separate nuclear coherent, nuclear spin incoherent and magnetic
scattering, however, xyz polarisation analysis is required [94]. This makes use
of a multi-detector in the xy-plane of the scattering experiment, which is able
to observe |1)—|1) NSF and |})—|1) SF transitions as it detects and analyses
neutrons with a final spin-up spin state. The magnetic cross sections for these
transitions, obtained by taking the square of the magnetic part of UT+ and U™,

respectively,

2
do nT *
a0 = | 210} ) (2.75)
dS 2,&3
NSF

and,

2

do nT * *

(m) = (;UJ:> <MJ_1MJ_:E + MJ_yMJ_y> (276)
SF

For a fully disordered paramagnetic state, these expressions can be written in the

form,

(%) = %(M292F2(Q)J(J +1)[1 - (Q-f’)P) (2.77)

NSF

(;%) _ % (%?F?(Q)Ju +1)[1+ (QP)P) (2.78)

SF

and by setting the neutron polarisation direction (now z, y or z) along the unit
scattering vector, such that (QIS) = 1, all of the magnetic scattering collapses
into the SF cross section. With the multi-detector in the xy-plane, one measures

a unit scattering vector Q that can be defined by the angle o that is makes with
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the z-axis, known as the Scharpf angle [97],

Q = | sinw (2.79)

Substituting this scattering vector into the the cross sections, including nuclear
coherent, isotope incoherent and spin incoherent terms, one obtains six cross
sections, one SF and one NSF for the polarisation aligned along each of the xyz

directions,

o\ 1., [do 1( do do
= — T - = — 2.
(dQ) R O‘(dQ) T3 <dQ> i (dQ) (2:80)
NSF mag st nuc + it
do\" 1, do 2(do
— = - D — — — 2.81
(dQ) y(cosa+ )<dQ> T3 (dQ) 81)
SF mag st
do '\’ 1 d 1({d d
o 5 o o o
=2 S - = — 2.82
<d9> 2" O‘(d@) T3 (dQ) * (dQ) (282)
NSF mag st nuc + i
o\’ 1 d 2(d
o 9 o o
— = - | — —-| — 2.
<dQ> 2(sm o+ )<d§2> +3<dQ> (2.83)
SF mag st
do ’ 1( do 1( do do
(m) 2 (m) *3 (m) * (@) 25
NSF mag st nuc + it
do : 1( do 2 ( do
— = —| — —| — 2.
(dQ) 2 (dQ) T3 (dQ) | (285)
SF mag st

These equations are collectively known as the Schéarpf equations [97] and they

~~

form the basis of the separation of total scattering components by xyz polarisation
analysis. The required cross sections of interest can be extracted by combining the

Scharpf equations in the necessary manner. For instance, the magnetic scattering
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cross section can obtained independently for either the NSF or SF channels,

z x Y
do do do do
mag NSF NSF NSF
d do \" do \' do '\
o o o o
(m) _ 2(@) +2(d_9) _4<d_9> (2.67
mag SF SF SF

The Diffuse Scattering Spectrometer D7

or,

D7 is a high flux, cold neutron multi-detector spectrometer that is specifically
designed to perform xyz polarisation analysis for the study of diffuse scattering
[94]. A schematic diagram of the instrument layout taken from reference [94]
is shown in Figure 2.14. The diffuse scattering that is studied on D7 typically
contains very broad features and so high ) resolution is not required. Instead
a high neutron flux is favoured given that the polarisation analysis cuts down
the total beam flux. The cold neutron source of D7 is also advantageous in the
process of polarisation analysis as it helps to reduce the possibility of multiple
scattering events that can lead to twice flipped spins being counted in the NSF
channel. The monochromator at the neutron guide can be used to select incident
neutron wavelengths of 3.1 or 4.8 A. The neutron beam is polarised by a Co /Ti
focusing super-mirror polariser [95]. For a single magnetic layer mirror polariser
of N nuclei of scattering length b there are two critical glancing angles, 6., that

give rise to total external reflection of the incident neutron beam,

B — A @(bip)) E (2.88)

and between these two critical angles a neutron beam of wavelength A is fully
polarised (p = £1). However, the critical glancing angle is typically very small
and, therefore, not suitable for a high flux neutron scattering instrument given
the divergence of the incident neutron beam. In D7 a super-mirror arrangement
of magnetic and non-magnetic Co/Ti layers is used, which increases the allowed

divergence of the beam whilst still achieving polarisation. A gradient in the
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thickness of the Co/Ti layers extends the reflectivity of the super-mirror system
over a wide range of angles and the mirrors are bent to ensure reflection of
the incident neutron beam. A magnetic guide field ensures that the beam
polarisation is maintained as the neutrons travel through the D7 instrument.
The polarisation can be flipped before the sample by activating the Mezei flipper
such that [|)—|1) SF transitions can be monitored. The zyz field coils around
the sample adiabatically rotate the neutron spin polarisation into the z, y or z
directions i.e. the magnetic field direction is changed slowly such that there is
a reversible rotation of the polarisation and the component of the polarisation
parallel to the guide field is conserved [95]. The scattered beam is then analysed
by an array of Co/Ti super-mirrors which cover three sets of detector banks over a
horizontal scattering angle of 132 °©. Within this Thesis, D7 has been used to study
the magnetic diffuse scattering of neutrons from the disordered magnetic ground
states of the geometrically frustrated pyrochlores LusMosO7 and LusMosO4 gNj 7,

which are presented in Chapters 3 and 4, respectively.
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Lead/B4C shutter monitor 2

ol New Detector/Supermirror analyser banks

Figure 2.14 Schematic diagram of the instrumental layout of the diffuse
scattering spectrometer D7 at the Institut Laue Langevin.
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2.3 Muon Spin Relaxation

The positive muon is a spin—% particle. Some of the important properties of
the muon are summarised in Table 2.2. Muon spin relaxation (uSR) is an
implantation technique where by spin polarised positively charged muons are
implanted into a sample where they thermalise and come to rest at well defined,
energetically favourable sites [98]. Within the sample, the large magnetic moment
of the muon makes it an extremely sensitive local probe of any internal magnetic
fields and is capable of distinguishing between static and slowly fluctuating
magnetic moments. It is, therefore, an ideal tool for studying the dynamics of
frustrated, low spin magnetic ground states. In spin relaxation studies, the time
evolution of the muon spin polarisation is measured, which can be performed in
the absence of an applied field (or zero field, ZF) or an applied longitudinal field

(LF) in the direction of the initial muon spin polarisation [99].

Table 2.2 Fundamental properties of the muon.

Charge Spin Mass Magnetic moment ~,/27 / MHz T~! Lifetime / us

+e 5 20Tme ~ gm, 3.18 p, 135 2.2

100 % spin polarised positive muons, p*, are produced for condensed matter uSR
studies by pion, 7+, decay. When high energy protons collide into a graphite
target 7w+ particles are produced, which undergo a two-body decay process to

give ut and a neutrino, v,

Tt —=ut + v, (7o = 26 ns) (2.89)

In order to conserve momentum, the resulting neutrino and muon must possess
momentum of equal magnitude and opposite direction. The neutrino also has the
property of negative helicity, which means that its spin is aligned in the opposite
direction to its momentum. Given that the pion is a spin-0 particle, the muons
produced by pion decay are thus also intrinsically 100 % spin polarised with its
spin aligned in the opposite direction to its direction of travel [100]. The muon
is an unstable particle and does not re-emerge from the sample in which it has

been implanted. Instead it undergoes a three-body decay to give a positron, e*,
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a positron neutrino, v, and a muon anti-neutrino 7,

pr—=et + v+, (1,40 =22 us) (2.90)

This decay process has the unusual property of the non-conservation or violation
of parity [101], which means that the decay positron, which as a charged particle
can be easily detected, is most likely to be emitted along the direction of the
muon spin polarisation at the instant of decay, see Figure 2.15. The degree of
anisotropy or asymmetry in the decay, therefore, gives a measure of the muon
spin polarisation as a function of time. In a typical uSR experiment, the sample
is placed between two sets of detector banks, a forwards set and a backwards set,
as shown in Figure 2.16. The time evolution of the muon decay asymmetry is

then given by,

A(t) = (2.91)

where Np and Np are the number of positron counts in the backwards and
forwards detector banks, respectively. In the presence of a magnetic field, the
muon spin polarisation will precess between the forwards and backwards detector
banks, such that there is an oscillation in the asymmetry signal, see Figure 2.16
[100]. In the case of long range magnetic order, the muon spin will precess about
the local internal field that it experiences at its particular stopping site, which
will give rise to oscillations in the time dependent muon decay asymmetry that
are characteristic of the internal field strength. This field dependent Larmour

precession frequency for the muon is given by,

w, =7,B (2.92)
where v, is the muon gyromagnetic ratio given in Table 2.2. It is common to

report the time dependent muon spin polarisation, which is given by the time

dependent muon decay asymmetry normalised by the initial asymmetry,

P(t) = (2.93)

In the presence of long range ordered magnetic field, the oscillations in the muon
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spin polarisation are modelled by,

P(t) = cos?d + sin*fcos(w,,t) (2.94)

where 6 is is angle between the local field direction and the muon spin. When the
direction of the static magnetic field is entirely random, for example in a frozen
spin glass state, the muons precess at several different rates which results in an

averaging of the oscillations,

1 2
P(t) = 3 + gcos(wut) (2.95)
If the local field strength has a Gaussian distribution of width A/~, this gives

rise to the Kubo-Toyabe function,

1 2
P(t) =3+ gexp(—A?t2 /2)(1 — A*t?) (2.96)
which has a characteristic %—taﬂ in the muon spin polarisation at long times,
which indicates the presence of static or frozen disordered magnetic moments

102].

The muon is also sensitive to the the dynamics of any fluctuating fields within a
magnetic system, which causes an exponential relaxation or depolarisation of the

the muon spin,

P(t) = P(to)exp(—At) (2.97)

where A is known as the relaxation or depolarisation rate. This relaxation rate
is inversely proportional to the fluctuation frequency of the fluctuating fields, v,
such that the faster the internal field fluctuations the slower the relaxation rate,

as shown in Figure 2.16.

Muon spin relaxation data have been collected for several of the magnetic systems
presented within this Thesis. Zero field and longitudinal field data have been
collected on the MuSR spectrometer at the ISIS Muon Facility, Rutherford
Appleton Laboratory and on the General Purpose Spectrometer at the Swiss

Muon Source, Paul Scherrer Institute and were analysed using the Windows
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reflection in a mirror plane, how-
ever, due to the wviolation of parity,
only the decay process shown on
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Figure 2.15 Muon decay.
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Figure 2.16 A typical uSR experiment.
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Muon Data Analysis (WiMDA) system [103]. The muon beam at the Swiss
Muon Source is continuous, such that muons arrive at the sample one at a time.
As a muon enters the sample it is detected, which begins a clock that is stopped
once the corresponding decay positron is detected in one of the detector banks.
If a second muon enters the experiment frame before the first muon has had
time to decay the event is vetoed and discounted. This leads to considerable
counting times in order to obtain good data statistics. At the ISIS muon facility,
pulses of muons are produced at the target and so the detection of the decay
positrons can be timed with respect to the start of the muon pulse. Each pulse
from the target contains a large number of muons such that several million decay
positrons are counted easily and the measurement of muons with a lifetime up to
30 ps becomes possible. The main disadvantage of the pulsed technique is that,
due to the uncertainty in the beginning of each pulse of muons, phenomena that
occur on very fast time scales (< 1 us) are not observed. Pulsed and continuous

muon experiments can, therefore, provide very complementary information [100].

2.4 Magnetic Susceptibility Measurements

Superconducting QUantum Interference Device (SQUID) magnetometry is an
extremely sensitive experimental method that is widely used to measure the
magnetisation of magnetic systems. The SQUID component consists of a
superconducting ring with one or two small insulating layers, or weak links,
which are extremely sensitive to changes in magnetic field [104]. In a direct
current (DC) measurement, a fixed magnetic field is applied to a sample as it is
moved through a set of superconducting detection coils. The magnetic moment
of the sample induces a current in the detection coils, which are connected to
the SQUID such that the induced current can couple to the SQUID sensor. The
SQUID converts this current pattern into an output voltage as a function of
the sample position within the detection coils that is proportional the magnetic
moment, and hence, the magnetisation of a sample. In the measurement of the
DC or linear magnetisation, it is assumed that the measured magnetisation, M

is directly proportional to the applied field, H, via the magnetic susceptibility y,

M = yH (2.98)

The measurement of the alternating current (AC) or differential susceptibility,
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Xac does not require this assumption and is given by,

XAc = (2—11\_1/[) (2.99)

In an AC measurement, an oscillating magnetic field is applied to the sample,
which is held at a fixed position within the detector coils. The change in
magnetisation that is measured as the sample responds to the change in magnetic
field can, therefore, yield information about the dynamics of a magnetic system.

AC susceptibility is described as having real and imaginary parts,

Xac =X +ix" (2.100)

7

where the imaginary susceptibility, x”, arises from energy exchange processes

within the systems related to resonance phenomena.

The magnetic susceptibility data that are presented within the following results
chapters were measured on a Quantum Design Magnetic Properties Measurement
System (MPMS) with a SQUID magnetometer. This experimental set-up is
capable of measuring DC magnetisation in applied field strengths up to 7 T
over a temperature range of 2 - 400 K. In AC mode, oscillating fields can
be applied over a frequency range of 0.001 - 1000 Hz. It is good practice to
correct experimentally determined magnetic susceptibilities for the diamagnetic
contribution. All materials show some degree of diamagnetism, as discussed in
the previous Chapter within § 1.2, which can be corrected for by subtracting
tabulated values [3] of the temperature independent diamagnetic contribution
from the data. Within this Thesis, estimates for the Weiss and Curie constants
have been extracted from Curie-Weiss fits to inverse susceptibility data, from
which a high temperature magnetic moment can be calculated, p.rr = V3C.
However, it should be noted that in a true paramagnetic regime the most accurate

way to extract the effective paramagnetic moment is to determine x7" from a plot
of xT" against T', with prerr = /8XT".
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2.5 Heat Capacity Measurements

When a substance is heated, the temperature rise that results from the transfer
of energy to the system depends on its heat capacity, C' [105]. The heat capacity

of a system at constant pressure is, therefore, given by [106],

ou
C, = (8_T>p (2.101)

where 0T is the change in temperature brought about by the change in internal
energy OU upon heating. The total heat capacity of a solid provides a wealth of

information about its lattice, electronic, nuclear and magnetic properties,

Ctotal - Cnuclear + Celectronic + Cmagnetic + Clattice (2102)

At low temperatures, when the lattice contribution to the total heat capacity is
negligible, the heat capacity directly probes the nuclear, electronic and magnetic

energy levels of a system [106].

In order to measure heat capacity, heat must be added to and removed from
a sample whilst the resulting change in temperature is monitored. During the
measurement, a known amount of heat is applied at constant power for a fixed
period of time, followed by a cooling period with the same time constant. A
known mass of sample is attached to the sample platform with a thin layer of
grease to provide thermal contact and the platform heater and thermometer are
attached to the bottom side of the sample platform. After each measurement cycle
1.e. a heating period followed by a cooling period, the temperature response or
thermal relaxation of the sample platform is modelled in order to extract the heat
capacity of the sample. Provided that the sample and the sample platform are
in good thermal contact with each other, the temperature of the platform, 7', as

a function of time, ¢, can be modelled by [107],

dr
Ctotal% = _Kw(T - Tb) + P(t) (2103)

where Ciuq is the total heat capacity of the sample and the sample platform,

K, is the thermal conductance of the wires within the sample platform, T} is
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the temperature of the sample puck frame that contains the sample platform and
P(t) is the power applied to the heater. The sample heat capacity can then be
extracted from Cly by subtraction of the addenda. Within this Thesis, all heat
capacity measurements were performed on a Quantum Design Physical Properties
Measurement System (PPMS), which can measure heat capacity in zero field and
applied fields strengths up to 9 T from 2 - 400 K. With the addition of a 3He

insert, temperatures as low as 300 mK can be accessed.
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Chapter 3

Unconventional Spin Glass Ground
State in the Geometrically
Frustrated S = 1 Pyrochlore
Lu2M0207

3.1 Introduction

The cubic pyrochlore lattice, Ay BsO7, is formed from a geometrically frustrated
network of two interlinking networks of vertex-sharing A and B tetrahedra. The
occupation of either or both of the cation sites by a magnetic ion can, therefore,
result in interesting and unusual magnetic behaviours due to magnetic frustration.
Rather than undergoing a transition to a long-range magnetically ordered state
upon cooling, magnetic pyrochlore oxides display a variety of uncoventional

grounds states including spin ice, spin glass and spin liquid states [108].

The rare earth, R, molybdate pyrochlores, RoMo,O~, are a series of materials
whose ground state properties are known to depend strongly on lattice effects,
such as the ionic radius of the rare earth cation occupying the A-site [109].
For instance, members of the series based on the larger rare earths with an
ionic radius rps+ > 1.04 A are metallic ferromagnets. On the other hand,
for RoMosO7 with smaller rare earth cations occupying the A-site insulating,

antiferromagnetic behaviour is observed with a frustrated spin glass-like state
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adopted at low temperatures. Y,Mo,O7, which contains non-magnetic Y3+ and
S = 1 4d* Mo*", is a very well studied member of the series that displays
many of the characteristics typical of glassy systems [110], [111], [112]. It is
well understood that the canonical spin-glass materials, such as magnetically
dilute metal alloys, are a result of the combination of randomness, through site
or bond disorder, and magnetic frustration [22]. In the case of Y3Mo,O7, the
frustration clearly arises from the geometric frustration of the pyrochlore lattice
but the cause of disorder or lattice distortion in this material that results in spin
freezing is an open and active area of research [113] that has prompted the use
of several local structure probes [114], [115], [116], [117].

Luy;Mo,07 is based on non-magnetic Lu?", the smallest cation in the rare earth
series and is, therefore, expected to show frustrated spin glass-like behaviour.
The synthesis of LusMo,0O7 has been discussed to a limited extent in earlier work
but the magnetic properties of LuyMo,O7 are not well reported [118], [119]. The
synthesis and study of LusMo,O are important, given that it is expected to be
another uncommon example of a spin glass-like material with no evident source
of structural disorder, and may help to shed further light on the origin of spin

freezing in other RoMosO7 analogues.

Presented in the following Chapter is a detailed magnetic study of the spin glass-
like state of LusMo,O~, which exists below an apparent spin freezing transition,
Ty ~ 16 K. This study includes AC and DC magnetic susceptibility, heat capacity,
muon spin relaxation and neutron scattering measurements. Furthermore, the
sensitivity of the ground state magnetic properties to oxygen content of this
material is discussed and the existence of a miscibility gap between stoichiometric

and LusMo,Or;_, cubic pyrochlore phases is presented.

3.2 Synthesis and Characterisation

Polycrystalline samples of LuyMo,O; were prepared by ceramic solid state
synthesis. Stoichiometric amounts of MoOy (Sigma Aldrich, 99.99 %) and LuyO3
(Sigma Aldrich, 99.99 %) were ground and pelletised and heated to 1600 °C for
12 hours under flowing argon gas with intermediate re-grinding and re-pelletising
[118]. A molybdenum powder oxygen-getter was required in order to prevent
the oxidation of MoO, to the more volatile MoO3 during heating. Powder X-

ray diffraction data were collected on a Bruker D8 Advance diffractometer, with
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monochromated Cu K, radiation. Powder X-ray diffraction profiles of initial
samples revealed that two pyrochlore phases are present, the reflections of which
can be indexed by cubic lattice constants, a, of 10.14 A and 10.17 A. The relative
amount of each phase appears to depend upon the distance between the samples
and the oxygen-getter during synthesis, see Figure 3.1, and a single pyrochlore
phase with the lattice constant @ = 10.14 A was prepared by increasing the
separation between the sample and the getter to ~ 10 cm. A single phase sample
of the @ = 10.17 A phase was obtained by reducing the a = 10.14 A phase
in a hydrogen atmosphere at 600 °C for 2 hours, see Figure 3.2. This indicates
that the miscibility gap in the LusMosO7_, system at 1600 °C is related to the

oxygen content of the pyrochlore phases.

Relative Intensity

T v T T T
82 84 86

20 (degrees)

Figure 3.1 A small region of the powder X-ray diffraction patterns for three
samples of Lug Moo O7_, heated at 1600 °C for 12 hours under
flowing Ar with a Mo-powder oxygen-getter. The arrows evidence the
two pyrochlore phases and the changing phase proportions illustrate
the effect of increasing the separation between the sample and the
getter during synthesis from bottom sample to top sample.

Heating the @ = 10.14 A phase in air at 750 °C for 2 hours resulted in complete
oxidation of the sample to LuyO3 and MoO3 and a weight increase of 4.9(4) %,
which corresponds to a chemical composition of LusMoyO7gg1). This confirms
that the a = 10.14 A phase is stoichiometric LuyMo,O7. A weight loss of 1.03(1)
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Figure 3.2 Powder X-ray diffraction patterns for single phase samples at top
and bottom with a two phase pattern shown in the centre.

% was observed upon reduction of the sample to the a = 10.17 A phase, which

gives a chemical composition of LuysMoyOg 581y for the reduced phase.

3.3 Neutron Diffraction Study

High resolution neutron powder diffraction data were collected on the D2B
powder diffractometer with a neutron wavelength A = 1.594 A at the high
flux reactor of the Institut Laue-Langevin, France. Rietveld refinements of the
cubic Fd3m (no. 227) pyrochlore model to the data were performed using the
General Structure Analysis System (GSAS) program [85]. A joint analysis of the
data collected at 300 K for samples of LusMo,O7 and LusMo,O7_, was carried
out, with a simultaneous refinement of both models to both data sets, in order
to minimise correlation between atomic occupancies and thermal parameters.
The oxygen site occupancies were fixed according to the gravimetric analysis
of the LusMo,O; phase but allowed to refine for LusMo,O7_,, while isotropic
thermal parameters were constrained to refine together over the two phases.

Linear interpolation functions were refined to the background of both data sets.
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Figure 3.3 displays the Rietveld plots of the LusMo,O7 and LusMo,O7_, phases,
respectively and Table 3.1 summarises the results of the refinement. The refined
oxygen content of the reduced phase of 6.69(6) agrees with the gravimetrically
determined value of 6.58(1) and the reduced 10.17 A phase is thus described as
LusMo20g 6.

Table 3.1 Refined atomic coordinates and occupancies for Lus Moo O
(a = 10.1478(1) A) and (lower wvalues, where different)
LuyMog Og 96y (@ = 10.1789(1) A). Isotropic thermal parameters
(Usso) were 0.0091(2) A% for metal cations and 0.0152(3) A% for
ozygen sites. Total Ry, = 5.83 %, x? = 6.89 for 62 variables.

Atom  Site x y 2z Occupancy
Lu  16d z : 3 1.0
Mo 16¢ 0 0 0 1.0
O 48f 0.3417(1) & % 1.0
0.3477(1) 0.97(1)
o 8 S s ¢ 1.0
0.87(2)

Figure 3.4 shows the difference between neutron diffraction data collected at 1.5
K and 50 K for LusMoyO7 in the low 26 region, which reveals an absence of

magnetic Bragg scattering upon cooling.

3.4 Magnetic Susceptibility

DC magnetic susceptibilities of LusMo,O7 and LusMo,Og.¢ were measured in an
applied field of 1 T from 2 K to 300 K in a zero field cooled (ZFC) field cooled
(FC) cycle, shown in Figure 3.5. At high temperatures, both samples follow

Curie-Weiss behaviour with a fit,

X = (TL_Q) (3.1)

to inverse susceptibilities between 150 K and 300 K yielding Weiss temperatures,
0, of —158(1) K and —329(1) K and Curie constants, C, of 0.892(3) K emu
mol~! and 1.323(3) K emu mol ™!, for Lu,MoyO; and LuyMoyOg ¢, respectively.

Both samples evidence the onset of an irreversible spin glass-like state with the
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Rietveld refinement of the cubic Fd3m pyrochlore model to room
temperature D2B data of Lug Moo O7_,. Ticks mark reflections for
the pyrochlore phase (top) and a MoOs impurity phase (~ 4 % phase
fraction, bottom).
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Figure 3.4 The difference (bottom) between powder neutron diffraction data
collected for LugMosO7 at 1.5 K (middle) and 50 K (top) in the
low 260 region, showing no accumulation of magnetic scattering upon
cooling.

divergence of field cooled and zero field cooled susceptibilities at apparent spin
freezing transitions, T%. Figure 3.6 shows a shift in 7 from ~ 16 K in LuyMo,O7
to ~ 20 K in LusMo5Og6. A comparison of the energy scales of magnetic exchange
correlations and spin freezing via the frustration index, f = 10]/Ty, ~10
for LusMo,O7 and ~16 for LusMoyOg¢, indicates strong geometric frustration
[15]. The effective magnetic moments per Mo cation obtained from the Curie
constants are pterr = 1.9 pup and prery = 2.3 pp for LugpMoyO7 and LusMoyOg 6,

respectively.

AC susceptibility data were measured for LusMos O~ in an oscillating applied field
of 3.5x10™* T at measuring frequencies, w, from 5 Hz to 1053 Hz. Figure 3.7
shows the frequency dependence of the AC response of LusMo,O7 around the
spin freezing transition, which was successfully modelled by the Vogel-Fulcher

law [120], a modified Arrhenius-type equation commonly associated with glassy
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Figure 3.5 Magnetic and inverse susceptibilities measured for LupMosO7 and

LugMos Ogg in a 1 T field. Solid white line shows Curie-Weiss fit

to inverse susceptibility between 150 K and 300 K.
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Figure 3.6 Increase in the spin freezing temperature, Ty from ~ 16 K in
LUQMOQ 07 to ~ 20 K in LU2M02 06.6-

dynamics [13],

Eq

w= woexp< - m (3.2)

)

where wy is a characteristic frequency, E, is the activation energy and Tj is the
ideal glass temperature, which allows for spin-spin interactions. The fit to the
data shown in the inset of Figure 3.7 gives In(wo/s™!) = 17.0(8), E,/kp = 8.5(6)
K and Tj 15.300(5) K.

3.5 Heat Capacity

Zero field heat capacity was measured on a 9.0 mg pressed powder pellet of
LusMo5,07 in a Quantum Design PPMS from 1.8 K to 300 K. In order to estimate
the lattice contribution to the total heat capacity, shown in Figure 5.4, the high
temperature data were modelled by the Debye equation [121],

C = 9N4kp <£> %

. (3.3)

O\H‘g

where x hek /kpT (ck = w is the linear dispersion relation of the vibrational

lattice modes), with a Debye temperature, which measures the stiffness or rigidity

of a lattice, 8p ~ 540 K. Upon subtraction of the estimated lattice contribution
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Figure 3.7 Real AC susceptibility of LusMooO7 showing the shift in Ty with
measuring frequency. The inset shows the Vogel-Fulcher fit of the
shift in spin freezing transition Ty as a function of the measuring
frequency.

one obtains the magnetic and electronic contributions, shown in Figure 3.8, which

demonstrates a broad maximum ~ 50 K.

The inset of Figure 3.8 shows the low temperature region of the magnetic heat
capacity, which appears to follow T2-behaviour and has been modelled by the
expression C' = AT?, with 8 = 8.6 x107* J mol~! K2 per formula unit.

3.6 Muon Spin Relaxation

Muon spin relaxation data were collected on a 3 g sample of LusMo,O7 on the
MuSR spectrometer at the ISIS Muon Facility, Rutherford Appleton Laboratory,
U.K. The sample was contained in an aluminium sample plate with a sheet of
Mylar plastic in a Variox cryostat that allowed access down to temperatures of
1.5 K.

The time dependence of the muon decay asymmetry in LusMo,O~ in an applied
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Figure 3.8 Total heat capacity of LusMosO7 with an estimation of the lattice
contribution by means of a Debye fit to the data (red solid line).
Upon subtraction of the lattice contribution, the magnetic component
of the heat capacity shows a broad anomaly with a maximum ~ 50 K.
Inset shows the low temperature region of the magnetic heat capacity,
which can be modelled with C o T? behaviour (blue solid line).

longitudinal field of 200 G is shown in Figure 3.9 measured at temperatures
ranging from 1.5 K to 30 K. The data were modelled with a stretched exponential

relaxation function given by,

A(t) = Agexp(—\t)° + B (3.4)

where Ay is the initial asymmetry, B is the background asymmetry, A is the muon
spin relaxation rate and 3 is the stretching component. Initially, the data were
fitted with 8 = 1, which yielded the relaxation rates shown in Figure 3.10. Fits
to the data around the spin freezing transition (16 - 20 K) could be improved by
letting the stretching component vary, with § — % Figure 3.11 shows the field
dependence of the muon decay asymmetry from zero field to applied longitudinal
field strengths of 2500 G at 30 K and 1.5 K, therefore, above and below the spin

freezing transition observed in magnetic susceptibility measurements, 7y ~ 16 K.
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Figure 3.9 Time dependence of muon decay asymmetry in Lus Moy O7 measured
i an applied longitudinal field of 200 G upon cooling. Solid lines
are fits to the data.

The the time dependence of the longitudinal 200 G muon asymmetry can also be

successfully modelled by the Uemura spin glass function [122], which is given by,

Alt) = Ao(%exp(—(zlaf,t/y))%)% (1_ (4a2t/zsja th);)eXp(—(4a3t/u+aﬁt2))%)+B
(3.5)

where Ay is the initial asymmetry, B is the background asymmetry, o, and ay
give the static and dynamic portions of the magnetic moment, respectively and v
is the fluctuation frequency. As ag—0 in the frozen spin glass state, the equation
collapses to a Kubo-Toyabe function that is typically used to describe the dilute,
randomly distributed magnetic moments in a canonical spin glass [123]. Figure
3.12 shows the fit of Equation 3.5 to the data.
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Figure 3.10 Temperature dependence of the muon spin relaxation rate, X,
obtained from a fit of a single exponential relaxation function to
the data measured in an applied longitudinal field of 200 G.

3.7 Magnetic Diffuse Neutron Scattering Study

The magnetic diffuse neutron scattering data of LuyMo,O7 were collected on
an 18 g polycrystalline sample on the diffuse scattering spectrometer D7 at the
Institut Laue-Langevin, France. The sample mass was distributed equally into
two strips of aluminium foil packed on top of one another in an annular geometry
inside a 2 cm diameter aluminium can. In this way, the sample covered the full
5 cm height of the neutron beam whilst minimising the beam attenuation by the
sample. The data were initially collected with an incident neutron wavelength of
3.1 A and without energy analysis the scattering was integrated up to energies of
8.5 meV. The transmission of the sample at this wavelength was determined by
measuring the monitor counts of the direct beam through the sample with the
monitor counts of the beam through the empty can, normalised by the counts
measured for a cylinder of cadmium, which account for any neutrons that pass

by the sample can. Each of these monitor count measurements were taken for a
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Figure 3.11 The longitudinal field dependence of the muon decay asymmetry in
Lug Moo O7 above the spin freezing transition at 30 K, shown on the
left, and below the transition at 1.5 K on the right.

total of 120 s, such that the sample transmission is given by,

T Countsgampie — Countscq _ 7831 — 316 o7 (3.6)
Counts pmpty can — Countscq 10029 — 316

i.e. 77 % of the incident neutron beam was transmitted through the sample with
A = 3.1 A. Before the sample was measured, data correction measurements of
quartz and cadmium were performed in addition to a vanadium standard, which
allows the measured cross sections to be determined in absolute units of barns
st.7! f. w7t [124]. The sample was loaded into an Orange cryostat and data were
collected at the base temperature of 1.5 K, below the spin freezing transition, and
at 300 K with counting times of 24 hours per temperature. The xyz polarisation
analysis of D7 allows for the complete separation of the nuclear, spin incoherent
and magnetic cross sections from the total scattering [94]. Figure 3.13 shows
this separation of the total scattering data of LusMo,O7 at 300 K. The magnetic
scattering cross sections at 1.5 K and 300 K are shown in Figure 3.14. The @
dependence observed for both data sets appears to follow the form factor | F(Q)|?

behaviour expected for a paramagnetic regime with no significant evidence of
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Figure 3.12 Analysis of the muon decay asymmetry in Lus Moo O7 in terms of
the spin glass function described in the text. Solid lines show the
fits to the data.

spatial spin correlations. In this case, the elastic paramagnetic cross section is
given by [124],

g—g = ;(%ro)2 (%QF(Q)> S(S+1) (3.7)

where 7, is the neutron gyromagnetic ratio, rq is the classical radius of the electron
and ¢ is the g-factor. The magnetic scattering cross sections shown in Figure
3.14 were modelled by the expression given in Equation 3.7 with an analytical
approximation of the spin-only magnetic form factor of a molybdenum cation
[38],

F(Q) = 0.35exp(—48.0355%)+1.035exp(—15.0605%)—0.3929exp(—7.47952)+0.0139
(3.8)

where s = Q/4n. The total scattering observed at 300 K ¢*S(S + 1) =
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1.20(4) ph = pl;p gives a paramagnetic effective magnetic moment of piery =
0.77(3) pp per molybdenum cation. At 1.5 K the system is well within its spin
glass state such that the spins can be considered to be static with only the lowest

m states occupied and Equation 3.7 becomes [124],

2
do 2 !
— =Z(~, —gF S? 3.9
=2 (uro) <2g <Q>> (39
The fit of Equation 3.9 to the data taken at 1.5 K yields ¢25? = 1.59(4) u% = p2,,,
which gives a low temperature saturated magnetic moment of 5, = 0.89(2) up

per molybdenum cation.
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Figure 3.13 The nuclear, spin incoherent and magnetic contributions to the
total scattering cross section of LusMooO7 measured at 300 K
with an incident neutron wavelength of 3.1 A. The inset shows
the nuclear Bragg scattering with the reflections for the cubic
pyrochlore phase marked.

In a second experiment, the same sample was measured with an incident neutron
wavelength of A = 4.8 A. At this wavelength, without analysis of the final energy
of scattered neutrons, scattered neutron energies are integrated up to 4 meV.

However, the longer wavelength allows for higher resolution and greater coverage
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Figure 3.14 The magnetic scattering cross section of LusMosO7 at 1.5 K and
300 K with an incident neutron wavelength of 3.1 A. The solids
lines show the paramagnetic F(Q)? model to the data.

at low () such that there is a greater possibility to pick out any features within
the magnetic cross section that result from spatial spin correlations. The data
were collected according to the method given for the A = 3.1 A experiment,
but counting times of approximately 48 hours per temperature were allowed to
improve counting statistics. Another important difference to note is that with a
longer incident neutron wavelength, the attenuation of the beam by the sample
is significant. The transmission of the sample was once again measured and is

given by,

T_ Countssampie — Countscq _ 5015 — 70 — 0.49 (3.10)
Countspmpty can — Countscq 10224 — 70

such that only 49 % of the incident beam was transmitted through the sample.
In order to account for the strong attenuation by the sample, it was necessary
to apply an absorption correction to the data [125]. For a powder sample in an
annular cylindrical geometry the attenuation of the incident neutron depends on
two factors, uR and p, where p is the linear attenuation coefficient, R is the

outer radius of the annulus and p is the ratio between the radii of the inner and

97



outer cylinders in the annulus. For LuyMo,O7, 1 ~ 0.8 cm™! due to the large
absorption cross section of lutetium, and with inner and outer annulus radii of
approximately 0.5 cm and 1.0 cm, respectively, uR ~ 0.8 and p ~ 0.5. The
transmission factors for an annular cylindrical sample with pR = 1 and p = 1
have been calculated at ~ 0.5, which is entirely consistent the experimentally
determined sample transmission. These transmission factors are plotted in Figure
3.15 as a function of sin?f and in order to account for the angular dependence
in the absorption correction of the data, they have been fitted by a third order

polynomial function [126],

T = 0.53922 + 0.06925sin*¢ — 0.18205sin*0 + 0.14873sin"¢ (3.11)

which was then used to correct the data as a function of (). The magnetic
scattering data measured at 1.5 K are shown in Figure 3.16 before and after

absorption correction.
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Figure 3.15 The transmission factor for an annular cylindrical powder sample
as a function of scattering angle, which was fitted by a third order
polynomial function in sin*0 shown by the red solid line.

The most striking feature of the low temperature magnetic cross section measured

at A = 4.8 A is the appearance of a broad, diffuse scattering feature centred about
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Figure 3.16 The magnetic scattering cross section of LuoMoo Oy measured at
1.5 K with an incident neutron wavelength X = 4.8 A before and
after the angular dependent absorption correction for an annular
cylindrical sample geometry.

Q ~ 0.6 A=! which indicates the build-up of short range spin correlations. The
() dependence of these near neighbour spatial correlations were modelled by the
expression [127], [93],

do 2 1 ’ nEr;
= 2 <§gF(Q)> x (1 4 ;szo-si)SIQi > (3.12)

where (S¢-S;) gives the correlation between a spin and its Z; nearest neighbours
at a distance r;. Figure 3.17 shows the first three possible magnetic exchange
distances within the LusMo,O7 structure. In order to obtain a reasonable fit
of this model to the data shown in Figure 3.18, it was necessary to include
spin correlations on the length scale of the next nearest neighbour (NNN) with
rvvy = 6.203 A, Zynyy = 12 and (Sog-Syyny) = —0.056(7), which gave a
x? = 1.54 for the goodness of fit. However, the fit was improved by allowing
for nearest neighbour (NN) correlations with ryy = 3.581 A, Znyn = 6 and
(So:Snn) = —0.029(6) to give x> = 1.32. The fit of this model to the low
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temperature magnetic diffuse scattering data is shown in Figure 3.19. Including
spin correlations on any longer length scale, such as third nearest neighbour
(see Figure 3.17), did not significantly improve the quality of the fit. Figure
3.20 shows that upon warming above the spin freezing transition one recovers
a paramagnetic-like ()-dependence of the magnetic scattering cross section, but

with evidence of persisting NN correlations.

Figure 3.17 The nearest neighbour, second and third nearest neighbour exchange
distances in Lus Moo O7.

3.8 Discussion

Powder X-ray diffraction of the initial samples of LusMoyO; clearly show the
coexistence of two cubic pyrochlore phases, suggesting that a miscibility gap
is present in the LusMoyO7_, system at 1600 °C. The Rietveld fits to powder
neutron diffraction data and chemical analyses show that the miscibility gap is
between stoichiometric LusMosO7 and oxygen deficient LusMo,Og6. The refined
room temperature cubic lattice constants of the stoichiometric and reduced
phases, 10.1478(1) A and 10.1789(1) A, respectively, are consistent with the
larger ionic radius of Mo®* (0.69 A) compared to that of Mo*t (0.65 A) [128].
The pyrochlore structure is known to tolerate considerable anion deficiencies. In
certain systems, such as PbyRusOg 5, vacancy ordering on the O’ site results in

the lowering of symmetry from Fd3m to subgroup F43m [129]. However, other
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Figure 3.18 Low temperature magnetic scattering cross section of LusMos Oz
with diffuse scattering evidencing short range Mo-Mo spin
correlations on a mext nearest meighbour correlation length scale
of 6.203 A.

oxygen-deficient materials including BipRusOgg and TlyRuyOg7 retain Fd3m
symmetry with statistically disordered anion vacancies over the O’ site [130]
and the same structure is observed here for LusMo,Og6 with no evidence for
a vacancy-ordered superstructure in the neutron diffraction data. In general,
oxygen-vacancy order is difficult to predict and depends on the specific details
of a particular system [131], [132]. Miscibility gaps between pyrochlore phases
have not been reported previously for RoMoyO7_, systems, although a gap was
found between EusMo,O7 and the derived EusMoy(O,N)7_, oxynitride pyrochlore
[133]. Phase coexistence driven by cation segregation has been observed in mixed

A-cation pyrochlores such as (BiggY1.4)SnyO7 [134].

The difference between the 1.5 K and 300 K neutron diffraction data of LusMo,O5
is shown in Figure 3.4 in the low 26 region where any build-up of magnetic
scattering would be most evident. The absence of magnetic Bragg scattering
demonstrates that there is no long range spin order down to at least 1.5 K. The
DC magnetic susceptibility of LusMoyO; (Figure 3.5) displays a clear divergence
of field cooled (FC) and zero field cooled (ZFC) susceptibilities, characteristic of
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Figure 3.19 The model of the low temperature magnetic diffuse scattering in
Lup Moo O7 is improved by including nearest neighbour and next
nearest neighbour spin correlations.

the onset of an irreversible glass-like state, at an apparent spin freezing transition,
Ty ~ 16 K. A Curie-Weiss fit to the inverse of susceptibility between 150 K
and 300 K gave a Weiss constant # = —158(1) K, indicating a dominance of
antiferromagnetic exchange interactions. A comparison of the energy scales of
magnetic interactions and spin freezing via the frustration index, f = 0|/ ~ 10
implies that there is a significant frustration of spin order due to the geometrically
frustrated pyrochlore network of antiferromagnetically interacting Mo** spins.
An effective magnetic moment of p.rr = 1.9 up per Mo cation was obtained
from the Curie-Weiss fit (C = 0.892(3) K emu mol™! formula unit™'). The
reduced effective moment compared with the expected spin only value for S =1
Mo?* is due to significant spin-orbit coupling in this 4d transition metal system.
The AC magnetic response of LusMooO7 can also be understood in terms of
archetypal spin glass behaviour. The data show an increase in the spin freezing
temperature with increasing frequency, which was measured over a range 5 - 1053
Hz. This behavior is typical of a glass-like state; as frequency is increased the
spin directions are less able to follow the oscillating field and so appear frozen

at progressively higher temperatures. The magnitude of this shift, given by
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Figure 3.20 The absorption corrected magnetic scattering cross section of
Lus Moo O7 measured at 300 K with an incident neutron wavelength
A\ = 4.8 A. The red solid line shows a paramagnetic F(Q)? model
(Equation 3.7) but the fit to the data is significantly improved
by allowing for nearest neighbour correlations as a shown by the
solid green line (Equation 3.12 with Z = 6, r = 3.581 and
(So-Snn) = 0.092(8).)

(ATy/Ty)A(logw) = 0.008, is of the order observed in many classical spin-
glass systems [13]. A fit of the Vogel-Fulcher equation (Equation 3.2) to the data
gave In(wy/s') = 17.0(8), E,/kp = 8.5(6) K and T, = 15.300(5) K. The
observation that T ~ T} is considered representative of canonical spin glasses
[13].

The presence of a geometrically frustrated network of Mo?* spins is further
confirmed by the low temperature magnetic diffuse scattering data measured on
the D7 spectrometer with an incident neutron wavelength of 4.8 A. A broad peak
centred around @ ~ 0.6 A~! (see Figure 3.19) indicated the build-up of short range
magnetic correlations at low temperatures, which were successfully modelled
by nearest neighbour and next nearest neighbour exchange. The negative sign
and the the short range nature of these interactions, (So-Syy) = —0.03 and
(So-Snnn) = —0.06, are indicative of the frustrated nature of the ground

state [127]. Their similar magnitude also highlights the strong competition
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between the nearest neighbour and next nearest neighbour exchange processes
within the low temperature, spin frozen state. The data taken with an incident
neutron wavelength of 3.1 A were not able to resolve the short range correlations
within the spin glass-like regime. At 300 K the observed magnetic moment is
somewhat reduced, pre;y = 1.1 pup per Mo**. This is due to the fact that in
the fast fluctuating paramagnetic state, a significant portion of the magnetic
scattering occurs outside of the window of energy integration and the quasi-static

approximation on which D7 relies breaks down [93].

The magnetic susceptibility data for the reduced phase, LusMoyOgg4, are
qualitatively similar to those for LusMosO7, but with significant changes in
the underlying parameters. The susceptibilities of both samples are shown in
Figure 3.6 around the spin freezing transition, from which a shift in 7} from
~ 16 K to ~ 20 K is observed. A Curie-Weiss fit to the inverse susceptibility
over the same temperature range as the fit to the LusMo,O7 data (150-300 K)
gives an effective moment p.;y = 2.3 pp, reflecting the partial reduction of
S =1 Mo*" to S = 2 Mo*". The Weiss constant § = — 329(1) K shows
that the strength of superexchange interactions is enhanced, but the frustration
factor of f ~ 16 reveals that the disorder in LusMo,O;_, markedly increases
the degree of frustration in comparison to LusMo,O7. The results presented
here for LusMo,Og ¢ have demonstrated that the oxygen content of LusMoyO7_,
has a significant effect on magnetic properties, including the energy scale of
antiferromagnetic exchange, the spin freezing temperature, and the frustration
factor. This highlights the importance of the control of oxygen content in the
RyMo,0O7 series and the need for careful analysis of samples through diffraction
and gravimetric techniques. A systematic study of the geometrically frustrated
spin glass LiCrMnO,_ s spinels [135] revealed that a deviation from oxygen
stoichiometry as small as 0.63 % can have a profound effect on the magnetic
properties of the spin glass state. Rietveld analyses of powder diffraction data
have previously been reported to show no deviation from full oxygen occupancy
in the average crystalline structure of the spin glass pyrochlores, which gives an
upper limit of ~1 % for oxygen non-stoichiometry [26]. In the case of LusMoyOg ¢
the level of oxygen deficiency is more significant, at ~6 %. The effect of oxygen
deficiency in other RoMosO7_, is not well reported for the spin glass phases, but
there has been some interest in GdsMo,O7_, given its close proximity to the

metal-insulator transition in the series [108].

The muon spin relaxation data of LuysMosO7 also display many of the charac-
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teristics expected for a spin glass-like state. At high temperatures, the data are
well described by a single component lorentzian muon spin relaxation with a
relaxation rate, A, which is shown as a function of temperature in Figure 3.10.
The sharp transition in the relaxation rate ~ 18 K is in keeping with the spin
freezing transition observed in the magnetic susceptibility data at 16 K. The single
component nature of the high temperature muon spin relaxation data is a typical
paramagnetic response. Upon cooling towards the transition temperature, the
two component nature of the data becomes apparent and indicates the presence
of randomly distributed, quasi-static internal fields at low temperatures [123].
This behaviour was also phenomenologically described by the spin glass function
of Uemura (Equation 3.5), which was inititally developed during a muon spin

relaxation study of the canonical spin glasses AuFe and CuMn [122].

From the point of view of the muon spin relaxation measurements and magnetic
susceptility measurements, LusMo,O7 is a typical spin glass with a spin freezing
transition T ~ 16 K. In this respect, it is very similar to YoMo,O7, which shows
a strong frequency dependence in its AC susceptibility around the spin freezing
transition [112] T¢ ~ 22 K and a sharp transition in the muon spin relaxation
rate [136]. TbyMo,O7 also displays spin glass characteristics with Tf ~ 25
K but the situation is somewhat complicated here with competition between
ferromagnetic Th-Tb interactions and antiferromagnetic Th-Mo exchange [137].
Other insulating RoMo,O7 analogues are less well studied in comparison, but
HosMo507 has a reported freezing temperature of 21 K and YbyMo,O7, based
on the second smallest rare earth cation, has Ty ~ 18 K [138], [139]. This
reveals a trend of decreasing spin glass transition temperature with decreasing
R3* ionic radius. The trend is understandable from the variation of the Mo-O-Mo
bond angle, o, that governs the magnitude and nature of the magnetic exchange
between Mo** ions. The fit to the powder neutron diffraction data of LuyMosO5
gives @ = 125.08(9) °, whereas, the angle reported for YoMo,O7 is somewhat
larger, « = 126.97 °. A systematic study of RosMo,O7 (R = Dy, Gd, Sm and
Nd) revealed an increase in « across the spin glass to ferromagnet transition,
from o« = 127.7 ° in the spin glass DysMo,O7 to @ = 131.5 ° in ferromagnetic
NdyMoy,O7 [140]. The magnetic phase diagram of the RoMosO7 series is shown in
Figure 3.21. The magnetic properties of the RoMo,O7 series are not, therefore,
governed by the Kanamori-Goodenough rule which states that a larger M-O-
M bonding angle favours an antiferromagnetic exchange interaction [141], [142].
It has been argued that the ferromagnetic ordering between the spins of Mo**

cations in RosMo,0O7 based on the larger rare earth cations is due to the double-
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Figure 3.21 The magnetic phase diagram of the RoMoo O series, including
LUQMOQ 07.

exchange mechanism. The ¢y, orbital degernacy is lifted to give a higher lying
level in which electrons are mobile to mediate the ferromagnetic interaction with
the localised spins of the electrons in the lower lying level. As the ionic radius of
the rare earth cation is increased, the inherent antiferromagnetic superexchange
pathway is suppressed and the double-exchange mechanism dominates to give a

metallic ferromagnetic ground state [140].

There are, however, certain aspects of LusMo,O; that appear quite different
from a canonical spin glass, and even YoMo,O7. The magnetic heat capacity of
a spin glass state is expected to show a broad feature ~ 50 % above the spin
freezing transition with linear T-dependence at low temperatures. The magnetic
heat capacity of YoMos0O7 has a broad hump between 10 K and 30 K and below
this, clearly follows T-linear behaviour to low temperatures [111]. This linear
variation of heat capacity indicates that there is a continuous density of magnetic
states down to the lowest temperatures, which is characteristic of a spin glass
state [15]. In the case of LusMoyO7, a broad hump is observed in the heat
capacity upon subtraction of the estimated lattice contribution, which indicates

that short-range correlations persist up to high temperatures. It is important
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to note that this smeared-out feature extends out to ~ 100 K, which is much
higher in energy than for Yy;Mo,O7; and implies that the onset of the glassy
state in LusMoyO7 occurs on a higher energy scale. This is consistent with
the magnetic diffuse neutron scattering data, which suggest that short range
Mo-Mo spin correlations persist up to 300 K. The most important difference
between the heat capacities of LusMo,O7; and its yttrium based analogue is
their low temperature behaviours. The heat capacity measured for LusMoyO5
clearly follows a 72 dependence at low temperatures, with a fit of C, = ST?
yielding f = 8.6x1074 J mol~! K2 per formula unit. A similar T*-dependence
has been observed in certain two-dimensional kagome based systems, such as
the S = 2 jarosite (H30)Fe3(SO4)2(OH)s [25] and the kagome bilayer SCGO(x)
[143]. Typically for a long range ordered antiferromagnet, the low temperature
heat capacity follows a C' o< T' v dependence, where d is the spatial dimensionality
and v is the exponent in the excitation dispersion, which is given by v = 1 in
an antiferromagnetic. In the topological spin glass systems, the T? variation
was, therefore, attributed to the presence of a gapless excitation spectrum that
result from the propagation of a two-dimensional antiferromagnetic spin wave
[15]. Interestingly, a T?-dependence has recently been measured on the first single
crystal sample of YoMooO7 [113]. The origin of this unusual low temperature
behaviour displayed in the latest measurements of YoMo,07 are argued to result
from the orbital degeneracy in the Mo?" S = 1 cation. It has been proposed the
the orbital degree of freedom in this 4d? system could couple to the spin degrees
of freedom to give rise to a T2-dependence of the magnetic heat capacity at low
temperatures [144], [145]. Tt is likely that this spin-orbit coupling between the
spin and orbital degrees of freedom in the Mo** cation also plays an important

role in LusMoyO7.

3.9 Conclusions

Polycrystalline LusMo,O7 has been prepared by solid state synthesis at 1600 °C.
Powder X-ray and neutron diffraction and thermal gravimetric analysis have
revealed the existence of a miscibility gap in the LusMo,O7_, system at 1600 °C
between stoichiometric LusMo,O; and LusMosOg6. An extensive study of the
ground state magnetic properties of LusMosO7; has revealed an apparent spin
freezing transition at Ty ~ 16 K, which given the significant energy scale of

antiferromagnetic exchange (# = — 158 K), implies that spin order in LusMosO7
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is highly frustrated with a frustration index, f ~ 10. Magnetic diffuse neutron
scattering data reveal that this frustration arises from the strong competition
between the nearest neighbour and next nearest neighbour exchanges correlations
at low temperatures. The magnetic susceptibility data collected for the reduced
phase LusMoy0Og 6, show that the magnetic properties are qualitatively similar to
those of LusMo,Or, but with significant changes in the underlying parameters.
For instance, a shift in the spin freezing transition from 16 K to 20 K is observed
and the Weiss constant § = — 329 K shows that that the strength of
superexchange interactions is enhanced. In addition, the frustration factor of
f ~ 16 reveals that the disorder in LusMo,O7_, markedly increases the degree

of frustration in comparison to LusMo,O5.

LusMo,O~ displays certain properties expected for canonical spin glasses and
many similarities to its widely studied yttrium based analogue Y,Mo5;0O7. The
apparent glassy behaviour in YoMosO7 sparked a quest to find the disorder that
drives the formation a of spin glass ground state at low temperatures in a material,
which on the average crystallographic scale, appears well ordered. It is important
to note the unusual low temperature behaviour of the magnetic heat capacity,
which unlike classical spin glasses and polycrystalline Y,Mo,0O7, shows a T2-
variation. Such behaviour had been observed in other glassy systems, where is
has been predicted that the spin glass state can exist in the absence of disorder.
LusMoyO7 could, therefore, provide another example of an ordered, topological
spin glass state. In order to understand the magnetic ground state in LusMo,O5
further, an inelastic neutron scattering survey is necessary in order to observe the
nature of the scattering out with the energy range that has been measured on D7

and to determine the form of magnetic excitations from the ground state.
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Chapter 4

Spin Liquid-like Ground State in the
Oxynitride Pyrochlore

LusMo20,4 sN; 7

4.1 Introduction

The antiferromagnetic pyrochlore lattice, formed of corner-sharing tetrahedra
of antiferromagnetically interacting spins is one of the canonical examples of
a geometrically frustrated lattice. The S = % pyrochlore antiferromagnet is a
prime candidate to host a quantum spin liquid ground state. The exact nature of
this exotic ground state, however, is unknown and experimental candidates of a
three-dimensional quantum spin liquid remain extremely rare. One way in which
such a material could be realised is through the synthesis of oxynitride rare earth
molybdate pyrochlores, which can be achieved through the thermal ammonolysis
of RsMoy,O7 phases. With an ideal composition of RsMoyO5N, the Mo** cations
that reside on the tetrahedral oxide pyrochlore network are oxidised to the Mo’"
4d' oxidation state in order to compensate for the greater charge of the N3~
nitride anion in comparison with the O?~ oxide anion. Thermal ammonolysis is a
topochemical reaction, which means that the geometrically frustrated pyrochlore
structure is retained upon nitridation [133]. RsMosO5Ns oxynitride pyrochlores

are thus excellent candidates to host quantum spin liquid phenomena.

Several members of the RoMo,O7 series have been nitrided by thermal ammonoly-
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sis including SmyMoyO3.83N3 17 [146], YoMo0yO45N55[147] and EusMoy(O,N);_,
[133]. Most recently, the R = Eu analogue was investigated, which showed an
absence of spin freezing or long range magnetic order down to 2 K from a magnetic
susceptibility study of the EusMoyO3.75N3 06 [133]. Oxynitrides of the LusMosO7
pyrochlore have not been reported previously, and the non-magnetic nature of the
Lu?t cation means that the magnetism on the molybdenum sub-lattice can be
investigated individually in the LusMosO5Ny system. In the following Chapter,
the synthesis of a new oxynitride pyrochlore phase, LusMo,O4gN; 7, is reported
along with a preliminary study of the material through magnetic susceptibility,
heat capacity and neutron scattering measurements. In addition, a comparison of
the low temperature magnetic behaviours of the spin glass LusMo,O7 presented

in Chapter 3 and LusMo,0O4gN7 7 is given.

4.2 Synthesis and Characterisation

Oxynitride pyrochlore samples were prepared by the thermal ammonlysis of
LusMoyO7. The oxide precursor was synthesised by the solid state reaction of
Luy,O3 and MoO,y according to the method given in Chapter 3. 3 g of oxide
precursor were ground into a fine powder in an agate mortar and pestle and
spread thinly and evenly over a surface area of 10 cm x 1.5 cm in a large alumina
crucible. The sample was then heated under flowing ammonia gas with a flow rate
of 250 cm?/min at 600 °C for 12 hours, before re-grinding and re-spreading and
a second 600 °C 12 hours ammonia heat treatment. The sample was heated in a
tube furnace with stainless steel fittings and ammonia-resistant teflon gas tubing.
The system was purged with nitrogen gas before and after ammonia gas was
allowed to flow through the system. The out-flowing ammonia was neutralised

through a series of gas bubblers containing a solution of acetic acid and water.

The corresponding weight loss of the sample due to the ammonolysis was 1.87 %,
which reflects the lower atomic mass of nitrogen in comparison with oxygen.
The nitrogen content of the sample was determined to be 3.88 % by elemental
analysis on a Carlo Erba CHNS analyser at the School of Chemistry, University
of St Andrews. This gives an elemental composition of LusMo,O481N771 and,
thus, an average molybdenum oxidation state of Mo***. In order to scale up the
sample size for neutron scattering studies, this method was repeated to prepare
several 3 g samples that were well ground together to give a homogeneous sample

of 18 g. The average weight loss of the large scale sample upon ammonolysis
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was 1.83 % and the average nitrogen content was determined to be 3.92 % by
elemental analysis, giving a chemical composition of LusMoy0Oy 75N 73, which is

in good agreement with the composition of the initial 3 g sample.

4.3 Magnetic Susceptibility

The DC magnetic susceptibility of LusMo,O4sNy 7 was measured in an applied
field of 1 T from 2 K to 300 K in a zero field cooled (ZFC) field cooled (FC)
cycle, as shown in Figure 4.1. At high temperatures, the data can be described

by Curie-Weiss behaviour and the solid white line in Figure 4.1 shows the fit of,

X = (%) (4.1)

to the inverse susceptibility data. The Weiss constant § = —121(1) K reflects the
dominance of strong antiferromagnetic exchange, however, the data do not show
any indication of long range magnetic order nor any significant glassy behaviour
down to 1.8 K. The Curie constant, C' = 0.311(1) K emu mol™!, gives an effective

magnetic moment of 1.1 pp per molybdenum cation.

4.4 Neutron Diffraction Study

Powder neutron diffraction data were collected on a 3 g sample of LusMosO4 Ny 7
on the high resolution powder diffractometer (HRPD) at the ISIS spallation
neutron source at the Rutherford Appleton Laboratory, U.K. The sample was
contained within a 6 mm diameter vanadium can in a helium cryostat. Data were
collected at 4 K for a total counting time of 20 hours. The Rietveld refinement
of the cubic Fd3m pyrochlore model to the data collected on the backscattering
and 90 ° detector banks is shown in Figure 4.2. Table 4.1 summarises the results
of the Rietveld refinement, for which the total anion content was constrained
to the analytically determined values whilst allowing the oxygen and nitrogen
occupancies to refine over both anion sites to give a chemical composition of
LusMoyOy.81(1)N1.71. Isotropic thermal parameters were constrained together for
cations and anions. The data are thus well described by a structural pyrochlore

model and do not show any evidence of additional magnetic Bragg scattering at

111



T ¥ T g T ’ T ; T ¥ T ’ r 1500
0.010
1000
£ N
S =
£ 3
= S
5 0.00s e
= 500 -
0.000 | L | 1 1 i 1 L | L 1 i 1 0
0 50 100 150 200 250 300
' (K)

Figure 4.1 The magnetic and inverse susceptibilities of LusMosO4gNy 7
measured in an applied field of 1 T. The solid white line shows a
Curie-Weiss fit to inverse susceptibility data.

low temperatures, in agreement with the magnetic susceptibility data.

Table 4.1 Refined atomic coordinates and occupancies for LuoMosOsgNy 7
(a = 10.1428(2) A). Isotropic thermal parameters (Uis,) were
0.0337(6) A? for metal cations and 0.0398(6) A2 for anion sites. Total
Ruyp = 221 %, x* = 14.58 for 64 variables.

Atom  Site x y oz Occupancy
Lu  16d z : 3 1.0
Mo  16¢ 0 0 0 1.0
O /N 48f 0.3477(1) & & 0.663(2)/0.257
O /N 8b g 2 0.831/0.169

4.5 Magnetic Diffuse Neutron Scattering Study

The magnetic diffuse neutron scattering data of LusMo,O4sN; 7 were collected

on an 18 g polycrystalline sample on the diffuse scattering spectrometer D7 at
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Rietveld refinement of the cubic Fd3m model to 4 K HRPD data
of LusMosO4gNy 7. Bottom tick marks show the reflections for
the Lug Moo O4gNy1 7 pyrochlore phase, middle tick marks a MoOq
impurity phase (~ 5 % weight) and top ticks marks for scattering
observed from the vanadium sample holder.
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the Institut Laue-Langevin, France. The sample was mass distributed equally
into two strips of aluminium foil packed on top of one another in an annular
geometry inside a 2 cm diameter aluminium can. In this way, the sample
covered the full 5 cm height of the neutron beam whilst minimising the beam
attenuation by the sample. The data were initially collected with an incident
neutron wavelength of 3.1 A without analysis of neutron energy, thus the scattered
neutron energies were integrated up to 8.5 meV. A standard Orange cryostat
allowed access to temperatures down to 1.5 K. Quartz, cadmium, and vanadium
measurements were performed in order to correct flipping ratios, background and
detector efficiencies, respectively. Data were collected for a total of 24 hours
per temperature. Figure 4.3 shows the nuclear, spin incoherent and magnetic
components of the total scattering cross section taken at 300 K, which were
separated by the xyz polarisation analysis of the D7 spectrometer. The inset
shows the magnetic scattering cross section measured at 1.5 K and 300 K, which
coincide reasonably well. The solid blue line in the inset of Figure 4.3 shows an

elastic paramagnetic cross section for molybdenum spin only cations,

j—g = %(’Wo)z (%QF(Q)> S(S+1) (4.2)

where,

F(Q) = 0.35exp(—48.0355%)+1.035exp(—15.0605%)—0.3929exp(—7.4795%)+0.0139
(4.3)

is an analytical approximation for the spin only magnetic form factor for
molybdenum cations, with s = ¢)/4x [88]. The magnetic scattering cross section
is completely dwarfed by the strong nuclear Bragg scattering and the total
magnetic scattering was found to be 0.11(1) pup per molybdenum cation, which

corresponds to ~ 30 % of the expected gS(S + 1) up value.

The sample was also measured with an incident neutron wavelength A = 4.8 A at a
temperature of 1.5 K. Data were acquired for a total of 48 hours and corrected for
sample attenuation for an annulus [125], [126]. Figure 4.4 shows a comparison of
the magnetic scattering cross section at 1.5 K of LusMo,O7, which shows a build
up of magnetic diffuse scattering at ) ~ 0.6 A= and LusMoyO, 5Ny 7, which

remains relatively flat and shows little ()-dependence. There may be evidence of
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Figure 4.3 The nuclear, spin incoherent and magnetic components of the total
scattering cross section of Lug Moo O48Ni 7 measured at 300 K with
an incident neutron wavelength X = 3.1 A. The inset shows the
magnetic scattering cross section in the low-Q region at 1.5 K and
300 K.

features in the data centred about 0.6 A and 1.0 A, which are marked in Figure
4.4.

4.6 Heat Capacity

Zero field heat capacity data were collected for a 8.9 mg pressed powder pellet
of LusMos0O,4 N7 7. The data were taken over a temperature of 500 mK to 30 K
with the use of a *He insert on a Quantum Design PPMS. The data are shown in
Figure 4.5. The estimate of the lattice contribution to the total heat capacity of
LusMoyO; shown in Chapter 3 was also used here given the isostructural nature
and similar formula weight of LusMoyO4gN7 7. The low temperature region of
the heat capacity, which is mostly magnetic in origin, can be modelled by a linear
C = AT dependence with v = 7.06(3) mJ K~2 mol~!, shown by the black solid
line in the inset of Figure 4.5. The fit to the data can be improved by letting

the linear function take an intercept value of 0.8(1) J K~ mol™', shown by the
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Figure 4.4 The absorption corrected magnetic scattering cross sections of
Lugo Moo O7 and Lus Moo Oy s Nv.7 measured at 1.5 K with an incident
neutron wavelength A = 4.8 A. Arrows mark Q-positions of potential
features that may indicate Mo-Mo spin correlations.

blue solid line in the inset of Figure 4.5. The corresponding non-zero entropy at
T = 0 may result from the anion disorder in this oxynitride system. Figure 4.6
gives a comparison of the low temperature heat capacities of LusMo,O4 N7 7 and

its parent oxide LusMo,O5.

4.7 Discussion

The thermal ammonolysis technique has been successful in synthesising oxynitride
samples of the LuyMosO; pyrochlore. The ideal composition for a S = %
system is LusMo,O5N,, which induces an oxidation of the molybdenum cations
to the Mo®* 4d' oxidation state. Thermal ammonolysis of LusMo,O7 at 600 °C
for 24 hours produced an oxynitride pyrochlore with the chemical composition
LusMo,0O4 8Ny 7, which was determined through the combination of elemental and
gravimetric analyses. Furthermore, the refinement of a cubic pyrochlore model

with the analytically determined anion content to high resolution neutron powder
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Figure 4.5 The magnetic heat capacity of LusMooOygNi7 over the entire
measured temperature range with 3He insert. The insert shows the
low temperature region of the data, which can be modelled by T'-
linear behaviour (solid lines). An estimate of the lattice contribution
is shown (dashed line), which is found to be negligible below 5 K.

diffraction data gives very good agreement with R,, = 2.21 %. The results of
the Rietveld refinement shown in Table 4.1 suggest that the distribution of oxide
and nitride anions is disordered over both of the anion sites in the pyrochlore
structure. From this chemical composition, the molybdenum cations have a
nominal oxidation state of Mo%***, which results in a significant change in the
magnetic properties of the system. The Weiss constant, § = —121 K obtained
from the Curie-Weiss fit to the high temperature inverse of magnetic susceptibility
shown in Figure 4.1 indicates that strong antiferromagnetic exchange interactions
between molybdenum spins remain dominant upon nitridation. The reduction
in the effective magnetic moment, p.rr = 1.1 pp, reflects the low spin nature
of the oxynitride system in comparison with LusMosO7. The most significant
result obtained from the magnetic susceptibility study of LusMoyO4gNy 7 is the
apparent loss of the spin freezing transition 7y ~16 K that was observed for the
spin glass pyrochlore LuyMo,O7 in Chapter 3. In fact, the magnetic susceptibility
of LusMo504sN1 7 shows no evidence for any magnetic phase transitions or spin

glass behaviour down to 2 K. This is supported by the low temperature neutron

117



I ' I ¥ I L I

®  Oxynitride
003 e Oxide
- = =Lattice

0.02

C (K 'mol™")

0.01

0.00

Figure 4.6 A comparison of the low temperature magnetic heat capacity of
Luy Moy O, which shows a C o< T? behaviour and the T-linear
dependence of Lus Moy Oy8Ny 7.

diffraction data, which do not show evidence of long range magnetic order due to

the absence of magnetic Bragg scattering.

The magnetic scattering cross section measured on the diffuse scattering spec-
trometer D7 does not show any significant build-up of strong -dependent diffuse
scattering upon cooling from room temperature to 1.5 K, as shown in the inset
of Figure 4.3. The measured magnetic signal is extremely weak, which in part is
a result of the reduced magnetic moment in the oxynitride system, but may also
indicate that there is a significant proportion of inelastic neutron scattering from
the system even at low temperatures, such that the quasi-static approximation
breaks down and the majority of the magnetic neutron scattering occurs outside
of the energy range of the D7 instrument [148]. There may be some evidence of
peak like features in the magnetic scattering cross section centred around 0.6 A
and 1.0 A shown in Figure 4.4, but these are difficult to distinguish within the
experimental uncertainty of the data. The data are reasonably well described by
a paramagnetic ()-dependence and certainly do not show such strong evidence of
short range magnetic correlations as in the case of LusMo,O7 at low temperatures,

which is illustrated in Figure 4.4.
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The most striking difference in the behaviours of LusMo,O4gN; 7 and its parent
oxide is revealed in the low temperature heat capacity. The heat capacity of
LusMo,0O4 8Ny 7 was measured over a temperature range of 500 mK to 30 K,
shown in Figure 4.5 after subtraction of an estimate of the lattice contribution,
which shows no temperature dependent anomalies or evidence of a magnetic
ordering transition. The low temperature region of the data clearly follow 7T-
linear behaviour, with a C' = AT fit yielding v = 7.06(3) mJ K=2 mol~!. This
linear dependence is evidence for a large number or continuous density of low
energy states in LusMo,O4sN7 7, which has been observed in a number of spin
liquid candidates [49]. As discussed in Chapter 3, LusMoyO follows a T3-law
at low temperatures, which is rather unusual for a spin glass system. It should
also be noted that the heat capacity of LusMo,O4 N1 7 appears to deviate from
zero at T' = 0, which may be a result of frozen-in zero-point entropy due to the

disordered nature of the anions within the oxynitride system.

4.8 Conclusions

Polycrystalline samples of a novel pyrochlore oxynitride phase LusMooO4gNy 7
have been prepared by the thermal ammonolysis of the LusMo,O7 oxide. The
oxide precursor was heated under an ammonia gas flow rate of 250 cm?/min
for a total of 24 hours at a temperature of 600 °C. The anion content of the
oxynitride phase was determined by chemical analysis and gravimetric analysis
and confirmed by Rietveld fit to high resolution powder neutron diffraction
data. Magnetic susceptibility confirms the persistence of strong antiferromagnetic
exchange (# = —121 K) but an absence of a spin freezing transition down to
at least 2 K. Futhermore, the low temperature magnetic heat capacity reveals
an absence of magnetic phase transitions down to 500 mK and a large density
of low energy states from its T-linear behaviour, with v ~ 7 mJ K=2 mol~!.
The absence of magnetic diffuse scattering from the LusMoyO4gNy 7 systems
implies that the majority of the magnetic neutron scattering at low temperatures
is inelastic and that the magnetic ground state of LusMoyO4¢N; 7 is dynamic.
This is unlike a frozen spin glass state, in which all of the magnetic neutron
scattering is expected to collapse into the elastic line [26]. In order to investigate
the role of the low spin or quantum fluctuations in governing the ground state
properties of LusMo,O4sNy 7, a proposal has been submitted to perform the

first inelastic neutron scattering survey of the material on the Cold Neutron
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Chopper Spectrometer (CNCS) at the Spallation Neutron Source of the Oak
Ridge National Laboratory, U.S.A.
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Chapter 5

Gapless Spin Liquid Ground State in
the S =4 Vanadium Oxyfluoride
DQVOF

5.1 Introduction

Experimental realisations of the S = % kagome antiferromagnet (KAFM) are
highly desirable as they are the prime candidate to host the exotic quantum spin
liquid (QSL) ground state in two-dimensions. This results from the combination
of the strong geometric frustration of antiferromagnetically coupled spins on the
kagome lattice of vertex sharing equilateral triangles and the quantum effects
that allow incoherent spin fluctuations to persist down to 77 = 0 [49]. A
review of the literature reveals that, until very recently, all of the candidate
compounds of S = % kagome physics consisted of kagome networks of Cu?t d*
cations [149] [150] [151] [152]. The significance of this is that the d° electronic
configuration is known to have strong Jahn-Teller effects, which in certain
situations can affect low temperature structural and magnetic properties that
can ultimately limit the potential of such systems as candidate QSLs [4]. A
good example of this is the volborthite mineral, CuzV,07(OH)22H50, in which
the 3d,» orbital is selected to release the e, orbital degeneracy, resulting in a
distortion of the kagome lattice and the loss of the crystallographic three-fold
axis that acts to maintain spatially isotropic magnetic interactions [153]. The

first example of a system containing a kagome network of d' ions was recently
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reported by Aidoudi et al. [75] that, therefore, provides a novel opportunity in
the study of frustrated quantum magnets. The system is an inorganic-organic
hybrid vanadium oxyfluoride material, diammonium quinuclidinium vanadium
(IILIV) oxyfluoride [NHy]o[C7H14N][V7O06F 5], or DQVOF that was successfully
prepared by ionothermal synthesis. The ionothermal preparative method uses an
ionic liquid, defined as an ionic salt with a melting point of less than 100 °C,
as the solvent for a reaction [70]. For the work presented in the following
sections, samples were prepared by Dr Farida Aidoudi at the School of Chemistry,
University of St Andrews, U.K. Exact details of the reaction conditions are given
in [75] and the structure and purity of the samples were confirmed by powder

X-ray diffraction and chemical analysis.

DQVOF crystallises in the trigonal R3m space group (no.166) and its structure is
shown in Figure 5.1. Strictly speaking, DQVOF is a magnetic bilayer compound,
with kagome layers of S = 1 d' V** cations and S = 1 d* V3" cations in between
the kagome planes. These bilayer units propagate along the structure and are well
separated by organic quinuclidinium cations, C;H4N*, that act to reduce the
magnetic dimensionality of the system. The initial magnetic study of DQVOF
presented in [75] was extremely encouraging; the system revealed an absence
of long range magnetic order and spin freezing in DC magnetic susceptibility
measured down to 2 K despite significant antiferromagnetic exchange interactions.
Furthermore, Aidoudi et al. [75] put forward an argument to suggest that there is
negligible magnetic exchange between the kagome layers and the inter-plane V3*
due to a poor superexchange orbital overlap. At this point, further investigation
was required in order to determine whether DQVOF displays true kagome or
kagome bilayer behaviour and the nature of its magnetic ground state at the
very lowest temperatures. Presented in this Chapter are the low temperature
magnetisation and heat capacity data that show that the inter-plane S = 1
spins of the V3% cations are well separated magnetically from the kagome layers.
In addition, through the analysis of the low temperature heat capacity that is
intrinsic to the kagome layers and muon spin relaxation data there is strong

evidence to support the existence of a gapless spin liquid ground state in DQVOF.

5.2 Magnetisation and Magnetic Susceptibility

The magnetic susceptibility of DQVOF was measured in a superconducting

quantum interference device (SQUID) magnetometer in an applied field of 5
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(a) A magnetic bilayer unit with (b)  The bilayer units, viewed down
VA (eyan), V3T (blue), F~ the b-axis, with charge balanc-
(green) and O°~ (red). ing ammonium, NHJ , cations.

(c) The bilayer units are magneti- (d) The V** kagome lattice, viewed
cally isolated by quinuclidinium, down the c-axis.
CrH4 N, cations.

Figure 5.1 The crystal structure of DQVOF.
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T. Figure 5.2 shows the magnetic and inverse susceptibilities as a function
of temperature between 1.8 K and 300 K. The data show no evidence of
a magnetic ordering transition within the measured temperature range. At
high temperatures, the magnetic susceptibility is well described by Curie-Weiss
behaviour, which is shown by the linear fit to the inverse of susceptibility in
Figure 5.2. The Weiss constant obtained from the fit indicates the dominance of
antiferromagnetic exchange, # = —58(4) K, and the Curie constant, C' = 3.09(10)
K emu mol ™! gives an effective magnetic moment .y = 4.97(8)up per formula
unit of six V4* cations and one V3* cation, which is in good agreement with the

observations of [75].

Magnetisation against field data were collected by Dr Pierre Bonville at the
Service de Physique de I'Etat Condensé of the CEA-CNRS Saclay, France in
a vibrating sample magnetometer (VSM) in applied field strengths up to 14 T.
The data measured at 1.7 K were normalised by the saturation magnetization,
My = NagupS, per formula unit of S = (1 + g) and taking ¢ = 2. The net
magnetisation is considered as a sum of two components; a linear component
from the strongly interacting kagome layers of S = % spins and a Brillouin-
like contribution from the paramagnetic or weakly interacting inter-plane S = 1
spins. This approach has been successfully applied to several kagome systems
in order to separate the magnetisation inherent to the kagome physics from that
of anti-site spins [154][155]. A fit to the linear response is shown in Figure 5.3
above applied fields of 10 T. By subtracting this linear contribution, one can
observe the saturated Brillouin-like magnetisation of the S = 1 spins of the inter-
layer V3* ions with M /M., = 0.148(5). From this saturated magnetisation, one
obtains a saturated magnetic moment of 1.18 up for the interlayer V3 spins.
This moment reduction from the expected spin only value is due to the spin-orbit
coupling that is prevalent in the V3T cation [156], [157], for instance CdV,0, [158]
and LaVOg [159] have low temperature ordered moments of 1.19 pp and 1.15 up,
respectively. This demonstrates that to a good approximation, the kagome layers

are magnetically decoupled from the inter-planes sites at 1.7 K.

5.3 Field Dependent Heat Capacity

The heat capacity of DQVOF was measured on a 1.3 mg pressed powder pellet
in a physical properties measurement system (PPMS) with *He insert in zero
field and applied fields of 3T, 5 T, 7 T and 9 T. Figure 5.4 and 5.5 show the
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Figure 5.2 Magnetic (closed circles) and inverse (open circles) susceptibilities
measured in a b T field. The solid black line is a Curie-Weiss fit to
the inverse of susceptibilty.

heat capacity, C,, against temperature, T, and to C,T~! against temperature,
respectively. The data clearly show a broad, Schottky-like feature that shifts to
higher energies in stronger applied fields. The field dependent Schottky behaviour
arises from spins that are weakly interacting within the system ¢.e. paramagnetic,
even at low temperatures. It is, therefore, possible to apply a similar analysis to
the heat capacity of DQVOF as discussed in the previous section in the context
of the low temperature magnetization against field data; first fit the Schottky
anomaly associated with the weakly interacting S = 1 spins and subtract it from
the data to reveal the underlying heat capacity of the strongly correlated kagome
layers [160],[161].

The 25 + 1 degenerate mg levels of an S = 1 spin state in zero field are split
upon application of an external field by the Zeeman interaction, |AE|=gugB, as
shown in Figure 5.6. The partition function, Z, of such a three level system, with

energies of 0, F and 2F is given by,

E 2K
2= 1soa(~ ) ron(- )

= (5.1)
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Figure 5.3 Net normalised magnetisation against field (black squares) with a
fit to the linear contribution above 10 T. Subtraction of the linear
contribution gives the saturated magnetisation of the S = 1 spins
(red circles) shown with the Brillouin curve for S =1 spins (dashed
black curve).

The average energy, U, which is given by,

_ > Egsexp(—242)

U 5.2
- (52)
for Eg over all mg states can, therefore, be taken as,
2F + Eexp(Z
xp(7) (5.3)

1+ exp(%) + exp(%)

Given that the heat capacity of constant volume is the partial derivative of the

ou

average energy with respect to temperature i.e. C, = (a—T)v, one arrives at an

expression for the heat capacity of an S = 1 spin triplet,

E>2 exp(£) +exp(—%) +4
(

Cy, = fNskp| =
N B<T 1+exp(%)+exp(—%))2
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Figure 5.4 Heat capacity, Cy, of DQVOF as a function of temperature from 300
mK to 30 K in zero field and applied fields up to 9 T. Inset shows
low temperature region of the data.

where f gives the number of moles of S = 1 spins per formula unit. Figure 5.7
shows the Schottky feature in each field. In applied fields up to 3 T, the Schottky
behaviour can be well described by the expression given in Equation 5.4. However,
as the applied field strength is increased a second feature appears within the
energy scale of the experiment at the very lowest temperatures accessed with the
3He insert. This can be attributed to the splitting of the nuclear spin, m;, levels
of the I = 1 'H and 'F nuclei that are abundant within the DQVOF system.
Nuclear magnetic moments are typically much smaller than electronic magnetic
moments, on the order of 1072 — 10~ p, and the very weak interaction between
neighbouring nuclear spins means that they tend to behave paramagnetically.
Both 'H and F nuclei are 100 % abundant and have nuclear gyromagnetic
ratios, 7, 26.75 and 25.16 x 107 rad T~! s7!, respectively. The magnitude of the
splitting of the m; levels of both nuclei in applied fields of 3 T, 5T, 7 T and 9
T are approximately 6 mK, 10 mK, 14 mK and 20 mK, respectively, which were

determined according to the expression,

|AE| = vhB (5.5)
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Figure 5.5 C,T! against T more clearly shows the field dependent Schottky
behaviour of the weakly interacting spins in the DQVOF system.
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Figure 5.6 The Zeeman splitting of the 25 + 1 mg states of an S = 1 spin
system upon the application of an external magnetic field B.

where B is the magnitude of the applied magnetic field. The expression for the

heat capacity of a two level I = % system can be derived in a similar way to
method described in Equations 5.1 — 5.4 and can also be found in the literature
[106]. The electronic and nuclear Schottky behaviour observed in C, T~ vs. T

of DQVOF in applied fields can, therefore, be successfully modelled as a sum of
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these two contributions,

o717 = fsN_AkB(&Y exp(%) + eXp(_E%) +4  fiNakp (&)2 exp(%)
v T T/ (1+exp(£8) +exp(—L2))2 T )|

exp(F) +1)2
5.6)

—~

where fs and f; give the number of moles of S =1 and [ = % spins per formula
unit and Eg and E; give the energies of the mg and m; states, respectively. The
values of E; were fixed at the values determined by Equation 5.5 and Fg, fs and f;
were fit to the field dependent data. In order to isolate the field dependent heat
capacity clearly and minimise the lattice contribution, the differences between
heat capacity values measured in different fields were determined. Figure shows
the fit of Equation 5.6 to AC, T~!. An average value of f; = 39(3) is in excellent
agreement the total number of 40 moles of 'H and F nuclei per formula unit of
DQVOF. The splitting of the electronic my spin states as a function of applied
field is shown in Figure 5.9. As expected, this follows linear Zeeman behaviour,
|AE|=gupB, with a g-factor, g = 1.8(2), typical of V3*. One should note the
residual zero field splitting of the electronic spin states of ~0.6 K. A value of
fs = 0.5(2), for the fraction of S = 1 spins per formula unit shows a similar

reduction as observed in the magnetisation data as a result of spin orbit coupling.

In analogy to the analysis of the magnetization against field data, the subtraction
of the contribution of the weakly interacting electronic and nuclear spins from the
heat capacity data should reveal the nature of the heat capacity that is intrinsic
to the kagome layers of S = % V4 ions. Figure 5.10 shows the heat capacity
of DQVOF upon subtraction of the Schottky contributions. The zero field data,
shown in the inset of Figure 5.10, show no sharp peak structure indicating the
absence of any magnetic phase transitions over the entire measured temperature
range. Of particular interest here is the low temperature region of the data given
that the lattice contribution will be minimal and the heat capacity will be mostly
magnetic in origin. Figure 5.10 shows the heat capacity from 300 mK to 10 K in
each measured field, which can be modelled by T-linear behaviour between 300

mK and 5 K, where the lattice contribution to the heat capacity is negligible,

C,=n~T (5.7)
with v~200 mJ K=2 mol~! per V4* spin. Allowing a C,o<T'® model improves the

129



9
=~ 8 SAE
"E' 7
E 6
el 5
43 {
- 3
~ 2
(SR | : . L
10
7' (K)

7' (JK?mol")

C,

" 1.0

10 1 1
T (K) I'(K)

L saaal

0..

Figure 5.7 The Schottky behaviour observed in the field dependent heat capacity
of DQVOF, which was successfully modelled by the expression given
in Equation 5.6 (solid red lines).

fit to the data, with @ = 1.2 giving the best fit.

5.4 Muon Spin Relaxation

The muon spin relaxation (uSR) measurements were performed on a non-
orientated 400 mg sample of DQVOF on the MuSR spectrometer at the ISIS
Muon Facility, Rutherford Appleton Laboratory, U.K. The sample was loaded
into a silver foil packet and attached to a silver foil backing plate in a Variox
cryostat with dilution fridge insert. This sample environment allowed access to
temperatures as low as 40 mK. Subsequent measurements were performed on the
GPS beam line at the Swiss Muon Source, Paul Scherrer Institute, Switzerland.
In particular, the background of the ISIS data, which arises from muons that
fall outside of the sample and in the silver sample holder or elsewhere, was
carefully measured by a veto measurement of the sample during which, the
sample was contained in a thin aluminium foil packet held in place on a fork-
shaped sample holder by a layer of aluminium tape. The veto measurement
disregards any muons that do not hit the sample and is, therefore, a very low

background measurement. Figure 5.11 shows a comparison of the zero field time
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Figure 5.8 In order to isolate the field dependent heat capacity more clearly,
the difference between interpolated heat capacity measurements in
different fields were also successfully modelled by FEquation 5.6.
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Figure 5.9 The Zeeman splitting of the mg levels of the V3t S = 1 spins in
DQVOF as a function of applied field.

dependent muon asymmetries, A(t) collected at 2.5 K on MuSR and GPS, from
which a background asymmetry of 3.5 % can be determined for the ISIS data set.
All subsequent ISIS data is presented as the background corrected muon spin

polarisation, P(t), given by,

A(t) — Background
A(ty) — Background

P(t) = (5.8)
The zero field muon spin polarisation reflects the sum of the local responses of
the muons implanted at different stopping sites within the sample. In the case
of DQVOF, the most energetically favourable stopping sites for the positively
charged implanted muon will be close to negatively charged fluoride and oxide
anions within the structure. Figure 5.12 shows the time dependence of the zero

field muon spin polarisation measured at 40 K and 40 mK, which have been
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Figure 5.10 Low temperature heat capacity of DQVOF upon subtraction of the
Schottky anomaly with vT and v T fits. The red dotted line is an
estimate of the lattice contribution. The inset shows the data of
the entire measured temperature range.

successfully modelled with the expression,

Py(t) = F(F—pu—F(t) xexp(—0*2) xexp(~Agt))+ (1 f) (K To () xexp(—Aot)*)
(5.9)

This expression describes the sum of the nuclear and electronic fields surrounding
the implanted muon at the fluoride (F) and oxide (O) stopping sites in DQVOF
and the effect that these internal fields have on the muon polarization as a function
of time. F'— p — F(t) describes the strong dipole-dipole interaction between the
muon spin and the fluorine nuclear spin at the fluorine stopping site, which gives

rise to the characteristic kink in the polarisation data ~2us, and is given by,

L(3 + cos(v/3wqt)
F—pu—F(t) = +(1—J5)cos((352)wat) (5.10)
+(1 + J5)cos((352)wat))
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Figure 5.11 Comparison of the zero field muon asymmetries measured on
MuSR, ISIS and by veto measurement on GPS, PSI at 2 K.

where,

HoYuYr
= 4ﬂj3 (5.11)

and po, 7, and v are the permeability of free space, muon and F nuclear
gyromagnetic ratios, respectively. 7, is the F-u separation distance in the
strongly coupled F-p-F state [162],[163]. The gaussian expression in Equation
5.9, exp(—0c?t?), was included to account for the distribution of fluoride anions
surrounding the muon at the stopping site. The expression, KT (t), is the widely

used Kubo-Toyabe function given by,

A%t?

\)

) (5.12)

KTo(t) = % + 2(1 — A**)exp(—

w

that here describes the distribution, A, of nuclear fields surrounding the muon
at the oxide stopping site. The nuclear fields are static on the time scale of the
muon experiment and so are temperature independent. These parameters were,

therefore, fitted to the high statistics data collected at 40 K and fixed at their
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Table 5.1 The parameters determined from the fit of Equation 5.9 to the high
statistics zero field muon polarisation measured at 40 K.

f wg/MHz o /MHz Ar/MHz A /MHz Mo/ MHz o
017(2)  1.17(5)  055(3)  0.06(5)  3.25(7)  0.08(1) 0.7(1)

high temperature values for all subsequent fits. These values are summarized
in Table 5.1. The most important point to note for the zero field polarisation
data shown in Figure 5.12 is that the 40 mK and 40 K data relax to the same
value above the background. This non-relaxing component above the measured
background can most likely be attributed to a small fraction of muons that fall

far from the kagome planes, within the organic component of DQVOF.

0O 40 mK
O 40K

P(1)

0.0 : ' : L : L

Figure 5.12 Time dependence of the zero muon spin polarisation measured at
40 K and 40 mK. Solid lines represent fit of Equation 5.9 to the
data.

The temperature dependent, dynamical part of Equation 5.9 arises from the
fluctuating fields of the electronic spins within the DQVOF system, which cause
an exponential depolarisation of the muon spin. The rate of the muon spin
depolarisation at the oxide and fluoride stopping sites are given by Ao and Ap
in Equation 5.9, respectively. The fraction of spins, f, stopping at the fluoride

site is 20 % of the total number of muons stopping in the sample. The feature
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in the data ~ 2 us that arises from the dipolar coupling between the muon spin
and the fluorine nuclear spin remains apparent in the zero field data over the
entire temperature range. This implies that the muon at the fluoride stopping
site is only very weakly coupled to the electronic spins in the system as this
kink is not washed out from the data as a result of the relaxation from the
electronic field fluctuations. The application of a longitudinal field decouples the
muon spin from the static nuclear fields of the sample such that the muon spin
only probes the internal electronic field fluctuations. Figure 5.13 displays the
muon spin polarisation in an applied longitudinal field of 200 G. The data have
been modelled with a stretched exponential function over the entire measured

temperature range,

PLF(t) = P(nonfrelam'ng) + POeXp(_)\t>ﬁ (513)

Here, Plron—relazing) Was fixed at 0.5 polarisation, which reflects the sum of
the non-relaxing contribution of the decoupled organic muon fraction (0.2), the

fluoride fraction (0.1) and the measured background (0.2).

P(7)

(s

Figure 5.13 Time dependence of the muon spin polarisation in an applied
longitudinal field of 200 G measured at temperatures 40 mK, 4 K,
10 K and 60 K.
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Figure 5.14 The temperature dependence of (a) the muon spin depolarisation
rate, A, and (b) the stretching component, [3, obtained from the
fit of Equation 5.13 to the muon spin polarisation measured in a

longitudinal field of 200 G.

Figure 5.14 shows the temperature dependence of the muon spin depolarisation
or relaxation rate, A, and the stretching component, 5. Upon cooling from 10
K, there is a slowing down of the internal electronic field fluctuations, which is
reflected in the increase of the muon spin relaxation rate. However, from 1 K to
40 mK there is a clear plateau in the relaxation rate that strongly indicates the
persistence of internal field fluctuations at the lowest temperatures accessed. At
high temperatures, the system is in a fast fluctuating regime with S~1, however,
at low temperatures 8 approaches 0.5, which implies that the implanted muons

are under the influence of more than one field fluctuation frequency.

Figure 5.15 shows the field dependence of the muon spin polarization in the low
temperature limit up to the maximum longitudinal field of 2.5 kG for MuSR. At
lower fields, one can clearly observe the decoupling of the nuclear fields. Stronger
field strengths do not appear to have a great effect on the muon spin polarisation,

with only a weak decoupling of the fluctuating electronic fields.

5.5 Discussion

The dominance of antiferromagnetic exchange, § ~—60 K, and the absence of long

range magnetic order down to 1.8 K as observed in the magnetic susceptibility

137



0.8 ii_‘!;:;;i‘itxi. ;

P(1)

1 (us)

Figure 5.15 The field dependence of the muon spin polarisation at 40 mK.

presented for DQVOF is in excellent agreement with the original magnetic study
of the system and demonstrates the consistency of the samples used here and in
the report by Aidoudi et al. [75]. It also confirms the highly frustrated nature of

the magnetic ground state in this vanadium oxyfluoride system [164].

One of the major questions regarding the low temperature magnetic properties
of DQVOF was whether or not the system would be a good model for a two-
dimensional magnetic kagome antiferromagnet. It is possible to explain the low
temperature, field dependent magnetisation and heat capacity data presented
here in terms of a paramagnetic behaviour of the inter-layer S = 1, which
implies that they are very weakly interacting with the neighbouring S = %
spins that reside within the kagome layers. It is, therefore, concluded that to
a good approximation the S = % spins within the kagome layers in DQVOF are
magnetically decoupled from the interlayer spins at low temperatures and that
this vanadium oxyfluoride is considered as a novel S = % kagome antiferromagnet

model system.

There is strong evidence to suggest that DQVOF displays a gapless spin liquid
ground state. The intrinsic heat capacity of the kagome layers shows an absence

of any T-dependent anomalies that might indicate a magnetic phase transition
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and instead displays a continuous density of states down to the lowest measured
temperatures. Various models have been proposed for the low temperature heat
capacity of gapless spin liquids on the kagome lattice. Theoretically, the gapless
Dirac spin liquid [56], with a Dirac point-like Fermi surface, has been suggested
as the ground state for the § = % kagome antiferromagnet and is expected to
demonstrate a C,T? dependence at low temperature [57]. This does not appear
to be applicable in the case of DQVOF. A better description may, therefore, be
given by a more conventional spinon Fermi surface. Fermionic gapless spin liquids
are predicted to demonstrate T-linear behaviour in the low temperature specific
heat, with a distinct finite Sommerfield coefficient, . v is related to the spinon
density of states at the spinon Fermi surface, in analogy to the electron Fermi
surface of metallic systems [121]. The low temperature heat capacity of DQVOF
clearly displays T-linear behaviour and can be modelled with C, = 7. This
finite value of v may be taken as evidence for the existence of a dense spectrum of
gapless excitations within the ground state of DQVOF. A value of y~200 mJ K2
mol~! per V** spin is comparable with other experimental gapless spin liquids
[165],[166]. The residual zero field splitting of ~0.6 K is likely to result from a
splitting of the ¢y, crystal field of V3t by, for example, a Jahn-Teller interaction
or the distorted octahedral geometry of the surrounding fluoride anions. Similar
field dependent behaviour, with zero field splitting, has also been observed in
the herbertsmithite, ZnCuz(OH)sCly, system [167],[161]. This was attributed to
weakly coupled anti-site Cu?* spins residing on the inter-plane Zn?* sites. Upon
removal of the Schottky anomaly of the anti-site spins, a T"3-dependence gave
the best fit to the low temperature heat capacity. C,T? behaviour could not be
brought into agreement with the data. This is remarkably similar to the behaviour
observed for DQVOF here, where a C,T*? dependence gave the best fit to the

experimental data.

In a quantum spin liquid state, one would expect to observe incoherent spin
fluctuations down to temperatures equal to the spin gap, or in the case of a
gapless spin liquid, 7" = 0 [45]. Further evidence for the formation of such a
ground state in DQVOF can be found in the muon spin relaxation data. Certainly,
one can rule out any case for spin freezing within the system down to at least
40 mK; the zero field polarisation data in the high and low temperature limits
relax to the same value at long times, with no signal of a %—taﬂ component in
the low temperature data that would be characteristic of frozen moments [168].
Furthermore, the weak field dependence of the muon spin polarisation at base

temperature also implies that the electronic field fluctuations are dynamic on the
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time scale of the muon experiment. The persistence of the internal electronic
field fluctuations is also reflected in the plateau in the spin depolarisation rate,
A, below 1 K. This most likely demonstrates the gapless nature of DQVOF, as
has been argued for a number of other systems [169],[170]. However, one must
retain a certain degree of caution in the case of DQVOF given that there are
two potential sources of electronic field fluctuations (V4 and V3 spins) and the
origin of the muon spin depolarisation is not entirely certain. The situation at low
temperatures is a complicated one, with the implanted muon under the influence
of more than one field fluctuation frequency. However, from the inspection of the
zero field polarisation data, the muon spins at the fluoride stopping site are weakly
coupled to the electronic spins within DQVOF and the muon spin relaxation in an
applied longitudinal field of 200 G can be attributed to the fluctuating electronic
fields at the oxide stopping site. A muon will typically stop ~ 0.1 nm from an
O?~ anion, which in the crystal structure of DQVOF gives a p™-V3* separation
on the order of 5 A, see Figure 5.16. The maximum dipolar field created by 1 pup
is 1.85 T A=3, therefore, the internal fluctuating field, Hjy,, of the S = 1 V3+
cation at the oxide stopping site may be estimated by [155],

Hppwe = (1.85 Tpp' A7 x 2.8u5)/(5 A) ~ 41 mT (5.14)

The relaxation rate, A, resulting from this fluctuating field is given by,

272 H 1>
A= e e ¥ (5.15)
V2 + %2HLF

where v, is the muon gyromagnetic ratio (135.5 x 2r MHz T™!'), Hyp is the
applied longitudinal field (0.02 T) and v is the fluctuation frequency given by,

v =/4J22S(S +1)/37h (5.16)

Here, J is the effective coupling between neighbouring V3% spins, which from
the low temperature magnetisation data presented in Figure 5.3 is ~ 1 K, and z
is the number of nearest neighbours. Equations 5.14 - 5.16, therefore, allow for
an estimation of the relaxation rate of the muon spin at the oxide stopping site
through coupling to the fluctuating field of the inter-layer V3* cations, which has

an upper limit of ~ 0.01 MHz. Given that the experimentally determined value
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of A at 1 Kis ~ 0.4 MHz, it implies that the muon spin relaxation observed at

low temperatures in DQVOF is intrinsic to the S = % kagome layers.

Figure 5.16 Separation between an implanted muon (pink) and a V3t cation
(blue) at a potential oxide stopping site is on the order of 5 A,
which creates an internal fluctuating field ~ 40 mT.

5.6 Conclusions

The vanadium oxyfluoride, DQVOF, is a geometrically frustrated magnetic
kagome bilayer compound with an energy scale for antiferromagnetic exchange
~ 60 K. The S = 1 spins of the inter-plane V3T are magnetically decoupled from
the kagome planes, such that DQVOF can be viewed as an experimental model
for the two-dimensional S = % kagome antiferromagnet. Muon spin relaxation
measurements clearly indicate the absence of spin freezing down to 40 mK. The
T-linear dependence of low temperature heat capacity with a finite Sommerfield

coefficient, v, provides strong evidence for a gapless spin liquid ground state.

Future study will require a combination of techniques, including local probes such
as muon spin rotation, which may help to clarify the origin of muon spin relaxation
in DQVOF, and NMR, to reveal the local susceptibility of the V** kagome
layers [171]. Thermal conductivity, x, measurements may also prove important.
Thermal transport is very powerful tool for the detection of elementary excitations
in QSL systems, its main advantage being that it only probes itinerant excitations

carrying entropy and so is free from localised effects, such as the Schottky anomaly
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in heat capacity [172]. In the case of the S = % organic triangular lattice system,
r-(BEDT-TTF),Cuy(CN)3, thermal conductivity measurements unambiguously
demonstrated in presence of a spin gap in the ground state of the system, which
was previously thought to be gapless on the basis of heat capacity data that was
plagued by a Schottky anomaly at low temperature. Thermal conductivity could,
therefore, directly reveal the low temperature excitation spectrum of DQVOF
without the need for the subtraction of the Schottky behaviour as in the heat
capacity. Finally an inelastic neutron scattering survey DQVOF will be vital to
reveal the nature of magnetic excitations from the ground state. A continuum
of spinon excitations was recently observed in single crystal inelastic neutron
scattering spectra of herbertsmithite [61]. There are several materials chemistry
issues that must first be dealt with before such an experiment can take place,

such as sample deuteration and scale-up.
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Chapter 6

Anion Ordering in Oxynitride
Perovskites; a Neutron Diffraction
Study

6.1 Introduction

The ideal perovskite has the general formula AB X3, where A and B are cations,
typically with ionic radii r4>rp and X is an anion with rx ~ r,. The A-site
cations are coordinated to 12 anions in a cubo-octahedral geometry and the B-
site cations are surrounded by 6 anions in an octahedral coordination [173]. The
ideal perovskite adopts a cubic structure in the Pm3m space group (no. 221).
The B-cell setting of the ABX3 perovskite structure is shown in Figure 6.1. If
ra=rx such that the A-site cations are exactly accommodated within the 12-fold
site, then the distance X — A — X is given by (2r4 +2rx). It can also be observed
that in this ideal case (274 + 2ry) is equal to v/2 times the unit cell edge, which
is given by (2rp + 2rx), such that (ra +rx) = v2(rp + 7x). This gives the

relationship known as the tolerance factor, t,

T4+ Tx

= s (6.1)

that in the ideal case is unity [174]. The tolerance factor gives a rough guide as

to whether a perovskite structure will form at a given temperature and pressure
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from a particular ensemble of ions, but is important to bear in mind that there
are factors other than the ionic radii that play a vital role in the determination

of structure and symmetry.

Figure 6.1 The cubic perovskite structure, ABXs with A-site cation (red), B-
site cations (blue) and X anions (yellow). The solid lines show the
unit cell in the B-cell setting and the 12-fold coordination of the
A-site and the BXg octahedra are depicted by the dashed lines.

There is, in fact, a wealth of perovskites that can be derived from the ideal cubic
Pm3m structure. These include distorted derivatives, which arise from tilting
or rotation of the BXg octahedra, and substitutional derivatives such as double
perovskites [175] and Ruddlesden-Popper phases [176], see Figures 6.2 and 6.3,
respectively. The tilting or rotation of the B X octahedra in distorted derivatives
can result from a size mismatch of the A-site cation, displacement of the B-site
cation within the octahedra or a distortion of the octahedra by, for example, Jahn-
Teller effects. Octahedral tilting results in changes to A — X bond lengths, A-site
coordination and a reduction in the cubic Pm3m symmetry. Glazer notation
[177], [178] is commonly used to describe the rotation of BXg octahedra about

any 3 orthogonal Cartesian axes coincident with the axes of the cubic unit cell.
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The tilting of the polyhedra may be in-phase (+), meaning that the tilts in
successive layers within the structure are in the same direction, or anti-phase
(—), such that rotation of neighbouring polyhedra occur in the opposite sense,
see for example, Figure 6.4. There are 15 different tilt systems that necessarily
lower the symmetry of the ideal Pm3m structure that are shown in Figure 6.5

with their group-subgroup relationships [179].

Figure 6.2 A face centred cubic (Fm3m) double perovskite, A(B'B")X3, with
A-site cations (red) in 12-fold coordination, alternating B’ (blue)
and B" (green) cations and X anions (yellow).

A commonly observed perovskite structure is the orthorhombic Pnma cell that
results from the atb~b~ tilt system. Figure 6.6 shows the relationship between
this orthorhombic unit cell and the Pm3m unit cell of edge length, aeupie. There
are six possible settings in space group 62, and within the results presented in
this Chapter, the Pbnm setting is used, which is obtained simply from the Pnma
setting by applying the matrix |001/100|010|. The tilt angles of orthorhombic
perovskites are often expressed in terms of 6, ¢ and &, which describe the rotations

about the [110], [001] and [111] pseudo-cubic axes, respectively, and are given by,
cosf = % (6.2)

cosp = — (6.3)

cos d = \/_— (6.4)
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Figure 6.3 An n = 2 Ruddlesden-Popper phase, A3Bs X7 or (AX +2ABX3),
with alternating perovskite (black bonds) and rock salt type (green
bonds) layers. A cations (red), B cations (blue) and X anions

(yellow).

where a, b and ¢ are the orthorhombic cell parameters.

Another distorted derivative of the ideal perovskite that will be used within this
Chapter is the rhombohedral R3c cell that results from the a~a~a~ tilt of the
Pm3m system. Figure 6.7 shows the relationship between the two unit cells

[180]. In the case of R3c, the tilt angle, w, is most accurately derived from the x
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(a) aa’ct tilt, P4/mbm. (b) a®a’c™ tilt, I4/mem.

Figure 6.4 An (a) in-phase and (b) anti-phase tilt about the crystallographic
c-azxis generates tetragonal unit cells in space groups P4/mbm and
I4/mem, respectively.

a’ a? af
Pm3m

aa a ||ab b [[aa’c || a’a’c || a" b b ||aaa
Im3 14/mmm || P4/mbm || I4/mem || Imma R3c

atb*ct||atate || b ||at b b || e ||ab b
Immm ||P4y/nmc || Cmem Pnma C2/m C2/c
abc||labc

P2,/m P1

Figure 6.5 Group-subgroup relationships between the 15 perovskite tilting
systems in Glazer notation. Red lines indicate first order transitions
and blue lines indicate second order transtions.

coordinate of the displaced anion,

tanw = V3 + (2v12) (6.5)

Transition metal oxynitride perovskites are an emerging class of functional

materials [67] with a wide variety of interesting optical, photocatalytic [181],

dielectric [182] and magnetoresistive properties [183] that may depend upon anion
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Figure 6.6 The relationship between the cubic unit cell (cell edge length
Qeubic N blue and the orthorhombic Pnma cell in red with
Qortho = Cortho =~ ﬂacubic and Cortho =~ 2acubic-

order. An understanding of the anion ordering principles that direct the structure
of these materials is, therefore, necessary in order to understand the role it
may play in governing the functionality, electronic and magnetic properties of
these mixed anion systems. Despite its importance, the mechanism behind anion
order in oxynitride perovskites was unclear until a recent electron and neutron
diffraction study of the representative d° systems StMO,N (M = Nb, Ta) revealed
a robust anion ordering at high temperature that in turn directs the rotations

of MO4Ny octahedra in rotationally ordered, low temperature superstructures

[184).

In the initial study [184], refinements of high temperature neutron powder
diffraction data for SrMOyN were performed in a tetragonal P4/mmm model,
which allows for long range anion order over the two inequivalent anion sites.
The results of the refinements converged to an ordered model with full oxygen
occupancy along one axis (1b site) and a 50 : 50 O : N distribution along the
other two (2f site), see Figure 6.8. Below 200 °C, StM O,N adopts a rotationally
ordered superstructure, which is conventionally described by tetragonal I4/mem
symmetry. Rotation of the octahedra around the unique c-axis creates two anion
sites along the c-axis and in the ab-plane in a 1 : 2 ratio, respectively. The
tetragonal 74/mem refinement gave near 50 : 50 O : N occupancies at the axial
site, indicating that this corresponds to one of the 2 f sites in the high-temperature

structure. The O : N distribution across the equatorial sites of the tetragonal
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(a) Rhomohedral cell in rhombohedral (b) Rhombohedral cell in
setting. hezxagonal setting.

Figure 6.7 The (a) relationship between the cubic unit cell (cell edge length
Geubic) 1 blue and the rhombohedral cell in red in the rhomboheral
setting with ayhompo = V2aeupic and o = 60°. The rhombohedral
ABXs unit cell is often displayed in the (b) hexagonal setting with
her =V 20eupic aNd Cher = 3V 2 ybic With v = 120°. Here, A-site
cations are in red, B-site cations are in blue and X anions are in
yellow.

model refined to 75 : 25. This suggests that the two equatorial sites in the
rotationally ordered room temperature structure are not equivalent; one should
correspond to the 1b site (100 % O) and the other, the remaining 2f site (50 : 50
O : N) of the high temperature pseudo-cubic structure. This inequivalence lowers
the symmetry from tetragonal 74/mem to monoclinic 1112/m. The 75 : 25 O :
N occupancy observed for the equatorial sites in the I4/mem model, therefore,
reflects the average of the 100 : 0 and 50 : 50 O : N distributions of the true
monoclinic symmetry, see Figure 6.9. The lower symmetry of room temperature
SrTaOsN was also confirmed by electron diffraction, which showed the presence
of weak 0kl and hOl (k or h = odd) that would be systematically absent due to
c-glide symmetry of tetragonal 14/mem if the overall symmetry was not lowered

by anion order.

Within the following Chapter, the robustness of the anion ordering observed in
the SrTaOsN oxynitride perovskite is investigated through a high temperature
neutron diffraction study. These anion ordering principles are then extended
to the d' perovskites RVOs,,N;_,, including a new oxynitride phase NdVO,N
and its R = Pr and La analogues. These systems contain itinerant 3d electrons

and it is, therefore, important to investigate whether or not the anion ordering
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Figure 6.8 The (a) anion order observed in the pseudo-cubic structure of
SrM OaN, with ozide anions (yellow) on one axis and a 50 : 50
O : N distribution along the other two (yellow/grey). The model
shows the relationship between the unique azes of anion order (cqp)
and rotation (crot) in the rotationally ordered, room temperature
perovskite superstructure of SrM OaN. The local anion ordering is
governed by strong covalent effects that favour a cis-coordination of
M O4Ny octahedra. This results in zig-zag M-N chains shown in (b)
that propagate through the perovskite layers with a 90 © turn at each
metal centre. The heavy blue bonds depict layers of M-N chains.

observed in their d° counterparts is robust and what effect it may have over
their electronic and magnetic properties. All samples were prepared by Dr
Judith Or6 Solé and William Bonin through a collaboration with Prof Amparo
Fuertes at the Institut de Ciencia de Materials de Barcelona, Spain. SrTaO;N
was synthesised by a reaction of stoichiometric amounts of SrCO3 and TasNjy
under flowing ammonia gas. RVOsy,,N;_, samples were prepared by thermal
ammonolysis of RVOy precusors. Room temperature powder X-ray diffraction
data collected for the RVO,,,N;_, samples were indexed by an orthorhombic
Pbnm unit cell. The anion content of the samples was determined by combustion
analysis to give compositions of Sr'TaOq 99Ny g1, NdVOs 41 Ng.99, PrVOs 24Ny 76 and
LaVOs11Nggg. Here, the neutron scattering studies of the samples that were
performed at the ISIS and Institut Laue-Langevin neutron sources are discussed.
Neutron diffraction allows for the determination of the anion order within these
oxynitride systems due to the good contrast between the neutron scattering
lengths of oxygen and nitrogen (5.8 and 9.4 fm, respectively [185]). Experimental
details of the neutron diffraction experiments are given within each section and

all Rietveld refinements were performed using the General Structure Analysis
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Figure 6.9 The (a) average, rotationally ordered room temperature structure
of SrM OsN, conventionally described by tetragonal I4/mem
symmetry. Here distinct O (yellow) and 50 : 50 O : N sites
(yellow/grey) gives 50 : 50 and 75 : 25 O : N occupancies on
the axial (along unique c-axis) and equatorial (in ab-plane) sites,
respectively. The local ordering governed by covalent effects that
favour the formation of cis-M Oy Ny octahadra lowers the symmetry
to monoclinic I112/m as equatorial sites are no longer equivalent
and leads to cis-M N chains that segregate into layers, depicted in
(b) by the heavy coloured bonds between M octahedral centres (blue)
and N (grey).

System (GSAS) program [85].

6.2 SrTaOQN

High temperature neutron powder diffraction data were collected on the High
Resolution Powder Diffractometer (HRPD) at the ISIS spallation neutron source,
Rutherford Appleton Laboratory, U.K. A 1 g sample was vacuum sealed in a quatz
tube and placed in a vanadium jacket inside a vanadium element furnace which
allowed access up to a maximum temperature of 1100 °C. Data were collected at
room temperature, 500 °C, 700 °C, 900 °C and 1100 °C with a counting time of

3 hours per temperature.
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Table 6.1 Refined I4/mem model to room temperature HRPD SrTaO: N data.
a = b = 57017(1) 4, ¢/v/2 =5.7718(2) A. Total R, = 2.83 %.

Atom Site T Y z Occupancy Uis0"100 / A2
St 4 0.0 3 3 1.0 0.30(3)
Ta 4b : 3 0.0 1.0 0.09(3)
X1 4b 0.0 0.0 T 0.447(26)/0.553 0.86(2)
X2 8d 0.7687(2) 0.2687(2) 0.0 0.777/0.223 0.86

SrTaOsN undergoes a structural phase transition to a rotationally ordered
perovskite superstructure at 300 °C, which is conventionally described by
tetragonal I4/mem symmetry as discussed in the previous section.  The
tetragonal model was, therefore, refined to the room temperature SrTaO,N data.
The model was simultaneously refined to the data collected on the backscattering
and 90 ° detector banks, see Figure 6.10, with the fractional anion occupancies
constrained by the total determined by chemical analysis and anion thermal
parameters (U;,,) constrained to refine together. Linear interpolation background
functions were refined to both histograms. Table 6.1 summarises the results of

the room temperature refinements.

The pseudo-cubic P4/mmm model, which allows for anion order, was refined to
the high temperature powder neutron diffraction data of SrTaOsN. Once again,
the high temperature model was simultaneously refined to the data collected on
the backscattering and 90 ° detector banks. Figure 6.11 shows the refinement of
the P4/mmm model to the highest temperature data set, measured at 1100 °C
with the refinement results shown in Table 6.2. The data collected at each temper-
ature were analysed consistently, with the same 58 parameters refined within the
pseudo-cubic model. The fractional anion occupancies were constrained by the
total determined by chemical analysis, anion thermal parameters were constrained
to refine together and linear interpolation background functions were refined to
both histograms as for the room temperature refinement. Figure 6.12 shows the
temperature dependence of the lattice constants, anion occupancies and thermal

parameters.
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Figure 6.10 Rietveld refinement of I4/mem model to room temperature HRPD
data of SrTaOyN.
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Figure 6.11 Rietveld refinement of the pseudo-cubic P4/mmm model to high
temperature (1100 °C) HRPD data of SrTaO2N.
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Table 6.2 Refined P4/mmm model to high temperature (1100 °C) HRPD
SrTaOsN data. a = b = 4.0679(1) A, ¢ = 4.0668(2) A. Total

Ryp = 175 %.

Atom Site =z Y z Occupancy U,s0°100 / A2
ST VA T 1.0 3.84(5)
Ta la 0.0 0.0 0.0 1.0 2.37(6)
X1 b 00 00 35 1.147(16)/ —0.147 4.09(5)
X2 2f 3 0.0) 00 0.427/0.573 4.09

6.3 NdVO:;N

The initial neutron diffraction study of NdVO,;N was performed on the High
Resolution Powder Diffractometer (HRPD) at the ISIS spallation neutron source,
Rutherford Appleton Laboratory, U.K. The 650 mg powder sample was measured
in a 6 mm vanadium can at room temperature for 3 hours. The data collected on
the backscattering and 90° detector banks were analysed by means of a combined

Rietveld refinement.

Figure 6.13 shows the refinement of the orthorhombic Pbnm model to the data.
A vanadium oxynitride, V(O,N), impurity phase was observed within the data in
addition to scattering from the vanadium sample holder and so a total of three
phases were refined against the backscattering and 90° detector bank histograms.
Table 6.3 summarises the results of the refinements. Fractional anion occupancies
were constrained by the total determined by chemical analysis and thermal
parameters were refined isotropically with anion and cation thermal parameters
constrained together for all three phases in the refinement. Linear interpolation

background functions were refined to both data sets.

In analogy to the StM O,N systems, if the same local anion ordering principles are
upheld then the true symmetry of NdVO,N should be lowered from orthorhombic
Pbnm to monoclinic P112;/m. In fact, the room temperature HRPD data were
also successfully analysed by refining the monoclinic P112; /m model to the data

o

to give a monoclinic angle v = 90.07(1)°. Figure 6.14 displays the refinements
performed in the monoclinic model and Table 6.4 summarises the results. Given
the small magnitude of the monoclinic distortion, the atomic positions could not
be refined freely within the P112;/m model and instead, were constrained by

Pbnm pseudo-symmetry.
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Figure 6.13 Rietveld refinement of the orthorhombic Pbnm model to room
temperature NdVO, N HRPD data. Ticks mark reflections for
the perovskite phase (bottom), a vanadium oxynitride (V(O,N))
impurity phase (middle) and scattering from the vanadium sample

holder (top).
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Table 6.3 Atomic coordinates, occupancies and thermal parameters from
refinement of Pbnm model to NdVOo N HRPD data, a = 5.4637(3) A,
b = 55022(3) A, ¢ = 7.7329(5) A. Total Ry, = 3.03% and
x? = 1.480 for 68 variables.

Atom Site T Y z Occupancy  U;,*100 / A2
Nd 4e¢ - 0.9916(8) 0.0343(5) : 1.0 0.21(5)
\Y 4b : 0.0 0.0 1.0 0.21
X1 4b  0.0649(8) 0.4861(6) : 0.55(2)/0.45 0.95(4)
X2 8d 0.7132(5) 0.2830(5) 0.0370(4)  0.73/0.27 0.95

Table 6.4 Atomic coordinates, occupancies and thermal parameters from
refinement of the P1121/m model to NdVO,N HRPD data, a =
5.4645(3) A, b= 5.5030(3) A, ¢ = 7.7352(5) A, v = 90.07(1)°. Total
Rup = 3.02% and x? = 1.474 for 71 variables.

Atom Site x y 2 Occupancy U, *100 / A2
Ndl  2e 0.0051(7) 0.0340(4) : 1.0 0.09(3)
Nd2 2 04949  0.5340 : 1.0 0.09
Vil 2 z 0.0 0.0 1.0 0.09
V2 2 0.0 0.0 0.0 1.0 0.09
X11  2e  0.9348(6) 0.4864(4) L 0.60(2)/0.40 0.67(3)
X12 2 0.5652 0.9864 L 0.60,0.40 0.67
X21  4f 0.2838(4) 0.2890(4) 0.0382(3) 0.90(3)/0.10 0.67
X22  4f  0.2162 0.7890 0.4618  0.50(4)/0.50 0.67

Temperature dependent powder neutron diffraction data were collected on the
D2B powder diffractometer at the high flux neutron reactor of the the Institut
Laue-Langevin, France. A 150 mg sample of NdVO;N was measured in a 3
mm vanadium can at temperatures of 300 K, 150 K and 3.5 K in a Variox
closed cycle refrigerator at full flux for 6 hours per temperature. High intensity
data were obtained by integrating over the entire powder diffraction rings. All
three data sets were analysed in a joint refinement of six structural phases, one
perovskite phase in the Pbnm model and one V(O,N) impurity phase for each
temperature. Temperature independent parameters, including fractional atomic
coordinates and occupancies, were shared over all three histograms and once again
the total anion content of the perovkite phase was constrained by the chemically

determined value. Isotropic thermal parameters and unit cell constants were
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allowed to refine to each temperature data set individually with anion and cation
thermal parameters contrained to refine together between the perovskite phase
and the impurity phase at each temperature. A linear interpolation background
function was employed for each histogram. A total of 150 variables were refined
to give x? = 1.664. Figures 6.15 - 6.17 show the refinement plots at each
temperature. Table 6.5 gives the results of the shared parameters in the Pbnm
model and Table 6.6 displays the temperature dependent model parameters.
Selected bond lengths and angles obtained for NdVOsN in the Pbnm model are
shown in Table 6.7.
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Figure 6.15 Rietveld refinement of the Pbnm model to the 300 K NdVO,N D2B
data. Ticks mark the reflections for the orthorhombic perovskite
phase (bottom) and a vanadium oxynitride (V(O,N)) impurity
phase (top).

64 PI’VOQ.24N0.76

Neutron powder diffraction data were collected on a 1 g sample of PrVOs24Ng 76
on the D2B powder diffractometer of the Institut Laue-Langevin, France. The
sample was loaded into a 6 mm vanadium can in a Variox closed cycle refrigerator
and measured at full flux at temperatures of 300 K, 150 K and 3.5 K, with a
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Table 6.5 Summary of the refinement of the Pbnm model to NdVOy N D2B data.

Atom Site x Y z Occupancy
Nd 4 0.9938(7) 0.0352(4) 3 1.0
\Y 4b 3 0.0 0.0 1.0
X1 4b  0.0682(5) 0.4860(4) : 0.560(16)/0.440

X2 84 0.7140(4) 0.2887(3) 0.0374(2)  0.720/0.280

Table 6.6 Temperature dependent wvariables refined in the Pbnm model to
D2B data collected for NdVOsN at 3.5, 150 and 300 K. Total
Ruyp = 1.95 %, x? = 1.644 for 150 variables.

T /K 3.5 150 300
a/A 5.4576(3) 5.4597(4) 5.4665(5)
b/ A 5.5036(3)  5.5038(3) 5.5053(4)
c/V2 /A 5.4596(3) 5.4626(3) 5.4688(4)
vV /A3 231.92(2) 232.14(2) 232.76(3)

Nd/V U;,*100 / A2 0.13(5)  0.23(4)  0.41(6)
O/N U;,*100 / A2 0.77(4)  0.85(4)  0.97(5)
Rup | % 1.98 1.93 1.95

Table 6.7 Selected bond lengths and angles for NdVOoN obtained from the
simultaneous refinement of the Pbnm model to the D2B data collected
at 3.5, 150 and 300 K.

Nd-X1 Nd-X2 V-X1 V-X2

Bond length / A 2.410(5)  2.416(3) (x2) 1.9706(9) (x2) 1.970(1) (x2)

2515(3)  2.644(3) (x2) 1.995(2) (x2)

3.051(3)  2.707(3) (x2)

3.084(5)  3.267(3) (x2)

Nd-X1-Nd  Nd-X2-Nd V-X1-V V-X2-V
Bond Angle / °©  105.8(1) 98.3(1) 157.7(2) 156.2(1)

163.1(1)
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Figure 6.16 Rietveld refinement of the Pbnm model to the 150 K NdVO, N D2B
data. Ticks mark reflections for the orthorhombic perovskite phase
(bottom) and a vanadium ozynitride (V(O,N)) impurity phase

(top).

counting time of approximately 6 hours per temperature. Six structural models
were refined simultaneously to the data collected at each temperature, one Pbnm
perovskite phase and one V(O,N) impurity phase for each temperature data set.
Once again, fractional atomic coordinates and occupancies were shared over all
three data sets and cation and anion isotropic thermal parameters and lattice
constants were refined at each temperature. The total anion content in the
perovskite phase was constrained by the chemically determined composition. A
linear interpolation background function was refined against each histogram. A
total of 100 variables were refined to give y? = 4.011. Figures 6.18 - 6.20 display
the Rietveld refinement of the model to the data measured at each temperature.
Table 6.8 shows the refined values for the parameters in the Pbnm model that were
shared across all histograms. Table 6.9 displays the variation of the temperature
dependent variables within the Pbnm model and Table 6.10 shows selected bond

lengths and angles in the Pbnm structure.
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Table 6.8 Summary of refinement of the Pbnm model to PrVOs94Ny7¢ D2B

data.
Atom Site x Y z Occupancy
Pr 4e¢ - 0.9894(7) 0.0320(4) 3 1.0
\Y 4b : 0.0 0.0 1.0
X1 4b  0.0693(4) 0.4853(3) 3 0.561(11)/0.439
X2 8d 0.7135(3) 0.2891(3) 0.0367(2) 0.840/0.160

Table 6.9 Temperature dependent variables refined in the Pbnm model to D2B

data collected for PrVQOs94Ny7¢ at 3.5,
Ryp = 3.65 %, x*

= 4.011 for 100 variables.

150 and 300 K. Total

T /K 3.5 150 300
a/A 5.4829(3) 5.4851(3) 5.4907(4)
b/ A 5.5138(3) 5.5127(3) 5.5092(3)
c/vV2 /A 5.4760(3) 5.4822(3) 5.4909(4)
V /A3 234.13(2) 234.43(2) 234.90(2)
Pr/V Ui,,*100 / A2 0.10(1)  0.23(1)  0.42(1)
O/N U;,,* 100 / A2 0.83(5)  0.92(5)  1.11(5)
Rup | % 3.55 3.70 3.73

Table 6.10 Selected bond lengths and angles for PrVOs94Ny7¢ obtained from
the simultaneous refinement of the Pbnm model to the D2B data
collected at 3.5, 150 and 300 K.

Pr-X1 Pr-X2 V-X1 V-X2

Bond length / A 2.436(4) 2.404(3) (x2) 1.9799(5) (x2) 1.976(2) (x2)

2.536(3) 2.654(3) (x2) 1.998(2) (x2)

3.043(3)  2.728(3) (x2)

3.079(4) 3.278(3) (x2)

Pr-X1-Pr Pr-X2-Pr V-X1-V V-X2-V
Bond Angle / ©  106.0(1) 97.6(1) 156.3(1) 156.2(1)

163.7(1)
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Figure 6.17 Rietveld refinement of the Pbnm model to the 3.5 K NdVOyN D2B
data. Ticks mark reflections for the orthorhombic perovskite phase
(bottom) and a vanadium ozynitride (V(O,N)) impurity phase

(top).

6.5 LaVO,1Njg

Neutron powder diffraction data were collected on a 1 g sample of LaVOq 11Nggg
on the D2B powder diffractometer of the Institut Laue-Langevin, France. The
sample was loaded into a 6 mm vanadium can in a Variox closed cycle refrigerator
and measured at full flux at temperatures of 300 K, 150 K and 3.5 K, with a
counting time of approximately 6 hours per temperature. Inspection of the data
showed an unusual splitting of the peaks at high angle, see Figure 6.21. The
splitting is most likely indicative of the coexistence of two perovskite phases.
The data were successfully analysed by including a thombohedral R3¢ (no. 167)
phase along with the orthorhombic Pbnm model in a simultaneous refinement
to all three data sets. Six structural phases were included in the refinement,
one orthorhombic and one rhombohedral perovskite phase for each temperature
dependent data set. Linear interpolation background functions were used to
model the background of each histogram. Figures 6.22 - 6.24 display the

Rietveld plots for each measured temperature. A total of 81 variables were
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Figure 6.18 Rietveld refinement of the Pbnm model to the 300 K PrV0s.04 Ny 76
D2B data. Ticks mark reflections for the orthorhombic perovskite
phase (bottom) and a vanadium oxynitride (V(O,N)) impurity
phase (top).

refined to give x? = 2.962. Tables 6.11 and 6.12 summarise the temperature
independent refinement results for the Pbnm and R3c models, respectively. The
anion occupancies were constrained by the total anion content determined by
the chemical analysis of the sample and refined within the Pbnm model. In
the rhombohedral phase, they were fixed across the 18e anion site according
to the chemical analysis. Table 6.13 summarises the temperature dependent
parameters within the orthorhombic and rhombohedral models, including the
weight percentages of the two phases at each temperature. Table 6.14 shows

selected bond lengths and angles for the orthorhombic phase.

6.6 Discussion

The results of the room temperature refinement of the rotationally ordered
tetragonal 14/mem model to the HRPD data collected for SrTaOsN gives O :

N distributions that are in excellent agreement with the previous study and well
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Table 6.11 Summary of refinement of the Pbnm model to LaVOs.11Nyg9 D2B

data.
Atom  Site x Y z Occupancy
La 4c¢ - 0.9994(3) 0.0096(5) : 1.0
Vo 4b z 0.0 0.0 1.0
X1 4b  0.0570(2) 0.4978(3) : 0.654(11)/0.346

X2 8d 0.7381(4) 0.2642(3) 0.0291(2) 0.728/0.272

Table 6.12 Summary of refinement of the R3¢ model to LaVOs11Nygy data.

Atom Site x Y z  Occupancy
La 6a 0.0 0.0 i 1.0
\Y 60 0.0 0.0 0.0 1.0

X 18 0.4558(1) 0.0 ; 0.703/0.297

Table 6.13 Temperature dependent variables refined in the Pbnm and R3c
models to D2B data collected for LaVOa.11No.gg at 3.5, 150 and 300
K. Total Ry, = 3.34 %, x> = 2.962 for 81 variables.

T /K 3.5 150 300
Pbnm phase

a/ A 5.5393(1)  5.5415(2)  5.5453(8)
b/ A 5.5011(1)  5.4989(2)  5.5065(6)
c/vV2 /A 5.5011(1)  5.5024(2)  5.5002(7)
vV /A3 236.89(1)  237.12(1)  237.51(4)

Phase fraction / Wt. % 82 67 19

R3c phase

a/ A 5.4829(3)  5.5256(2)  5.5341(1)
c/\6 | A 5.4726(5)  5.4725(2)  5.4810(1)
vV /A3 354.21(4)  354.45(2)  356.08(1)

Phase fraction / Wt. % 18 33 81

La/V U;,*100 / A2 0.15(2) 0.16(2) 0.46(2)
O/N U,s,*100 / A2 0.65(2) 0.69(2) 0.96(2)
Rup | % 3.34 3.28 3.39
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Figure 6.19 Rietveld refinement of the Pbnm model to the 150 K PrV0s.04 Ny 76
D2B data. Ticks mark reflections for the orthorhombic perovskite
phase (bottom) and a vanadium oxynitride (V(O,N)) impurity
phase (top).

reflect the average O : N occupancies of 50 : 50 and 75 : 25 across the two anion
sites that result from the local anion ordering of cis-TaO4Ns octahedra. The high
temperature neutron diffraction study presented here extends the previous work
and shows that the anion order in the high temperature pseudo-cubic P4/mmm
phase is highly robust, with 100 % oxygen occupancy of the along one axis
and 50 : 50 O : N along the other two persisting up to the highest measured
temperature of 1100 °C. This indicates that zig-zag Ta-N chains that result from
the local ordering remain well segregated in two-dimensional perovskite layers,
with little mixing or hopping of chains between layers as shown in Figure 6.25.
Unfortunately, the refined fractional oxygen occupancy of the 1b site remains
above 100 % in all the high temperature refinements presented here. This most
probably results from the strong correlation between fractional occupancies and
thermal parameters within the model whilst refining the high temperature data

sets.

The Rietveld refinement results for the novel oxynitride phase, NdVO,N presented

in this chapter are significant because they imply that the local anion ordering
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Figure 6.20 Rietveld refinement of the Pbnm model to the 3.5 K PrV0s.04Ny.76
D2B data. Ticks mark reflections for the orthorhombic perovskite
phase (bottom) and a vanadium oxynitride (V(O,N)) impurity
phase (top).

principles discovered initially for the d° StM O,N perovskites is robust to electron
doping. The v2x+/2x2 Pbnm perovskite superstructure has axial and equatorial
anion positions within the rotationally ordered octahedra in a 1 : 2 ratio. The
refinement of the HRPD diffraction data in this orthorhombic model gives O : N
occupancies close to 50 : 50 and 75 : 25 across the axial and equatorial sites and,
therefore, appears to be very similar to the anion order observed in the SrTaO,N
and SrNbOyN systems. In the SrMOy;N perovskites, this local anion ordering
results in M-N chains that propagate throughout the structure with a 90° turn
in the chain at each M cation centre, leading to a 50 : 50 O : N population of the
anion sites within the layers and 100 : 0 at the inter-layer sites, see Figure 6.26.
These M-N chains provide a physical realisation of the the statistical mechanics
model of the self-avoiding walk [186]; although the chains are disordered on a
long-range, crystallographic scale, they are highly constrained locally, giving rise
to unusual properties, such as sub-extensive entropy [187]. In the Pbnm model of
NdVO,;N model the crystallographic c-axis lies within the layers of the disordered
V-N chains, such that the refined occupancy of the axial X1 site is close to 50 : 50
O : N. The equatorial sites, therefore, represent the average of the 100 : 0 O :
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Figure 6.21 Neutron powder diffraction data of LaVOs11Nogg shows an
unusual splitting of peaks at high 260 upon warming.

N inter-layer position and the remaining 50 : 50 site within the zig-zag chains,
giving a 75 : 25 O : N distribution in the Pbnm model. In analogy with the
SrMO;N systems, the in-equivalence of the equatorial anion sites due to the
local anion ordering lowers the overall symmetry of the system, in this case, from
orthorhombic Pbnm to monoclinic P112;/m (a non-standard setting of space
group P2;/m no. 14). This symmetry lowering splits the equatorial X2 sites and
a refinement of the HRPD diffraction data in the P112;/m model gives O : N
distributions of 0.90(3) : 0.10 and 0.50(4) : 0.50 at X21 and X22, respectively (see
Table 6.4). This is in excellent agreement with the 100 : 0, 50 : 50 distributions
predicted for the local anion ordering, and a stable monoclinic refinement of
the neutron diffraction data of NdVO,;N with v = 90.07° demonstrates that the
anion ordering principles first discovered in StMO,N can be extended to this d*
perovskite oxynitride. Further independent evidence for this subtle monoclinic
lattice distortion is provided by an electron diffraction study that is presented in
ref. [188]. The electron diffraction patterns collected for crystallites of NdVO,N
show additional k-odd 0kl reflections that result from the loss of the b-glide plane

as the symmetry is lowered from Pbnm to P112;/m.
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Figure 6.22 Rietveld refinement of the Pbnm (bottom tick marks) and R3c (top
tick marks) models to the 300 K LaVO311Npg9 D2B data. Inset
shows high 20 region of the fit.

The refinement of the temperature dependent diffraction data collected for
NdVO;3N on the D2B powder diffractometer at the Institute Laue-Langevin in the
Pbnm model gives O : N distributions of 0.56(2) : 0.44 and 0.72 : 0.28 across the
anion sites and is, therefore, entirely consistent with the analysis of time-of-flight
neutron diffraction data of HRPD. Upon cooling from room temperature to 3.5
K there is a smooth decrease in the unit cell lattice constants, with an overall
reduction in the orthorhombic cell volume of ~ 0.4 %. There is no evidence for any
structural or magnetic phase transitions within the NdVO,N system upon cooling
to 3.5 K. In fact, the magnetic susceptibility of NdVO,N, shown in reference [188],
displays paramagnetic behaviour down to 2 K with an absence of any spin ordering
transition in agreement with the low temperature neutron diffraction data. The
magnetic behaviour of NdVO,;N can be understood in terms Curie-Weiss and
Pauli paramagnetic contributions of the localised, weakly antiferromagnetic Nd*

43 spins and itinerant V4* 3d! spins, respectively.

The local anion ordering in the d° perovskite oxynitrides was rationalised in
terms of the strong covalent effects that favour a cis-coordination of two strongly

bonded ligands of high valence d° transitional metal octahedral complexes. This
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Figure 6.23 Rictveld refinement of the Pbnm (bottom tick marks) and R3c (top
tick marks) models to the 150 K LaVOz11Npg9 D2B data. Inset
shows high 20 region of the fit.

90° arrangement allows for maximum m-bonding overlap of the d-orbital of
the metal cation centre and the p-orbitals of the coordinated ligands [189].
This covalency, therefore, favours the formation of cis-MO4Ny octahedra in the
perovskite oxynitrides given that N3~ is more strongly bonded to the M cation
centre than O?~ and so a 90° arrangement of the nitride anions is observed.
The observation of the cis-VNy units in NdVO,N implies that a strong, covalent
second order Jahn-Teller interaction between V4 and N3~ is also prevalent here.
This is significantly different from the metallic RVO3 oxide analogues, which
undergo orbital ordering transitions as a results of first order Jahn-Teller effects
due to the orbitally degenerate ¢, electrons [190]. The fact that NdVO,N displays
itinerant electron behaviour in magnetic susceptibility measurements, however,
implies that the oxynitrides do retain some of the metallic character of their

parent RVO3 oxides.

The study of the PrVO354,0¢.7¢ and LaVO, 110¢g9 oxynitride perovskites allows
for an understanding of the anion ordering in these systems when there is a
deviation from the RVO,;N stoichiometry. The R = Pr analogue is another

new oxynitride phase and R = La has previously been reported with a molar
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Figure 6.24 Rictveld refinement of the Pbnm (bottom tick marks) andR3c (top
tick marks) models to the 3.5 K LaVO11Nog9 D2B data. Inset
shows high 20 region of the fit.

nitrogen content of 0.99 [191]. The PrVO324Ng 76 data, like those of NdVO,N,
were successfully refined by the orthorhombic Pbmn model at all measured
temperatures. There are no apparent structural or magnetic phase transitions
upon cooling the system to 3.5 K. There does, however, appear to be some
anisotropy in the thermal evolution of the lattice parameters, with a reduction in
a and c lattice constants upon cooling but an increase in b from 5.5093(3) A at
300 K to 5.5138(3) A at 3.5 K. Refinement of the O and N distributions over the
anion sites shows that the near 50 : 50 O : N ratio on the axial X1 site observed
in stoichiometric NdVO3,N is retained and that the non-stoichiometry appears
across the X2 site with a 0.84 : 0.16 O : N distribution.

The Pbnm model could not be refined to the data collected for LaVOs 11Ngsg
alone. The splitting of the peaks at high angle indicated that there may be two
coexisting pervoskite phases within the R = La system. The structural evolution
from orthorhombic Pbnm to a rhombohedral R3c phase has been reported in
other lanthanum based perovskites, such as LaFeOs [192]. According to group
theory there is no second-order phase transition between the Pbnm and R3c

symmetries [193], however the first-order transition appears to be hysteretic
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Table 6.14 Selected bond lengths and angles for LaVOs11Nygg obtained from
the simultaneous refinement of the Pbnm model to the D2B data
collected at 3.5, 150 and 300 K.

La-X1 La-X2 V-X1 V-X2
Bond length / A 2.461(2)  2.552(2) (x2) 1.9702(3) (x2) 1.961(2) (x2)
2.708(5)  2.649(2) (x2) 1.978(2) (x2)
2.836(5) 2.832(2) (x2)
3.086(2) 3.017(2) (x2)
La-X1-La La-X2-La V-X1-V V-X2-V
Bond Angle / ° 98.3(1) 97.23(4) 161.51(8) 165.52(6)

166.7(1)  170.37(6)

Figure 6.25 The local anion ordering that favour a cis-coordination of M Oy No
octahedra resulting in zig-zag M-N chains that segregate into (a)
two dimensional layers is robust to very high temperatures. The
100 % oxygen occupancy along one azxes in the high temperature
pseudo-cubic model of SrTaOyN and 50 : 50 O : N along the other
two indicates that the chains remain separated into layers up to at
least 1100 ° with very little jumping of chains between layers as
depicted in (b). The heavy bonds show M-N chains.

in nature given the clear coexistence of both phases over the entire measured
temperature range. As such, it is difficult pin-point the transition temperature
with the current data set, but one can estimate a transition temperature, T, ~ 200
K.

Figure 6.27 shows the variation in the refined fractional occupancies of the oxygen
sites as a function of x, where x gives the deviation from 2 : 1 O : N stoichiometry
in the RVO,,,N;_, systems. The materials studied here have x = 0,0.11 and
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Figure 6.26 The (a) rotationally ordered perovskite superstructure of NdVOa N
in P1121/m has distinct oxygen (yellow) and 50 : 50 O : N
(yellow/grey) sites. The local ordering that results from covalent
effects gives rise to (b) disordered zig-zag chains of V-N units that
propagate through the structure with a 90° turn at each V (blue)
centre. Here the V-N chains are shown as coloured bonds with O

(yellow), N (grey), V (blue) and Nd (red).

0.24 for the R = Nd, La and Pr analogues, respectively. The refined fractional
occupancies are compared to the ideal values expected for oxygen on the X1 and
X2 sites from the local anion ordering principles in the Pbnm model in addition
to the statistically averaged distribution, which in the z = 0 case is given by
(2x0.75) + 0.5/3 = 0.67 for oxygen. Figure 6.27 shows that in the case of
the R = Nd and Pr materials the refined occupancies are well described by the
50 : 50 75 : 25 O : N distributions predicted for the local anion ordering. In the
case of NAVOyN, this is further supported by the stable monoclinic refinement
and electron diffraction results. Any local anion ordering in the LaVO11Nggg
sample is less clear given that the refined anion occupancies lie close to the
statistically averaged distribution. This may, however, be an artefact of strong
correlations between parameters in the refinement and the significant presence of
the rhombohedral perovskite phase in each of the data sets currently available
for LaVOs3.11Ng.g9.
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Figure 6.27 Refined fractional occupancies for oxygen in the Pbnm model as a
function of x in the RV Oy, Ni_; phases compared with the values
expected for anion ordered and statistically averaged models.

6.7 Conclusions

The local anion ordering principles established for the d° StMO,N perovskites
[184] have been shown to be highly robust, resulting in M-N chains that remain
separated into two-dimensional layers up to temperatures above 1000 °C. These
anion ordering principles have also been extended here to the d RVO;,N systems
by means of a powder neutron diffraction study. Covalent, second-order Jahn-
Teller interactions favour a cis-coordination of the more strongly bonded N3~
anions to the centre of the VO4N, octahedra, which results in disordered V-N
chains that propagate throughout the structure. This local ordering results in
a b0 : 50 O : N distribution within the zig-zag layers and 100 : 0 O : N at the
inter-layer sites, which lowers the symmetry of the rotationally ordered Pbnm
perovskite superstructure to monoclinic P112;/m. The refinement of the high
resolution time-of-flight neutron diffraction data collected for the novel oxynitride
NdVO;,N phase in the P112;/m model with v = 90.07(1)° confirms the subtle
monoclinic lattice distortion resulting from anion order. The same mechanism is

also apparent within the PrVOs 94N 76 system, which was refined successfully in
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the Pbnm model with O : N distributions close to the ideal 50 : 50 and 75 : 25
values expected for the anion ordered model. In the case of LaVO, 11Nggg, the
local anion ordering is not immediately obvious with the current data, which
contain a significant contribution from a coexisting rhombohedral oxynitride

perovskite phase.

In order to further validate the anion ordering principles in these oxynitride
perovskites it will be important to make use of local structural probes. For
instance pair distribution function analysis of total neutron scattering data should
unambiguously confirm the local anion order, making use of the contrast between
V-O and V-N bond lengths [194]. It will also be interesting to perform a high
temperature neutron diffraction study in order to determine the nature of the high
temperature structural phases of the R = Nd and Pr materials and in the case
of the R = La system, at what temperature the orthorhombic perovskite phase
appears from the high temperature rhombohedral phase. It will be important to
establish the anion ordering mechanism of the high temperature RVO,;N phases

and how this relates to the low temperature rotationally ordered superstructures.
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Chapter 7

Conclusions

This Thesis has reported the synthesis and study of several geometrically frus-
trated magnetic materials, including novel oxyfluoride and oxynitride materials.
In addition, a discussion of the anion ordering principles in such mixed anion
systems was given. This final Chapter aims to provide a summary of the main
experimental results and conclusions that can be drawn from the work presented

here, in addition to a brief outlook of future research prospects.

In Chapter 3, the spin glass ground state of the geometrically frustrated S = 1
pyrochlore, LusMo,O7, was investigated. It was discovered that LusMosO7
undergoes a spin freezing transition at Ty ~ 16 K, which was initially observed
from a bifurcation of ZFC and FC magnetic susceptibilities. The AC response
of the system about this transition follows conventional spin glass dynamics.
The spin freezing transition is further confirmed by a sharp transition in the
muon spin relaxation rate. Powder neutron diffraction data confirm the absence
of long range magnetic order in the spin glass regime and neutron polarisation
analysis reveals the presence of competing nearest- and next-nearest neighbour
Mo-Mo spin correlations that persist up to at least 300 K. Importantly, the
low temperature magnetic heat capacity of LusMo,O5 follows a T2-dependence.
This has not been observed in polycrystalline samples of the related pyrochlore
YoMo,O7 but was recently measured on the first single crystal of this widely
studied material [113]. Further investigation of LusMoo,O7 will be important,
in particular, the origin of the spin glass behaviour such as lattice distortions,
which may be more evident in this system than in other members of the rare

earth molybdate pyrochlore series given the small ionic radius of Lu?**. The spin
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glass state is sensitive to oxygen vacancy disorder, with an oxygen deficiency of

~6 % leading to an increase in frustration and spin freezing temperature [195].

The synthesis and initial study of a new oxynitride pyrochlore phase LusMosOy4 gNy 7
is outlined in Chapter 4. By incorporating the N®~ nitride anion into the
LusMoy,O5; structure, such that the molybdenum cations are oxidised towards
the Mo®* 4d' oxidation state, it is expected that quantum fluctuations will
become increasingly important in determining the ground state properties of
the material. The magnetic susceptibility data collected for LusMooO4gNy 7
revealed an absence of spin freezing down to 2 K despite strong antiferromagnetic
exchange, § = —121 K. Furthermore, the elastic magnetic scattering cross section
measured by neutron polarisation analysis is extremely small, which implies that
the majority of the magnetic neutron scattering at low temperatures is inelastic.
It is hoped that a temperature dependent inelastic survey of the material of
the Cold Neutron Chopper Spectrometer at the Spallation Neutron Source of
the Oak Ridge National Laboratory will help to clarify the low temperature
nature of LusMosO4 Ny 7. It can be concluded for the T-linear behaviour in
the low temperature magnetic heat capacity of LusMoyO4gNy 7 that there is a
large density of low energy levels within the excitation spectrum and an absence
of magnetic ordering down to 500 mK. This puts forward an argument for the
exciting prospect that LusMo,O45N; 7 may be a good candidate for a three-

dimensional spin liquid material.

Chapter 5 presents the low temperature magnetic study of the S = % vanadium
oxyfluoride kagome antiferromagnet, DQVOF. Magnetization against field and
field dependent heat capacity data revealed the free-ion paramagnetic behaviour
of the S =1 V** cations that reside between the S = £ V** kagome planes. As
such, DQVOF is confirmed as an experimental realisation of a two-dimensional
S = % antiferromagnet. SR confirms the absence of spin freezing in the DQVOF
system down to 40 mK. The T-linear behaviour of the low temperature heat
capacity and its lack of field dependence implies that DQVOF forms a gapless
quantum critical phase at low temperatures [196]. The data do not show any
evidence for a spin gap at 0.13J ~ 8 K that was recently predicted for gapped
Z4 spin liquids on the kagome lattice. It will be extremely useful to measure the
thermal conductivity of DQVOF, which will reveal the nature of the low energy
excitation spectrum without the complication of the Schottky anomaly that
plagues the low temperature heat capacity. Furthermore, an inelastic neutron

scattering study should be carried out in attempt to observe the nature of the
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excitations from the spin liquid ground state in DQVOF. Before this can be
performed, there are several materials chemistry issues that must be overcome,

such as sample scale up and deuteration.

In the final results chapter, a discussion of the anion ordering in several oxynitride
perovskites was given. The ordering of mixed anion systems is important to
understand given that it can have consequences on a material’s electronic and
magnetic properties. Here, the anion ordering principles initially discovered
for the d® StMOyN (M = Nb, Ta) perovskites were shown to persist up to
temperatures of 1100 ° through a high temperature high resolution neutron
diffraction study. Furthermore, they were shown to be robust to electron doping
in the d' system NdVO,N [188] and the related RVO,.,N;_, (R = La, Pr)
analogues. The R = La based material also provides the first example of a
rhombohedral oxynitride perovskite phase. The local anion ordering observed in
these materials leads to disordered, two-dimensional V-N chains that propagate
through the perovskite structure, providing a physical realisation of the statistical
self-avoiding walk model. Future study of these materials will include an
investigation of the anion ordering with local structural probes, such as neutron

pair distribution function analysis.
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Anion-ordered Chains in a d! perovskite oxynitride: NdVO,N
J. Or6-Solé, L. Clark, W. Bonin, J. P. Attfield and A. Fuertes.
Chemical Communications, vol. 49, pp. 2430 - 2432, 2013.

Oxygen miscibility gap and spin glass formation in the
pyrochlore LusMo,O7

L. Clark, C. Ritter, A. Harrison and J. P. Attfield.
Journal of Solid State Chemistry, vol. 203, pp. 199 - 203, 2013.

Gapless spin liquid ground state in the S = kagome

antiferromagnet [NHy];[C;H4N][V;O4F 5]

D=

L. Clark, J. C. Orain, F. Bert, M. A. de Vries, F. H. Aidoudi, R. E. Morris, P.
Lightfoot, J. S. Lord, M. T. F. Telling, P. Bonville, J. P. Attfield, P. Mendels and

A. Harrison.

Physical Review Letters, vol. 110, p. 207208, 2013.

180



ChemComm

COMMUNICATION

RSCPublishing

View Article Online
View Journal | View lssue

Anion-ordered chains in a d' perovskite oxynitride:

NdVO,NT

Cite this: Chem. Commun, 2013,
49, 2430

Received 5th December 2012,

*a
Accepted 5th February 2013 Amparo Fuertes

DOl 10.1039/c3cc38736d

www.rsc.org/chemecomm

The correlated anion order in the oxynitride perovskite NdVO;N,
where disordered zig-zag VN chains segregate into planes within a
pseudo-cubic lattice, is similar to that in materials such as SrTaO;N
containing d” transition metal cations. However, NdVO,N has 3d' v**
cations and the 3d-electrons are itinerant, showing that the anion
chain order in oxynitride perovskites is robust to electron-doping.

The d” electron configurations of transition metal cations have a
profound influence on the properties of their solid compounds. d”
phases are typically wide-bandgap insulators, and off-centre (locally
acentric) cation displacements resulting from second order Jahn-
Teller (SOJIT) effects can give rise to ferroelectricity. In contrast,
materials with n > 0 electrons often show magnetic and conducting
phenomena, and centrie first order Jahn-Teller (FOJT) distortions
for degenerate d” configurations. An unusual correlated anion order
driven by d” effects was recently discovered in oxynitride perovskites
of high valent transition metals.' These AMO,N or AMON, materials
are insulators with notable optical, photocatalytic, and dielectric
properties.” Although a full long-range anion order is not observed
in these materials, the recent neutron and electron diffraction
analysis of SrMO,N (M = Nb, Ta)' showed that well-defined
cis-MO,N, octahedra are present, resulting in disordered zigzag
MN chains that segregate into two-dimensional perovskite layers.
Covalent SOJT type d” effects favour the local cis-MN,O, configura-
tions, as nitride is more strongly bonded to the M cations than
oxide. Unusual sub-extensive configurational entropies that vary
with particle size and tend to zero per atom in macroscopic samples
are predicted for these correlated anion orders."
Non-stoichiometry can introduce electron carriers into oxynitride
perovskites, giving rise to notable electronic transport properties

“ Institut de Ciencia de Materials de Barcelona (ICMAB-CSIC), Campus UAB,
08193 Bellaterra, Spain. E-mail: amparo.fuertes@icmab.es; Fax: 134 935805729;
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Fax: 144 [0]1316517049; Tel: 144 (0}1316517229

& il : 4 i ion (ESI) availabl

and proj

Details of the synthesis,
See DOL

L P 2

10.1039/c3eeds736d

2430 | Chem. Commun, 2013, 49, 2430-2432

Judith Oré-Solé,” Lucy Clark,® William Bonin,? J. Paul Attfield*® and

such as thermoelectricity in SrMoO, Ny and colossal magne-
toresistances (CMR) in EuNbO, N, .* and EuWO, N, . To
discover whether the above anion order is stable to electron doping,
we have explored stoichiometric d' materials, and we describe here
the synthesis, magnetic properties and structure of a new oxynitride
NAVO,N containing 3d' V"', Oxynitride perovskites were previously
reported in the related LavO, N, system, but the reported samples
had a maximum N content of x = 0.9.”

NdVO,N was prepared by treating NdVO, precursors under
NH; at a flow rate of 600 em® min " at 700 "C for 80 hours with
one intermediate regrinding. The colour of the new compound
is black. Combustion analysis for the sample used for neutron
diffraction gave a nitrogen content of 1.02 moles per formula
unit. The X-ray diffraction pattern was indexed in an ortho-
rhombic perovskite supercell of dimensions a = 5.4596(7), b =
5.5002(6) and ¢ = 7.7264(1) A with space group Pbnm (see ESIT).

The magnetic susceptibility of NdVO,N measured ina 1T
field shows paramagnetic behavior down to 2 K (Fig. 1), with no
evidence of a spin ordering transition. The inverse suscepti-
bility has a significant curvature, indicating that both Curie-
Weiss and temperature-independent paramagnetic contributions
are present, and was fitted as 7' = [C/T — 0) + ] "
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Fig. 1 Magnetic susceptibility (closed points} and inverse susceptibility {open
points} for NdVON. The fit of the function described in the text to the inverse
susceptibility is shown as a broken line,
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Fig. 2 Fit of the monoclinic P112,/m model for NdVO;N to powder neutron
diffraction data from the 90° detector bank of instrument HRPD. Reflection
markers from bottom to top are for NdVO;N, a small amount of V(O,N) impurity
phase, and scattering from the V sample holder.

The Curie-Weiss parameters (€ = 1.37 emu K mol~ ' corres-
ponding to a paramagnetic moment of 3.32 u, and = —17 K)
describe localised 4F° Nd** moments (ideal value 3.62 ji,;) with weak
antiferromagnetic interactions. The large 7, = 0.0015 emu mol ™'
term reveals Pauli paramagnetism from correlated itinerant vV*' 3d"
electron spins.

Powder neutron diffraction data for a 350 mg NdVO,N sample
(Fig. 2) were recorded at room temperature on a high-resolution
diffractometer HRPD at the ISIS spallation source, Rutherford
Appleton Laboratory, UK. Neutron profile refinements of the
structural models and texture analysis were performed with the
General Structure Analysis System (GSAS) software.'”

The observed neutron diffraction peaks of NdVO,N were con-
sistent with an orthorhombic /2 = /2 x 2 superstructure of a
cubie perovskite cell having space group Pbnm. This GdFeOstype
superstructure is common in perovskites and results from two
ordered tilts of the transition metal coordination octahedra. Distinet
axial (Y1) anion sites, close to the caxis, and equatorial (Y2) sites,
near the ab-plane, are present in a 1:2 ratio. Refinement of their
O/N occupancies subject to the overall composition gave values of
0.55(2)/0.45 and 0.73(1)/0.27, respectively. These occupancies are
very close to those observed in STMO,N (M = Nb, Ta)' and evidence
the same formation of cis-nitride chains as follows.

Disordered -M-N- chains with a 90" turn at M exist within
perovskite layers in SrMO,N and lead to statistical 0.5 0/0.5 N
populations at the two anion sites in the layers and full 1.0 O
occupancy at the third site between layers. The c-axis of the tilted
FPhnm superstructure lies in the anion-chain layers so that the axial
Y1 O/N population is 0.5/0.5, and the equatorial Y2 population is
averaged over in-chain-layer 0.5/0.5 and out-of-chain-layer 1.0/0 sites,
giving 0.75/0.25 occupancy. The proximity of the refined anion site
populations in NdVO,N to these ideal values demonstrates that
cis-VN chains are formed in the latter d' material.

A corollary of the anion-chain model is that the true space
group symmetry of NdVO,N is lower than Pbnm because the
equatorial Y2 sites are averaged over two anion positions with
inequivalent (0.5/0.5 and 1.0/0) O/N occupancies. Breaking
the equivalence of these sites lowers symmetry to monoclinic

This journal is © The Royal Society of Chemistry 2013
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Table 1 Atomic coordinates, anion site occupandes, and V-O/N bond distances
for NdVO;N refined in P112,/m with Pbnm constraints

Site x ¥ z O/N

Nda 0.0051(7) 0.0340(4) 0.25

Ndb 0.4949 05340 0.25

Va 0.5 0.0 0.0

Vb 0.0 0.5 0.0

Yla 0.9348(6) 0.4864(4) 0.25 0.60(2)/0.40
Yib 0.5652 0.9864 0.25 0.60(2)/0.40
Y2a 0.2838(4) 0.2890(4) 0.0382(3) 0.90(3)/0.10
Y2h 0.2162 0.7890 04618 0.50/0.50
Bond Distance (A) Bond Distance (A)
Va-Y1b (x2) 1.968(1) Vb-Y1a (x2) 1.968(1)
Va-Y2a (%2) 2.004(2) Vb-Y2a (x2) 1.961(2)
Va-Y2b (x2) 1.959(2) Vh-¥2b (x2) 2.002(2)

Estimated standard deviations in parentheses are shown onee for each
independent variable. Pairs of sites ending *a’ and ‘b are equivalent in
the parent Phnm structure and their coordinates were constrained
accordingly. O/N occupation factors at the anion sites Y were refined
subject to the ideal stoichiometry, and with equal occupancies at the
Y1a and Y1b sites. Refined isotropic U-factors were 0.0009(3) A* for
metal atoms and 0.0067(3) A* for anions. Refined cell parameters were
a = 5.4643(3) A, b = 5.5030(3) A, ¢ = 7.7352(4) A, 7 = 90.072(9) .

P112y/m (a non-standard setting of P2,/m) with cell angle
v # 907,

We attempted to refine the P112,/m model but the monoclinie
lattice distortion was found to be very small (7 = 90.07 ), so it was not
possible to refine the full structure. However, by constraining the
atomic coordinates to have Phnm pseudosymmetry, a refinement of
split ¥2-site occupancies converged, giving the results shown in
Table 1. The refined Y2a and Y2b O/N occupancies of 0,90/0,10 and
0.50/0.50 are in excellent agreement with the prediction. Henee, the
neutron analysis evidences a very small monoclinic distortion of
the pseudo-Pbnm perovskite superstructure of NdVO,N driven by
the anion-chain order.

Independent evidence for the lowering of symmetty was obtained
from clectron diffraction pattemns of individual NdVO,N erystallites
of the powder. Many grains were twinned, but patterns from (110},
zone axes of the cubic perovskite subeell were successfully obtained
by tilting around the ¢*-axis of single-domain crystallites (Fig. 3).
These show additional weak reflections that result from loss of the
glide planes, as symmetry is lowered from Phnm to P112,/m,"
consistent with the neutron results. Double diffraction reflections
along [001]* were also observed in these patterns.

The crystal structure of NdVO,N is shown in Fig. 4. The
octahedra are highly tilted with V-¥Y-V bond angles in the range
156-159 . The V-Y bond distances are slightly unequal, but similar
differences are found in the Pbnm superstructures of NdMO,
perovskites with non-degenerate ground state cations such as M =
Cr' and Fe'', so they are most probably a consequence of the tilting
distortions and do not necessarily evidence a FOJT effect from V', A
similar distribution of bond distances has been observed for
metallic CavO,, which has Phnm symmetry. The local order of
O/N atoms into csVN chains within the erystallographically
averaged V(O,5N;;). planes following the previously reported rules
is shown on the right side in Fig. 4. Randomized left/right tums of
the chains at the V sites lead to the statistical averaging of the anion
site populations within these layers.

Chem. Commun, 2013, 49, 2430-2432 | 2431
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Fig. 3 Electron diffraction pattern from a (110}, cubic subcell zone axis,
equivalent to the [100] axis for the /2 = /2 x 2 superstructure of a single-
domain NdVO;N crystallite. The presence of weak Okl; k = 2n + 1 reflections
{diagonal arrows) shows that b-glide plane sy y is broken, © with
the descent from Pbnm to P1124/m due to the anion order. Double diffraction
reflections 00/; / = 2n + 1 are indicated by circles.

Fig. 4 The tilted perovskite superstructure of NdVO;N with Nd/V/0/Og sNo s/N
sites shown as grey/green/pink/lilac/blue spheres. The left view shows the
average P112,/m model with distinct O and OqsNgs sites, and local ordering
of O/N atoms at the latter sites to give cis-WN chains is shown at the right with
chains in one layer highlighted.

The discovery of anion order characteristic of planes of cis-nitride
chains in NdVO,N containing 3d" V"' is significant as this order has
previously only been established in insulating materials based on d”
ions, The chains in NdVO,N result from corner-sharing of ¢is-VO,N,
octahedra, which are stabilised by strong SOJT type covalent inter-
actions in ¢is-VN, units. as-MX, groups formed by covalent bonding
of d” cations to two oxo or imido ligands X are very common in the
coordination chemistry of high valent transition metals such as v’
or Mo"'. d" analogues are rarer and are not known for V*', but
reported examples of cis-dioxomolybdenum(V) mmplexcs”
complement our observation that the cis-VN, geometry is preferred
in NdVO;N.

However, an important difference between ¢is-MX, units in
molecular and extended solids is the possibility of itinerant electron
behaviour in the latter case. AVO; perovskites and other V" oxides

2432 | Chem. Commun, 2013, 49, 2430-2432
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can show metallic and insulating properties. Perovskites of A = Ca,
Sr, Cd and Mn are metallic without off-center V displacements,
although a possible FOJT distortion was reported in MnVO,."
However, a pronounced SOJT off-center distortion to form a short
V-0 vanadyl bond was observed in insulating PbVO,"" driven by
cooperative displacements of lone pair Pb* cations. NdVO,N
appears to have features from both types of V' perovskite - the
observed anion order implies that SOJT type covalent V-N inter-
actions are significant, but the observed Pauli paramagnetism shows
that the system is metallic, like most AVO; and electron-doped
ooymitride perovskites. The cis-VO,N, geometry is evidently robust to
dopings into n*-bands formed from Vit,, and O:2p; orbitals of at
least 1/6 electrons per V=-0/N bond. It will be interesting to explore
whether the anion order persists at higher electron concentrations,
and in insulating d' analogues, if these can be synthesised. Spin and
orbital states of localised d-electrons could be coupled to the O/N
and octahedral tilt orders in the latter case, enabling novel electronic
and magnetic properties to emerge.

In conelusion, this study has demonstrated that the struc-
ture of NAVO,N contains layers of spontancously segregated cis-
nitride chains, like those in SrTa0,N and other d” oxynitride
perovskites. The underlying formation of cis-VO,N, octahedra
is thus stable in the presence of the d' cation V''. The 3d-
electrons are itinerant in this material, so a future challenge is
to design and explore the properties of perovskite oxynitrides in
which spin and orbital states of localised d-electrons may be
coupled to the O/N and octahedral tilt orders.

We thank Dr Kevin Knight for assistance with neutron data
collection at 15185, This work was supported by the Spanish
Ministerio de Economia y Competitividad, Spain (Projects
MAT2011-24757 and SAB2011-0047) and EPSRC, the Leverhulme

Trust and the Royal Society, UK.
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Rare earth (R) molybdate pyrochlores, RzMoz05, are of interest as frustrated magnets. Polycrystalline
samples of LuzMoz 05, prepared at 1600 °C display a coexistence of cubic pyrochlore phases. Rietveld fits
to powder neutron diffraction data and chemical analyses show that the miscibility gap is between a
stoichiometric x=0 and an oxygen-deficient x=0.4 phase. Lu;Mo;0; behaves as a spin glass material,
with a divergence of field cooled and zero field cooled DC magnetic susceptibilities at a spin freezing
temperature Ty=16 K, that varies with frequency in AC measurements following a Vogel-Fulcher law.
LuzMo2055 is more highly frustrated spin glass and has T=20 K.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

The phenomenon of geometrically frustrated magnetism arises
in materials with magnetic lattices built up from antiferromagne-
tically interacting spins on triangular or tetrahedral units. Such
geometry renders the simultaneous satisfaction of each pairwise
magnetic exchange interaction impossible to achieve, such that
geometrically frustrated magnets (GFMs) are able to evade classi-
cal long-range antiferromagnetic order upon cooling. Instead,
GFMs often display unusual liquid or glass like magnetic behavior
at low temperatures [1]. Geometric frustration on the cubic
pyrochlore lattice, A;B;X;7, which consists of two interlinking
networks of corner-sharing cation tetrahedra, has been of great
interest in recent years as the host for many intriguing phenom-
ena, such as the spin and charge ice ground states and the possible
emergence of magnetic monopoles [2-4].

The rare earth (R) molybdate pyrochlores, R:Mos0,, are an
interesting family of materials whose electronic and magnetic proper-
ties are known to depend strongly upon lattice effects, such as the
size of the ionic radius of the R** cation on the A-site sub-lattice [5]. It
is well reported that for the smaller rare earths (R* <= 106 A),
insulating antiferromagnetic interactions are dominant, resulting in
a frustrated spin-glass like ground state. Less understood, however, is
the effect that oxygzen non-stoichiometry has over the properties of
the R:M0oz07 series and in particular the spin glass-like ground state.
Rietveld analyses of powder diffraction data have previously been
reported to show no deviation from full oxygen occupancy in the
average crystalline structure of the spin glass pyrochlores, which gives
an upper limit of ~ 1% for oxygen non-stoichiometry [6]. However,

* Corresponding author. Fax: +44 131 651 7049,
E-muail address: jpatfield@ed ac.uk (P, Attfield),

0022-4596/5 - see front matter © 2013 Elsevier Inc. All rights reserved,
hiep:)/dx.doi.org/ 10.1016/),jss¢. 2013.04.012

a systematic study of the geometrically frustrated spin glass
LiCrMnO,.; spinels revealed that a deviation from oxygen stoichio-
metry as small as 0.63% can have a profound effect on the magnetic
properties of the spin glass state [7].

A well-studied member of the R:Mox0; series is Ya:Moz05,
which contains non-magnetic ¥** and 4d® S=1 Mo** cations, and
displays many of the characteristics typical of glassy systems [8—
10]. It has long been established that the canonical spin-glass
materials, such as magnetically dilute metal alloys, are a result of
the combination of randomness, through site or bond disorder,
and magnetic frustration [11]. In the case of Y2Mo3z0, the frustra-
tion clearly arises from the geometric frustration of the pyrochlore
lattice but the cause of disorder or lattice distortion in this
material that results in spin freezing is an open and active area
of research that has prompted the use of several local structure
probes [ 12-15]. A material that may shed further light on this issue
is LusMo405, based on non-magnetic Lu®, the smallest cation in
the rare earth series, and is therefore expected to be another
uncommon example of a spin-glass in a material with no evident
source of structural disorder. Early work discusses the synthesis of
LuzMo,07 to a limited extent [16,17], but to the best of our
knowledge, the magnetic properties of Lu;Mo,0; have not been
reported previously. We have discovered coexistence of two
pyrochlore phases, apparently related to an oxygen deficiency in
the LuzMo207 system and we discuss the effects on the magnetic
properties of the spin glass ground state.

2. Experimental section

Polycrystalline LuzMoz07 was prepared by solid state reaction
of stoichiometric ratios of pelletized Lu;03 and MoO; heated to
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Fig. 1. Selected regions of powder X-ray diffraction profiles for LuzMoa057 samples. (a) Patterns for three samples heated at 1600 'C for 12 h under flowing Ar with a
Mo-power oxyizen getter. The arrowed components of the peaks evidence the two pyrochlore phases; changing phase proportions illustrate the effect of increasing separation of
sample and getter during synthesis (from top o bottom sample)(b) Profiles for single phase samples at top and bottom, with a two phase pattern shown in the center,

1600 °C for 12h under flowing argon gas with intermediate
regrinding and repelletizing. A molybdenum powder oxygen
getter was employed to prevent the oxidation of the MoO;
precursor to more volatile MoOs. The metal powder getter was
contained in a separate alumina crucible adjacent to the sample
pellet. Powder X-ray diffraction of initial samples revealed that
two pyrochlore phases are present (Fig. 1), suggesting that a
miscibility gap is present in the LuzMoy05-, system at 1600 °C.
The cubic lattice parameters, a, of the two phases consistently
refine to 10.14 A and 10.17 A by Rietveld analysis of the X-ray data,
however, the relative amount of each phase appears to depend
upon the separation of the sample and the oxygen getter during
synthesis. A single pyrochlore phase with lattice constant
a=10.14 A was prepared by increasing the distance between
sample and getter crucibles to ~10 cm. A single phase sample of
the a=10.17 A phase was prepared by reducing the a=10.14 A
phase in flowing Hz at 600 °C for 2 h. This suggests that the cause
of the phase separation is related to the oxygen content of the
pyrochlore phases. The more reduced sample has the larger lattice
constant, consistent with the larger ionic radius of Mo** (0.69 A)
compared to that of Mo®™ (0,65 A).

Oxygen contents of the two pyrochlore phases were obtained
from gravimetric analysis. Heating the a=10.14 A phase in air at
750 °C for 2 h resulted in complete oxidation of the sample to give
Luz03 and MoOs. The weight increase of 4.9(4) % corresponds to a
chemical composition of LuzM03070q15. confirming that this phase
is oxygen-stoichiometric Lu;Mo,07. A weight loss of 1.03(1)% was
observed upon reduction of this sample to the a=10.17 A phase
giving a chemical composition of Lu;Mo;0g 551 for the reduced
phase.

Powder neutron diffraction data were collected on the high
resolution powder diffractometer D2B with a neutron wavelength
4=1.594 A at the high flux reactor of the Institut Laue Langevin,
France. Rietveld refinements were performed using the GSAS
program using the cubic Fd-3m pyrochlore model. Magnetic
susceptibilities were measured in a Quantum Design SQUID
magnetometer. DC susceptibilities were measured in an applied
field of 1 T. AC susceptibilities were measured in an oscillating
field of 3.5 = 107* T at measuring frequencies o from 5 to 1053 Hz.

3. Results and discussion

Fig. 2 displays the Rietveld plots obtained from a joint refine-
ment of the neutron diffraction data collected at 300 K for samples
of LuzMo;07 and LuzMoz04-,. A simultaneous refinement of both
maodels against both data sets was performed in order to minimize

correlation between atomic occupancies and thermal parameters.
The oxygen site occupancies of the LuzMoz07 phase were fixed
according to the gravimetric analysis, but allowed to refine for
LusMo50+.,, while isotropic thermal parameters were constrained
to be the same for both phases. The results, summarized in Table 1,
reveal that the O sites have a high concentration of defects
whereas the O sites are almost fully occupied. The refined oxygen
content of 6.69(6) agrees with the gravimetrically determined
value of 6.58(1); the reduced a=10.17 A phase is thus described as
LuzMo;06 5.

Pyrochlores are known to tolerate considerable anion deficien-
cies. In some cases, such as Pb;Ru;0g 5, vacancy ordering on the O
site results in the lowering of symmetry from Fd-3m to subgroup
F-43m [18]. However, other oxygen-deficient materials including
BisRu,0g o and Tl;Ru,0g 7 retain Fd-3m symmetry with statistically
disordered anion vacancies over the O site [19], and the same
structure is observed here for LuzMo20g¢ with no evidence for a
vacancy-ordered superstructure in the neutron data. Oxygen-
vacancy order is difficult to predict in general and depends on
details of specific systems, for example, vacancies are ordered in
perovskite layers of T-type NdsCuz05 [20], but are disordered in
T-type LagLiz0y [21].

Oxygen-content miscibility gaps are observed in some transi-
tion metal oxide systems, for example, between insulating and
superconducting LapCuDg4, s phases [22], However miscibility gaps
are less common in pyrochlores and have not been reported
previously for R;Mo;0,., systems, although a gap was found
between EusMoz0; and the derived EusMo(ON);-, oxynitride
pyrochlore [23]. Phase coexistence driven by cation segregation
has been observed in mixed A-cation pyrochlores such as
(Big,sY1.4)5n207 [24].

Fig. 2(c) shows the difference between neutron diffraction data
at 1.5 K and 50 K in the low 2¢ region for LuzMoz05. The absence of
magnetic Bragg scattering demonstrates that there is no long
range spin order down to at least 1.5 K. The DC magnetic suscept-
ibility of LusMo;05 is shown in Fig. 3(a). The data display a clear
divergence of field cooled (FC) and zero field cooled (ZFC)
susceptibilities at a spin freezing temperature T=16.2 K, charac-
teristic of the onset of an irreversible glass-like state. A Curie-
Weiss fit to high temperature inverse susceptibility over the
temperature range 150-300 K gives a Weiss constant #=-158(1)
K, indicating a dominance of antiferromagnetic exchange interac-
tions. A comparison of the energy scales of magnetic interactions
and spin freezing via the frustration index, f=18{T;=10 implies that
there is a significant frustration of spin order due to the geome-
trically frustrated pyrochlore network of antiferromagnetically
interacting Mo spins in LusMo;05 [25]. An effective magnetic
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Table 1

Refined atomic coordinates and occupancies for LuzMoz0; (a=10.1478(1) A) and
{lower values where different) for LuzMozOsese) (@=101789(1)A) lsotropic
U-factors were 0.0091(2) A® for metal cations and 0.0152(3) A for oxygen sites,
Residuals for the combined refinement were Ry, =583, and 7 =6.9.

Atom Site x vy z Oocupancy
Lu 16d 05 05 05 Lo
Mo 16¢ 0.0 00 0.0 10
] 48f 0.3417(1) 0125 0125 o
0.3477(1) 0.97(1)
o 8b 0.375 0.375 0.375 10
0.57(2)

moment of yg= 1.9 ug per Mo cation was obtained from the Curie—
Weiss fit (C=0.892(3) K emu mol™ formula unit™). The reduced
effective moment compared with the expected spin only value for
§=1 Mo* is due to significant spin-orbit coupling in this 4d
transition metal system.

To confirm the spin-glass nature of LusMo.04, AC magnetic
susceptibilities were measured at frequencies, w, of 5-1053 Hz. The
data, displayed in Fig. 3(b), show an increase in the spin freezing
temperature with increasing frequency. This behavior is typical for
spin glasses; as frequency is increased the spin directions are less
able to follow the oscillating field and so appear frozen at
progressively higher temperatures. The magnitude of this shift,
given by (AT Tya(logm)=0.008, is of the order observed in many
classical spin-glass systems [26]. The variation of Trwith o follows
a Vogel-Fulcher law, a modified Arrhenius-type equation com-
monly associated with glassy dynamics [27], given by m=ag exp
|=Ea/ks(Tr =To)] where wg is a characteristic frequency, E; is an
activation energy and the ideal glass temperature Ty allows for
spin-spin interactions. The fit shown in the inset to Fig. 3(b)
gives In(ag/s")=17.0(8), E./kpg=8.5(6)K and Tp=15.300(5)K.

The observation that Ty=Ty is considered representative of canoni-
cal spin-glasses.

The spin-glass behavior of Luz:Moz05 is similar to that of
¥2Mo207, which shows frequency dependent AC magnetic sus-
ceptibility around its spin freezing transition, Ty~22 K. ThaMo204
also displays spin glass characteristics with Ti~25K but the
situation is complicated by the competition between ferromag-
netic Tb-Th interactions and antiferromagnetic Th-Mo exchange
[28] The other insulating RzMo207 analogs are less well studied in
comparison, but HosMo305 has a reported freezing temperature of
21 K and Yb,Mo,0;, based on the second smallest rare earth
cation in the series has T=18 K [29,30]. This suggests that there
may be a trend for a decreasing spin glass transition temperature
with decreasing ionic radius of R**. This is understandable from
the variation of the Mo-0-Mo bond angle, a, that governs the
magnitude and nature of the magnetic exchange between neigh-
boring Mo®* ions. The fit to the powder neutron diffraction data of
LuzMo,0; gives a=125.08(9)", whereas, the angle reported for
Y2Mo305 is somewhat larger, a= 126.97" [8]. A systematic study of
R2Mo505 (R=Dy, Gd, Sm and Nd) revealed an increase in « across
the spin glass to ferromagnet transition with a= 127.7° in the spin
glass Dy:Mo;0; to e=131.5" in ferromagnetic Nd:Mos0 [31].
Fig. 4 shows a complete magnetic phase diagram for the R;Mo50;
pyrochlores (R=Nd-Lu) as a function of rare earth ionic radius
[32]. The transition temperatures of other RzMoz0; materials are
taken from various reports [3,28-30,33). The spin freezing and
ferromagnetic transitions show comparable rates of change with
R** radius, as both are controlled by the variation of Mo-O-
Mo angle.

Susceptibility data for the reduced LuzMoz0ss phase are
qualitatively similar to those for LuzMo205, but with significant
changes in the underlying parameters. Fig. 3(c) shows the suscept-
ibilities of both samples around the spin freezing transition, from
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which a shift in Ty from 16.2 K to 20.3 K is observed. Hence the
disorder created by introduction of oxygen vacancies enhances
spin freezing. A Curie-Weiss fit to the inverse susceptibility over
the same temperature range (150-300K) gives an effective
moment per=2.3 pp, reflecting the partial reduction of $=1 Mo**
to 5=3/2 Mo®*. The Weiss constant #=-329(1) K shows that that
the strength of superexchange interactions is enhanced, but the
frustration factor of f=16 reveals that the disorder in LuzMoz07-«
markedly increases the degree of frustration in comparison to
LuzMoz0y;.

The above results demonstrate that the oxygen content of
LuzMo;0,., has a significant effect on magnetic properties, as
the energy scale of antiferromagnetic exchange, the spin freezing

temperature, and the frustration factor are all increased in the
reduced phase. This highlights the importance of the control of
oxygen content in the R;Mo,0; series and the need for careful
analysis of samples through diffraction and gravimetric techni-
ques. In the case of LuzMoy05, the spin glass like state at low
temperatures is stable in the absence of any significant site or
bond disorder on a crystallographic length scale. LuzMoz07 may,
therefore, provide an example of a disorder free or topological spin
glass state [34,35]. Although structural disorder may not be a
necessary condition for spin freezing in Lu;Moz05, the oxygen-
vacancy disorder in LuzMoz0;-, favors the onset of a glassy state at
higher temperatures and enhances the degree of frustration. An
oxygen miscibility gap might also drive electronic phase separation,
as reported in the Y5Tiz05. system |36]. Future study of the spin
glass ground states in the LuMoy04-, system will be of great
importance in order to further understand how they compare to
the canonical spin glasses and to determine the origin of their spin
freezing.
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The vanadium oxyfuoride [NH, [,[C;H NIV, 04F,4] (DQVOF) is a geometrically frustrated mag-
netic bilayer material. The structure consists of § = 1/2 kagome planes of V¥* o' jons with § = 1 V3% 42
ions located between the kagome layers. Muon spin relaxation measurements demonstrate the absence of

spin freezing down to 40 mK despite an energy scale of 60 K for antiferromagnetic exchange interactions.
From magnetization and heat capacity measurements we conclude that the S = | spins of the interplane
V3 jons are weakly coupled to the kagome layers, such that DQVOF can be viewed as an experimental

model for § = 1/2 kagome physics, and that it displays a gapless spin liquid ground state,

DOL: 10,1 103/PhysRevLen. 1 10.207208

The search for quantum spin liquids (QSLs) has been a
major theme in condensed matter research since the pro-
posal by Anderson of the “resonating valence bond™
(RVB) state [ 1] that can rival the conventional Néel ground
state of long range antiferromagnetic order. The RVB state
is formed from a superposition of strongly entangled spin
singlet pairings whose interactions may be short- (nearest
neighbor) or long-range, resonating over the entire spin
lattice [2]. The § = 1/2 kagome antiferromagnet (KAFM ),
which is composed of comer-sharing equilateral triangles
of antiferromagnetically interacting § = 1/2 ions, is the
prime candidate to host this exotic state of matter in two
dimensions. This stems from the combination of geometric
frustration and strong quantum effects that allow spin
fluctuations to persist down to T = 0. The exact ground
state of the §=1/2 KAFM remains controversial as
theory predicts several possibilities for the low energy
excitation spectra of QSLs. They may be gapped, such as
Z, or short-range RVB liquids, or gapless, with the exis-
tence of zero energy spin excitations, which are known
as algebraic or long-range RVB liquids [3]. Predictions
from density matrix renormalization group algorithms are
that the ground state is a fully gapped. topologically
ordered Z, spin liquid, with an estimated spin gap of
0.13(1) J (where J is the antiferromagnetic exchange en-
ergy) to deconfined. fractional spinon (spin-1/2, charge-0)
excitations [4,5]. However, other theories expect a gapless
spin liquid ground state [6-8]. and the best experimental
candidate to date, the § = 1/2 KAFM herbertsmithite,
[ZnCu3(OH)Cl: ], appears to be a gapless QSL [9,10].

0031-9007/ 13/110(20)/207208(5)

207208-1

PACS numbers; 75.50LK, 7540.Cx, 76.75.41

Experimental realizations of the § = 1/2 KAFM remain
rare and are all based on kagome networks of Cu** o § =
1/2 cations [11-14]. However, Aidoudi er al. recently
reported the synthesis of [NH;,[C7H sNJ[V504F 4] [dia-
mmonium quinuclidinium vanadium(IILIV) oxyfluoride:
DQVOF] [15] that contains a § = 1/2 KAFM network
of V** d' cations and thus provides a new opportunity
for the study and understanding of kagome physics, as the
role played by interactions such as Jahn-Teller distortions
that can govern the low temperature magnetic properties of
Cu** kagome systems [16]. may be suppressed here. The
trigonal R3m structure of DQVOF contains two distinct
vanadium sites, with V#* § = 1/2 jons in the kagome
layers and V** § = 1 ions between layers. The system
was reported to show an absence of long-range magnetic
order down to 2 K from the initial magnetic susceptibility
measurements despite evidence for significant antiferro-
magnetic exchange interactions. In addition, Aidoudi er al.
put forward an orbital coupling argument to suggest that
the poor V3" — V' superexchange pathway within the
structure should result in magnetically isolated § = 1/2
kagome planes at low temperatures. In this Letter we
present further magnetization and susceptibility measure-
ments plus low temperature heat capacity and muon spin
relaxation ( wSR) data which demonstrate that DQVOF is a
good candidate QSL material with a gapless ground state.

All measurements were performed on a polyerystalline
single-phase sample of DQVOF. prepared by the method
given in Ref. [15]. Magnetic susceptibility was measured
in a Quantum Design SQUID magnetometer from 1.8 o

© 2013 American Physical Society
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300 K. Magnetization data were collected at a temperature
of 1.7 K in applied fields up to 14 T in a Cryogenic
vibrating sample magnetometer. The magnetization-field
variation is shown in Fig. 1. The net magnetization may be
considered as a sum of two components. a Brillouin-like
component, which we tentatively attribute to the V** spins
between the kagome layers and a linear contribution,
expected from the strongly interacting V** kagome layers
[17.18]. Subtraction of the linear contribution leaves
the saturated magnetization of the interlayer V3" spins,
which was normalized by M,,, = Nygug + 6N, gup/2 =
8N g for g = 2, to account for the ideal total of 6 V**
and 1 V3 spins per formula unit of DQVOF. The experi-
mentally determined value of M/M_, = 0.148(5) corre-
sponds to a saturated moment of 118y for the interlayer
§ = 1 V** ions. Such moment reductions due to spin-orbit
coupling are typical for V3 [19.20]. for example CdV,0,
[21] and LaVO; [22] have low temperature ordered
moments of L 19 g and 1,15 gy, respectively. In agreement
with Ref. [15], the susceptibility of DQVOF shows Curie-
Weiss behavior with a Weiss temperature # = —58(4) K
indicating the dominance of antiferromagnetic exchange
interactions (Fig. 1, inset). The small reduction in effective
moment, gy = 4.97(8) g per formula unit, with respect
to the expected value of 5.1z is again in keeping with V**
spin-orbit coupling.

Low-temperature heat capacity was measured on a
1.6 mg pressed powder pellet in a Quantum Design
Physical Properties Measurement System with a *He
insert, in zero field (ZF) and applied fields up to 9 T. The
data, presented in Fig. 2(a). show a broad Schottky feature
that shifts to higher energies in stronger applied fields. This
is most likely due to the weakly interacting § = 1 spins of
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FIG. | (color online). Squares: normalized magnetization of
DQVOF at 1.7 K with a lincar fit to the data above H = 10 T,
This response is most likely representative of the nonsaturated
intrinsic susceptibility of the V** kagome layers. Circles: the
contribution of the V** spins obtained by subtracting the linear
contribution from the total magnetization curve. The dashed
curve is the Brillouin function for noninteracting § = | spins.
Inset: inverse susceptibility measured ina 5 T field.

the V** ions located in between the kagome planes. In
stronger applied fields (H# = 5 T) a second feature appears
within the low temperature region of the data. We attribute
this to the splitting of the / = 1/2 nuclear spins of the 'H
and "F nuclei that are abundant within the system. The
lattice heat capacity and the contribution from the § = 1/2
spins of the V¥ ions within the kagome layers are most
likely field independent at these field strengths, given the
relatively strong antiferromagnetic interaction [23.24]. In
order to isolate the field dependent contributions, the zero
field heat capacity was subtracted from the applied field
data, for example, the difference between 9 T and zero field
heat capacities is shown as AC, T~ in the lefi-hand inset
of Fig. 2(a). These difference curves were all successfully
fitted by a model consisting of two Schotiky anomalies.
The nuclear Schottky term corresponding to the 40 hydro-
gen and fluorine nuclei per formula unit has no free pa-
rameters. The electronic Schottky contribution was fitted
well by the expression for an § = | system,
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FIG. 2 (color online). (a) C,T~" of DQVOF against tempera-
ture measured in ZF and applied fields of 5 T and 9 T. Left-hand
inset the fit to the Schottky anomaly (solid line) to the difference
of interpolated heat capacity in 9 and 0 T. The right-hand inset
shows the Zeeman splitting of the § = | levels. (b) The low
temperature heat capacity afier subtraction of the Schottky
anomaly with €, = ¥7T (dashed line) and C, = yT? (solid
line) models. The dotted red curve gives an estimate of the lattice
contribution to the heat capacity. Inset shows the ZF data over
the entire measured temperature range,
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T T
explEg—/T) + expl—Eg_/T) + 4
[1 + exp(Eg— /T) + exp(—Es—/T)F’

(1)

The fitted value of fy—; = 0.5(2) for the fraction of
S =1 spins per formula unit shows a similar reduction to
the magnetization. as a result of spin-orbit coupling. The
obtained Zeeman splitting energy (Eg., = gugH) shown
in the right-hand inset of Fig. 2(a), gives g = L.8(2), which
is typical for VI* ions. We note the existence of a small
(~0.7 K) zero field splitting of the § = | levels, which is
also likely to result from spin-orbit coupling in the 1, > V**
ground state. The magnetization and heat capacity results
show that the interlayer V3" ions behave as spin-orbit
coupled but noninteracting paramagnetic spins, and that
to a good approximation DQVOF contains magnetically
isolated kagome layers of strongly correlated § = 1/2
spins of V¥ ions,

The field dependent Schottky features were subtracted
from the heat capacity data to give, in Fig. 2(b), the
contribution of the strongly correlated spins within the
kagome layers together with the lattice contribution, which
is expected to be vanishingly small at low temperatures.
The observation that all subtracted curves approximately
coincide reflects the quality of the fit of the field dependant
heat capacity to our model. It also implies that the low
temperature ground state of DQVOF is robust to the appli-
cation of fields up to 9 T, and so forms a quantum critical
phase rather than sitting at a quantum critical point. The
data show no sharp peak structure within the measured
temperature range indicating the absence of any magnetic
phase transitions. This is in agreement with the magneti-
zation data and the pSR measurements discussed below.
In the absence of a nonmagnetic analogue, the phonon
contribution cannot be subtracted accurately but an upper
bound of the lattice contribution is estimated by a T7?
phonon contribution that matches the total heat capacity
at 30 K. This lattice contribution is found to be negligible
below 5 K. A recent estimate for the spin gap in a topo-
logically ordered spin liquid [4,5] is 0.13J = 7.5 K for
DOQVOF. taking the nearest neighbor exchange energy as
J = —# from the mean-field description of the § = 1/2
KAFM. However, the continuous density of states
observed down to 300 mK implies that there is no complete
spin excitation gap in the spectrum of DQVOF within the
measured energy range. Various models have been pro-
posed for the low temperature heat capacity of gapless spin
liquids. Algebraic or Dirac spin liquids are expected to
show a C,, = T7 dependence at low temperature [6,7]. This
does not appear to be applicable 1o DQVOF. A better
description seems to be given by a more conventional
spinon Fermi surface with a T-linear behavior in the low
temperature specific heat. Modeling the data with C, =
T between 300 mK and 5 K gives a reasonable fit to the

data with ¥ ~ 200 mJ K2 mol™! per V** spin. ¥ is related
to the spinon density of states at the spinon Fermi surface,
and the value found here is comparable to those from other
experimental gapless spin liquids [25-27]. However, the fit
in Fig. 2(b) is improved by using a C, = 7" term with
exponent e« = 1.2. This is remarkably similar to the behav-
ior of herbertsmithite where the low temperature heat
capacity data was modeled with a 7' dependence [24].

A key feature of a vanishing spin gap in a QSL is the
absence of spin freezing and persistence of internal field
fluctuations down to 7" = (). Experimentally, this can be
observed by SR due to the extreme sensitivity of the
muon to small magnetic moments. Measurements were
performed on the MuSR spectrometer at the ISIS pulsed
muon facility, Rutherford Appleton Laboratory, UK. The
background fraction of muons landing in the sample back-
ing plate or elsewhere was determined by comparison of
the data with those taken on the GPS instrument at the
Laboratory for Muon Spin Spectroscopy, Paul Scherrer
Institute, Switzerland at the same temperature and mag-
netic field. The PSI equipment used an active veto detector
to give very low background [28]. Figure 3 shows the time
dependence of the background corrected muon spin polar-
ization in zero field (ZF) and an applied longitudinal fields
(LF) of 200 G at 40 mK and 40 K.

The ZF depolarization reflects the sum of the local
responses of muons implanted at different stopping sites
within the sample. Implanted muons are likely to be at sites
near oxide or luoride anions, due to their favorable electro-
static interactions with the positive muons. A fit to the high
temperature ZF depolarization data (see the Supplemental
Material [29]) reveals that the kink at 2 s can be ascribed
to a strong dipolar coupling between the muon spin and
the fluorine /7 = 1/2 nuclear spin [30,31]. This fluorine
response accounts for 10% of the muons stopping within
the sample. The presence of this characteristic feature in
the ZF data at all temperatures indicates that the muons
implanted at the fluorine site are only very weakly coupled
to the electronic spins of the system (see the Supplemental

LF 200 5 40 mkK,

0.8

' Polarization

ZF: o 40mK, = -mK
o 2 4 6 8
1 (us)

FIG. 3 (color online). Time dependent muon spin polarization
of DQVOF at 40 mK and 40 K in zero field (ZF) and an applied
longitudinal field (LF) of 200 G. Solid lines are fits to the data
[Eq. (2)].
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FIG. 4. The temperature dependence of (a) the muon spin
depolarization rate, A, and (b) the stretching component, B, of
DOVOF,

Material [29]). In addition, a small fraction of muons most
likely stop far from the kagome planes and give rise to a
small nonrelaxing polarization, ~0.1, clearly visible at
long time. The remainder of the implanted muons fall at
sites situated near oxide anions.

Both the 40 K and 40 mK data in Fig. 3 relax to the same
value of polarization pointing to the absence of a
“1/3-tail” component characteristic of a magnetically
frozen state at long times in the 40 mK data. This precludes
any argument for static magnetism in the sample upon
cooling [32]. Hence the moderate increase of the relaxation
upon cooling from high temperature reflects only a slowing
down of the electronic spin dynamics. The local nuclear
fields at each stopping site are static on the time scale of the
muon experiment and can be decoupled from the muon
upon application of a LF of 200 G. As a result, the muon
spin only probes the dynamical. temperature dependent
field fluctuations arising from the electronic spins within
the system, which are of principal interest here. The time
evolution of the spin depolarization in an applied LF of
200 G was modeled with a stretched exponential relaxation
function over the entire measured temperature range,

P(1) = Pronretasing + Po exp(—AnA. 2)

Figures 4(a) and 4(b) show the temperature dependence of
the spin depolarization rate, A, and the stretching compo-
nent, B3, respectively.

Above 10 K, the system is in a fast fluctuating regime
from which there is a slowing of spin dynamics down to
I K. Below | K the data show a plateau in the depolariza-
tion rate, a clear indicator of persistent dynamics at low
temperatures. The limiting value of 8 ~ 0.5 implies a
distribution of dynamical correlations at low temperatures
and the muons implanted at the oxygen site are most likely
under the influence of more than one fluctuation frequency.
The origin of the muon spin relaxation in DQVOF requires
some consideration given that there are two potential
sources of electronic field fluctuations, namely, the V**
S =1 and the V** § = 1/2 spins. We estimate that the
relaxation rate, A, due to the § =1 spins of V** is
~0.01 MHz, from the effective interaction between S = |
spins of ~1 K as observed from the magnetization against

field data shown in Fig. | (see the Supplemental Material
[29]). Given that the experimentally determined value is
larger than this, it implies that the slowing down
of electronic spin dynamics and the relaxation shown in
Fig. 4(a) is intrinsic to the kagome layers. The persistence
of electronic field Auctuations within the kagome layers at
the lowest measured temperatures, therefore, supports the
existence of a gapless spin liquid state in DQVOF as
deduced from the low temperature heat capacity data.

In summary, this study of low temperature magnetism in
DQVOF demonstrates that the interplane V¥ § = 1 spins
show paramagnetic single-ion ion behavior with significant
spin-orbit coupling effects, while the V** layers are a good
experimental realization of an § = 1/2 kagome antiferro-
magnet. #SR shows that there is no spin freezing within
DQVOF down to 40 mK. Such persistent spin dynamics at
low temperatures are a key requirement for a QSL state.
The low temperature heat capacity of the V** kagome
planes displays a continuous density of magnetic states
down to 300 mK demonstrating that there is no complete
spin gap in the low energy excitation spectrum, and shows
little variation in fields up to 9 T, consistent with a gapless
quantum critical phase spin liquid ground state. This heat
capacity varies as T'* which is remarkably similar to the
T'* dependence of herbertsmithite [24]. DQVOF joins just
two Cu®® materials, herbertsmithite and vesignicite, as
experimental realizations of the § = 1/2 kagome lattice.
None of these materials show the theoretically favored
gapped spin liquid behavior of the pure Heisenberg
KAFM model [4,5]. Vesignieite orders at a fairly high
temperature [33], while both herbertsmithite and DQVOF
are found to be gapless spin liguids. It is also notable that a
significant, although not critical. slowing of the spin dy-
namics is detected in DQVOF at low temperatures, but not
in herbertsmithite [18]. This suggests that the quantum
critical phase in DQVOF lies closer to some uncovered
phase transition than in the case of herbertsmithite. Such a
phase transition will be driven by perturbations that will
differ in magnitude between d' and d” systems, for ex-
ample the spin-orbit driven Dzyaloshinskii-Moriya inter-
action. It will be thus be particularly interesting to discover
possible instabilities of the liquid ground state of DQVOF
by applying stronger magnetic fields [34] or pressure [35]
and, hence, explore the perturbations that can pin the
ground state of these kagome models.
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