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Abstract

We work on two main topics; thermodynamics of one dimensional classical magnetic
models and the long range dipolar interaction on the pyrochlore lattice. These are
somewhat unconnected, and so we will summarise them separately.

We will use the transfer function technique to solve the plane rotator with near-
est and next nearest neighbour interactions, the continuous spin Ising model with
nearest neighbour interactions and a magnetic field, and the Heisenberg model with
nearest and next nearest neighbour interactions, all exactly. For the plane rotator
model and the Heisenberg, we find that the models with nearest and next near-
est neighbour interactions are thermodynamically equivalent to models with nearest
neighbour interactions and a magnetic field. We investigate the zero temperature
phase transition in all models. For the case of the plane rotator and Heisenberg mod-
els, this is between a pure antiferromagnet and a spiral state, and for the continuous
[sing model it is between a ferromagnet and an antiferromagnet. We investigate
the thermal effects on the phase transition, and find a fluctuation driven crossover
(rather than transition due to the dimensionality) which stabalises collinear states.
We also investigate magnetisation of the models as well, and find that the continuous
spin Ising model (particularly) exhibits strong field dependence, staying magnetised
well beyond the associated temperature of the field.

We then move from the exact calculations to approximate solutions of the transfer
function problem in order to investigate the one to two dimensional crossover for the
plane rotator and the continuous spin Ising models. For the plane rotator, we use
the trapezium rule, and therefore investigate the p-state clock model, a model that
has been studied in its own right as it displays two phase transitions. We find two
peaks in the specific heat, which are not thought to be responsible for the transition.
We find a single transition for the continuous spin Ising model which we believe to be
essentially the same as the Ising transition, but with a reduced critical temperature.

We then move on to the pyrochlore lattice, studying a family of compounds
RoM507 with R=Gd, Tb, Ho and Dy, and M= Ti or Sn. We model all these with
a classical model containing nearest and third nearest neighbour Heisenberg model,
crystal field interactions, and the dipolar interactions. We develop a new technique
to calculate the dipole spin-spin interaction strengths directly in real space, and
use a minimisation procedure to optimise the model. We find the associated phase
diagram subjected to states containing no more than 32 distinct spins. We find
states for all the compounds, which agree with experiment for all except GdsTisO7
which remains controversial.
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Chapter 1

INTRODUCTION AND BASIC MAGNETISM

1.1 Thesis Overview

This thesis has two main strands, which we will deal with largely separately. We
will be interested in the thermodynamics of one dimensional classical magnetism,
and groundstates of long range interactions in three dimensions.

We will be concerned with condensed matter systems, in which materials are
made which form fully ordered lattices. There can be many elements in these com-
pounds which interleave in some way. The electrons in the compound can be de-
localised, in which the electrons are not associated with a given element and move
around forming a metal. On the other hand, they can localise, becoming bound to
a particular type of atom in the compound (called an insulator), which we shall be
interested in. When (at least) one of the elements has a residual magnetic moment
from the localised electrons these moments can have structure. We will begin with
introducing the basics of lattices and the way these moments are generated from
Sec.1.2.1 onwards. It is the structure of the moments, the ordering of them, which
we will be interested in. At high temperature, the moments are not correlated, and
given the direction of one moment, we know very little about moments a long way
away. At low temperature, the moments collectively align, and if they align across

the whole system we get magnetism. We will be concerned with how this process
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1.1. THESIS OVERVIEW

happens, but we will be working with a one dimensional model of this process. In
three dimensions this process may occur spontaneously at some temperature, called
a phase transition. This is not allowed in one dimension (at finite temperature),
and so we will essentially have no phase transitions, but we may still observe the
correlations that would become the order increase as we reduce the temperature.
We will introduce the basics of thermodynamics, and the basics of the technique
that we use in Chapter.2.

We will be studying three one-dimensional models at the same time, using related
but different new techniques. Though some aspects of the technique have been
used before, we extend the results found for each of the models that we study.
Originally, this was motivated by trying to model HosSbGa,Cr;_,O7, which has
isotropic Cr®* spins. As the concentration of chromiums is varied, we move between
regimes; uncoupled chromiums, weakly coupled chains, and a fully three-dimensional
(though unknown) geometry which gives us experimental access to the percolation
threshold. We will not investigate the fully three dimensional geometry at all, but
will exactly solve the thermodynamics for the other two regimes. We will begin by
solving small clusters of chromiums, which will begin with Curie-Weiss and then is
(trivially) extended beyond to include more neighbours. We show the fitting that
one could do in order to extract out the density of small clusters from measuring
the bulk susceptibility experimentally. We then move on to the regime where we
have one dimensional chains of chromiums. Due to the isotropy of the chromium
spins, we may model them with a Heisenberg interaction and attempt investigate the
thermodynamics of such a model. We include a magnetic field (or second neighbour
interactions) as we wish to investigate the magnetisation of the compound. Once we

have our exact analysis for the Heisenberg model, we study other magnetic models in
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1.1. THESIS OVERVIEW

one dimension that are related but solve in slightly different ways. We look at three
one dimensional models; the plane rotator, the continuous spin Ising model, and the
Heisenberg model. We exactly solve these one dimensional models in Chapters.3,
4 and 5 respectively using transfer functions. We put the Heisenberg model last in
this thesis because it is more complicated than the other models, but was originally
solved first due to the motivation.

The plane rotator and Heisenberg models have been solved previously, but only
for nearest neighbour interactions [9,10]. Here, we extend the result to nearest and
next nearest interactions for these models, and nearest neighbour and magnetic field
for all three models. We find that when the Hamiltonian and the spins exhibit
the same symmetry, there exists a floating basis which maps nearest neighbour
interactions on to magnetic fields, and next nearest neighbour interactions on to
nearest neighbour interactions. There is very little previous work on the continuous
spin Ising model. We do not find a closed form solution for the nearest neighbour
model due to the anisotropy between the spin and Hamiltonian symmetry. By
including two interactions, we may investigate frustration, the thermal fluctuations
around a zero temperature first order transitions and the magnetisation properties
of all the models, which we do in Chapter 6. To this end we find the phase diagram
for all three classical models which are very similar and are entirely new. The
extensions to Curie Weiss and the Heisenberg model were intended to be used to fit
data for Ho,SbGa,Cr;_,O7, and although that has not been done, more work has
been carried out in that area elsewhere [11], along with using the exact solutions to
investigate the compound. Although we investigated the model due to this specific
compound, there exist other compounds that one can use the models to investigate

[12,13]. For example, the nearest and next-nearest neighbour Heisenberg model can
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1.1. THESIS OVERVIEW

be used to model SrGdyO, [14,15], in which there are chains of isotropic gadoliniums
with two natural bond distances. We may use the other models to investigate this
family of rare earth compounds, such as Sr'Th,O4 and SrHosOy4, though no further
theoretical work has been done in this area [16].

This is when the motivation for studying thermodynamics takes a departure
from attempting to model the compound, to trying to investigate finite temperature
phase transitions. These are strictly prohibited in one dimension, and so we use the
one to two dimensional crossover. There exist very few solutions to two dimensional
models. The only model that has been fully solved in two dimensions is the Ising
model (and related Potts models). We consequently use our technique to investi-
gate other non-trivial models, though only approximately. Again, we could use the
calculations to fit classical magnetism in two dimensions [17-19], but here we only
investigate the theoretical side. The geometry we use is unique, though similar ones
have been investigated before. In chapter 7 we will consider the one to two dimen-
sional crossover, using similar techniques to the previous sections, though we work
numerically rather than exactly. We first look at the Ising model, and find a peak in
the specific heat which grows with increasing system size at the (known) transition
temperature. We then look two of the continuous models. No ezact solutions to the
model exist in two dimensions, though various limits are known exactly [20]. We
first investigate the clock model, which is a discrete version of the plane rotator and
is thermodynamically related. We find two anomalies in the specific heat, which
appear to increase in height as we enlarge the system size, but we cannot say that
they diverge. We believe the lower peak is associated with the discreteness, while the
upper peak is the underlying peak for the plane rotator. We use mean field theory

to investigate the lower peak, using the Ising model to describe the transition, and
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find good agreement. We then investigate the continuous spin Ising model which
has one anomaly in the specific heat which diverges much more quickly than for
the clock model. We use mean field theory to model the phase transition and find
excellent agreement. More work on using the technique to get to two dimensions
will appear in [21] and [22].

We now move on to the second part of the thesis. We will be looking at a family
of compounds; rare earth pyrochlores, of the form RoMyO; where R is a rare earth
compound, M is a transition metal and O is oxygen. We detail the experiments
and compounds in Chapter 8. The magnetic moments align because there are inter-
actions between them, which come in several styles; exchange, anisotropy and the
ever present dipolar interaction, as discussed more in §.1.2.4 when we introduce the
basics of magnetism. These interactions decide what the orientation of the moments
should be. We will be working with the dipolar interaction, which, it turns out,
causes moments at very long range to still interact. It is this long range interaction
which is the difficult part, in which a single moment interacts with many others over
a long range, and we will be concerned with controlling this interaction in order to
find the types of ordering that the interaction requires.

This work was originally motivated by further investigations into GdsTisO7, de-
tailed in [23], for which the dipolar interaction is the dominant interaction which can
lift the degeneracy left by the geometric frustration. We study several compounds
here, and attempt to model them with one classical model. This model contains
several terms, one of which is the dipolar interaction, which contains long range
interactions. In order to solve our model, we use a real space minimisation which
maintains the spin length constraint automatically. We develop a new technique to

calculate the dipolar interaction matrix elements, calculating them directly in real
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space, which we go through in Chapter.9. Most importantly, the new technique
separates out the shape anisotropy from the local dipolar spin-spin interaction. The
resulting continuum problem for the shape anisotropy is left unsolved, though we
work in the spherical crystal approximation which provides a known reference (which
we go through in Sec.9.4.1). The usual technique of Ewald is also summarised in
Chapter.9, which we use as a comparison, but it does not separate out the shape
dependence which gives rise to complications at the origin in reciprocal space. We
discuss the consequences of these complications, though more work is done in [24].
We find the zero temperature phase diagram of the classical model in Chapter 10,
and put the compounds in the relevant regions of parameter space, finding good
agreement with experiment. The phase diagram is entirely new, and also provides a
prediction for the groundstates for two of the compounds that we study; GdsTiO7
and ThyTisO5.

1.2 Introduction

Spontaneously broken symmetries are an area of great interest. There are many
examples of where this occurs in nature. For example, the liquid to solid transition
is where the translational invariance is broken and becomes discrete spontaneously.
In the liquid phase, atoms are essentially random, but form small clusters. In the
solid phase the atoms form a well ordered structure, becoming long range ordered. If
one knows where one atom is, one knows where the other atoms must be (on average)
due to the broken symmetry. We will be studying spontaneously broken symmetries
for the special case of magnetism, where the local spin symmetry on every site is
broken by the magnetisation vector. We will be studying how this magnetism is

formed by understanding the crystal structure and the relevant interactions which
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drive the magnetism. We will also be interested in how temperature affects the
magnetism; what happens when you heat a magnet up or cool it down?

We begin by introducing lattices, giving a few relevant examples and concepts.
We then discuss models on lattices; how the electrons interact and the effective
model we get with respect to the spin coming from open shells. We then solve
the effective model that we generate in several situations, indicating the types of
magnetism we may generate from our model.

We will be considering compounds made up of several elements. If one of the
elements has an open shell in the compound, we have the possibility of magnetism;
the electron spins which are not paired may fluctuate, generating some collective
order which maybe the magnetism. We will only be considering insulators, in which
the electrons are localised to a given site, giving us a definite magnetisation available

per site.

1.2.1 Lattices

For the entirety of this work we will work with lattices, and so we introduce them
here in general, before we use particular examples. The compounds that we shall
study form ordered lattices, and when they have several elements these ordered
lattices interpenetrate. We begin with considering one element only, and also begin
with the simplest type of lattices; bipartite. To motivate this idea, we begin with
the linear chain as depicted in Fig.1.1. We note that for the linear chain we can
decompose the lattice into two sites, say A and B sites, and when we do this every
neighbour of A is a B and vice versa; this property is known as bipartite. We call all
sites which are A sublattice A and all sites which are B sublattice B, which means

we decompose our full linear chain lattice into two sublattices. For general lattices

7
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Figure 1.1: Linear chain with lattice spacing a split into A and B sublattices.

this is not possible, which causes problems for solving the magnetic (or metallic)

interactions on the lattices. We now move on to other types of lattice. The square

Figure 1.2: Triangular lattice with lattice spacings a in the X-direction and b in the
y-direction.

lattice is clearly bipartite, and so we move on to the triangular lattice, where we
cannot divide it into two sublattices seen in Fig.1.2. At this point it is useful to
introduce primitive vectors and the unit cell. The unit cell is the smallest cell we
can draw which we then tile to generate the full lattice and we use the primitive
vectors to tell us how to tile. The unit cell is also the [argest repeating cell that we

can draw which when we tile does not ov%rlap. For the square lattice, this is clearly
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a square of equal size to the lattice parameters. For the case of the triangular lattice,

the unit cell also contains one atom, and the unit vectors are given by

Vi = (CL, 0)
a
vo= (50).
for the perfect triangular lattice with b = ‘/7?:@. If we use the primitive vectors vj

then we can tile everywhere on the lattice. A Bravais lattice is one which is defined
by the unit cell and the primitive vectors, such that any site on the lattice can be
created by using

R, = nivy + navo,

in two dimensions, and

R, = nivy + navy + navs,

in three dimensions, where ny, no and ng are integers and vy, vy and vy are the

primitive vectors. We now move on to three dimensional lattices as we will be using

Figure 1.3: Face centered cubic lattice

these later, and we will also use a = 1 from now on. The simplest case is the cubic

lattice, which is trivial. For the cubic lattéce the unit cell is a cube around one spin,
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and the primitive vectors are the Cartesian axes, just as in the square lattice. We
now consider more complicated lattices, which will be relevant for later. We begin
with face-centered-cubic lattice shown in Fig.1.3, which is essentially a cubic lattice
but with extra atoms on each face. The primitive vectors are (as depicted in the

diagram) given by

o

We quickly mention body centered cubic, which like face centered cubic is essentially
cubic, but has an extra atom in the center of each cube. The final lattice that we
mention is the pyrochlore lattice, which is fundamentally the face centered cubic,
but each “atom” is made up of four; it has four atoms per unit cell. These four
atoms form tetrahedra which corner share on the underlying face centered cubic
lattice. The primitive vectors are the same, but there are four sublattices which are
not connected by the primitive vectors, but by sublattice vectors. It is interesting to
note here that face centered cubic can be regarded as a cubic lattice with four atoms
per unit cell as well, which will be used later. The pyrochlore lattice is detailed
much more fully in Sec.8.

We now move on to the reciprocal lattice, which will be essential for later calcu-

lations, although we cannot directly motivate it here. It is defined by

eiki.Rn — ]-7
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where R, is any site on the real (Bravais) lattice and k; generate the reciprocal

lattice. To solve this equation, we require
k;. R, =27 (1.2.1)

which we may solve using

where v; are the primitive vectors for the real space lattices. If we pick on a particular

example then we see that

. vy (VvoAvs)
elkl‘vl = 627”"1-("2/\"3) =1

We also see that

G, = v1ky + 22ko + 23k3
If we require that

X . voAvg v3Avy
ean'Gl _ e27rz [x )+x2 vid

ViAvy
1 vi.(vgAvy

vi.(vgAvy)

VaAvg) T3 ][n1V1+n2V2+n3V3] 1

)

for all G, and R,,, then x1, x5 and x3 must be integer, and so the reciprocal lattice

of a Bravais lattice is Bravais itself, and therefore

¢GmBn — 1V m.n

11
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We could also solve Eq.1.2.1 using

[kl,kg,kg]T = 27T[V1,V2,V3]_1 (122)

if we want to work in dimensions other than 3. We introduced both the face centered
cubic lattice and the body centered cubic lattice because it turns out that they are
reciprocal lattices of one another.

We have provided a brief summary of the results we will use for lattices. We will
use the reciprocal lattice extensively later for calculations, while understanding the
lattice itself will also be part of understanding the compounds we will study. We
now move on to magnetism on lattices, so far we have only dealt with the “nuclear”

part.

1.2.2 Atomic Physics

We now briefly discuss atomic physics, focusing on the f-block elements as these
will be studied the most. This will provide the picture of how the elements in free
space behave, although this picture is complicated when we consider a lattice. Each
site contains electrons, each with total spin (S) and orbital angular momentum (L),
which leads to total angular momentum J = L + S. Hund’s rules control how S,
L and J order. The largest energy scale (Hund’s first rule) forces the total spin of
an open shell to be maximal. The second largest (Hund’s second rule) forces the
orbital angular momentum to be minimised, subject to Pauli exclusion. Finally,
the smallest energy scale (Hund’s third rule) means the total angular momentum is
minimised (L and S are anti-parallel) for the first half of the series, and they are

maximised (parallel) for the second half of the series.

12
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Figure 1.4: Sketch of f-electron atoms to indicate the three Hund’s rules. The L?
state labels are given on the left.

To be clear, see Fig.1.4, where we sketch out the three rules. In Fig.1.4 a) we see
that the spins are all aligned, maximising Hund’s first rule. When we add another
electron Fig.1.4 b), we see that it goes in parallel to the other spins, and in to the
state with the lowest angular momentum. Finally, in Fig.1.4 ¢) we see that when
we half fill, the next electron goes in such that J is maximised, that is it goes in
the lowest angular momentum state to maximise the residual L. The f-electrons
were chosen as Hund’s rules are dominant in these systems; for transition metals the
crystalline electric field tends to dominate so that Hund’s second rule is over turned.
The crystal field effect stems from the Coulomb interaction of the different orbitals
between the various atoms. For example, transition metals in a cubic oxygen cage
provide a crystal field interaction which splits the orbitals into two types; the o4
and the e,. The orbital shape notices the local charge structure surrounding it in a
given compound, making some orbitals better than others (or linear combinations

as is the case). For the case of f electrons, the orbital that is picked couples to the
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total spin degree of freedom and makes the total spin anisotropic but it does not
over turn Hund’s third rule. We therefore think of the f-electron systems as large J

spins, as J remains a good quantum number unlike transition metals.

1.2.3 The Hubbard Model

The Hubbard model [25,26] is a modification to the tight-binding model [27], which
includes electron-electron interactions. It attempts to provide a model which gives
either a localised moment (which we will be interested in) in the limit, or a band

theory in the other [28]. It is given by

H= Z [c}mcj/ggt?ﬁ + c;,mcjgﬁ(t?ﬁ)*] + Z Uaﬂ;jC}aaCjo-aC;&ﬁCja-ﬁ
<jj'>oap JjoB
Where c;r-m (Cjoa) creates (annihilates) an electron on site j, with spin o in the orbital
a, t;"f, is the exchange interaction, although usually it is assumed translationally
invariant, and U,g,; is the coulomb interaction for two spins sitting on the site j
in orbitals a and 3, which again is usually approximated to be site independent.
The hopping term drives the electrons to delocalise, while the coulomb term drives

localisation as it seeks to prevent multiple occupation [29].

1.2.4 From Hubbard to Heisenberg

We now show how to get the basic Heisenberg interaction from the Hubbard model
[30,31], following [32]. We consider the one band, translationally invariant, Hubbard

model given by

- t f t
H = =t 3, coerotU) cyenc e
<jj'>o J

14
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= —tHl —|— UH(),

where the first sum runs over all pairs, and so the complex conjugate is taken care
of by the sum. We will work at ezactly half filling, where we have N sites with N
electrons. We will consider the Coulomb term U to be the largest energy scale, and
indeed to begin with U = oo. In this situation we may only have one electron per
site, though the spin degree of freedom is not chosen. We then use second order
perturbation theory around this state in ¢ to lift the spin degeneracy. However, first
we offer a simple picture to suggest the type of spin interaction that we expect,
before we derive the result. Consider two sites with one electron on each. If the two
spins are parallel, then they cannot hop and so they can’t perturbatively gain the
hopping energy; Pauli exclusion. If the spins are anti-parallel, then we can virtually
hop, paying the energy penalty U, but gaining the hopping energy. We therefore

expect an effective interaction of the form

H=7> 88, (1.2.3)

<jj'>
where S ; is the spin on site j and J is the energy scale of this interaction. This model
is known as the Heisenberg model, and we now derive it from the Hubbard model.
We use the eigenstates of Hy Hamiltonian, and we project out doubly occupied sites;
we never have two electrons on the same site, though we will virtually excite into
this state, provided we end up back with only one electron per site. Note that the

hopping Hamiltonian only hops one way, and so we necessarily must have H? in
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order to hop back. However, if we write second order perturbation theory we get

t2
— g 2L m){m|Hi(n|
m t2 2
= L nlHm)

where the last equality came from the identity operator

D lm)(m| =

which is true for our complete set of eigenstates of Hy, and we use €, —¢,, = —U,

the energy penalty for virtual double occupancy. We therefore write out H?
- S S e
<i'><jj'> ot

In order to stay in the one particle per site subspace the electrons must hop and hop

back, and so we notice that we must have i = j' and i’ = j, so we get

Z Z oG Gc] 1-Cjr (1.2.4)
<jj'> ot
We then use the usual commutation relations on Eq.1.2.4 to find
1= 3 S cloeir [bor = chocye]
<jj'’> ot
We carry out the sum over 7 and write it out explicitly as
Z cjocjg + c 5Cjz — cjac]UcT, Cjlg — c;(,cj;,c;(_,cj(Z

1 2
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We now define the following spin operators

1
i i
S; = sleren =]
_
S;— = Cjo_Cja—,

from which we see that the term labelled with 2 can be written as
Zc cjac Cio = S} S5 4+ S5 S

For the term labelled 1, we explicitly write out the sum over o, and define the

number operator n,; = c}acja

T T o m .
CjoCioCiigCila = MMy + M Mjr|

1
= 3 (gt + ) (g +mngey) + (ngr — ngp) (nge — nge)]

1
= 25755 + SN

where n; = nj; + n;; is the occupation per site, which in the one particle per site

subspace is 1. Finally, we note that
28;.8; = 28755 + S/ S, + S; S},

and therefore we get

1
Hf =2 S;8y -,

<jj'>
and so we recognize that this is the same as the expected Heisenberg model, if we

identify J = 2t . We now comment on this model, as it will form a central part of our

17
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study. We considered the model for the one band Hubbard model, and indeed there
can be (and are) orbital complications. It was also only derived in terms of spin—%7
but it remains the model for large S, even though the interaction could be more
complicated. Another important feature is that the model here is purely quantum,
but we will mostly solve the classical limit of the model. We have the constraint
S%? = S(S + 1), and we shall mainly work in the limit that S — oo, where the spins
become classical vectors in three dimensions under a constraint. It is also important
to note that we derived the isotropic nearest neighbour Heisenberg model, but in

fact more complicated interactions can (and will) be studied. We therefore consider

the more general spin model

oYY ass),

Jj' o

where the labels (7, j') represent the lattice positions, and («, ) represent the Carte-

sian directions of the spins (and interaction strength).

1.3 Solutions to the Heisenberg Model

We now offer some exact solutions to the Heisenberg (some of which have been
offered before [33]), though we will work in the classical limit. In this limit, the
spins are taken to be commuting vectors in three dimensions, and the model is given

by

<jj'>
where Sj is a unit vector on the site j. It is now useful to introduce an important
idea; the Bloch transform which uses the translational invariance of the model to

18
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solve it. We define the Bloch transform as

~ 1 )
Sj=—=) e*g,, (1.3.1)
VN <

where N is the number of sites in the system, and k are so called Bloch momenta.
If we first consider the one dimensional Heisenberg model and substitute Eq.1.3.1

into it, we find

H= JZCOSk‘ SLS_;
k

More generally, in more than one dimension we find
=’ > y(K)SiS
Kk
where (k) is called the structure factor, given by

USSP
(05)
and is a sum over the nearest neighbours to site 0. Note that the interaction is
now diagonal in k-space. For one dimension this clearly reduces to cosk as given
above. In order to minimise the Hamiltonian, we find the minimum of the structure
factor as a function of k which (can) yield the groundstate. The minimum of the
structure factor is clearly also controlled by the sign of the interaction strength .J.
Although we have not discussed it, J can have either sign and need not only provide
anti-ferromagnetism, though it is often hard to explain ferromagnetic coupling as
one expects Pauli blocking to dominate. When J is positive, the minimum in the
one dimensional structure factor is at kK = 7, while negative J puts the minimum

at k = 0. If we now interpret these states from the Bloch transform, it is clear that
19
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when k£ = 7 the spins on each site are of opposite sign, while when k£ = 0 all the
spins have the same sign. It is very important to note here that we have not Bloch
transformed the constraint, but that these two solutions happen to be consistent
with the constraint, but in general this is not true. We now consider a model where

this idea fails.

Figure 1.5: Example of two atoms per unit. The larger circles are on one sublattice,
the smaller circles are on the other.

Consider the one dimensional case, but with two atoms per unit cell, depicted
in Fig.1.5. Although the lines are depicted differently, they will all have the same
exchange strength J. The trick is to generalise the structure factor to a matriz
which represents each sublattice and the relative coupling. We write the Heisenberg

interaction as

H=7Y 7w(k)Si5%

kaao/

where a represents the sublattice index. For the model drawn above, we use a Bloch

transform to find the matrix of the form

1 )
So — ezk(}:u’.j—i-ca)Sa7
R

where ¢, is the vector connecting the sublattices (in general). Here however, we are

performing a one dimensional transform where all the length scales are equivalent,
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and we may therefore make the two sublattices in phase ¢, = 0, but in general one

cannot. This gives us

cos k % +cosk
Yao! (k) =

% + cosk 0
We then minimise the eigenvalues over k to find that the minimum is at £k = 0 and
would correspond to ferromagnetism. However, this solution is inconsistent with
the spin constraint, and is therefore not relevant. One needs a linear combination of

both eigenvectors (which is k-dependent of the structure factor in order to maintain

the constraint. For example, at k = 0, we get the eigenvectors

1++10
1

whereas for k = 7, we have

+1

It is important to note here that this issue is exactly the issue that we will have to
deal with when it comes to solving our magnetic model. If we use reciprocal space,
we must maintain the spin constraint which becomes very difficult, and so we are
forced to use alternative techniques.

Other important features of magnetism are multiple-k and Goldstone modes.
The first is best exemplified on the face centered cubic lattice, and so we focus our

attention there for now. We want find the structure factor on the face centered cubic
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lattice and so we define the following

xr = eik’“‘R’C
y = eikyRy
= eik’sz

From this, we can set up the nearest, and next-nearest structure factor on the lattice

as

w0l b b bl

L[, 1, 1 , 1
+E{x +ﬁ+y +E+Z +;
We then use that
1
r+— = 2cosk,
T
1
2 _ 2
A = 2(2cos® k, — 1),

such that we get

~v(k) = % (cos k, cos ky, + cos k, cos k, + cos k, cos k)

J.
—1—32 (2(:0521@,3—1+20032ky—1+2cos2kz—1)

We now need to minimise this, and in general solve for the J;, Jo phase diagram,

which can be done in many ways. Here, we seek to illustrate the concept of multiple-
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k, so we start with only the J; solution, J; = 0. This gives us
Ji
~v(k) = Y (cos ky cos ky, + cos k, cos k, + cos k, cos k)

We minimise this with cosk, = 1, cosk, = —1, and cosk, = C where C is any
number, and cyclic permutations, which provides a vast degeneracy. We see this
degeneracy in Fig.1.6, where the red line indicate curves in parameter space which are
energetically equivalent. The states which correspond to these are anti-ferromagnetic
planes, which are decoupled entirely perpendicular. This is in fact more complicated
than multiple-k, and we include J, to simplify the situation. If we include the
interaction as ferromagnetic, then we minimise with cos? k; = +1, which stabilises
the points k = {(001), (010), (100)}, seen at the corners of the cube in Fig.1.6. This
state then allows for the formation of a multiple-k structure, as the three ordering
vectors are orthogonal, and as such a linear combination can be set up. The spins
can rotate freely as one of the variables is always free to minimise the structure

factor. Normally a low energy mode is associated with a symmetry of the system; a

Figure 1.6: Red line showing the degeneracy in k-space of the face-centered-cubic
lattice for Ji, indicating the possibility of multiple-k states

Goldstone mode. For example, an isotropic ferromagnetic Heisenberg Hamiltonian
23
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has a well defined groundstate, but it is degenerate to global rotations of all the spins.
This global rotation would then be a zero-energy Goldstone mode, which is the usual
explanation for low energy-modes. However gapless modes can also be described by
the transferal of magnetism between the ordering vectors. For the case of multiple-
k moving spin density between the k leads to low energy modes. These gapless
modes can be confused with the standard Goldstone mode idea, but it represents
different underlying physics. For a multiple-k low energy mode, the perpendicular
components of magnetism become active, and thus the spins can rotate. This is

illustrated in Fig.1.7.

Figure 1.7: Examples of single-q, double-q and triple-q magnetic structures on a
single tetrahedra

1.4 Neutron Scattering

The principal experiment that we study for the magnetism is neutron scattering.
We simply offer the final formula for neutron scattering here, rather than derive the
result. The intensity for neutron scattering Bragg peak at reciprocal wave vector k

is given by
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where S(k) is the structure factor (defined above), F(k) is the form factor and
(1 — (S(k).k)?) is the orientational factor. The orientational factor means we only
see scattering perpendicular to S(k). The form factor provides an overall envelope to
the scattering, reducing the intensity of large k spots, and stems from the spreading
of the electrons in the orbitals. The nuclear scattering only has the structure factor,
and so if the magnetic scattering is at k = 0, then the two sets of scattering are on
top of one another. However, if the magnetism is anti-ferromagnetic, then new peaks
appear when the magnetism orders. The anti-ferromagnetism is then characterised
by some wave vector, usually chosen to be the one closest to the origin. We then
see copies of this peak related by the underlying reciprocal lattice vectors.

An important feature of neutron scattering is that of domain averaging. One
scatters many neutrons off a sample, and so the magnetism is “seen” in every do-
main structure; we therefore observe the average configuration. On the other hand,
multiple-k magnetism is a sum of possible magnetism structures, and so once again
one sees the average. It is therefore very hard to tell the difference between domain
averaging and multiple-k, though the orientational factor may allow one to deduce

the structure.

1.5 Summary

We have provided a summary of some of the basic physics that we will need; lattices,
atomic physics, the Hubbard and Heisenberg models, and some solutions to the
Heisenberg model. The models we will be using will (at times) be more complicated
than the simple nearest neighbour Heisenberg model, as will become clear, though
we always essentially work classically. The notion of multiple-k magnetism will be

present later, while Goldstone modes will be present from the start. We have also
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introduced the main neutron scattering equation Eq.1.4.1, which will be used in the
study of the pyrochlore compounds.

The rest of the thesis is divided in two; low dimensional magnetism and long range
interactions on the pyrochlore lattice. We have introduced the magnetism which
is relevant to both parts, but further ideas will be introduced in the appropriate

sections.
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Chapter 2

INTRODUCTION TO THERMODYNAMICS

2.1 Chapter Summary

We begin with the general model that we attempt to solve, although we only ever
solve the model in certain parts of parameter space. We will introduce the basics of
thermodynamics, particularly that which is relevant to the physics that will be dealt
with later. We will arrive at the partition function, and then discuss magnetic phase
transitions. We then move on to the Curie and Curie Weiss laws, along with some
trivial extensions. These serve as the simplest examples of thermodynamic calcula-
tions for spin physics, despite being purely quantum. Then there is an overview of
the models that shall be studied; the Ising model (as a reference model for transfer
matrices), the plane rotator, continuous Ising, and Heisenberg model. We discuss
what is already known about them, and what we shall be solving. We then motivate
working in one dimension (as is mainly done here), indicating that we can have
some interesting features. We then solve the nearest neighbour Ising model with
an applied field in full, calculating all the thermodynamics properties that will be
calculated for the later models (energy, specific heat, magnetisation and correlation

functions). We will solve the thermodynamics for each of the models in Chapters
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3, 4 and 5, and present the results in Chapter 6 and elect to split the calculations

from the physics entirely.

2.2 Introduction to Thermodynamics

Having introduced the notion of spin physics, we now move on to the thermodynam-
ics of such physics. We will study so called lattice models and we will only discuss
thermodynamics relevant to these models. We will first restrict our attention to ex-
actly solvable thermodynamics before we examine approximate solutions, and solve

models that fall within the following general model

H==" [JSiSe,, + JVSISy,, + Ji S8 ]
- EJ]@SZS:;’W + IR SYSh Ly + TiSiS ]

: —> [B"Si+ BYSY + B*S]]
-y [Of(sgf +CY(SY)? + C*(S5)]

—hchos (pdn) — iLqZCOS (g0,) (2.2.1)
We consider only classical spins parametrised by
S, = (sin @, cos ¢y, sin 6, sin ¢,,, cos 6,,)

The first and second terms are simple exchange interactions, and provide the two
dimensional model in the limit N — oo. The third term is a magnetic field, while
the last three terms are crystal fields. More complicated crystal fields can be studied.

although here we only study models within this general model. We study several
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2.2. INTRODUCTION TO THERMODYNAMICS

models, which we now state including the relevant parameters, seen in Table.2.2.

Table.2.2. Table of parameters in Eq.2.2.1 for various models.

Model JyooJgy Jp Jy Jy Jiy B* BY B* C* CY C* h, hy
Ising 0o 0 o« 0 O O O O g 0 0 oo 0 O
Ising 0o 0 «a O O [ O O 0 0 0 oo 0 0
Plane Rotator a o« O O O O ¢ 0 0 0 0 -0 0 0
Plane Rotator a o 0 [ 0 0 0 0 0 —oc0o 0 0
Clock «a o O O O O B 0 0 0 0 -0 oo 0
Clock a o 0 [ 0 0 0 0 0 —oc0o oo 0
Continuous Ising | 0 0 o« O O O 0 O B 0 0 0 0 0
Plane Ising a 0 0 O O o B 0 0 0 0 —x 0 O0
Plane Ising a«ao 0 O B O O0O 0 o0 0 0 0 —oco 0 O
Heisenberg a o« o 0 0 0O O 0 p 0 0 0 0 0
Heisenberg a o o [ B B 0 0O 0 0 0 0 0 0
XY a«a o« O O O O p 0 0 0 O 0 0 0

When C*% = oo we project on to only up or down, so S7 — o,, as usual for the
Ising model. When C* = —o0, we project into the plane, leaving only the ¢ degree
of freedom. Including h, discretises the ¢ angle, giving p clock ticks per site. The
continuous Ising has both 6 and ¢ degrees of freedom, but only interacts in the
z-direction, while the plane Ising has only the ¢ degree of freedom, but is a related
model as the energetics only depend on the “length” of spin in the X-direction. The
Heisenberg model is isotropic, and whose spins are fully three dimensional. Finally
the XY model also has isotropic spin space, but only planar interactions.

We now introduce the central quantity to the calculations. For the entirety of

the calculations, we work in the canonical ensemble; we have fixed particle number
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2.2. INTRODUCTION TO THERMODYNAMICS

and the temperature is well specified, which in turn specifies the energy as we are in
the thermodynamic. We envisage a one dimensional chain of spins weakly coupled
to a heat bath (at a temperature 7'), with no particles exchanging. We can also
apply a magnetic field which generates a magnetisation, which once again have a
one to one correspondence as we are in the thermodynamic limit.

To calculate, we introduce the partition function. Let us work with discrete states
first, before we move discuss classical models. We will not be working with quantum
mechanics as such, and only deal with thermodynamics for which the eigenbasis is
already known, or the model is automatically diagonal. Let there be a system of N
spins, with ¢ discrete states per site (this idea will have to be modified for continuous
spin models). We therefore have Vv total states, an unfeasibly large number to deal
with exactly and completely for any thermodynamically reasonable N. Suppose
we have a Hamiltonian which acts on any given one of the ¢V states and returns
the energy. We will always be working in the full thermodynamic limit, and so we

introduce the main ideas of thermodynamics. Firstly, we define the entropy by

S=-Y P,logP,,

a quantity which we seek to maximise subject to two constraints

1 =>r
E = ) &P,

n

where P, is the probability of finding the state n, E is the average energy of the
entire system 1 is the normalisation of the probabilities, and €, is the energy of

the state n, which is specified by the Hamiltonian. The sum over n is over all tV
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2.2. INTRODUCTION TO THERMODYNAMICS

states. We therefore optimise the entropy with these constraints, so we define two
Lagrange multipliers 3 (which fixes the average energy) and (log Z — 1) which fixes
the probability. We find

~

BF =S5 —pBE — (logZ — 1)1,
which explicitly is given by
BF ==Y (Plog P, + Be, Py + (log Z — 1)P,)

n

where we have defined the quantity F' which is called the Gibbs free energy. This
quantity we optimise without constraint, which optimises the probabilities under

constraint. We optimise this with % BF = 0 which gives us
log P, = — (¢, —log Z,

from which we find the two main equations

67/6571,
A

Z = Z e Pen

n

P, =

The quantity Z is called the partition function, and is the central quantity to thermo-
dynamics which we shall calculate. We can relate, for example, the average energy

to the partition function, from
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We can trivially write this as a derivative, yielding

~OlogZ
op

(E) =
For any quantity controlled by H = Hy + AH;, we can calculate the average as

1
(Hi) =~ > Hi(S)e I
{s}
_l@logZ
g ox

allowing us to calculate, for example, magnetisation, or correlation functions. The

Gibbs free energy is explicitly given by

F=E-TS,

which we now interpret; the entropy drives the system to disordered states, preferring
fluctuations rather than order. It is the balance of the energy with the entropy which
provides us with an understanding of phase transitions. It is important to note two
key features of the Gibbs free energy; it is always minimised at constant temperature,
and it is continuous though not necessarily smooth. Jumps in the n**-derivative of
the free energy provide n'’-order phase transitions. For first order transitions there
is a discontinuity in the energy which provides a discontinuity in the specific heat.
We will eventually solve the thermodynamics of (some of) these classical models,
always working in one dimension, and we therefore introduce the thermodynamics
of magnetism. Although, as we shall explain later, one dimension prohibits thermal
phase transitions, we begin by discussing magnetic phase transitions in general. It is

known that the Ising model in two or higher dimensions has a phase transition [34], a
32



2.2. INTRODUCTION TO THERMODYNAMICS

Figure 2.1: Sketch of a phase transition, with a) being second order and b) being
first order
point at which a spontaneous long range correlation appears, as sketched in Fig.2.2.

As we cool the system down, the correlations (that are energetically favourable)

Figure 2.2: Sketch of the long range correlation function for the Ising model in two
or higher dimensions

build up, until at some T, they span the entire system, breaking some symmetry.
We can see this as a degeneracy in the free energy; two states with different energies

and entropies become degenerate at Tc,33at which point one takes over from the
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other. At this point, there is a huge amount of entropy available from fluctuating
between the two free energy degenerate states, providing the peak in specific heat,
independent of the order of the transition. There is an important aspect of this
phase transition that has been skipped here. We chose the long range correlation
functions, but in fact a spontaneous magnetisation may appear, but only if we take

the thermodynamic limit carefully. We must have

where (m,) is the average magnetisation at the site r and (M) is the average total
magnetisation. If we reverse the order of these limits, the spin inversion symmetry
means that we cannot have long range order, but if we keep the limit as is, we
can have spontaneously broken inversion symmetry. Note that if we took B — 0~
we would have the opposite sign for (M). A magnetic phase transition is where a
global symmetry is broken and is driven by some collective phenomena between a
large number of spins. If the phase transition is into long range order, then one has
a macroscopic number of spins taking part in the order; a finite fraction compared
to the total number of spins. For other types of order, this fraction may be zero,
though a large number of spins are taking part in the order.

In principle, one can apply some other parameter and move this phase transition
around in temperature, and in some cases it can be moved to zero temperature. At
this point the phase transition is controlled by quantum fluctuations, and one can
investigate the coexistence of quantum and thermal fluctuations near a transition.
In our models, we will also have these zero temperature phase transitions, and we
may therefore investigate the classical fluctuations nearby. Though it is important

to note that the zero temperature transition is first order, and therefore we are not
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2.3. ORDER PARAMETERS AND CRITICAL EXPONENTS

investigating a quantum critical point.

The task we therefore set ourselves is to calculate the partition function for a
given Hamiltonian. To begin with, we will calculate the simplest partition function
for a magnetic system, and derive the Curie Weiss law. The Curie Weiss law is also
a central component for the study of real magnetic systems, as we shall see later. It
is also a quantum calculation, and will be essentially the only example of a quantum

thermodynamic calculation here.

2.3 Order Parameters and Critical Exponents

An important aspect of second order (or continuous) phase transitions is that of
universality. Many different models may have the same physics near the phase
transition; we must have long range fluctuations for a phase transition, and so the
details of the model can become irrelevant here. We therefore need to characterise
the transitions in some way and put the models into “universality classes”. The
best way to do this is define critical exponents; the temperature dependence of some
quantity near the phase transition. The critical exponent is the behaviour of the
order parameter near the transition; a quantity which vanishes at and above T, In

order to define the critical exponents, we first define the reduced temperature

We expect that quantities will diverge like 77% where > 0 is some exponent in the

limit T"— T. We therefore define the following critical exponents

CVNTia
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xX~T1"7

E~17,

where «, 7, and v are the critical exponents for specific heat, the susceptibility and
correlation length respectively. Note that these exponents are for static systems
which will be the only ones we deal with. Many models have the same critical
exponents. It is believed that the exponents only depend on the dimensionality
of the system and of the spin space, and the range of interactions. For the two

dimensional Ising model we have

a=20
_7

77y

v=1

which is called the Ising universality class. Note that v = 0 means that the specific
heat diverges logarithmically.

For the case of our models, we note that to define the critical exponents, or even
the reduced temperature, one requires 7. For the cases where it exists, we will not

know T, and therefore cannot calculate any critical exponents.

2.4 Curie Weiss and Generalisations

We derive the thermodynamics for a single spin in a magnetic field (Curie Law), a
single spin with an average field from one neighbour and an applied field (Curie-Weiss
Law). We then extend the calculation, and find the thermodynamics for a single spin

with two neighbours in a triangle, and three neighbours in a tetrahedron, all with an
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applied field, which is new but trivial. We work up to spin S = %, which amounts to
the case of Cr3*. We are calculating the extensions to Curie-Weiss with a particular
compound in mind; HoyGa,Cr;_,SbO7 [35], in which the chromium forms chains of
magnetic atoms of spins (of length S = %) The style of the chains depends strongly
on the doping x. For x — 1 the chromiums are very dilute, and so magnetising
the sample produces a weak Curie effect. When x is decreased, the chromiums may
become magnetically correlated with the Heisenberg, but the coordination number
is not known. One only observes the average coordination number for the entire
sample. We therefore calculate the relevant Curie-Weiss laws for the geometries
encountered in the compound, so that one could fit the susceptibility with four free

parameters, which generate the average coordination number.

2.4.1 Curie Law and Curie-Weiss Law

We begin with a single spin in an applied magnetic field. We use the Z-axis as the
applied field, and quantise the spin in this direction. We have a spin of length S, and
therefore have 25 + 1 states to sum over. We can trivially write down the partition

function for this, giving us

s
Z = ZeﬂB”

n=—S5
sinh BB(S + 1)

sinh BTB

To calculate the magnetisation we use

_10logZ
8 OB

(M) =
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= a(s e DY o (s (54 1)) - Leon () aan

For the case of B — 0 we expand the magnetisation, giving us

_ BBS(S+1)

(M) = 22

We then calculate the inverse susceptibility, yielding

3T
XTS5y
which is known as the Curie Law. We next include a mean field interaction stemming

from nearest neighbours. Consider a general pairwise Hamiltonian over some range

H=-) S(R)JR-R)SER)
RAR/
We use mean field theory on the interacting part. One calculates the self consistent
response from a test spin feeling a constant field from the neighbours. We therefore
choose a spin S(0) say, and calculate the average of the local exchange stemming

from the surrounding neighbours (the exchange field)

H=$5(0).) SR)J(R)

R#0
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where (M) is the magnetisation that we are attempting to find as a function of

applied field and temperature, \ is the coordination number, and

Jo= Y _ JR),

R£0

the average of the interactions. For exchange interactions, we expect this to simply
be sequence of interaction strengths which become exponentially small. We calculate

the partition function giving

S
7 - Z eﬂBn+6Jo)\<M>n
n=—5

sinh BB(S + 1)

sinh %

Y

where 3B = B + SJoAM). We find that the magnetisation is given by the same
expression as before in Eq.2.4.1, but with the substitution B — B. At high tem-
perature, it is clear that the magnetisation is proportional to the applied field, and
so taking the limit B — 0 is equivalent to B — 0. This will not be true for all
temperatures (as we shall see), but at high temperature is a valid assumption. We

find (after re-arranging)
BS(S+1)
3<T N )\Jos:gSJrl))

(M) =

From this we may write the susceptibility as

AJoS(S+1

where T, = 3 ), the Weiss field, which provides an offset in the linear relation

between inverse susceptibility and temperature. Physically, one applies a magnetic
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field which polarises the sample slightly; Curie’s law. Internal interactions then
interfere with this. If the interactions are ferromagnetic then the response is larger
than one would expect, and if they are antiferromagnetic the response is smaller.
This field is called the Weiss field and we can attempt to find the average interaction
between spins from this. Practically, one uses the slope of the inverse susceptibility to
find the length of spin, and the intercept to find the mean field average interaction.
However, we can calculate much more accurately the offset to the Curie law, by

considering specific cases of (different geometries of) spins.

2.4.2 Extensions to the Curie Law

Let us begin by denoting the partition function for the Curie law by Z! as this will
make generalising more obvious. We begin with a spin in a magnetic field, with one
nearest neighbour. For two spins, we seek to include a Heisenberg interaction, and

so we use the result
a & J I a & & & a2 &2
H= 78081 = 5 |(80+81)-(S0+81) - 87 - sl] ,

where the last two terms do not contribute to the thermodynamics, as they are

cancelled out when we take log Z. Thus for the partition function we have

9

72 _ Z oPBB(S5+57)+5 (80+81).(S0+81)

{80,811

where we must sum over all the states, and controlling this sum is the aim. For two

spins, it is particularly easy. We note that the interaction is the form of T.T for
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some spin, and thus we use the S basis to represent the summation, given by

25 T
72 _ Z Z oPB(S;+55)+ 5 T(T+1)

T=0p=—T
_ i sinh (6B (T + 1)) BT
T—0 sinh (ﬁTB)

For the case of chromium, we have S = %, and thus four terms in the sum, explicitly

1 36B 56B 8B
77 =1+ ——— 3B\ (sinh (ﬁ—> ¢?’ 4 sinh (ﬁ—> e*’ 4 sinh (ﬁ—) 66/6‘])
sinh (22) 2 2 2

The magnetisation per spin is given by

_ 1 0logZ?
"2 E T8 0B

and in the limit J — 0 must agree with the Curie Weiss magnetisation

_10logZ
B 0B

myp =

Similarly one can calculate the partition function for the triangle, but more care is
needed to calculate the partition function, as we have the sum of three spins, and

there are therefore multiple representations of each S} ,,, state. For § = % we have

tota

05 1 2 2
1 1
2 1 1
3 2 1
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Magnetisation with one nearest neighbour

— B=1,7=0.0001
—— B=1,71=01
— B=1,7=10

B=1,1=200
— B=1,1=0

Magnetisation

0E -

04

02

0o

Temperatuce

Figure 2.3: Magnetisation including one neighbour.
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Along the top is S}, ;, and going down is the number of spins being added together,

total’

and the number is the number of representations of that particular spin state. For

S =1 we have

012 3 4
1 1
21111
31 3 21

4 3 6 6 3 1

and for S = % we have the ever more complicated

N[ =
v

2 1 1 1 1 (2.4.2)

3
4 4 9 11 10 6 3 1

>
>

>

>

>

>
<

S, = E(S0+S1+Sg).(so+sl+é2)—S%—Sf—sg,

which leads us to the partition function given by

73 _ E: PB(S5+57+55)+ 5% (80+81482).(80+81+82)

{S0,51,81}
3S

T
= D0 > R ()

_ 1 p—=_
T=3p=-T
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Figure 2.4: Magnetisation including two neighbours.

where ¢g(7) is the number of representations for each given 7', given by the table

above for S = % in Eq.2.4.2. Once again magnetisation is obtained via

1 0log Z®
33 0B

ms

and we compare to the Curie-Weiss in the limit J — 0. For the tetrahedron we

have essentially the same result, given by

Z4 — f: sinh (ﬁB (T—)i_ %)) ET(TJrl)g(T)’

; 8B e?2
= sinh (7
with
1 9logZ*
"M oB
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Figure 2.5: Magnetisation including three neighbours.

If we calculate the magnetisation for a given problem, we would get us the fitting

procedure

M =my (8, B) + asms(B3, B, J) + azms(8, B, J) + axmu(6, B, J),

for the magnetisation, though fitting the inverse susceptibility is not as clear. Note

that we can also calculate the susceptibility from these, given by

om,,

=5 (2.4.3)

Xn =

and fit these term by term, but fitting the sum of contributions to the inverse
susceptibility is clearly more difficult.
We have calculated the average magnetisation for a single spin in a magnetic

field, two spins in a line, three spins in a triangle and four spins in a tetrahedron
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Figure 2.6: The simplest domain wall for a ferromagnetic Ising model in one di-
mension

all with a Heisenberg interaction. These are the simplest calculations of a partition
function for magnetism, but it really serves to indicate how Curie Weiss law works.
To use Curie Weiss, one simply uses high temperature in the inverse susceptibility
to predict the intercept; if it is negative (positive) then we expect ferromagnetism
(antiferromagnetism). The slope of the line also gives the size of the spin, indicating

the average charge state on the magnetic ion under consideration.

2.5 Overview

Here we discuss the known features of the models that we solve, and attempt to

motivate our study into one dimension.

2.5.1 Overview of Models

We will solve the exact thermodynamics of several one dimensional models. We
will introduce the Ising model [36] to motivate the use of transfer matrices (which
will become transfer functions for the continuous models) using only the standard
techniques to solve the basic J; —Js model. The Ising model is known to have a phase
transition in two dimensions, where a spontaneous magnetisation appears with only
nearest neighbour interactions. It serves as the archetypal model of a magnet, whose

thermodynamics are fully understood in one and two dimensions. The excitations
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are well defined domain walls, as seen in Fig.2.6. In one dimension, it is clear that
there are N (or N — 1) bonds for the excitation to delocalise on, providing —7 log N
for the entropy. The energy penalty for one domain wall independent of position is

2J. The free energy is therefore

F=2J—-TlogN

Thus the one dimensional Ising model always has domain walls in the thermody-
namic limit at any finite temperature, destroying order. This argument is true
for other one dimensional models, whose excitations are always present due to the
macroscopic entropy and a finite energy penalty.

The two dimensional Ising model is the first exactly solvable model of a magnetic
phase transition. It was known to have a transition at 23, = log(1 + v/2) [34, 37]
via duality, before Onsager provided the exact solution [38] and Yang provided
the formula for the spontaneous magnetisation [39]. Many generalisations of the
model are exactly solvable including the n-vertex (n = 2 [40], n = 8 [41]) and the
Potts model [42]. For the two dimensional Ising model, the excitations are short
range domain walls, where once again the entropy scales with the number of bonds.
However, the energy term does depend on the structure of the domain wall, leading
to the phase transition where the temperature becomes sufficiently high to overcome
the domain penalty. At low temperature we have a single dominant (macroscopic)
domain which provides the magnetic order. For the particular case of the Ising
model, we heat the system up, and domains of the opposite magnetisation start to
grow. At the phase transition there are equal amounts of both domains, but both
domains exist over the entire sample. As we heat further, the domains shrink into

tiny patches, but we still have equal amounts of both such that there is no symmetry
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broken overall. It is the balancing of energy penalty to entropy gain which is at the
center of all phase transitions in thermodynamics.

For the continuous models, we begin with the plane rotator model, or two di-
mensional XY-model. It is based on the standard XY-model, but the spins are
constrained to only point within a plane. This model has received a huge amount of
interest in two-dimensions due to its interesting ordering properties [10,43-47]. The
Mermin-Wagner theorem [48-50] prevents long range order due to the isotropy in
spin space. The low energy excitations of the model are very large scale variations
of the magnetisation vector due to the isotropy of the model. However, the model is
proven to exhibit power law correlations for sufficiently low temperature [20], indi-

cating that there must be a phase transition of some sort. There are three options

672
lim <Sosr> = 7% y
A

where A is a constant. If we get a power law then

. 1
lim V(S(O)./dr S(r) — 0

V—oo

Although there are an infinite number of spins involved with the correlation, there
is not a macroscopic fraction, and so we do not get long range order. A new type of
mechanism was required to produce a phase transition from the state with no long
range order (power law correlations) to a state with no long range order (exponen-
tial correlations), and Kosterlitz and Thouless provided a possible explanation [50].

They showed that the low energy excitations of the effective model were vortex anti-
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vortex pairs. At low temperature these vortices would be bound pairs, but at some
temperature, the BKT-transition, the bound pairs would unbind and extend to in-
finite range, destroying order. Intuitively, the logarithmically interacting vortices

provided the same free energy contribution as the free energy, viz

F=FEylogr—"Tlogr

where Fy is the energy of the vortex anti-vortex pairs, and 7 is the separation, and
so expect a transition at 7" = Ey to unbound vortices, where the entropy demands
that they extend to long range.

The J; — B model has been approximately solved in one dimension and two
dimensions [10]. Here, we solve the J; — Jp and the J; — J; model.

We will then solve the so-called continuous-spin Ising model [51], or (“pseudo”
Ising model [52]). Very little literature exists on this model [51,53,54], although it
is known to have a phase transition in two or higher dimensions [55]. Monte Carlo
analysis on this [52] finds a phase transition, and the authors believe it to be the
same as the Ising model but with a reduced T,.. Here, as with all the models, we
will only work in one dimension, and provide the exact solution to the J; — B model
before attempting to find approximately the two dimensional limit. This model is
the same as the regular Ising model, in that the spins only interact in the z-direction,
although the constraint ¢ = %1 is relaxed to ¢ € [—1,1], such that the spins are
fully three-dimensional. The excitations are again local domain walls, and so one
would expect a transition in two-dimensions just as in the Ising model though the
fluctuations affect where the phase transition takes place. The model has the ability
to weaken the magnetisation component (by fluctuating locally) as well as setting

up domain walls.
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We finally move on to the classical Heisenberg model. This model has received a
large amount of attention as it is central to the study of isotropic magnetism [56-59].
In three-dimensions, it is proven to have a finite transition temperature [60-62], while
in two-dimensions Mermin-Wagner suggests that there should be no phase transition
[63,64] at finite temperature. This is due to a divergent number of low energy (or
low momentum) excitations which are presumed to prevent the system from finding
the ground state other than at zero temperature. Frustrated J; — Jo models are
believed to have a transition if the appropriate Ising variables are examined [65].
In one dimension, the thermodynamics for some models have been exactly solved;
for example, the nearest neighbour zero field partition function has been known for
a long time [57|. Including a field has been done infinitesimally [56] in terms of
Wigner-3;5 symbols, and later numerical studies have provided the calculation for
finite fields [66]. Finite clusters with arbitrary internal interactions have also been
solved exactly by direct integration of the partition function [67]. Here we provide
the solution to the J; — B and J; — J; model.

In summary, we will provide the solution to the continuous spin Ising model with
nearest neighbour interactions and a field, the J; — J; Heisenberg and plane rotator
models, along with correlation functions for all models. The continuous Ising model
has never been studied in detail, and correlation functions for the two continuous

models have not been found before.
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2.5.2 Motivation for One Dimension

Before we motivate one dimension, first we specify what we mean by one dimension,

as we use a slightly subtle definition. We will be considering models of the form

H= " SjoiadiviiizdsSitdyin
J1,41,d2---3Y

where d will define our dimensionality. We will only be studying short range interact-
ing models when we study the thermodynamics, and so we only define dimensionality
for short range models. We also only work in the thermodynamic limit, and therefore
only discuss with reference to that here as well. There exists a way of labelling the
sites such that the effective geometry has the bonds over a minimum range |j — j'|.
We then use d and only d indices in order to label our lattice. If we use more la-
bels, then we create a bond over an infinite range, which means we do not have the
correct effective geometry. With this definition, one dimension becomes a lattice for
which all bonds are short range, and there exists one infinite direction and one finite
direction such that the aspect ratio is zero. Domain walls may then stretch across
the side with finite length with a finite energy cost and then delocalise along the
longer direction to gain from entropy, wiping out order at any finite temperature.
In two dimensions, the effective geometry is two infinite directions with a constant
aspect ratio, such that domain walls may not stretch across the entire system. In
this way phase transitions are not strictly prohibited.

While there are no finite temperature phase transitions in these models, one di-
mension may still exhibit crossovers. We may therefore find phase-diagrams, where
we associate phase boundaries with the one dimensional analogue of phase transi-

tions. For example, in the fully three-dimensional compound spin-ice, one observes
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a standard crossover, where entropy comes out smoothly across a temperature re-
gion, and we go from a collection of states to a smaller collection of states. For
the particular case of spin-ice, this crossover is from all Ising spin states in the py-
rochlore lattice to the states only satisfying the “two-in-two-out” ice rule for each
tetrahedron. For these one dimensional models, a distinction should be made; we are
observing what would become the phase transition in higher dimensions, but is not
allowed. In one dimension, the state at high temperature is the disordered state, and
at low temperature it is still a disordered state. However, at low temperature, one
may have very large regions of the two dimensional groundstate (antiferromagnetic
or ferromagnetic), but a domain wall is necessary, preventing full long range order.
For example, the Ising model exhibits a broad peak for one dimension, which goes
from the disordered state to one that mimicks the ordered state but is not allowed
to have long range order.

We are also permitted zero temperature transitions, and so we can investigate
how temperature affects these. These one dimensional models also offer the one- to
two-dimensional crossover if we have one local and one non-local interaction. We
will provide some calculations to this effect, as they provide a technique to limit to
two-dimensions where phase transitions are permitted. However, most of the work is
done in purely one dimension here. It is also worth noting that one dimension may
have phase transitions, if the model is non-local (mocking up higher dimensions),
and contains no continuous symmetry. For example, the Ising model with a single

weak long range interaction [68], given by the Hamiltonian

H= —JZananH — % Z TnOm

n>m
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2.6. TECHNIQUE OVERVIEW

in the limit N — oo has a finite transition temperature given by

A

c

il

Transitions are permitted in one dimensional non-continuous models, if the exci-
tations (and associated entropy) are non-trivial. However, given the definition of
one dimension above, we would not consider this a strictly one dimensional model,
and in fact using long range interactions to create non-trivial excitations is a way of

investigating the one-to-two dimensional crossover (see Chap.7).

2.6 Technique overview

There are many techniques available to calculate (or approximate) the partition
function and therefore the thermodynamics, such as series expansions (in some small
parameter), renormalisation group, transfer functions, and Monte Carlo. We will use
transfer functions, which are related to transfer matrices, but are used for continuous
spin models, and Monte Carlo as a cross check for some of the calculations.

A series expansion (or high temperature) expansion is typically simply a Taylor

series of the partition function

(s = (—BH(9))
Z:Ze[z ():ZZ( 5]9!( )

{s} {s} p=0

We then calculate the series term by term. This technique prohibits the calculation
of the partition function at the phase transition, but it may be calculated close to
the transition, and therefore may be used to get close.

Numerical simulation is used to calculate the dynamics of the system, sampling
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phase space in order to “mock-up” the partition function. These techniques are
often used as they are relatively easy to calculate with, but offer no exact results.
We will use Monte Carlo briefly as a cross check for some of our calculations, but
will not investigate using this technique.

Finally, renormalisation group is a technique which uses the idea of universality.
Near the phase transition, it is expected that the microscopic details of the model
are not important, and that the physics is only dominated by long range effects (as it
must be for a phase transition to occur). Therefore, many models are controlled by
the same underlying physics, and one can attempt to classify the various models into
ones which behave the same; universality classes. Renormalisation group rescales
the parameters (or variables) in such a way to indicate whether there will be a finite
temperature transition, which parameters are important at the transition, and the
power laws near the transition of quantities. It is usually calculated on a field theory
which corresponds to the original lattice model, although for some models (like the
Ising model) one can use decimation to calculate on the original model. We will not
be using renormalisation group at all, but will use classical field theory to calculate

the low energy excitations of some of our models.

2.6.1 Discrete Spin Models and Transfer Matrices

To calculate the partition function for a discrete spin model, one attempts to calcu-

late the following

7 — Z e—BH(S)7

{5}
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where the summation is over all possible states {S} and H(S) is the Hamiltonian,

which gives the energy of the state S. Quantum mechanically one would use

Z =7 (nle="n)

for some complete set of states |n), which could be the eigenstates of the Hamil-
tonian. Note that one must control the operator nature of the Hamiltonian in the
exponential, which means that using the eigenstate of the Hamiltonian is, as far as

is known here, the best choice if available, yielding

Z = Z e Pen

Obviously, both here and in the classical discrete spin case, we have an exponentially
large state space to sum over. The summation yields ¢V terms in the sum for N
spins with ¢ degrees of freedom per spin. The partition function yields the relevant
thermodynamic quantities via differentiation (of the partition function itself or the

logarithm of the partition function) from

e Pt =7 (2.6.1)
which gives us
dlog Z
E) = —
(E) o
_ 9B
@ = or
10logZ
<M> _B aH H—J—I*7
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2.6. TECHNIQUE OVERVIEW

where H* is usually 0 representing the zero field magnetisation, although H* is
general. We elect to work in one-dimension here, which yields a unique way of
factorising the partition function into transfer matrices for finite range interactions.
We can in principle solve arbitrary range interactions, though the transfer matrices
themselves grow. We will go through the method of transfer matrices for the simple
case of the Ising model later and only offer an outline here. The method turns the
summation over states into matrix multiplication, and so, for periodic boundary
conditions, we can write the partition function as

Z:TTHT—>)\6V<1+()\—1) +<)\—2) +>
0 0

n=0

where T is the transfer matrix, from which we define
Tln) = Anln),

A, is the n'" eigenvalue, and ), is the largest one. Using this decomposition, we
see that if \g > Ay > Ay... > 0 then the partition function is dominated by the
largest eigenvalue. Moreover, if we are in the thermodynamic limit, then the largest
eigenvalue is ezactly the partition function, containing all the details of the thermo-
dynamics. This will be the limit that we always work in. The free energy per spin,

in the thermodynamic limit, is therefore

1

F=
5

log \g
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Using the transfer matrix technique yields normalised expectation values for opera-

tors A as

and correlations as
(0150775, ]0)

oS = oo

p>0

for a given type of spin S.

2.6.2 Continuous Spin Models and Transfer Functions

When considering continuous spin models, the summation over the states in the

partition function becomes an integral over parameter space. In general one has

Z = / dre’ﬁH(r),
RprN

for an N particle system, where RV is the relevant N dimensional parameter space
with p degrees of freedom per site, and r is the relevant p/N dimensional vector.
Historically continuous models were first studied by Fischer [9], who found that the
nearest neighbour Heisenberg model was exactly solvable, which turns out to be
a general result for the isotropic models that we will study. This is the first use
of transfer functions for solving thermodynamics, which is the technique that we
apply. Other nearest neighbour continuous models may be solved in one dimension
using transfer functions, namely the plane rotator [10,69]. Here we extend these
calculations to the inclusion of a magnetic field, and a second neighbour interaction
for some of the models.

We consider the particular case of a one dimensional lattice, with quadratic

pairwise interactions of finite range (or linear interactions on single spins), with a
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translationally invariant interaction (which can, in principle, be relaxed). We also
consider classical spins which we parametrise via two angles to maintain the spin
constraint

S, = (sin 6, cos ¢y, sin 0, sin ¢,,, cos 0,,)

For the plane-rotator model the spins are two-dimensional, given by

S, = (cos ¢, sin ¢, 0),

where we have constrained 6, = 5 on all sites. Using the 3-dimensional spin space

for now, we find the partition function as

/ dSy / Sy / 080 511(4(8,.-80)) - M (6(Sr1-80)  -H(5(Gx-Sx-0)
ir ¢ ’

where the Hamiltonian H(g(...)) is a function of a function of a finite number of
spins n. We can perform the integrals one at a time if we solve the following integral

equation

do d a
O Brri O ) = / °/ 900 0701189 (6, 603 by ... ),

where H is the local part of the total Hamiltonian, which has pairwise interactions
up to some range n+ 1, and may have single spin interactions (like a field). We have
to include appropriate boundary conditions on the eigenfunctions f(x), although in
the thermodynamic limit these are never important. In this limit, the application
of the integral operator a large number of times forces the eigenvalue (and relevant

eigenvector) to converge to the largest one (the power method). If the integral
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operator satisfies the eigen equation

then a large number of applications of the operator projects us onto the largest

eigenstate. In other words

KV = 2N o) (1holib),

which in the thermodynamic limit turns into an equality. Thus we find the largest
eigenvalue of the integral equation, which yields the partition function (and therefore
free energy per spin) through % log Z ~ log z where the approximation is due to the
boundary conditions (which in the thermodynamic limit becomes an equality again),
and will be dealt with in more detail for the cases of particular models.

Once again, expectation values and correlation functions may be calculated. One
wishes to calculate correlations in exactly the same way as Eq.2.6.2, except the spins
are vectors, and so one must transfer the spin the relevant number of times to get the
correlation function at range p. If we want the long range correlations, the transfer
of this spin converges to the largest eigenvalue of the new operator. We will therefore
use the method of transfer functions (or transfer matrices) to solve one-dimensional

factorisable models.

2.7 Ising

We begin with the regular Ising model in one dimension. This has discrete energies,

so the transfer integrals are not relevant, but we start here to introduce the basic
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ideas. The model is given by

H= —J20n0n+1 — BZO’n,

where o = £1, J can be positive (negative) yielding ferromagnetism (antiferromag-
netism), and B is the applied magnetic field, polarising the spins. We begin with this
model (despite it being very well known) to simply illustrate the calculations which
will appear later for the more complicated models. There will be no improvements
in understanding from applying the technique to the one dimensional Ising model.
For negative J with B # 0 we can examine the simplest possible case of frustration.
This model is relatively simple to solve, but serves as a useful starting point for the
idea of transfer matrices. The partition function for open boundary conditions with

N spins is given by

7 — Z G—BH(W’/)7

{o}
where H (o, 0’') is the pairwise Ising Hamiltonian, and {o} means a sum over all pos-
sible configurations (2V) of the spins. We notice that the Hamiltonian is factorisable

(there are many choices of this, so we choose the symmetric one here).

B B B B B
H= - 500~ [500 + Jogo + 501} - [501 + Joyoy + 502
B +J + B b
2CTN—1 ON-10N 20N 20N,

for open boundary conditions with N + 1 spins. The partition function, which is the

exponential of the Hamiltonian is therefore a product over each element, given by

N

H Vo'no'n+1

n=0

BBon
e 2z

BBog
Z = E e 2

{o}
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where we have defined the following

@Bo" / BBo
Vg =€ 2z 777792

The extra terms in the partition function cater for the missing terms in the product.
We now recognise that we can turn the sum over spin states into a sum over elements

of a matrix if the elements of the matrix take the values from the summation.

2= "N Voor S Vira -

op==%1 o1==x1 oo==+1

We re-write the product as matrix multiplication as follows

Vig Vi Ut

E VUJ’ Vg —

o=+1 Voo Voo v_
In matrix notation, we get the following transfer matrix

eﬂJJr,@B 67/3]
Voa" =
o8 oBI-BB

Every time we multiply by another V, we perform one of the summations. We want
to sum over NV 41 variables, and so we set up N matrices, along with two vectors at
the edge (due to the open boundary conditions). We now diagonalise the transfer
matrix, which we shall do in general here, as the basic idea will be used extensively.

We create the unitary matrix whose columns are the (normalised) eigenvectors of

the transfer matrix V'
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for an m x m problem. We then write that

VU = UD

—V = UDU™!,

where D is the diagonal matrix containing the eigenvalues z; of V. To calculate the

partition function, we need to multiply NV of these matrices together, giving us

Z = L [ubu~]"R

= L'UDNU 'R,

where L and R are the vectors which are left over when dealing with open boundary

conditions. We then use that
D = diag[zo, 21 - - - Zm),

which, when we raise to a large power, tends towards the largest eigenvalue. For the

Ising model, which is currently 2 x 2, we have that

N
BB
zg O e 2
BB BB —
Z:|:ez 6_2:|U U! |
0 = ez

where U is the relevant unitary transformation to diagonalise the transfer matrix.

This yields the partition function as

7~z e P = ap,
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where 29 and z; are the larger and smaller (respectively) eigenvalues of the transfer

matrix, given by

2z = €% cosh BB + /€28 (sinh 3B)? — e~287

21 = €%/ cosh BB — \/e?3/ (sinh fB)2 — 287

The extra term in the partition function is from the boundary, but when we calculate
the free energy per spin, it does not contribute as it does not scale with N. Thus

the free energy per spin is given by

] N
F = 5 log |€? cosh BB + /e?3/ (sinh 3B)2 — 6_2/6‘]] +0 (%) ; (2.7.1)
<0

where the last term vanish completely in the thermodynamic limit. We plot the
partition function in Fig.2.7 for the simple case of J; = 1 and B = 1. This indicates
that the partition function simply exponentially grows at low temperature which is

clear from Eq.2.7.1. The partition function for a periodic system is given by

7 = Tr e @) — yN

where H(o,0’) is the pairwise Ising Hamiltonian, and T is is the transfer matrix.
Note here that we have no edge terms and so the free energy is the same as the
open boundary condition case. We can now calculate thermodynamic quantities
via differentiation of the free energy. We calculate these quantities now to give

indications of how they look. The average energy is given by

_or
op
63
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Figure 2.7: Partition function per spin for the Ising model with J; =1 and B = 1.

For the case of the Ising model, we have an explicit representation of the partition
function, and so direct differentiation is possible. Later on, this will not be possible.
We see in Fig.2.8 the energy of the Ising model with J; =1 and B = 1. We see a
smooth function of temperature (as expected for one dimension). We may also find
the specific heat, the derivative of the energy with respect to temperature, seen in
Fig.2.9. Once again a smooth function in temperature, with a smooth peak around
T = 1. More discussion and interpretation of the form of these graphs will be given
later when we calculate them for the continuous models. We also calculate the zero

field magnetisation, given by

(M) = _l@logz
N ﬁ 3B B*)O’
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Figure 2.8: Energy for the Ising model with J; =1 and B = 1.

Figure 2.9: Specific heat for the Ising model with J; =1 and B = 1.

which is given later on in Fig.6.27, as we will use it later. We may also want the

(normalised) correlation function of the spins, given by

(00"

—BH

> oy 000Re

85— ,
A

<‘70‘7n> =
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which we can calculate using

(a|TNoV"oT|a)
(a|T2N+|q)

(o00n) =

n

:
= (0jo—0c]0
(0lo—-1),

where ¢ is the Z-component Pauli matrix

We plot the spin-spin correlations in Fig.2.10, for several values of distance. We
see the expected saturation at low temperature, with the reduction in correlations

as the temperature is increased as expected. Using transfer matrices, we can also

Figure 2.10: Spin-spin correlations for the Ising model with J; =1 and B = 1.
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consider longer range interactions, such as the J; — J; Ising model

H=-J E OnOnt1 — Jo E OnOn+2
n n

To solve this, we use a “floating basis”, in which we use the next spin to define our
local z-axis. As we only have Z, symmetry, this amounts to redefining “up” and

“down” at each stage. The mapping is given by

Tn = OnOn+1, (272)

which makes use of the spin inversion symmetry of the Hamiltonian ¢ — —o. Using
this mapping, we map the longer range model onto the field, if we identify J; < B
and Jy < J. For the Heisenberg and plane rotator models, using this change of
z-axis is very useful and allows us to solve the more complicated models in the
same way. This is a generic and known feature of models where the spin symmetry
and Hamiltonian symmetry are in the same class. We reduce the range of the
interaction by one using this trick, so the matrix goes from 27 x 2P — 2P~1 x 2p~1
for an interaction of range p, although in general this transformation is unhelpful as
it generates a p-particle interaction.

We have therefore found the partition function for the Ising model in the thermo-
dynamic limit. The importance of this is the use of transfer matrices, which will be
used judiciously (although as transfer functions) in the continuous spin models. The
various thermodynamic quantities (that shall be studied later) have been plotted to
indicate their form, and how to calculate them. We will extend the calculations to

investigate the physics, however the calculations themselves will always be the same.
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2.8 Summary of Following Sections

In the next four chapters, we will solve the thermodynamics for three models and
present the results. In Chapters 3, 4 and 5 we will solve the mathematics of the
thermodynamics of the plane rotator model, the continuous spin Ising model, and the
Heisenberg model respectively. We will provide the method of finding the partition
function, and all basic thermodynamic quantities for each model in turn, though we
will offer no discussion of each model. In Chapter 6 we will discuss the results of
each model. We will provide the “phase diagram” for each one dimensional model
(though first we clarify exactly what we mean by phase diagram in one dimensional

models), and discuss the magnetisation of each model under a weak applied field.
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Chapter 3

PLANE ROTATOR MODEL

3.1 Chapter Summary

Here we provide the solution to the J;-B and .J;-J5 plane rotator model which has
not been calculated before. Although the model has been studied before using trans-
fer functions [10], the solution was only provided for zero field and nearest neighbour.
For the zero field case, the eigen function of the transfer equation becomes a constant
for this model, but here we solve the equation, which allows us to solve both J;-B
and J;-J;. We first show how to represent the partition function as the solution
to an eigenvalue problem. We provide a low and high temperature expansion of
the eigenvalue problem, before solving the equation directly. For the plane rotator,
we solve the eigenvalue problem in reciprocal space, expressing the problem as an
infinite dimensional matrix of Bessel functions, which can be truncated due to their
convergence properties. We then show how to calculate the thermodynamics prop-
erties from this eigenvalue. We provide the results from the model in Chapter 6,

along with the other models, in order to separate the mathematics from the physics.
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3.2 Partition Function for the Plane Rotator

3.2.1 The Transfer Equation

To introduce the idea of transfer functions, the analogue of transfer matrices for
continuous spin models, we study the plane rotator model, or two-dimensional XY-
model. We study the one dimensional version, with nearest neighbour and next-

nearest neighbour interactions, given by

H=—J; ) [SeSe +SUSi,]— T [SeSt,+Susy.,]

n n

If we had fully three dimensional spins, then this would be the XY-model. However,
we elect to work with only one degree of freedom per site and investigate the plane

rotator. We therefore parametrise our spins with
S, = (cos ¢, sin ¢,,, 0) ,

yielding
H= _Jl ZCOS(¢H - an—&-l) - J2 ZCOS<¢H - ¢n+2)

Note our unconventional choice of sign for the parameters. For J; only, we have
positive (negative) J; yielding ferromagnetism (anti-ferromagnetism). This choice
of sign simply makes the analysis easier. We wish to calculate the partition function

given by

z= [Dlgje
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where we integrate over all parameter space. We can write this integral explicitly

as

/ ) / g / AON 5.1 3, cos(bn—on 1) 482 5, cos(bn—on+2)
o

for an open chain of N spins. We begin with a change of basis, as this makes the

analysis slightly easier. We introduce the floating basis, with

’an = Cbn - Cbn—la

which is the relative angle between the spins. We can do this as the Hamiltonian
only depends on this difference, and not the absolute angles, and we have a closed
integral. We are integrating periodic functions over a closed angle, and thus we
can change variables in this way without worry. This transforms the full partition

function into

/ / dwl / d¢N ! P 2y cos(Yn)+B8J2 32, cos(Pntint1)
o

Note that the new Hamiltonian is the same as if we’'d started with a nearest neigh-
bour interaction and an applied field in the plane of the spins. This analogue is true
for the Heisenberg model too, if we make the change of coefficients J; <~ B and
Jo < J1. We now notice that, just as in the regular Ising model, we can factorise

the Hamiltonian as

J J J
H = 51 cos g + Jo cos(tg + 1) + 51 cos + ... 51 CoOsYn_1, (3.2.1)
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which allows us to factorise the partition function into

™ N-2 ™
7 = / dwal 65% Cos YN —1 H / dwn 6% cos Y +BJ2 Cos(wn+¢n+1)+% COS Ynt1 6% cos g
x 27 o Lew 27

We then notice that we can represent this as a transfer equation. Consider the

integral equation

fn+1(¢n+1) = / %66? cos Yn+0J2 cos(¢n+wn+1)+% COS Y1 fn(¢n)
i

or fop1 = K(fn)a

where the bottom notation is symbolic, meaning we have an integral operator K
which acts on the function f,, and transfers it. To return the partition function, we

apply this integral operator NV — 1 times, and thus we have

,_ /n dq/fol 65% Cosd,N_lKN,lfO
2T

—T

We then use the idea that the application of this operator a large number of times

will converge to the largest eigenvalue
~ L zN
KNf = Z(])V Zanzi]\[ 5
n=0 0

with 29 > 21 > ...z, > 0 for a p dimensional operator, which here is infinite
dimensional for some boundary function f. The boundary conditions fy and fy_;
do not play a role in the thermodynamics, as in the regular Ising model because

they do not depend upon N. Thus, we can neglect the overlap coefficients a,,, and
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simply solve the eigenvalue eigenfunction problem

" d¢ B cos cos N BIL cogqp
R () (322

o 2T

This approach is ezact in the thermodynamics limit N — co. The boundary terms
which do not play a role numerically do control the functionality of the eigenfunction.
If we have only next nearest neighbour interactions then the eigenfunction must be

a constant. This is clear as

B
fo= ez,

and so if J; = 0, then we simply have a constant. For this case, we find a particularly
trivial eigenvalue as

T d
z2(J1=0)= / %ewmow = By(8J2),

—T

where By is the zeroth modified Bessel function of the first kind; see Appendix.A
and has been found before by [10]. Note, that if we only have a nearest neighbour
interaction, we have the same partition function, as we do not use the floating basis,
and thus Z(Jo = 0) = By(fJ1). It should also be noted here that our choice of
Hamiltonian in the transfer equation was indeed a choice, here the symmetric one.

It amounts to the choice of factorisation in Eq.(3.2.1). One could actually choose
H = Z aJy cosy, + Jy cos(y, + Yna1) + (1 — ) Jy cos 11 (3.2.3)

For any «, with the symmetric choice being o = % These other choices lead to much
nicer representations for the partition function in the end, as we shall see, but lead

to complications with the eigenfunctions as we have complicated the Hermiticity.
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We shall deal with this when it arises.

The task we therefore have is to solve the transfer equation Eq.(3.2.2) for the
largest eigenvalue and associated eigenfunction. There are many ways to solve the
equation, the most obvious being to simply directly integrate it. We will use this
method as a cross check, discussing it more in Sec.6.2. However, direct integration
includes an error in the calculation which is not clearly under control. Instead, we
solve the equation exactly, and use the underlying basis to truncate the calculation.
Another naive way one might proceed is a high temperature expansion, using the
inverse temperature as a small parameter. We will provide this now, along with a
low temperature expansion, before providing the exact solution to the eigenvalue

equation.

3.2.2 High Temperature Expansion

We can perform a temperature expansion for the eigenvalue for the plane rotator
model. We expand the eigenvalue (and eigenfunction) in powers of inverse temper-
ature r = fJ;. We consider the non-field case for the plane rotator model, which
(as we have seen) has a particularly trivial partition function given by the zeroth

modified Bessel-function. The transfer equation we consider is

@er COS(¢+¢)f(COS })

Heosv) = [ 5

—T

We notice that the average of cosine on closed boundaries is zero, so we expand in

quadratic order, yielding

(ZO + 55222) (Oéofo(COS V) + agr® fo(cos w)) = /

—T

"9 (1+ x%os?(szsw))
2m 2
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X (ao fo(cos @) + aa® fo(cos ¢))

At O(2), we find that the eigenfunction is a constant, and that zy = 1. At O(z?)
we get
2y + ag fa(cos ) = — | azfo(cos @) +

. 2m 2

cos®(¥ + <z5)>

We may perform the integral over the cos?(¢)) term, yielding i We are therefore

left with

29 + g fo(cos ) = i + /7r %O@fz(cos )

The left hand side depends upon @ and the right hand side does not, so we must

have that fs is zero. To quadratic order we get

T
~1+ —
Z +4

Which agrees with the numerics, as given by Fig.(3.1).

3.2.3 Low Temperature Expansion

We may also perform a low temperature expansion on the transfer function for the
plane rotator model. This technique is slightly subtle, as the expansion is non-
perturbative. We consider the same transfer equation as the high temperature,

though for this we include the next neighbour interaction

2f() = / "0 e stycontor g (9),

2T

where z = (J; and y = ($J, and we use a non-Hermitian representation. We then

use the ansatz that the eigenfunction at very low temperature tends to become a
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Figure 3.1: The actual calculation of the partition function (red) along with the high
temperature expansion (green) for the plane rotator model with nearest neighbour
interactions.

Gaussian, and at T = 0 it becomes a d-function. The idea behind this is that
the eigenfunction represents the thermal angle distribution of the spins. At high-
temperature it is a constant (as we saw above), as the spins are random, and at
low temperature the correlations are generated such that they are all parallel (for
ferromagnetism). We choose the ferromagnetic groundstate to be around ¢ = 0, and
we expand the cosines as quadratics; at low temperature the spins are presumed not
to fluctuate a lot, and so we expand them around some local groundstate. This gives

us

g R / (21_¢6—3¢2—g<¢+¢)2—‘; 2
m
-7

In the low temperature limit, we can let the limits of the integral diverge as the

Gaussian terms make the edges of the integral irrelevant in the limit. We calculate
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the integral which gives us the self consistent equation

z+y vy )2
ze 2V = ¢ e((”“‘*)Q 2)¢

V2my/x +y+a

We then choose a to be consistent, which gives us the behaviour of the eigenfunction

and eigenvalue. We therefore solve the cubic equation in «

%[@]1 + Bz + o] = (B2)” — %

Taking the limit § — oo yields that a ~ 3, which gives

e’ylﬂ

\/7257

z ~

where 71,7, are constants that depend only on J; and J,. This gives the specific

heat to be % as T'— 0, as is expected.

3.2.4 Reciprocal Space Expansion

To solve Eq.(3.2.2) exactly, we need to find the natural basis for the eigenfunctions.
For this problem this turns out to be Fourier space. To make this clear, we use the

identity given by Eq.(A.1.16), which we write here for clarity

[o¢]
e:ccosw: Z Bl(di)eiw,

l=—o00
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where B is the [""-modified Bessel function of the first kind. We expand the expo-

nentials in the transfer equation using this, which gives us

OIHW (52) By, (5] [ Ghemesusmrmias

i 12

We therefore expand the eigenfunctions in a Fourier basis given by

o0
= E ane”“/’,

n=—oo

which gives us

intu G.J BJ dwll Ly .
Zza”’e V= Z Bh( 21 Bl2 (ﬁJQ)BB Tl 271' hptila(V+9)+ilsy! ZCYn

l1,l2,l3

We wish to turn this into a matrix equation, and so we multiply both sides by

e zmv,[)?

and integrate both sides with respect to ¢/, yielding

Y Y 3 (5 newn ()

l1=—00 lo=—00 lg*—oo

X/ d?/f dw/ —zmw zllw zlg(dJ—HlJ) Zl3¢’ md’
on 27r

which we recognise as a matrix eigenvalue eigenvector equation, given by
= E Tnman
n
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3.2. PARTITION FUNCTION FOR THE PLANE ROTATOR

We then perform the integrals over the angles, yielding

7r d )
/ Q_wew(l1+l2+n) - 5l1+n:—l2
g 4T
e /
/ C;ieiw/(—m—&-lz—l—ls) = 0t ly45=0s (3.2.4)
g 2T

which, after putting the Kronecker-delta functions into the transfer matrix gives us

Tom = Y _ Biin (%) Bi(8.J2)Bism (%) (3.2.5)

l=—

We therefore have to diagonalise this infinite dimensional matrix for the largest
eigenvalue. At first sight, it seems we have not moved the problem forward, however
we have represented the problem in a very useful way. For any non-zero temperature,
the matrix has exponentially decaying elements away from the origin. Numerically,
we therefore truncate the matrix to some range in £+n, m, say N, M for which we
have a numerically exact (ie. up to some numerical accuracy) answer for the matrix
above some temperature, below which the truncation becomes inaccurate. Consider
the high temperature limit, 5 — 0. If 3 = 0, then B, (8J) = d,0, and thus the matrix
becomes one element, given by T = [By(0)]* = 1 yielding the infinite temperature
eigenvalue trivially. When we lower the temperature, we simply increase the number

of elements that we include.

3.2.5 Calculating Thermodynamic Quantities

We now move on to the calculation of thermodynamic quantities; energy, specific
heat, and correlation functions. To calculate thermodynamic quantities, we could

use numerical differentiation of the partition function. However, the zero temper-
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3.2. PARTITION FUNCTION FOR THE PLANE ROTATOR

ature limit of the partition function is poor as it diverges, and so we use exact
differentiation along with perturbation theory. The transfer matrix, for a change in

any small parameter (like temperature), is given by

drT
T(x+dx)=T(z)+ 53:%(;1:) +...
The eigenvalue is also given by
dz
2(x +dx) = z(x) + (536%(3:) +...

We therefore have

(0| (z + 0x)|0) = 2zo(x + 0x),

where (0| is the eigenvector of the transfer matrix associated with the eigenvalue z,
and so we find that

2(z + ox) = z(x) + 5:1:(0\3—?0)

Note that for the models considered here, the energy (related to the first derivative
with respect to 3) is smooth, and so we use numerical differentiation of the energy for
specific heat. We therefore only have to calculate derivatives of the Bessel function
with respect to any parameter we wish to average over. For example, the energy,

given by logarithmic differentiation with respect to (3, gives us

i Biin (%) Bi(32) Biym (%)] 10),

l=—00

(E) =005

where z is the largest eigenvalue of the transfer matrix, and (0| is the associated

eigenvector. We use the identity for differentiation of a Bessel function, given by
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3.2. PARTITION FUNCTION FOR THE PLANE ROTATOR

Eq.(A.1.17), to find

(E) = 2—1Z<0) Z {% |:Bl+n+1 (%) + Biin-1 (6;1)} Bi(8J2) Biim (%)
l=—o0

+J2Bi 1y (le) [Bi41(8J2) + Bi—1(8J2)] Biym (ﬁTJ

+élBl+n (5;1) By(BJ») |:Bl+m+1 (5;1) + Biym—1 (ﬁ)} HO>

Ji

<O’ |i ( n+1,m + Tn lm) + JZ (Tn+1,m+1 + Tnfl,mfl) + 5 (Tn m+1 + Tnm 1 ’O )

where the last line relates the elements back to the original transfer matrix elements
that we have already calculated. We can then numerically differentiate this with
respect to temperature in order to get the specific heat.

We may wish to calculate correlation functions, which once again are given by
differentiation of the transfer matrix. In the transfer matrix language, correlation
functions are given by

1 (a|TNS,V"S,TV|a)

(Sp- S = Zn+2N (a|0)(0]a) ’

where we take N to be large enough to converge left and right. This essentially means
we choose |a) = |0). The matrix V' is the modification of the original matrix 7" by
including the chosen spin. For each model, this procedure will end up differently.
For the case of the plane rotator, we attempt to calculate the spin-spin correlation

at range p, given by

(go.sp> _ (cos(po — ¢p))  (cos(thg + 11 + .. -¢p—1)>’

zP P zP

where ¢ is in the non-floating basis, and 1 is floating. We then write the cosine in
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3.2. PARTITION FUNCTION FOR THE PLANE ROTATOR

exponential form, which allows us to re-write the sum of the angles as a product of

exponentials of the angles, viz

1 Teto Teit Tetp-1 Te o Te—it1 Te~Wp-1
So.5,) = = [{0 0 0 0
R —[0) + (0] —— = —— o)/
where we have defined
et
+ =
z

The inclusion of the correlations simply changes the transfer matrix that we must

use (in the floating basis), yielding

(S0-,) = 5 ({01727 10) + (07 |0) )

DO | —

We therefore have to calculate the matrix T, which turns out to be relatively easy.
It is given by

DD DA C QAN ES

li=—0 lo=—00 l3=—00

s s /
x / A " Y it ity gita o) it i iy
L 2m J_ 2w

This simply changes the Kronecker-delta functions in Eq.(3.2.4) for one of the indices

when we integrate over the angles, giving us

~ J J
(T4 )nm = El:Bl-l—n—H <%) Bi(3J2) Biym (%)

= Tn—l—l,m

Note that T_ = n—1,m Which provides the same overlap for this Hermitian repre-
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3.2. PARTITION FUNCTION FOR THE PLANE ROTATOR

sentation, and so we only need one transfer matrix. This gives

P

(S0.5,) = (0 L%

2P

10)

Note, that while one can calculate the correlation functions as posed here, in reality
we use the non-Hermitian representation, (which could in principle be used for all
the models). From Eq.(3.2.3), we use the choice @ = 1. As we shall see, the transfer
matrix is much simpler, and would allow the one to two dimensional crossover to be

analysed. We use

() = [ Ghensmesend )

- 2T

We expand the exponentials in terms of Bessel functions, and expand the eigenfunc-
tions in reciprocal space, and use the same analysis as was used prior, to arrive at

the simple expression

Tnm = Bn(ﬁJQ)Bner(ﬁJl)u

with the correlation transfer matrix being related in the same manner as previously.

Care must be taken with the non-Hermiticity as there is a left and right eigenvector

Tlvr) = z|vr)

(| Th = (vilz,

with the normalisation (vj|vg) = 1. Note, that we could choose any «, which in

general gives us the transfer matrix

Ty = [Bu(8J2)]" Bum(BJ1) (B (B2)] 7%,
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3.2. PARTITION FUNCTION FOR THE PLANE ROTATOR

though we can only use this for ferromagnetism as the Bessel functions become neg-
ative for negative argument (antiferromagnetic interactions), which for non-integer

« is a problem.

3.2.6 Summary

We have provided the solution to the plane rotator, for the partition function and
various thermodynamic quantities. We have represented the partition function in
terms of an integral equation using the method of transfer functions, and then re-
duced the problem to that of finding the largest eigenvalue of an explicit infinite
dimensional matrix. The elements of this matrix become numerically irrelevant af-
ter some range for any given temperature, and we may therefore truncate it in order
to diagonalise. Correlation functions have also been found in terms of this ma-
trix, and all thermodynamic quantities may be calculated by differentiation (either
exactly or numerically). We will provide the results for this model in the results
section, but we use the basic ideas presented here to solve two more models first;

the continuous spin Ising model and the Heisenberg model.
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Chapter 4

CONTINUOUS-SPIN ISING MODEL

4.1 Chapter Summary

Here we provide the solution to the J;-B continuous spin Ising model. This model
has not been solved at all thermodynamically, and hence all of this chapter is new
work. We show how to represent the partition function as the solution to an eigen-
value problem. We provide a low and high temperature expansion of the eigenvalue
problem, before solving the equation directly. For the continuous spin Ising model,
we solve this using recursion relations, though an “exact” solution is provided as a
further cross check. We then show how to calculate the thermodynamics properties
from this eigenvalue. We provide the results from the model in Chapter 6, along
with the other models, in order to separate the mathematics from the physics. We
also solve the so called plane Ising model, an Ising model that only has one degree
of freedom per site which is continuous.

At the end of the chapter we solve a related model known as the plane Ising
model. This model has also never been solved before, and we find the solution for
J1-B-A where A is anisotropy which moves between the plane Ising model and the

plane rotator.
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4.2. PARTITION FUNCTION FOR THE CONTINUOUS ISING MODEL

4.2 Partition Function for the Continuous Ising

Model

4.2.1 The Transfer Equation

We now move on to the “continuous” version of the Ising model given by the Hamil-

tonian

H= —JZSfl ol —BZSfl = —JZCOS@nCOSHnH —BZCOS@n,

where S,, = (sin 6,, cos ¢,,, sin 6, sin ¢,,, cos 6,,), and we have included a field in the z-
direction which polarises the spins. Once again we have chosen the unconventional
sign of the parameters to make the analysis slightly easier. The spins are fully
three-dimensional, but only interact in the Z-direction. The low temperature will be
clearly dominated by maximal spin, and so we expect similarities to the Ising model.
Once again however (as will be shown later) the excitations are domain walls, whose
width turns out to be of order the lattice spacing, and so no order is possible. The

full partition function is given by

T dby [T do
Z = / sin@oeﬁfcoseo—o/ sin91—1...
0 2 Jo 2

™
> / sin QNGBTB cosfn dQN eﬁJ >, cos by, cos 6’n+1+’873 > (cosOn4cosbni1)
0 2

Just as in the plane rotator model, we factorise the Hamiltonian into local parts

which extend over some range (here only to neighbours), and transfer them and
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4.2. PARTITION FUNCTION FOR THE CONTINUOUS ISING MODEL

therefore we consider the operator equation

fn+1(COS 0/) _ / %9 sin QeﬁJcosecose’—f—ﬁTB(cos 0+-cos el)fn(COS 0)
0

or fop1 = K(fn)

We wish to use this operator a large number of times to return the partition function,
and so we run it forwards and backwards. Here, we have a Hermitian representation
which means that the operator is it’s own inverse (going forwards and backwards

are equivalent), and therefore we can write the boundary conditions as

fo(cosbty) = eﬁTBCOSHO; fn(cosOy) = ¢’s oty

and therefore write the partition function as
T deo -
7 = / sin@NTN FREN f
0

In the large N limit, the integral operator converges to the eigenfunction associated
with the largest eigenvalue, as before, while the corrections do not scale with N
(stemming from boundary conditions), and so can be neglected for the thermody-

namics. We therefore have the transfer equation
/ Tdo . 85 (cos 6+cos 0')+B.J cos 6 cos 0
zf(cos) = ?smée 2 f(cos®), (4.2.1)
0

which we have to solve for the eigenvalue and eigenfunction. We then have the

partition function per spin through

1
—log Z ~ oz + log 2o,
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4.2. PARTITION FUNCTION FOR THE CONTINUOUS ISING MODEL

where apg does not depend on N, and is only boundary dependent and therefore
does not contribute to the thermodynamics. Once again we made a choice for the
factorisation of the Hamiltonian. Here we have the symmetric version, and in fact
we will only work with the symmetric version here, though once again one has the

choice
H = Z (8J cosO,, cos O i1 + FB(1 — «) cos b, + FBacosb,.1)

for any real a. Once again, one may perform low and high temperature expansions
for the transfer equation before we attempt to find the natural basis for the problem

(for which new complications will arise).

4.2.2 High Temperature Expansion

We can calculate the partition function for the continuous-spin Ising model for high
temperature using perturbation theory. To make the integration variable more nat-
ural, we use u = cos # which we shall use later. We consider the case with no applied
field, though for this model the eigenfunction turns out to still be non-trivial. We

consider the transfer equation

) = [ Yoo

1

where 7 = 3.J. We expand each term in a power series in 22 as x — 0 to get

Lo

12

(20 + 2°22) (fo(u) + 2% fo(u)) = /_ (1 + I21;2v2) (fo(v) + 2% f2(v))
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4.2. PARTITION FUNCTION FOR THE CONTINUOUS ISING MODEL

We first notice that fy(u) = ap and must be a constant as the kernel for this term
has no u dependence at O(z°). This gives us the first term in the expansion 2y = 1.
We next calculate the correction. For the terms in u to balance, we notice that

fo(u) = agu® for some constant that we shall find. Thus the O(z?) term gives

1 2,,2,2
dv | x*uv
x2z2 + x2u2a220 = / — + angUQ
-1 2 2
from which we get
2
u (6] 2
=+ 5 U
2 6 3 2

We need to cancel the term in v and thus we find oy = =, from which we find

1
6
2
x
~14+ —,
- 18

which agrees with the numerics for high temperature as in Fig.(4.1).

Figure 4.1: The actual calculation of the partition function (red) along with the
high temperature expansion (green). for the continuous-spin Ising model
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4.2. PARTITION FUNCTION FOR THE CONTINUOUS ISING MODEL

4.2.3 Low Temperature Expansion

One can also perform a low temperature expansion on the same model. Once again,
we examine the same eigenvalue equation, but in the limit x — oo. For this limit, we
expect the physics to be dominated by ferromagnetism which means the points u =
+1 needs to be controlled. To do this, we elect to use the variable 0 rather than w.
Given that the expression will be dominated by the regions around ferromagnetism,
we only include the regions around these points ie. § = 7 and 6 = 0. We therefore

get

™

“db / do /
zf(cost) = / 35 sin fe® <0 £(cos ) + / 5 sin fe® <0 £ (cos 0)
0 s

—€

= /d9sin@e“osecoself(cosﬁ),
0

where we have used the fact that the eigenfunction (and the Kernel) are symmetric
with respect to cosf. We expect the fluctuations to be small around the ferromag-

netism, and therefore expand for small # to quadratic order

f(07) = / doge "0 £ (6°)
0

¥

We make 6? the integration variable, with the substitution 6 = =, and then use the

f (%) o
Y

This provides us with the self-consistent equation for the parameter «

ansatz

2

e [ _vtw _aw
ze = =e dype” 2 e =
0
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4.2. PARTITION FUNCTION FOR THE CONTINUOUS ISING MODEL

If we choose o = §, the equation is self-consistent, and we are simply left with the

eigenvalue (in which we use the limit x — oo to get the upper limit of the integral).

x oo x
(&

e
= dipe ™V = —
T 0 ve 2r’

from which we see that the specific heat goes to 1 for x — oo as expected.

4.2.4 Legendre Basis Expansion

We therefore want to find the largest eigenvalue of the integral operator. To solve
this, we choose to turn it into a matrix equation, by expanding the eigenfunction in
some orthogonal basis. We let u = cos 6 such that
/7r . df ' du
sinf— — —
0 2 1 2
We notice that the new measure is the natural measure for which the Legendre

polynomials are orthogonal. Thus we expand the eigenfunction in this orthogonal

basis as

flu) = Z V2n + la, Py (u)

This converts the continuous eigenfunction problem into a discreet eigenvector prob-
lem, whose eigenvalues are exactly the same. We can always recover the continuous

eigenfunction by

f°(cos ) = Z V2n + 1a’ P, (cos ),
n=0
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4.2. PARTITION FUNCTION FOR THE CONTINUOUS ISING MODEL

where f9 and o are the largest eigenfunction and eigenvector respectively. From

this we get
00 [e'¢) 1
d
2> A 1R = S eI+ 1 / Dt s B orp, )
=0 n=0 -1

We multiply both sides by a Legendre polynomial, and integrate; in other words we
“multiply” by

1
V2m+1 %Pm(v),
-1

to get

- ! du ! dv BJuv+ B8 (utv)
20, =V2m + 1 Z Von +1 > 7Pm(v)Pn(u)e 2 ay,
n=0 -1 -1

We now recognise the transfer matrix, defined as

T = 2n+1V2m + 1H"

1 1
HY' = / d_u/ 2 ) P ()PPt ),
L2 )2

where the subscript-superscript notation means nothing mathematically, but makes
the recursion relations that we use easier to understand later. It should also be read
in the order subscript-superscript which relates to row-column respectively. We can
perform the integral over v using the identity given in Eq.(A.1.9) to get the integral
in terms of the m-th modified Bessel function of the first kind

1

d

= [ SR e
-1
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4.2. PARTITION FUNCTION FOR THE CONTINUOUS ISING MODEL

where x = §J and y = $B/2. For the cases of the plane-rotator and the classical
Heisenberg models, the limit B — 0 yields a constant eigenfunction. Here the zero

field case is given by

H™(B = 0) = /_1 Cg—uPn(u)[m(xu)

Even the simplest term in this matrix is given by

U du sinh zu
HYB=0)= —
yB 0= [ G

which is defined as the hyperbolic sine integral. The task is therefore to find the
eigenvalue and eigenfunction of the matrix H)", though the elements of this matrix
are non-trivial unlike the other models. We will offer two ways of generating the

matrix elements.

4.2.5 Recursion Relations

We seek to diagonalise the matrix 7', but even generating the matrix elements is a
non-trivial task. We therefore resort to a more subtle method; recursion relations.
This method will be exact up to any numerical accuracy, as will be clear when we
use the method. To generate the matrix elements, we note that the integrals are in
terms of Bessel functions and Legendre polynomials which have recurrence relations.
We may use these to generate recurrence relations between the integrals themselves,
and so we generate three such equations given by

Het (zm . 1) ((Iml(y b a)el — Ly (y — a)e? — Hg”ly)> - (mm ) e

m—1 T -1
(4.2.2)
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(152) fesly+ e = (52) Eealy = e gy

HP'? =
T m—1
—1)H™? H™ o2m — 1
y(m—1) x(m—1) m—1
m— m n—m m— m
Hy'ob = Hp - m(Hn-f — H'h
y(2n + 1) —1 +1 y(2m + 1)
_ < (H™" — H" -~ (H™., - H™ 4.2.4

where n # m. See Appendix B for the derivations. Under the assumption

lim A" — 0

n—oo

lim H"— 0

m—00

which is guaranteed by the Bessel functions which have the limit

lim [,(z) — 0

n—oo

exponentially, we can use the recursion relations to find the matrix to machine
accuracy provided we have n and m sufficiently large at the boundary. For the case

of zero field, we find the matrix has the form (for even N)

HY 0 HZ ... HY
0 H' 0 ... 0
H o H ... HY
HY 0 HY} ... HY
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The elements at the boundary tend to zero for large N and so we truncate the
matrix to some order N. The field couples in the odd terms of this matrix. To use
the recursion relations, we use that the scale of the relation is automatically given by
the Bessel functions. We first use Eq.(4.2.2). We start with the terms furthest away
from the origin as zero, and seed the next element with the Bessel functions given
in the recursion relation. For large enough N, this value is close to zero and does
not affect anything. We run the recursion relation backwards towards the origin.
When we get to the origin, we do not have to rescale the first term, as the Bessel
functions themselves have set the scale. We then use Eq.(4.2.3) which gives us the
terms one inside from the edge, and run it in exactly the same way. Finally we
use Eq.(4.2.4) which allows us to calculate everywhere in the matrix, apart from
at the edges, whose terms are given by the previous two recursion relations. We
then diagonalise the matrix 77" to find the largest eigenvalue, from which we can

calculate the appropriate thermodynamic quantities.

4.2.6 Thermodynamic Quantities

Once again, we use perturbation theory to find thermodynamic quantities. For the

energy, we require

arm
op

1
=v2n+ 1vV2m +1 [/1 C%upn(u) (eyuw + Buey“]m(xu+y))] 7

from which we get

or\"™ _ J . .
<%) B (1 + Qn)(l + Qm) [ann—l + n(m + 1)Hn_1

+(n + 1)mH,’L’3:11 +(n+1)(m+ 1)H7T++11

n
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(nHy" + (n+ 1>H;Ln+1>

+2n+1

Similarly we can calculate (S*) (the magnetisation) and (SZ2S7, ) (the nearest neigh-

bour correlation function), by calculating

0[%]0

oy — 2008h)
oz

(S25041) = %<08;0>

To calculate longer range interactions, we wish to calculate

1
(S585) = g (cos by cos B,)

Unlike the plane rotator there is no floating basis, and so we may simply integrate

over the spins that we are correlating. We get two modified transfer matrices, ie.

1, - .
(355,) = - OITHT P10y, p =2

T
where T is defined by

7 b du 85 ;
Zf(’U) :/ 7eﬁJuv—i— S (u+v)uf<u)
—1

which is the modified transfer matrix for the inclusion of the spin. For the case of this

model, the correlation moves us from the symmetric subspace to the anti-symmetric

one, where
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For very long range correlations, the 7?2 converges to the groundstate, and so we
may calculate
lim 77 — |0)27(0|

p—00

. T T
lim (So.5p) — (0[—0)(0[—0)
p—00 z z

However, as stated before, T is anti-symmetric, and is therefore orthogonal to the
groundstate, telling us that there are no infinite range correlations (no long range or-
der), so we must use the excited eigenstate corresponding to the new anti-symmetry,
yielding ,
. e .
tim (5.5, = 01211 (2) o)

where Z is the eigenvalue associated with the eigenstate (1|. This scales away as

which gives the correlation length for long range, given by
)p

" log (%)

)

ol

2
N
ISR IR

—_

§

We may use recursion relations to generate the matrix elements of the transfer
matrix. However, we may cross check this by calculating the elements directly.

We have also shown how to calculate various thermodynamic quantities using the
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4.2. PARTITION FUNCTION FOR THE CONTINUOUS ISING MODEL

recursion relations.

4.2.7 Exact Method

We now offer an exact way of calculating the partition function for the case of
zero field (although in principle a field could be added). Once again, the previous
method is also exact, though not necessarily in the same sense. Here, we have a
convergent summation, whereas the recursion relations rely on seeding the relations
with a sufficiently small number. It turns out that these two methods are completely
equivalent, and so we offer this as a cross check of the recursion method. We use the
identity from scattering theory that shall be used in full for the Heisenberg model,
to find

1
exsﬁsrzz-q—l — ea:[unun+1+(1 U )2(1 “n+1)§cos(¢n*¢n+1)]

=@ DLE) Y B ) B () (<)

=4

$n—Gni1=1

where we have used the identity
P (@) PP (x) = P () PP ()

and [...] means integer part of. We use the same ideas as were used previously to
turn the integral problem into a matrix problem to find
4
2
=20+ 1vV2m +1 Z (20 + 1) [,(B.T) Z DPQF QY

L
2
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where we have defined
% U du %
= | SRmpW

In order to perform these integrals we use the method as given in [70]. We use the

representation of of the associated Legendre polynomials of the form

(=)™ /(L +m)!
24! (l — m)' dul—m

B"(u) =

We then perform the differential part. We find that

d=m !

(W= 1) = 22u) T (- ) p=0
!
21 | — 2 l-m—1 2 1 m—1 -1
20 m) 20 e ) p
—m — |
+ 22 (l m)(l m 1) (2u)l—m—2 ! <u2 _ l)m—Q p= 2

m p1+m l l -
-le(u) _ ul—m—2p1<1 —u )p1+f ( \/ + m \/( ) (425)
o ?m+2p1 (m + p1)!p! (L —m — 2py)!
py

This gives us an expression for the integral

anr = [ Srrwrre)
ll ml] [l2 mg]

Ld
U
_ l1—m1—2p1+la—ma—2p2
- Z Z allplabm/ u (1

p1=0  p2=0 12

m1 , m2
_ u2)p1+p2+7+7
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from this, using the identities

1

Blx,y) = i dt t* 11 —t)vt
~ T'@)(y)
Bx,y) = T(z+y)

We find that

[t ][22

thmz _ ahm alzpz
l1,l2 -

p1=0  p2=0

T (3 (4 1lo—my —my —2p1 — 2py + 1)) T (5 (ma + ma + 2py + 2p2 + 2))
F( l1+l2+3)

.

)

J/

~~
mi,mo

l1,12,p1,P2

Thus we get an expression for the transfer matrix again

[4]
\/2n+1\/2m—|—1z 2l + 1)I,(8J) Z

=0 %
-2 -2
[ 2p] %] [ p m a 2p a0
l»pl n7p2 l,p3~—"m,ps 2p,0 2p,0
2 Z Z > i
p1:0 D2 =0 p3=0 ps=0

This expression is numerically much slower than the recursion relation due to the
large number of summations, however, it serves as an exact calculation which we can
check the recursion relation against. We get numerical accuracy, though the code

runs an order of magnitude slower at low temperature in order to get the accuracy.
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4.3. PLANE ISING MODEL

4.3 Plane Ising Model

We briefly introduce an alternative model to the continuous Ising model, where
rather than three dimensional spins, we have planar spins, though the energetics are
still only controlled by the length of the spin in some direction. We introduce it
here, although it lies somewhere between the Ising model and the plane rotator. It
shares the same mathematics as the plane rotator, and indeed the model we consider
is a generalised plane rotator, but for for special cases it becomes an Ising model of

sorts, and so we include the model here. Consider the following model

n

H=-J» SiSr., +ASySY.,

For the case A = 1 we clearly get the plane rotator model, but for A = 0 we get an
Ising like interaction but with the ¢ degree of freedom. Once again the constraint
o = %1 is relaxed to ¢ € [—1,1]. The zero field solution is non-trivial (like the
continuous spin Ising model), and so we begin there. It is clear that the transfer

equation we must solve is

) = [ Gre e

The natural basis for the model is Fourier space, and thus we get
in _ ﬁ_J E " @ ily (p+ip)+il2(¢—¢)+ime
ZZOCne _ZIZ1<2)[l2(2 _7r271'61 2 )
n l1lo
which gives us the transfer matrix

B.J BJ /“ do [ dy o
tom = Lo =) | == -z ¥ pili(p+y)Fila(p—y) +imp—iny
2’1(2 \2 ) ) o) o
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4.3. PLANE ISING MODEL

We then find, after integrating the over angles

ot () 10 () wsn

We may include a field in the X-direction, which gives us

ﬂ—d @COS COs
)= [ gt (),

o 2T

which, using exactly the same mathematics gives us
BJ pJ pB sB
Tnm == ; [ll (7 [lg 7 Il1+l2+n 7 [ll—lz—m 7
1,02

If we take B — 0, this yields the same result as Eq.4.3.1. We may also solve the
model as a function of A which allows us to turn on anisotropy smoothly. We

consider the Hamiltonian

H = —J) Sisi +ASIS,,, —B> 8¢

= —JAZCOS(¢n — ¢nr1) — J(1 = A) Zcos(qbn) coS Pp11) — B Zcos On

which gives us the transfer equation

" d(b BIAEA) cos(p— BIA=A) cog 85 (cos ¢p+cos

After the same mathematics again, gives us

Tnm - Z[ll (w) Ilz (M) Ill+lz+n (6TB> [llflgfm (ﬁTB> 5

l1,l2
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4.3. PLANE ISING MODEL

which once again, when A = 0 returns the same answer as before. Moreover, A = 1
provides the same transfer matrix as the plane rotator given in Eq.3.2.5. This
representation allows us to smoothly include anisotropy to the plane rotator model,
or consider the Ising model with one degree of freedom per site.

In the results section we do not discuss this model, although we expect it to be
“similar” to the continuous Ising, with domain walls (of some sort) controlling the
excitations, although the energy scales will be different. Including the parameter A
drastically changes the nature of domain walls; for A = 1 they are ill defined and
infinitely long range (as will be explained in the results section). However, when
A # 1, (here we only consider A < 1), then domain walls suddenly have finite

extent, and so the model becomes Ising like.

4.3.1 Summary

We have provided the solution to the continuous spin Ising model, for the partition
function and various thermodynamic quantities. We have used the method of trans-
fer functions in order to calculate the partition function, and have demonstrated
how to calculate quantities from this transfer function (matrix). We have provided
two methods to find the elements of the transfer matrix in order to provide a cross
check. The plane Ising model has also been solved, although very little attention

will be given to this model.
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Chapter 5

HEISENBERG MODEL

5.1 Chapter Summary

Here we provide the solution to the J;-B and J;-J> Heisenberg model. Once again,
this is new work, and like the plane rotator, the model has only been solved when
the eigenfunction is a constant [9]. Many approximate solutions exist, such as in-
cluding a field [56], or directly integrating over small clusters [67]. In the same spirit
as the other models, we first show how to represent the partition function as the
solution to an eigenvalue problem. We solve the eigenvalue problem exactly, using a
Legendre basis to represent the eigenfunction, and once again express the problem
as an infinite dimensional matrix of Bessel functions, which can be truncated due to
their convergence properties. We then show how to calculate the thermodynamics
properties from this eigenvalue. For the Ji-Jo Heisenberg model, the focus is on
the correlation functions, which are particularly complicated due to spin space and

nature of the floating basis.
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5.2. PARTITION FUNCTION FOR THE HEISENBERG MODEL

5.2 Partition Function for the Heisenberg Model

Finally, we move on to the classical one-dimensional Heisenberg model. We consider
the Heisenberg model with a field (or equivalently first and second nearest neighbours

as will be seen later), with open boundary conditions, given by

H=-JY8,8.,-BY B8,

where §,, is a three dimensional unit vector on the n-th site, B is the amplitude of
the field, and B is the field direction, and we have chosen an unconventional minus
sign to make the later analysis more natural. Clearly, the partition function is given

by

Z:/dSN dSN*l /dsle_BH(SNasN—ISLJvB)
47 dr 47 ’

and so we can set up a transfer function given by

™

We have the starting condition (stemming from the open boundary)

such that the partition function is given by

das BB.-§ N
Z‘/ N p L (Sy)

47

105



5.2. PARTITION FUNCTION FOR THE HEISENBERG MODEL

Once again, the application of the integral operator N times (in the thermodynamic

limit) projects us onto the largest eigenvalue, and so we solve the eigenvalue equation

This yields the partition function through Z = z¥ap, where once again the bound-
ary term apg does not contribute to the thermodynamics. For this model, the z-axis
is defined by the magnetic field (globally), as the interactions are spherically sym-

metric, thus we write
H=-7Y8,8..-B> S,
n n
with

S, = (sin 6, cos ¢y, sin 0, sin ¢,,, cos 0,,)

= ((1 —u2)2cos g, (1 —ui)%singbn,un)

N|=

For the case with B = 0, we find that the eigenfunction is a constant. The open
boundary condition is clearly f; = 1, and as the interaction is isotropic, the integrand

cannot depend on the next spin viz

S =[S

47
2 1
d d
— / e . pau
o 2m J_; 2

We can always redefine u (the z-axis), which does not change the integral itself, and

so f (Sg) must be a constant, yielding the partition function (found originally by
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5.2. PARTITION FUNCTION FOR THE HEISENBERG MODEL

Fischer [9])
sinh 5.J
BJ

Z(B =0) = (5.2.1)

For the case of finite field, more analysis is needed. For the case of nearest neighbour
interaction, and a magnetic field, we use the magnetic field to define the global z-

axis, and expand the dot product as follows

D=

exp [xSl . Sg} = exp [x (uluQ +(1- uz)%(l —uy)2 cos(¢Py — ¢2))]

We then use the plane wave expansion Eq.(A.1.10), and once again we use u, =

cos #,,. Substituting the scattering expansion into the eigenfunction equation we get

0o l o
>y [ / LB @+ 1) P ) B )

=0 m=—1
Xelm(ﬁbn ¢>n+1) (Un+un+1 f(gn)

We can perform the integral over the azimuthal angle, noting that the eigenfunction
only depends on cos 6 (coming from the boundary condition) so that f(S) = f(S5%).

The integration over ¢ means the only contribution is for when m = 0, yielding

o0

) = S+ D) [0 ) B B ) i)

1=0 1

We then expand the eigenfunction in the same Legendre basis, using

= Z V2n + 1, P, (u),
n=0
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5.2. PARTITION FUNCTION FOR THE HEISENBERG MODEL

where we have included the extra factor +/2n + 1 as a convenient normalisation.

Upon substitution, and “multiplying” through by

1
V 2m + 1 / dun+1pm(un+1>,
-1

and using the orthogonality of the Legendre Polynomials yields the matrix repre-

sentation of the transfer function, defined as

T =20+ 1vV2m + 1) (21 + 1)1(B])Cr (%B) Co (%B) :
=0

where we have defined

Cnl(:v)z/ %Pn(u)Pl(u)ew

-1

We thus diagonalise this matrix for the largest eigenvalue, yielding the partition
function. However, the function C,;(x) is not trivial to calculate. It has been
evaluated numerically previously, and expanded and represented in terms of Wigner-
3j symbols [56]. We use the identity given by Adams [71], for the expansion of a

pair of Legendre polynomials in terms of one polynomial

min(n,m)
alm—r)a(n —r)a(r) (2n+2m —4r + 1
Po(z) Py, Poyior(2),
(@) Em(2) ; an+m —r) 2n +2m —2r + 1 +-2r ()
where

135...(2n-1)
a(n) = 24.. 2n
I'(2n+1)

22T(n+ 1)I(n+ 1)’
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5.2. PARTITION FUNCTION FOR THE HEISENBERG MODEL

where the second representation allows us to define «(0) = 1 and for fractional
arguments, though in practice we only ever use the top expression. We can check

the normalisation of this expression;

Y du Onl
| Srwn -

B mh all =r)an—r)a(r) (2n+20 —4r+1
B —~ an+1—r) 2n 420 —2r+1
L du
X / 7Pn+m—2r(u)
-1

The final integral, when multiplied by Py(u) is clearly &, 4m—2r0, yielding

n—1 l—n 1
N2 )\ ) s+

We then note that a(n) is zero for n < 0, yielding the required normalisation. We

then use the identity for the Bessel function given in Eq.A.1.9 to find that

min(n,l

)
all =r)an—r)a(r) (2n+20 —4r +1
= E Loy
Cnil2) — an+1-—r) n+2—2r+1) " 2r ()

We now have a way of calculating the partition function for the Heisenberg model
with an applied magnetic field. Once again, we use perturbation theory to calculate
thermodynamic quantities and the derivative matrices are exactly calculable using
the identities for derivatives of Bessel functions. We have represented the partition
function for the J; — B model in terms of the largest eigenvalue of a transfer matrix.
In principle this matrix is infinite dimensional, but the convergence of the Bessel

functions makes it numerically finite. We now move on to the J; — J, model. For
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5.2. PARTITION FUNCTION FOR THE HEISENBERG MODEL

the case of next nearest neighbour interactions, we have the model
H=-J Zgn : Sn—i—l - ‘]2ZSTZ : Sn-l—2a
n n

and the transfer function is given by

[03

2f(8,8") dS L8848 "+%S"S~f(s7sx)

The boundary condition now tells us that the eigenfunction can only depend on the
dot product between the two spins. We once again expand in the Legendre basis,
and notice that the nearest neighbour interaction plays the role of the magnetic
field, although it can be different on every site. In fact, we are changing the local
z-axis at each stage by defining it as the “first” spin; the one we integrate over.
This becomes important when we calculate the correlation functions, as we must
rotate the basis at each stage after each integration. The thermodynamics of this
model are exactly the same as the one with the field. We get the same transfer
matrix, but with the appropriate coefficients swapped, J; <+ B and J, < J. This
is exactly the same as when we used the floating basis in the plane rotator model,
and shows that the thermodynamics of these isotropic models is the same for a
field and nearest neighbour interaction, and nearest neighbour and next neighbour
interactions. Although they have the same thermodynamics, they are not the same,
and this is most obvious when we calculate the correlation functions for the two
models. We calculate the correlation function for the nearest neighbour model first,

and then the J;-J, correlation functions.
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5.2. PARTITION FUNCTION FOR THE HEISENBERG MODEL

5.2.1 Correlation Functions

There are two types of spin correlations; parallel and perpendicular. They have a
different structure, and so we calculate them separately. We begin with the J;-B
model, for which there is a global z-axis. We may then calculate the correlations
parallel and perpendicular to the field. To calculate the correlation function, we
calculate the following

o (a|TNS, V"8, TN|a)
Vo g (a]0)(0]a) ’

(S.-S (5.2.2)
where N is taken to be very large such that TV |a) converges to the groundstate
transfer function (as before) and cancels the factor of Z%N, and V' is the modified
transfer function for including the chosen spin which depends on the type of corre-
lation which is being calculated. If we simply choose |a) = |0) then the analysis is
much simpler, and we can neglect any extra factors. The parallel z-component of

the correlation function yields a transfer matrix of the form

B\ dC.; (B
(T Cc—;\/1+2n\/1+2n (1+20)L(BJ)Cyy (g) dxl <%)

where we have included the superscripts for derivatives, and we have used the rep-

resentation

~

S, = ([1—u]%cosgbn,[ - ﬁ&nqﬁn,un)

We have simply included a u in the integral, which is clearly just a derivative. Thus

we find the parallel component of correlation is given by

z z 1 —
(5;57) = (ORI T8I0) p>2
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5.2. PARTITION FUNCTION FOR THE HEISENBERG MODEL

We can trivially calculate the derivative of the integral C),,,, which is given by

dC 1 I+1
g W)= g Ou@) o

Chis1(z)

The perpendicular components, however, are more difficult to calculate. We have
to include the extra cosine or sine in the ¢ integral, which gives m = 1 rather than

zero as before. The extra [1 — uz}% must also be included, yielding

=0

Ld b du! /
<[ G5 SR @R R @R )l - e
-1 -1

which yields two integrals

And

Dute) = [ FR@A W,

the first of these is, once again, trivial (using the recursion formulae), we find that

N 10+1)

Cnl(x) = A+ 1 (Cnl—l(x> - Cnl-&-l(x))

However, D is harder to calculate. We once again use the recursion formula for the

Legendre to find

~ VI +1)

Dnl(x) - 91 1 (Dnl71<x) - Dnl+1(l’)),
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5.2. PARTITION FUNCTION FOR THE HEISENBERG MODEL

where

We use the identity

1 1
V1 —=2xcosf + x2 V1 —zef/1 — ze—0

Il
3
| M8
o
8
3
U
o
o)
wn
=

which yields

l

Dy(x) = g Z a(my)a(n —my) Z a(may)a(l — my)

m1=0 mo=0
X Z alm—my —mo)a(m+my +mg—n—1)(1+4m —2n — 21) Iy —p—i(2)

We recognise new transfer matrices given by

(Ton)p = Y V20 + 18207 + 1(21 + 1) I,(3.J1) Dy (%B> Co (%B) 7
=0

from which we find

SUSYY — (5755 — (070 (F90 )T oo i
<p1>_<p1> O|Tep (Top pcl0)

_Zp
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5.2. PARTITION FUNCTION FOR THE HEISENBERG MODEL

The correlation functions for the J; — J, Heisenberg model are significantly more

involved due to the change of basis at each stage. We wish to calculate the quantity
A A 1 N N
(Sn-So) = —(0]S,7"S0|0) (5.2.3)
Z’Vl

The basic idea is to change the basis at each stage, and calculate how the distortion
(due to the correlation) is transferred down the chain. The issue with the calculation
is that the J; — J, Heisenberg model has a floating basis as there is no global Z axis
defined. Thus, we must rotate the basis at each stage. This idea is also in the plane
rotator, but there spin space is much simpler, which means the change of basis
factorises in a relatively simple manner. Here however there is no such factorisation.
We begin with representing the chosen spin S, in the basis of the two next spins,

Sn+1 and Sn+2 as follows

SIS

D
3
|

Sty + Sopall — 12]7 cos(dy — Gpe)[1 — 1,2
Sn — Up Sn
_ +1 2+1 > +2 c08(hy — i1 Ytmsa[1 — 122]
[1 - un+1] 2
Sni1AS,
H—JEQ Sin(¢n - ¢n+l)[1 - ui] , (524)

[1—u2 ]2

N

[N

where u,, = cos(6,,) is the angle between S, and §n+1 which means we describe the
spin Sn with Sn+1 as the local z-axis. The crucial step is to now transfer the basis
at each stage using this. The final term in Eq.(5.2.4) turns out to be zero when
we transfer it as it is antisymmetric with respect to the ¢ integral, and so we may

neglect it always. This leaves us with three terms, which we use as the natural basis
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5.2. PARTITION FUNCTION FOR THE HEISENBERG MODEL

at each stage. If we set up the local basis

O S Sn_ nsn
VnT = (Smsnﬂ, ﬁ) ) (5-2'5)

n

and then consider the transfer equation

VnT-i-l = V,,j T>
where 7 is a matrix of the transfer matrices, each term in which acts on the rele-
vant component of V,, and transfers it. If we begin with the simplest case, simply
transferring the spin itself, then we start with transferring the spin along the chain

with the transfer matrix 7'

T(S.)

We replace the spin by the representation from Eq.(5.2.4) yielding

N ~ Sn - un Sn s
T(Sn) = Sn—&-nglC + Sn+2TCO‘% - = 2+1 I - Té*()D
[]' - unJrl] 2

We wish to do this for each term in the new basis in Eq.(5.2.5), and thus we find

T(Sns1) = SpT% (5.2.6)
gn - Un Sn s Sn - Un gn 7
T ( +1 U2+1 i +2> _ Sn+2T1%OC . ( +1 U2+1 - +2> Tll)%)a
[1 - un—i—l] 2 [1 - un-{—l] 2

where we have used

A

Sn - Sn+1un

1 = gn—i—lun + Sn—i—2 COS(an - ¢n—|—1)[1 - ui+1]%
[1 =]
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Sni1 — Unp1S
[1 - un—i—l] 2

S, 1AS, o .
Sl I Gin( gy — Bnsa),s

[1— U%H]E

which trivially comes from Eq.(5.2.4). At each stage, we may relabel the spins and

thus we can represent these equations in the transfer matrix 7, yielding

e T T
T=|T% 0 0

0 T ~TH

from which the correlations are given by

where zin normalises the correlation function. This provides us with the way to

calculate the spin-spin correlation function for the J; — J; Heisenberg model.
Calculations of the correlation functions for J-Jy are provided elsewhere [72],

and will not appear in this thesis.

5.3 Summary

We have solved the thermodynamics of the J; — Jo Heisenberg model, calculating all
the standard thermodynamic quantities, and writing the partition function in terms

of an infinite dimensional matrix which we must diagonalise. Once again, the matrix

116



5.3. SUMMARY

has numerical convergence at any temperature due to the Bessel functions, though
we are limited and cannot go to very low temperature as the matrix does become
very large. We therefore truncate the matrix, and diagonalise, and do not go below
T ~ 0.1 for this model, though in principle we can. For this, and all other models,
the interesting physics that we investigate is at a temperature around 7' ~ .J, while
the zero temperature physics is essentially exactly solvable.

We have now offered the solutions to three one dimensional classical spin models.
We will now move on to the results for all of them, as we may draw parallels between
them, especially the plane rotator and the Heisenberg models. We will also offer a
real space technique to solve the integral equations, which we shall use more fully
in the one to two dimensional crossover chapter (7), and we also use Monte Carlo

simulations for the plane rotator and Heisenberg models.
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Chapter 6

RESULTS

6.1 Chapter Summary

In Chapters. 3, 4 and 5, we have reduced the calculation of the partition function of
various models to that of finding the largest eigenvalue of an integral operator. The
work which appears in this chapter is entirely new, apart from the summary of Monte
Carlo. We provide the results of the models, starting with the continuous Ising, then
the Heisenberg, and finally the plane rotator model. This order is chosen as the
“discrete”-like nature of the continuous Ising model means it should be interpreted
somewhat separately from the other two. Before we present the results, we offer
two alternative techniques that can be used as a cross check, directly integrating
the transfer equations, and Monte Carlo, which both have slightly more versatility
(though are not exact). Then we offer the results, providing the one dimensional
“phase”-diagram (and describe what we mean by one dimensional phase transitions
which are prohibited). The phase diagram that we find has not been found before,
as we have access to exact thermodynamics. We also investigate the magnetisation
of the models, finding the that continuous spin Ising model exhibits very strong field

dependence, while the Heisenberg and plane rotator models do not.
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6.2 Integral Equation Method

As a cross check of the exact method, one may directly solve the integral equations.
To do this, one discretises the integral, just as one would normally for any numerical
integration, and then iteratively solve the eigen equation. In general, for the simplest

problems, we have an integral equation of the form

2f(v) = / duls (u,v) f (u),

where z and f(x) are the eigenvalue and eigenfunction of the integral operator, with

K (u,v) being e . We use a trapezium rule for the integral, given by

b N
/a f(x)dmeanf <a+%),

where

for N steps, to write

zf(u;) = ZKijf(Uj)»

where K;; is the kernel of the integrand evaluated at the appropriate point (u;, v;).
The matrix is then diagonalised using the power method, which we shall briefly ex-
plain here as a useful technique for diagonalisation problems. We have the eigenvalue
problem

z|f) = KI[f)
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6.2. INTEGRAL EQUATION METHOD

We start with a test state |a;), which must not be an eigenstate of the matrix K
satisfying
Kln) = éxn)

We then expand this state in the unknown eigenbasis of K,

jar) =" aln)

We then apply the matrix K to the starter state, finding

Klay) = Zanenm) = |ag)

We normalise the new state |az), with the normalisation being the first guess of the
largest eigenvalue, and replace the test state with the new one |a;) — |ag). We then

apply the matrix many times, repeating this process, yielding

KN1) =) agey|n)

Which converges exponentially to the largest eigenvalue and eigenvector, with con-
tributions to other eigenvalues and eigenvectors scaling away as

€ N
el

€0

where €y > ¢; > .... We have three integral equations that we seek to solve
L du y
) = [ e
~1

" de T cos Y (cos ¢p+cos
2f(¢) = / %e (¢+10)+ 4 (cos p+ w)f(w)
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1 s ™
d d d L 1
Zf(v) = / 77,6 / Q_w 2_¢ex(uv+(1—u2)?(l—1)2)? cos((b—d}))-‘r%(u-‘rv)f(u)
-1 _g &T ™

This provides a cross check for all our models. Note, this method (while approx-
imate) allows many more options than the exact methods. For example, one can
include crystal field interactions or longer range interactions. This technique works
well, though it is limited by the ability to store either the matrix K; (if small enough)
or the eigenstates. This issue manifests itself in two ways; numerical accuracy or
range of interactions.

The first issue is obvious, stemming from errors in the trapezium rule. The
technique is never ezxact, but it can offer solutions to more complicated Hamiltonians,
where expansion in basis functions becomes too difficult. Moreover, temperature
smooths the eigenfunctions such that the trapezium rule accuracy improves with
temperature. The technique works like a high temperature expansion, which is

exact at infinite temperature as the integrand tends to a constant

[1313[1) e Pl =1,
for which the trapezium rule is exact. Also, the plane rotator model has no boundary
in the integral so that the trapezium rule is significantly more accurate.
The second issue is slightly more subtle, and relates to how the eigenfunction
scales with the range of interaction. Here we have only restricted ourselves to J; — Jo

but longer range interactions may be tackled numerically. For example, the J; — J3

continuous spin Ising model for example has a transfer integral equation of the form

! du, &(
3

f(u% us, U4) = / 76 u1u2+u3u4)+ﬁJ3u1u4f(u17 Us, U3)
1

121



6.3. MONTE CARLO SIMULATIONS

The longer range the interaction, the more degrees of freedom there are which need
to be described, so that the transfer matrix will become exponentially large.

We will use this real space method in the one to two dimensional crossover
chapter, but we began discussing it here as it serves as a cross check of the results.
We have used it to check the expansions in terms of either Bessel functions or

Legendre polynomials for the various models.

6.3 Monte Carlo Simulations

The standard technique for tackling large scale thermodynamics is to use Monte
Carlo simulations. Here, we will offer a brief introduction to the method, specifically
the Metropolis algorithm, and show comparisons to the exact result to indicate pros
and cons of each.

The basic idea behind Monte Carlo analysis is to make many random moves
in some state space, calculate some quantity (like energy), and weight each move
appropriately (like a Boltzmann weight). If one uses a truly random sampling, one
would have to make very many moves, and so here we do not use a fully random
move at each step. For the case of thermodynamics, one must “order” the states
according to their energy. One must also fluctuate the state so that the moves go
up and down in energy to assess the local susceptibility to fluctuations. Near a
phase transition, the energy landscape becomes flatter, allowing much more large
scale fluctuations. In the classical groundstate, there is a local p/N-dimensional (p
degrees of freedom per site, N sites) quadratic potential providing the low energy
excitations.

We begin with a brief discussion of detailed balance. This is the idea of re-

versability; we wish all moves to be reversible, but the probability of going one way
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verses the other need not be the same. Moving up in energy is different to moving
down due to the growing of the state space; there are many more states which are
higher in energy than lower, and so we must balance this. If we wish to consider
moving state S; to state Sy then we must balance this with the inverse Sy — Sy,

according to

P(S1)G(S) — Ss) = P(S2)G(Ss — Sy)
G(Sl — Sg) P(Sg)

_—— - =

G(Sy — S1) P(Sl)’

where P(«q) is the probability of finding the state aj, and P(a; — «p) is the

probability of moving from one state to the other. Next we have that

G(Sl — SQ) = 9(51, 52)14(517 52)7

where g(aq,as) is the probability of selecting the new state, and A(ajas is the
acceptance probability. For a finite set of states (2V for the Ising model), then
g(S1,52) = g(52,51), and so we are left with

A(S1,52)  P(95))

A(S2,S51)  P(S1)

If we choose A(S;,S5) = min (1, e ##2=F1)) then we have

A(S1,S3)  min(1,1) .,

A(Sl,SQ) min (1, %)

where & = e #(F2=F1)  Thus for any x # 1 we have that the ratio of acceptance is

indeed P(Sl), the Boltzmann weight. This particular choice of acceptance probability
P(S2) g
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is the Metropolis algorithm, although anything which satisfies

A(Sl,SQ) P<Sl> 9(517S2)

A(S1,83)  P(S3) g(Sa, 51)

is sufficient for detailed balance. To run Monte Carlo, we therefore start with some
state. We always choose this state to be the zero temperature groundstate (or one of
these groundstates) as this avoids thermalisation issues. We then choose a new state
and perform the Metropolis algorithm. If we accept the new state, we throw away
the old state and begin again. However, an important aspect of this procedure is
the choice of the new test state; choosing a new state in the whole state space means
we would seldom accept. We wish to accept states around half of the time in order

to fluctuate the state sufficiently. We therefore choose a p/N-dimensional hypercube

Figure 6.1: Choosing new states in from the original state (in red), either using
random choices or a restricted choice.

in state space around the current space, of some size less than the whole of state

space, and randomly move within this cube. We can envisage this in Fig.6.1, where
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we either move randomly in phase space from the original state, or we attempt to
move close to our current state. We imagine a square around the current state, in
which we choose a state to attempt to move to. Note that the size of this cube has
to respect the measure of the original state space, and more importantly the size is

temperature dependent. Here, we use a box size of the form
_r
L =~T"e T,

which maintains the acceptance rate of % for some temperature range. The parame-
ters 7, p and T must be chosen for each system, and also for how far in temperature
one wishes to run for. To be concrete, we use v = 22, p = —% and Ty = 1 for the
32 spin Heisenberg model to give an acceptance rate of roughly % for T € [0.1, 10].
Thermodynamic quantities can be calculated from averages in the simulation, the

simplest quantity being the average total energy, given by

1
E)=— En7
(E) NA;

where E, is the energy at each accepted move (to ensure we do not over count each
state), and Ny is the number of accepted moves. We also have

o= —
Ny’

where Ny is the total number of attempted moves, and we try to ensure a ~ 0.5 for
optimal efficiency. We can calculate the specific heat as
ﬁQ

Ov = % [(E?) — (E)?]
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= ((E) - E)),

with N as the total spins. Direct differentiation of the average energy will not
work here as there would be too much noise on the quantity. We may also want to

calculate the magnetisation and susceptibility matrix, given by

(mi) = 33 (S0

n

Xij = ([(mi) —mi] [(my) —my])

However, for the magnetisation to be thermodynamic, we must add a field, otherwise
(m) = 0 necessarily. It is here that we find the boundary problem with the u variable.
If the Monte Carlo step tries to make v > 1 or © < —1 then we must control this.
The method used here is to flip the angle ¢ when this happens. When we attempt

to make the move u,, > 1, instead we move

Pn = o+ 7

We also avoid this problem if we add an infinitesimal field in the X-direction rather
than the z-direction.

We now move on to the results. We simulated the Heisenberg model on a ring at
first, with nearest neighbour interactions only. We compared this with the infinite
chain result Eq.5.2.1, for rings of size 8, 16, 32, 64 and 128 to assess finite size effects.
At each stage, we ran two simulations with 50000 and 2000000 steps to assess the
noise. The “best” results are obtained with 32 spins with the larger simulation time.

Note that we are comparing a periodic ring with an open chain, and thus we expect
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an error of the form

1
ZT = ﬁZNﬁl — F =

N -1

log z,

providing a % correction to the results, which proved to be sufficiently small for the
32 spin system. We could compare with an open ring, however, the low temperature
energy is then wrong as we miscount the number of bonds, and so we elect to use

the correct bond number, and the wrong entropy. We begin with the energy, and

Figure 6.2: Energy for 8 spins in a ring for the Heisenberg model

for now only use the larger run size, as the noise aspect shows up in the specific heat
more than the energy. In Fig.6.2 we see the energy for 8 spins. The smooth line
is the exact result from Eq.5.2.1. We see good agreement until high temperature
as the energy was correct at low temperature (by construction) but the entropy is
wrong. There is a missing mode from the independence of the relative orientations
of the end, which means that the free energy is wrong. For 16 spins, we see that

this difference in Fig.6.3, we see that there is very little difference between the exact
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Figure 6.3: Energy for 16 spins in a ring for the Heisenberg model

curve and the Monte Carlo. For 32 spins, we see even less difference, but for 64

Figure 6.4: Energy for 32 spins in a ring for the Heisenberg model

spins we begin to see noise, as we have not let the simulation run long enough to
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Figure 6.5: Energy for 64 spins in a ring for the Heisenberg model

thermalise. We now turn to the specific heat capacity, which inherently shows more

Figure 6.6: Specific Heat capacity for 128 spins with a) 50000 steps and b) 2000000
steps.

scatter. We begin with the worst example here, of 128 spins with the small and large

run, seen in Fig.6.6 a) and b). We can13269e that Fig.6.6a) has far too much noise.
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Clearly more simulation time is needed to thermalise. Even Fig.6.6b) has too much
noise on to be confident in the answer, indicating that the largest system needs a

very large number of steps to thermalise. For the case of 64 spins, seen in Fig.6.7

Figure 6.7: Specific Heat capacity for 64 spins with a) 50000 steps and b) 2000000
steps.

we see much less scatter on the larger run time, though the low temperature region
is still poor. With less steps, the noise is very poor, as always. For the case of 32
spins in Fig.6.8, we see the best results for the larger run time, indicating that we
have come close to thermalising this system at low temperature. Finally, 16 spins
in Fig.6.9 has less noise, but we may observe more finite size effects.

We now move on to a non-trivial example, the J; — Jy plane rotator, whose
partition function is new. We use 128 spins and 4000000 steps to achieve good
agreement between the Monte Carlo data and the exact solution. We simulated
the ferromagnet as the simplest case to test the method, with J; = J; = 1 which
is unfrustrated. The error we get as of the order ~ 1% due to the finite, periodic

simulation we use. We see that the exact method and the Monte Carlo simulation
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Figure 6.8: Specific Heat capacity for 32 spins with a) 50000 steps and b) 2000000
steps.

Figure 6.9: Specific Heat capacity for 16 spins with a) 50000 steps and b) 2000000
steps.

agree (for the simulated systems), but the simulation is limited by noise. Our exact
solutions have no noise and therefore we will only use the transfer equation technique
from now on.

We have only presented the most basic Monte Carlo simulations as a cross check,
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Figure 6.10: Specific heat capacity for the J;-.J5 plane rotator model with 128 spins
with 4000000 steps. We have J; = Jo =1

though we find that they agree with much more advanced simulations done elsewhere
[73-75]. We include the discussion on Monte Carlo as we used it as a comparison,
but it also allows an intuitive understanding of other Monte Carlo results, and the

benefit of the exact work done here.

6.4 Results

We now provide the phase diagrams for the relevant models, and attempt to ratio-
nalise and explain them. We provide several calculations for each model; usually
specific heat, magnetisation, nearest and next-nearest correlation functions, and
longer range correlation functions. For each of the models there is a zero tempera-
ture phase transition, either at % = % for the continuous spin Ising model, and at
% = 1 (or & = 1) for the plane rotator and Heisenberg models. This difference

stems from the first model having no continuous symmetry. Firstly we clarify what

we mean by a “phase”’-diagram in these one dimensional models.
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We have discussed phase transitions before, and how we are not allowed them in
one dimension at finite temperature. We are, however, permitted zero temperature
transitions and crossovers. If we investigate the ferromagnetic nearest neighbour
Ising model in one dimension, we still find a smooth peak in the specific heat. This
peak would become the phase transition if we worked in two dimensions, but is
prohibited from diverging. Thus the crossovers that we investigate are the remnants
of the phase transition in one dimension.

These models all exhibit zero temperature phase transitions, which we may in-
vestigate. The transition is not allowed at finite temperature, and so it becomes a
crossover immediately, but it may become very sharp as we near the first order zero
temperature phase transition. A crossover is a smooth change of behaviour between
two states, which are not symmetrically different. For example, the one dimensional
Ising model exhibits a crossover from no ferromagnetic order to one in which there
is no long range ferromagnetic order, but there are short range ferromagnetic cor-
relations which grow as we decrease the temperature. There is a crossover in the
behaviour around 7" ~ %

We now clarify what we mean by phase diagram; we associate smooth peaks in
the specific heat with crossovers and find the associated diagram of crossovers. We
do this because we may observe fluctuation driven crossovers; the remnant of order
from disorder in higher dimensions. One state is thermally destabalised by another,
but we see no order into either state.

We will investigate the crossover between ferromagnetism and anti-ferromagnetism
for the Ising models, and an anti-ferromagnet at k = m and k = w49 for the isotropic
models. When we study continuous spin models, this is the first thermodynamic in-

vestigation of spiral states. Before we find the phase diagrams, we show the simplest
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Figure 6.11: Specific heat and the energy for the plane rotator with J; = —1.2 and
Jo =0.25

of calculations for each of the models to explain the details. In Fig.6.11 we see a plot
of the energy (and specific heat) of the plane rotator model. We see a very smooth
function, limiting to —0.95 at low energy. In Fig.6.12, we see the specific heat for
the continuous spin Ising model with J; = —2 and B = 1. At low temperature, we
have an anti-ferromagnet due to the interactions. As the temperature is increased,
the remaining ferromagnetic order must be present to high temperature, and so we
observe a smooth crossover to ferromagnetism, followed by a fall off in the specific
heat. The low temperature limit is 1 due to the three dimensional spins, which have
two degrees of freedom. They can fluctuate in two directions, perpendicular to the
direction of the spin. We can expand the partition function as a local quadratic,

yielding the effective partition function

Zejf = /dp dze PP ") (6.4.1)
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Figure 6.12: Specific heat for the continuous spin Ising model
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Each degree of freedom provides % to the low temperature specific heat; equiparti-
tion. In Fig.6.13 we see the magnetisation for the continuous spin Ising model, with
Ji1 = —1 and B = 0.05. We see that the magnetisation survives to a surprisingly
high temperature, roughly 7" = 0.5. This will be explored more later, but is a feature
of this model. Clearly, we expect (M) — 1 for a ferromagnet at low temperature due
to the classical spins, and at high temperature we expect very weak magnetisation.
In Fig.6.14 we see the specific heat for the Heisenberg model, with J; = 1 and J; =1
(or field and nearest neighbour interactions). Once again we see very smooth fea-
tures, and a low temperature limit of 1 due to two degrees of freedom per spin. Note

that for the Heisenberg model, we do not go down to a very low temperature. These
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Figure 6.13: Magnetisation for the Ising model with ferromagnetic interactions

Figure 6.14: Specific heat for the Heisenberg

exact methods amount to a high temperature expansion, and are exact above some
temperature, below which the Bessel functions themselves become numerically too

large. A second important feature is that the specific heat is achieved via numerical
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differentiation of the (very smooth) energy. There can be two issues here; noise and
truncation errors. Noise should not be a problem with these exact methods, but
truncation errors are always present. We work on a grid which is fine, but not fine
enough to encounter truncation errors beyond the 6th or so decimal place, and so

we have an inherent error in the specific heat. In Fig.6.15 and Fig.6.16 we provide

Figure 6.15: Nearest neighbour correlation function for the Heisenberg model

the nearest neighbour and next nearest neighbour correlation functions. The first
two correlations occur directly in the energy, and so they are larger than one might
expect, and for sufficiently long range the correlations tail off as an exponential.

In Fig.6.17 we see the specific heat for the plane rotator model with J; = 1.0 and

1

Jo = 1.0. It is once again very smooth and tends to 3

at low temperature due to
the single degree of freedom at low temperature. In Fig.6.18 we see the nearest
neighbour correlation function, which again is a smooth function with 1 as the low

temperature limit.
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Figure 6.16: Next nearest neighbour correlation function for the Heisenberg model

6.4.1 Continuous-Spin Ising Model

We calculate several quantities in order to understand the phase diagram of the
continuous-spin Ising model. To begin with we solve zero temperature. We have
antiferromagnetic interactions with an applied field which are in competition. For
large field we have a ferromagnet at zero temperature, and for large interaction
we have an antiferromagnet. At the point B/J = 2 there is a transition between
these two states. This comes from the local field on each spin exactly balancing the
applied field. There are three relevant states at zero temperature therefore, as seen
in Fig.(6.19). The two states which are well ordered will have a low temperature
specific heat of 1 as they have a local quadratic potential to oscillate in. However, the
special state at kK = B/J = 2 will have a low temperature specific heat of % as half
of the spins are free to move around. The magnetisation of the ordered ferromagnet

(at T'= 0) is (m) = 1, the antiferromagnet is (m) = 0, while the special state is
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Figure 6.17: Specific heat capacity for plane rotator with J; = 1.0 and J, = 1.0

Figure 6.18: Nearest neighbour correlations for plane rotator with J; = 1.0 and
Jy =1.0
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Figure 6.19: The three relevant states to the continuous-spin Ising model at zero
temperature.
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Figure 6.20: Specific heat for the continuous spin Ising model near xk = 2

(m) = 1. It is clear that at k = 2, there is a macroscopic manifold (every other
spin is free to be in any state) and therefore has more entropy associated. We might
therefore expect that this special state thermally destabilises the other two. Having
solved the zero temperature phase diagram, we now see how temperature affects the
zero temperature transition. The specific heat for various values of k are given in
Fig.(6.20). If we associate features in the specific heat with a “phase” boundary,

we get the diagram as in Fig.(6.21). The dotted line in Fig.(6.21) is the associated
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Figure 6.21: “Phase” diagram of the continuous spin Ising model as found from
specific heat calculations

weak phase transition. To explain the shape of this diagram, we consider what one
naively expects. The k = 2 state has the most entropy, and so destabilises the other
two as a function of temperature, and thus we expect a “V” shape. However, due
to the applied field, there is no symmetry breaking between the x = 2 state and the
ferromagnet as they are both long range ordered ferromagnets. There is a symmetry
change between the k = 2 state and the antiferromagnet as the antiferromagnet has
no long range ferromagnetic moment. Thus one sees a crossover in the specific
heat between the k = 2 state and the antiferromagnet and nothing between it and
the ferromagnet. To justify the phase diagram, we use the magnetisation, as can
be seen in Fig.(6.22). For small values of k we get finite magnetisation at high
temperature due to the field, then a turn over into zero magnetisation due to the
antiferromagnetic interactions. At k > 2, there are no features in the magnetisation,
as we move from a partial ferromagnet to a fully ordered ferromagnet, and thus we

see no signature of this.

Magnetisation

We now investigate how applying a field affects this model when it is ferromagnatic.

We will use classical field theory to understand the excitations of the model, in order
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Magnetisation
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Figure 6.22: Magnetisation for the Ising model with competing interactions near
K=2

to justify using the regular Ising model to understand the magnetisation. The field
dependence in the Ising model (and this model) turns out to be very subtle, and
we attempt to understand the dependence. We calculate the average domain wall
separation for the ferromagnetic Ising model in an applied field in order to show
that they depend on the applied field, but not strongly.

We apply an exponentially decreasing field, as seen in Fig.6.23. We reduce the
field by % each time, and we see that the magnetisation is reducing more slowly
than this; an exponentially weak field produces a relatively large magnetisation to
a surprisingly high temperature. To explain this we examine the excitations of this
model, and see how they compare to the regular Ising model. To do this, we use a

classical field theory, beginning with the partition function given by

7 = /D[Q(x}]e‘ﬂqem],
14
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Figure 6.23: Magnetisation for the Ising model with ferromagnetic interactions with
exponentially weak applied field

where the Lagrangian is given by the continuum limit of the continuous Ising model

L= /Oo dz cos[f(x + 9)] cos[f(x — I)],

[e.9]

where z is real space position, a continuous variable, § is the lattice separation,
taken in the limit 6 — 0, and @ is the classical angle field. We expand all functions

to quadratic order

2
O(x +06) =0(x) £ 00 (x) + %9”(1‘)
2
cos(0 + df) = cosf — dfsin 6 — (dz) cos 0,

where

52
dh = 59"(1‘) +60'(x)
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This gives us

> 2 2(0/\2
L :/ dx |:COS€ —sinf (%0”(;;) +59’(m)) _ 00895 (;9) }

)

2
X [008«9 —sinf (%9”(3}) — (59'(.:1:)) — cosd 5

and so, to quadratic order, we find

L= / dz cos® 6 [1 — 6°(0')* — tan 656"

(e 9]

We integrate this by parts, and there is no boundary term which affects the ther-

modynamics, yielding

L= / dz [cos®§ — 6°(0')* sin 4]

—00

We then minimise the functional which gives the dominant fluctuations to the par-

o oLy _oc
oxr \o9' ) 06’

which gives us the equation of motion

tition function, using

sin 0(z) cos 6(x)

sin? 0(x)0" (x) + sin 0(x) cos O(x) (0 (z))* = 5

We then solve this (by multiplying through by 26’, and rewriting as a perfect deriva-

tive) that

0 (0) P sin? () — 2 01)

The boundary conditions are either spin up or spin down, corresponding to 8 = 0
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Figure 6.24: Domain wall structure for the continuous model in the continuum limit

or § = m, which gives 0'(z) ~ %. This means we get a domain wall between an
up domain and a down domain on the scale of one lattice spacing ¢, as seen in
Fig.6.24. We can calculate the average length of these domains in the J; — B Ising
model which will help us understand the field dependence of the magnetisation. We
consider a background of spins which are parallel to the applied field, up. At zero
temperature we only have spins parallel to the field, but as we introduce temperature,
we generate some spins which are anti-parallel to the field. However, the majority of
the spins are still up, and so we envisage a background of parallel spins with a small
bubble of down spins. We therefore have two domain walls, and we can calculate
the average separation of these. Each pair of domain walls has two entropic modes;
they delocalise across the system to gain from positional entropy of the down spins,
and also change the length of the domain. The entropy of the delocation is trivially
T'log L for a system of length L, which provides the destruction of long range order.

The change of length of the domain is harder to calculate. We can calculate the

effective partition function for such a domain wall

L
Zeff = Le‘zﬁ‘] Z G_QﬁBn + 1,

n=1
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where the term €2%” is the Boltzmann weight for the energy penalty at the boundary,
and the second term sums over the length of the domain with appropriate Boltzmann
weighting, and the final term is the groundstate. We have an L in front of the
summation because we can delocalise the pair of domain walls across the system.
We will take the upper limit of the sum to infinity, but keep the term in front of the
sum as L, yielding

e—28(J+B)

Zers = Ly =mm

LeB(B+T) 4

= —+1
2 +5

+1

where we have defined
e 87

¥ = Sinh BB’
which will be used in a later calculation and is the controlling parameter for the
thermodynamics here. The reason that this is the parameter is not fully understood
yet, but more work will appear on this in [22], in which this parameter is derived
in general. Note that we have assumed that the distance between such domains
is very large, and hence we are in the low temperature limit. The L here tells
us that the groundstate is never relevant, and that there is always a domain of
oppositely orientated spin of some size, as it gains from the delocalising entropy.
We may interpret the parameter x as the thermodynamic cost of making such a
pair of domains, which can be small, but the coefficient is sufficiently large that the
groundstate is never relevant at finite temperature. We may calculate the average

length of these domains
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Average length of domainsg in the Ising model

Tempereture

Figure 6.25: Average length of domains in the Ising model
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We may take the limit that 3B — 0 to find that

which is the limit for small applied fields. That is, when we apply a very small field,
the length of oppositely orientated domains can become wvery large as it scales with
the inverse of the field. However, there is also a temperature below which B is
not small, at which point the exponential term e~/ requires that (I) — 0 from
Eq.6.4.4. We see this style of behaviour in Fig.6.25, where the temperature defeats
the field and the domain size is small. This is a rather subtle limit, indicating we

need to know how to order the parameters 3, J and B.
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In order to understand the behaviour of the magnetisation, we shall simplify our
model back to the regular Ising model (whose partition function is exactly known,
and whose excitations are equivalent). The partition function for the J; — B Ising

model, is given by

2z = | cosh BB + +/e?3/ (sinh fB)? — =287

We wish to calculate the magnetisation, and so we calculate

(m) 10logz
m) = ——
8 0B
1
_ tanh 6B + Wire _ o287
1 4 tanh BBv1 + 22 ~ sinh 8B

The susceptibility for this model can be calculated directly, yielding the zero field
susceptibility as

0B; 1B—0
pe*?’ + O(B)

Which only has one component for the Ising model, and diverges as 3 — oo, as can
be seen in Fig.6.26. It does not show the exponential behaviour of the magnetisation
however, as we have truncated this behaviour to a power series. We expand the

magnetisation in powers of x, in the limit é — 00, to find

(m) = 1——=+—" = +0(%
6—4BJ 36—8,6J 56—12,8J

1— + -
2sinh? 6B 8sinh?AB  16sinh® 8B
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Figure 6.26: Susceptibility of the J; — B Ising model

This produces the low temperature limit of 1 for the magnetisation, while the higher
order terms produce the turn over that we wish to examine. Taking the limit B — 0
is not directly possible, as this linearises the sinh 3B terms, and causes the magneti-
sation to diverge. In fact, we can only consider the temperature limit where 5 > B
in order to keep the non-linearity. The parameters are therefore controlled by the
sequence

1> B> e P,

where last term ensures that we may make the expansion in x. This also means
that this expansion is only valid for large 3 implicitly, even though we did not
explicitly expand around this. We can see the plot of this in Fig.6.27, where the
exact magnetisation has been plotted for exponentially weakening fields to show the
strong dependence, and the expansion is plotted. It is clear that it is only good for

low temperature.
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Figure 6.27: Magnetisation of the J; — B Ising model

We now interpret the physics of the problem, and indicate how we can improve
the calculation. The parameter x is required to be small for the magnetisation to
be saturated. At first site, it appears that the limit B — 0 prevents x from being
small, but the exponential on the top means that x is small for reasonable temper-
ature. Therefore, small fields provide a saturated magnetisation to a surprisingly
high temperature.

We have neglected the effect of having multiple oppositely orientated domains,
which the calculation that we would like to perform. We envisage a finite system with
a density of these domains, whose average length is given in Eq.6.4.4. The number
of these domains is optimised for a given energy to gain from the delocalisation
entropy without coming into contact with one another. The parameter x may also
be interpreted; the exponential on the top is the energetic cost of creating such a
bound pair of domains. For the models with well defined domain walls, this energy

is finite, but for the plane rotator and Heisenberg, this energy is zero and we observe
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very different behaviour.

6.4.2 Summary of the Continuous-Spin Ising Model

The thermodynamics of the continuous-spin Ising model have two aspects; the phase
diagram of the frustrated antiferromagnet and the magnetisation of the ferromagnet.
The phase diagram is clear, and is a very simple example of order from disorder.
The magnetisation is not as clear, as we have a non-perturbative dependence on the
field. In other words

e PP ~1-pB

is true for B < 1, but not for all temperatures. This conflict means that expansions
of this type are inherently difficult to control. Here, we used the parameter

e P’
v sinh 5B

which is suitable for x < 1. It looks as though the limit B — 0 would prohibit
this, but the exponential term controls how fast x goes to zero. In other words, for
any finite, but small B, there is always a temperature small enough such that x is
very small and a suitable parameter for a series expansion. It then clear that this
predicts a magnetisation to a relatively large temperature because when x is not
small, we see the magnetisation is destroyed. For x to not be small, we require a

relatively large temperature in order that the exponential is not dominantly small.
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6.5 Heisenberg Model

We may calculate the same diagram for the classical Heisenberg model too. As
usual, at any finite temperature thermal fluctuations, however, we may calculate
the zero temperature phase diagram to see what we expect.

As said in the technique section, the J;-J; and J — B models are thermodynam-
tcally identical, but the interpretation of them is different. We could find the zero
temperature phase diagram for the model with a field, and we would interpret the
crossovers in the same way as the continuous spin Ising model. However, we elect
to consider the J;-J, model, which we have to interpret slightly differently. We first
calculate where the zero temperature phase transition is and therefore begin with

the model

H=-J) Si.8.1—5=) 5.8

If we use the one dimensional Bloch transform of the form

~ 1 )
S, =—= e*"S,
R
Then the Hamiltonian becomes diagonal of the form

H=— Z (J1cosk + Jycos 2k) Si.S_k
k

We then minimise the structure factor through

i

k=——
cos e

meaning we put the spin density down at the appropriate & where the equation is
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Figure 6.28: Depiction of the spiral state verses the normal anti-ferromagnet for
two different values of exchange

appropriate. When J; > 4.J5, we simply have antiferromagnetism, but for J < 4.J,,

we get a spiral state with pitch

as seen in Fig.6.28, with a state given by

S, = &g cos (K*n + ¢) + & sin (k*n + @)

for two orthonormal basis vectors €y and €;. This time there is no special state
with macroscopic entropy, though the state at k = J;/J, = 1/4 is degenerate to an
infinitesimal spiral. We therefore may not expect any special “shape” to the phase
boundary, however, fluctuations are optimised with collinear spins. Physically one

can see this by considering two spins perpendicular to one another. They cannot
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fluctuate collectively in the direction parallel to either spin (due to the length con-
straint), which reduces the number of degrees of freedom available. Collinear spins
on the other hand can fluctuate collectively in all directions, optimising the entropy.
We therefore expect the antiferromagnetism to destabalise the spiral state thermally

to make use of these fluctuations. In order to investigate the phase diagram, we be-
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Figure 6.29: Specific heat for the Heisenberg model fig 19

gin with the specific heat, sweeping through the region of interest in parameter
space, as seen in Fig.6.29. The specific heat for the Heisenberg model is particularly
smooth and so it is not obvious that much is happening around x = 4. However,
if we look at the first neighbour correlation function, Fig.6.30, then we see more
dramatic behaviour. For |k| > 4 the correlation function is saturated at +1, but for

|k| < 4, we find the low temperature limit of the correlation function is given by

(80.81) = cos™! (g) (6.5.1)
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Figure 6.30: Nearest neighbour correlation functions for the Heisenberg model

as expected. Omne also observes this sharp change of character in the next near-
est neighbour correlation function, seen in Fig.6.31. We therefore believe that the
Heisenberg model has the same style of phase diagram as the continuous spin Ising
model, with k = 4 as the special state. Applying an exponentially weak field for
the Heisenberg model provides exponentially weak magnetisation, unlike in the Ising
models. We see this with ferromagnetic J, and weak ferromagnetic J;, and observing
the nearest neighbour correlation function, as seen in Fig.6.32. For J; = 0 we have
two decoupled chains, which ferromagnetically order but do not co-order, providing
a (very small) low temperature entropy for the relative orientation. This system
is not magnetised by an infinitesimal .J; to a large temperature, instead providing

magnetisation to an infinitesimal temperature.
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Next Nearest Neighbour Correlation Function

Figure 6.31: Next
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Figure 6.32: Nearest neighbour correlation functions for the ferromagnetic Heisen-

berg model

The reason for this behaviour is due to the isotropy of the spins clearly, where

in the Ising model (and continuous Ising model) we have essentially up or down.
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6.5. HEISENBERG MODEL

To examine the field dependence of the Heisenberg model, we use perturbation
theory. Note that in the Ising model, we cannot perform such an expansion as the
system depends exponentially on the field, and any expansion we choose truncates
this strong dependence. Here however, the field dependence is not so strong, and so
we may perform a standard expansion. For convenience of the expression, we will
use the non-Hermitian representation of the transfer matrix, and so first we justify

that we can perform the usual perturbation theory. We use the representation

Ty = V14 2071+ 2m1,(8.)Com(BB),

which we expand for small B, which as stated before is also a high temperature
expansion. We can easily expand the function C'(z) for small argument using the
orthogonality of the Legendre polynomials, and recursion relations, yielding the

expansion for the transfer matrix as

Onm N Op—1m n+1 dptim
Tom = ¢1+2”\/1+2m1”(5‘]1><2n+ [ B [2n+12n— 1 2n—|—12n+3]
(8B)* 1
T @ nen D
X{nménlm 1 X n(m X 1)5n71,m+1 4 (n 4 1)m6n+1,m71 4 (n 1 1)(m i 1) 5n+1,m+1 H)
2n —1 2n—1 2n+3 2n + 3

(6.5.2)

The crucial observation is that the leading order term is Hermitian, and has trivial
eigenvalues and associated eigenvectors as it is diagonal. This means we can evaluate

the first and second order corrections to the eigenvalue without any issue. To be
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concrete, consider the first order correction to the eigenvalue given by

2t = o(nc|Ti|ng)o + o{nelTolng)1 — zpo(nLlne),
where T} is the field independent term, and 7 is the field dependent term in Eq.6.5.2.

Where |nz) and |ng) satisfy the non-Hermitian equations

Tngr) = zu|nr)

(n|T = (np |z,

Given that T is Hermitian, the last two terms cancel, and so we return the same
result as the non-Hermitian case. We simply overlap the new matrix in the old basis
to find the relative correction. First we note that the eigenvalues and eigenvectors

for the unperturbed transfer matrix are given by

n __
ay = Onp,

where a; is the p-th coefficient of the n-th eigenvector, and is thus particularly
trivial. Note that we only need the largest term from the transfer matrix as well, as
we are in the thermodynamic limit, as stated before. For the Heisenberg model, we

wish to calculate the magnetisation (or susceptibility), and thus we calculate

B _l@logZ
O(M)
0B
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6.5. HEISENBERG MODEL

The first order correction to the eigenvalue (which would give us the magnetisa-

tion) is calculated by the overlap

2 = (n|Thfn),

where 77 is given above. It is clear that it has the form

0 a O
b 0 ¢
0 d 0

and therefore has no overlap with any of the groundstate eigenvectors, and thus
we have no leading order correction. This provides us the proof that there is no
magnetisation from the Heisenberg with (exponentially) weak fields, as is found
with the exact solution. Finally we calculate the susceptibility, using the second

order correction. We use the approximation

@)

3 {m|Tafn®) (n[Th|m)

1
- *T *
p—— 5 (| Ta[n)

m#£n*
OnD(T]0) 1
+ —

Z1 — 20 2

(0[73]0)

This gives us

21 [1o(8))*
31o(BJ) — L(BJ])

+ éfo(5J)7

which gives us a, strictly high temperature, expansion of the eigenvalue for the
Heisenberg model, along with the zero field magnetisation (showing no long range

order) and the zero field susceptibility.
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Figure 6.33: Specific heat capacity for the plane rotator near k = 0.25

6.5.1 Summary of Results of Heisenberg Model

The phase diagram for the Heisenberg model has exactly the same form as the Ising
model, but at x = 4 rather than x = 2. This is the first time the thermodynamics
of spiral solutions has been investigated. The field dependence of the Heisenberg
model is also much weaker than the Ising model, exhibiting exponentially weak
field dependence. This is a consequence of the continuous symmetry which allows
fluctuations perpendicular to the field which reduces the moment along the field

direction.

6.6 Plane Rotator

We finally move on to the plane rotator model. Once again, for competing J; and
Jo, we have two states which as shown in Fig.6.28, but with one less spin dimension

to spiral in. We begin with the specific heat, given by Fig.6.33. We observe the same
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Nearest Neighbour Correlation Function
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Figure 6.34: Nearest neighbour correlations for the plane rotator

characteristic change of behaviour around x ~ 4, with the smooth peak disappearing
towards the zero temperature axis. The behaviour is exemplified in the (nearest
neighbour) correlation function, shown in Fig.6.34. Here, the correlations saturate
at the antiferromagnetic value (—1), before increasing in line with Eq.(6.5.1). We
may also look at the next nearest neighbour correlation function, seen in Fig.6.35,
where the change of behaviour around x = 4 is found once again. We therefore
believe that the phase diagram is the same as the Ising and Heisenberg models.
We now look at longer range correlation functions for the plane rotator. First we
look at simple ferromagnetic exchange with J; = J, = 1, seen in Fig.6.36. We see
that they strongly decay as a function of separation, though at low temperatures
the correlations actually become very long range. We know that the correlations
diverge at zero temperature, but they remain to a relatively high temperature before
decaying, like the magnetisation in the continuous spin Ising model. Next we see the

unfrustrated anti-ferromagnet, with J; = —1.0 and J, = 1.0. We observe exactly
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Next Nearest Neighbour Correlation Function

10

—— k=60
— k=52
— x=44
oz | =36
— w28
k=20
os b — =12

Correlation Function
o

oo 02 0.4 06 0.8 10 12 14 18 1.8 20

Temperature

Figure 6.35: Next nearest neighbour correlations for the plane rotator

Figure 6.36: Correlation function for the plane rotator with J; = 1.0 and J; = 1.0
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Figure 6.37: Correlation function for the plane rotator model with J; = —1.0 and
Jy=1.0

the same behaviour as previously, although with the corresponding change of sign.

Classical Field Theory for the Plane Rotator

We now examine the low energy excitations of the model, just as in the continuous
Ising model. To do this, we use classical continuous field theory. We write the

partition function as
7 /D [¢($)] eﬁ.](ffooo dx cos(¢(az))—cos(¢(r+5))—1)7 (661)

where we have elected to subtract off the groundstate energy. We expand the angle

field to second order in J, and expand the cosine to the same order, yielding

oo 2 /
Zepy = / D ()] e~ I e 5 (0/)? (6.6.2)
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We solve this using the standard Euler-Lagrange, yielding

0 |0H

%[(%’} — 0 (6.6.3)

— 8¢ (x) = C (6.6.4)
~ o) ~ T (6.6.5)

which tells us that the low energy excitations (in one dimension) are very long range
spirals. These long wave length (low energy) excitations are a consequence of the

continuous symmetry of the model.

6.7 Summary of Results of all Models

We have found the low level thermodynamics of three short range one dimensional
models. The continuous spin Ising model exhibits strong field dependence, while the
Heisenberg and plane rotator models do not. They all have a similar phase diagram
for the frustrated antiferromagnetic cases, although the distinction between states
is most obvious for the continuous spin Ising model. The critical point for the
continuous spin Ising model is also different to the other two models due to the

inability to spiral.

6.8 Conclusion

We have studied the thermodynamics of three one dimensional models. Using trans-
fer functions, we have reduced the problem to an eigen problem, where the thermo-
dynamics is all contained within the largest eigenvalue of the integral operator. For

the continuous spin Ising model, we use the Legendre polynomial basis to represent
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the problem as a matrix, and then recursion relations to find the elements of the ma-
trix. For the Heisenberg model we also use the Legendre basis, but we have a more
explicit method of calculating matrix elements. Finally for the plane rotator, we used
a Fourier basis for the eigenfunction to transform the problem to reciprocal space.
Here, once again we had an explicit representation for the matrix elements. For the
continuous spin Ising model, a second transfer matrix was found which provided an
explicit representation for calculating matrix elements exactly. For the other models,
we can approximate the integral equations with discretisation, once again turning
the problem into an matrix eigenvalue problem. The approximate method works
well, though quantities like specific heat, which are second derivatives, are largely
limited by truncation error. The exact methods hit no such problems until sig-
nificantly lower temperature when the size of the partition function itself becomes
unmanageable. We may also compare our results with Monte Carlo simulations,
which have been performed on the Heisenberg model.

We have used the one dimensional analogue of phase transitions in the specific
heat to describe a phase diagram, allowing us to investigate how temperature affects
zero-temperature phase transitions classically. For all three models with frustrated
antiferromagnetic interactions, we found several states which are groundstates at
zero temperature. For the continuous spin Ising model, there is the antiferromag-
net, the ferromagnet, and the ferromagnetic state where half of the spins are not
ordered. For the two continuous models, the three states were the nearest neighbour
antiferromagnet and the spiral. If J, — oo then we have a next nearest neighbour
antiferromagnet seen in Fig.6.38.

We then investigated the thermal properties of this zero temperature transition.

When there is a special state (the Ising model), there is much more entropy asso-
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Figure 6.38: Natural state for Jy — 0o, two decoupled antiferromagnetic chains

ciated with the special state, which destabilises the antiferromagnet. For the two
continuous models, the antiferromagnetism destabilises the spiral state, in order to
gain from the fluctuations. Thus the phase diagram of all the models looks essen-
tially the same for all three models and we have the simplest possible example of
an order from disorder transition, or fluctuation induced crossover. Note that if we
included a crystal field we would be able to investigate the simplest case of a spin

flop transition, seen in Fig.6.39.

Figure 6.39: Example of applying a field to an antiferromagnetic system with a
crystal field interaction

The thermodynamics of these models is clearly corrupted at low temperature by
quantum mechanics; the limit S — oo is unphysical for any real spin. However,
the theory of phase transitions is believed to be classical, and therefore provided
the low temperature phase is not quantum fluctuation dominated (a dimer phase on
the ladder geometry), we believe that classical thermodynamics is reasonable. This
method has the ability to investigate the one to two dimensional crossover using
a second long range interaction. Here, phase transitions may occur in the limit of
diverging the range of this second interaction (indeed, strictly in this limit only).

However, here we have no phase transitions or critical behaviour, but we have
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a technique which allows investigation into the thermodynamics of such models,

offering an alternative to the often used Monte Carlo.
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Chapter 7

ONE TO TWO DIMENSIONAL CROSSOVER

7.1 Chapter Summary

We introduce the one to two dimensional crossover technique, that shall be explored
much more fully later work [21] and [22]. We use the same transfer matrix method
to solve the Ising and clock models (which are discrete). We then approximately
solve the continuous spin Ising model in the two dimensional limit using direct
integration of the transfer function, introduced in §.6.2. We use mean field theory
to try to predict the transition in the continuous spin Ising model, and to predict
the lower anomaly in the specific heat for the clock model.

The results we find are new for the models, though they amount to the results
found by other techniques such as Monte Carlo. The technique of using transfer
functions is partially new as has been explained, but the geometry we use to get to
two dimensions is unique. It allows us to only have to integrate over one spin at
a time, rather than the alternative strip geometry, in which one integrates out N
spins. This makes the calculation technically much easier, but amounts to the same
result in which we simply evaluate the largest eigenvalue of a transfer equation. It

is important to note that the previous calculations in one dimension were exact, but
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this technique is approximate as we are numerically solving the transfer equation

using essentially the power method.

7.2 Introduction

Having solved several one dimensional models, (J;-B and J;-J;) we now consider
the one to two dimensional crossover. To achieve this, we consider models of the

form

H = Y [J5S282., + JVSUSY, + Ji5257 ]

+ Y [JRSIST N+ JESESY o+ JiSESE ]

for some given type of spin (either Ising, or classical in two or three dimensions).
This type of model has partially been investigated before [76], though more usu-
ally the spiral boundary conditions are not used, in favour of cylindrical boundary
conditions [1,77,78]. For the one dimensional models, we used exact techniques in
order to turn the problem into a well specified transfer matrix. Here we abandon
this mathematical control in order to include longer range interactions. In practice
we use a sequence of increasing finite values for N up to some (memory limited)
size. We then attempt to fit the infinite limit answer, although in reality it is not
clear how to fit, and so very limited fitting will be done.

We will start with the regular Ising model, whose transition temperature is known
exactly giving us a model to compare results to. For this model, the transfer matrix
is exact, with the only approximation to two dimensions being N. We then gener-
alise this model to the p-state clock model, whose spins are planar but restricted to

p-evenly spaced directions around the unit circle. We regard this model as an ap-
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proximation to the plane rotator, where we discretise the transfer function, though
to a certain extent we study this model in it’s own right, as it is equivalent to the
plane rotator above some temperature. This model is known to have two transi-
tions for p > 4, and we observe two anomalies in the specific heat. We also offer a
mean field theory which seems to approximate the lower peak as an Ising transition
reasonably well, especially for large p, though we cannot prove anything. We also
study the plane Ising model, or anisotropic clock model. We see two interesting re-
sults; a very sharp magnetisation crossover under the application of a magnetic field
which frustrates the p-fold crystal field, and the apparent destruction of the lower
specific heat anomaly, which simply converges to a finite peak as a function of N in
the presence of weak anisotropy. Finally we study the continuous spin Ising model,
which has not been studied in two dimensions. We offer a mean field theory which
seems to predict the observed specific heat anomaly reasonably well, characterising
it as an Ising transition.

We will calculate the specific heat for all models, the average total magnetisation
for the plane Ising model, and the long range correlation function for the regular
Ising model. We will use polynomial extrapolation on the correlation function, and it
is at this point it becomes clear that there is not necessarily a clear fitting procedure.

As always, we begin with the technique we will use, before moving on to the
results. We essentially use the same technique throughout, though there is a slight
subtlety when we calculate for the continuous spin Ising model. We then offer the

results and any theories which help explain the results, for the models.
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7.3 Calculation Technique

We begin with the regular Ising model. As we have seen, we may use the transfer
matrix (or function) technique for these models, and we use that here. However,
as was clear from the J;-J3 Ising model, the transfer equations necessarily grow

exponentially, giving us the limiting factor for our technique. We consider

H=-J E OnOni1 — JIN E OnOn+N,
n n

for a sequence of increasing N, until 2" becomes too large. We begin with the .J;-J;
Ising model in order to see the technique in detail, before we trivially generalise it

to arbitrary N. We write the partition function as

Z =y e (7.3.1)
{o}

L
- | | €9 E Van_10n0n+1eUL
n=1 on

For a system of length L, where

In—19ntononi1
—pJ(fn=Tn oIt

=ec +Unfla'n+1)7

Vo'nfla'no"rrl»l
and e,, is the part of the energy that we missed by factorising our Hamiltonian
in the usual way (see §2.6.1) and does not contribute to the thermodynamics. We
wish to turn this into matrix multiplication, but the functions V;;, are not matrices.
We therefore include some redundancy in the summations to turn the problem into

matrix multiplication. The function V;;;, takes eight values, and so we arrange these
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in a 4 X 4 matrix, with eight zeroes. We therefore define

T0'10'27'17'2 = 57’10’2 VU10’27’2;

where the delta function controls the zeroes that we include in our new 4 x 4 matrix
T. We now ensure that matrix of the transfer matrices is the same as producting
the functions Vj;, together. We consider the indices of the transfer matrix as a
compound label, viz

T 09mm =15

R

where the indices i, j go over four values. Then matrix multiplication is

§ :TUTJ’C = E :T01027’17’2TT1T2I€1H2
J

T172

in the usual way. We now check that this multiplication is the same as the product

by considering

T0'10'27_17—2T7—17—2’11K/2 - 67—10'2 5’117_2 V0'10'27—2 ‘/7—17—2"‘32

Vol o2K1 Vag K1K2

and we see that the index oy on the functions V' is being transferred in the way we
desire to return the partition function. We may therefore use the transfer matrices

to generate the partition function by

7 =Tr(T)" (7.3.2)

172



7.3. CALCULATION TECHNIQUE

where the matrix multiplication here is over each pair if indices. For the case J;-J3

the transfer matrix is given by

efitks o= Ks 0 0 ++
0 0 K=K e K +—
(++7+_7_+7__>23 )
e Ks  els—kKa 0 0 —
0 0 e s omKi-Ks ——

14

where (...);; indicates the possible states of the Ising spins ¢; and o; and K; = .J;
and K35 = (Js.

It is now clear that we can generalise this for arbitrary range of interaction NV,
and simply include more dummy variables in the transfer matrix 7". We then find
the largest eigenvalue of the transfer matrix which yields the partition function in
the thermodynamic limit L — oo.

This structure shall be used throughout for the transfer matrix for all models.
We can also exploit two symmetries of the Hamiltonian to make the eigenfunction
more symmetric, and the matrix itself smaller. We can firstly write the Hamiltonian

in symmetric form

_h
N

n

H = (0n0n+1 + Ont10n42 + - . Un+N—10n+N) —Jn E OnOn+N,
n

and we may also use the floating basis 7,, = 0,,0,,11 yielding

_h
N

n

H = (Tn +Tn+1 + . -Tn—f—N—l) — JN E TnTn—i—l . -Tn—f—N—ly
n

which reduces the number of spins involved in the Hamiltonian by 1, so we can
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calculate up to N + 1 rather than N if desired. Once again we use
1 /
(B) = —2(0]]0),
z
where 2/ = g—g for the exact energy, and numerical differentiation of this for the

specific heat. For the long range correlation functions, we use

1

Tl (E)

where z is the largest eigenvalue, and Z is the largest eigenvalue of the modified
transfer matrix which contains the spin, or simply the eigenvalue of the original
transfer matrix which contains the correct anti-symmetry. We only calculate this
quantity for the Ising model.

For the p-state clock model, we consider the model

H=—J1) cos(¢n— Gus1) = Ju ) co8(dn — busn) = Iy ) cospy,

where h, = oo, leading to the angles being restricted to p states. Clearly p = 2 is
the Ising model, and p = 1 is trivial. Once again we use transfer matrices, which

N—1

are now p"~ (or p in the floating basis) dimensional. We set up the matrix as

transferring from the set {¢,, ¢pni1 ... dnin} to the set {dni1, Pnia- .. Gnint1} using

the matrix

T¢n+1a¢'n+2~--¢n+N+l?¢n7¢n+l -~¢n+N

exactly the same as in the Ising model, and we turn the summation over p-states
for ¢y into matrix multiplication.

Finally, we solve the continuous spin Ising model. We will use the same structure
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as before, but we now have a truncation scheme due to the transfer function nature

of the problem. We consider

H=-J Z cos B, cosO,1 — Jy Z cos B, cos O, n
which yields the transfer equation given by

1
du
Zf('Uq, Usg . .. ’LLN) = / _OeﬁJluOUI‘F,BJNuo’u,Nf

9 (UO,UI...UN_l),
-1

which we solve using the integral equation method presented in §.6.2. Here, however,
we wish to take the large N limit, and so we elect not to use the trapezium rule
which requires many steps in the region [—1,1] to be accurate. Instead, we use

g-step Gaussian Legendre integration, where

q

- [ 5000 = 3 st~ 3

n=0

where w,, are weights, and we evaluate the ¢ steps on a non evenly spaced grid.
This integration technique uses that the integrand is well represented by a ¢-th
order polynomial in the region [—1,1], which for our transfer function leads to a
temperature above which the integral is exponentially accurate. We therefore have
a ¢"V dimensional transfer function, where to go lower in temperature, one increases
q, and therefore must reduce V.

We now move on to the results, providing the specific heat for all models, along

with any relevant calculations.
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7.4 Results

7.4.1 Ising Model and Clock Model

We begin with the regular Ising model. Throughout, we work with J; = Jy =
1, and ferromagnetic, and only frustrate the system with a field for the plane
Ising model. After the Ising model, we study the p-state clock model, the p-

state plane Ising model and the continuous spin Ising model. In Fig.7.1 we see

Figure 7.1: Specific heat for the Ising model on the spiral lattice.

a sequence of calculations of the specific heat for the Ising model, with N =

3,4,5,6,7,8,10,12, 14, 16, 18, 20, 22, 24, with the exact two dimensional solution over
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the top as the vertical line at [38]

2
T = — = ~2969,
! log(1 + v/2)

a number which will be used extensively for other calculations. We observe that the
position of the peak is in very good agreement with the exact result, and indeed
grows as a function of N as expected. However, we do not know what the function
is, meaning that we can not simply fit the N — oo limit of the peak to find a
sharp peak. We now look at the inverse correlation length, seen in Fig.7.2 with

N =3,4,5,6,7,8,10,12, 14, 16, 18,20. This correlation length should scale as

v

T
~ 1——
5 60 + ‘ T] )
with, for the Ising model, v = 1 which is known exactly. Here, we have an

anisotropic geometry which adds confusion. For a finite lattice of size L x L, we

expect the correlation length to be cutoff at the length scale L, which leads us to

Ty — T, ~al v,

where T, is the finite sized pseudo-critical temperature, at which the correlations
span the finite system. For us, we have a system of size N x oo, and so the full two
dimensional correlations may generate down the spiral, but not perpendicular. We
therefore have no simple way of extracting out the limit N — oo as we would like.
We may simply use polynomial fitting to extract out features, but we rarely expect a
polynomial dependence on N. However, in Fig.7.3 we provide the inverse correlation

length (up to Ji-Jg) but with the polynomial extrapolation over the top, and the
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Figure 7.2: Inverse correlation length for the Ising model on the spiral lattice.

exact solution as the vertical line, which we would expect close to the transition.
We see that the extrapolation agrees reasonably with the exact solution, although
it goes negative, indicating that the fitting procedure is not appropriate. We next
provide the results for the p-state clock model. For the cases p = 3 and p = 4, the

exact solution is known [42]

3 17
Tyez3 = ————— Tpo
= 2log(1 +/3) =

In Fig.7.4 and Fig.7.5 we see the specific heat for a collection of spiral sizes, with
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Figure 7.3: Inverse correlation length for the Ising model on the spiral lattice with
polynomial extrapolation.

the exact solution over the top, and once again we see good agreement. For p > 4,
it is known that there are two phase transitions, which are both believed to be
Kosterlitz-Thouless like. In Fig.7.6, Fig.7.7, Fig.7.8 and Fig.7.9 we see the specific
heat for p = 5,6,7,8. We can see two smooth specific heat anomalies which grow
as a function of N. The upper peak is p-independent while the lower one decreases
in temperature with increasing p. The vertical lines on the graphs are a mean field
treatment of the lower peak, which we now describe. We reduce our Hamiltonian

to one in which neighbouring spins are either parallel or one clock tick over. This
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Figure 7.4: Specific heat for the p = 3 clock model on the spiral lattice.

turns our model into an Ising model, with two states between neighbouring spins;

parallel or canted. We may write this Hamiltonian down as

H=-J Z —UZU];— L — cos <2_7r) —Uiajz_ 1,

<ij> p

where the clock tick costs the energy cos (%’“) This allows us to write

1 — cos <277r> 1 + cos (27”)
H = —J o | —— 772 I
ZO’O'J 5 + 5
<ij>
- - effHIsin97
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Figure 7.5: Specific heat for the p = 4 clock model on the spiral lattice.

which is simply the Ising model with a rescaled interaction energy. This provides us

with an approximation of the lower transition given by

T, = sin® (E) T
P

We cannot prove this to be the lower transition, although we have taken the lowest
energy excitations available to the clock model, and so one would expect this to give
an approximation to that transition. We note that the approximation seems agree

with the peak in the specific heat with increasing p, and thus we include p = 16
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Figure 7.6: Specific heat for the p = 5 clock model on the spiral lattice. The lower
vertical line is our mean field theory, the upper vertical line is from [1].

in Fig.7.10 to show this, where we see reasonably good agreement. Note that we
expect the upper transition to be p-independent; if we regard the clock model as an
approximation of the integral in the plane rotator model, then the transition cannot
depend on p. We therefore expect numerical agreement above some temperature
for a given p between the clock model and the plane rotator, although there could
be (and is) a difference between the two which is too small to notice. For p = 5,
the two transitions are very close, but for p = 8 they are well separated, showing

the independence of p and the upper transition well. In Fig.7.10 we see the case
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Figure 7.7: Specific heat for the p = 6 clock model on the spiral lattice. The lower
vertical line is our mean field theory, the upper vertical line is from [1].

p = 8, where the lower peak has gone to very low temperature leaving only the
upper peak visible. Note here we are severely limited in N due to the large p, but
we can see that the upper transition is very much p independent. Note also that
the specific heat anomalies both grow with increasing N, though clearly we cannot

prove whether these peaks converge in the limit N — oo as is expected.
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Figure 7.8: Specific heat for the p = 7 clock model on the spiral lattice. The lower
vertical line is our mean field theory.

7.4.2 Continuous Spin Ising Model

Finally we move on to the J;-Jy continuous spin Ising model. Here we have a
parameter ¢; the number of integration steps. Note that this means we are studying
a clock model of the continuous spin Ising model, though with unevenly spaced (and
weighted) clock ticks. Here, we regard the approximation only as an error, and thus
we work with sufficiently large ¢ to investigate the temperature we are interested in.
In Fig.7.11 we see the case of J;-J3, with ¢ = 6, 10, 16 indicating how the accuracy
scales with increasing the number of steps in the integration. We see that above
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Figure 7.9: Specific heat for the p = 8 clock model on the spiral lattice. The lower
vertical line is our mean field theory.

some temperature, all procedures agree and we therefore elect to work with ¢ = 6,
allowing us to calculate for N = 3,4,5,6,7,8. In Fig.7.12 we see the specific heat
for this sequence of increasing spiral size, where we see an increasing peak. We fully
expect an Ising transition for this model, and so we perform a mean field calculation
with this in mind in order to model the transition. We assume that the continuous
spin Ising model is composed of two types of (uncoupled) fluctuations. The first is
the Ising degree of freedom; the spin may either be up or down. The second is the

continuous part, which allows the spin to fluctuate, but not change the Ising state.
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Figure 7.10: Specific heat for the p = 16 clock model on the spiral lattice.

We begin by simply calculating the mean field magnetisation for one spin surrounded
by A (four here) neighbours (the coordination number), each with a magnetisation

m. The partition function is simply

7 /1 Q45 _ S0LABTM
)2 468Jm
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Figure 7.11: Specific heat for the continuous spin Ising model, for J;-J3, with
increasing number of integration steps.

for two dimensions. We then calculate the magnetisation on the central site given

by

~ OlogZ
fm) = a(48Jm)
1 1

= — 7.4.1
tanh48Jm  46Jm ( )
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Figure 7.12: Specific heat for the continuous spin Ising model for Ji-Jy. The
right vertical line is the mean field approximation and the left vertical line is the
approximation from [1].

We may then self consistently solve this for m, by extracting the linear term from

the right hand side, assuming that at (3. the magnetisation goes to zero

4J

—Tec=—
C 3 ’

the Curie law. We now assume, as stated before that the fluctuations decouple from

the Ising degree of freedom

Sz =m,(T)oy,
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where m(T) is given by Eq.7.4.1. This means our two dimensional continuous spin

Ising Hamiltonian is given by

If we now assume that m;(T") = m;(T) = m(T'), and that the fluctuations are site

independent, then we get

H = —Jm() ) oio;
<ij>
= - effHIsing7

allowing us to read off the two equations

Ter = [m(Ter))* Ty
1 1
tanh48Jm  46Jm

m(T) =

where T¢y is our expected transition temperature. We solve these (numerically)

yielding

Teor ~ 0.93932

m(Ter) = 0.643396

which we have put on to Fig.7.12 as the right hand vertical line. We see that
this predicts that the fluctuations reduce the moment on each site by about two
thirds before the Ising transition may occur. Clearly, the two fluctuations are not

decoupled, though the approximation seems reasonable if not exact. We have also
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used the technique outlined in [1] to try to predict the transition temperature. They
propose that the transition temperature for a two-dimensional model can be found
from the crossing temperature of the energies of the .J;-J, and the .J;-J3 models.
For the normal Ising, this is exact, and one finds the expected T, from duality. It
must also be true that one can use the crossing of the J;-J5 and the J;-J; models
and get the same answer, as one does for the Ising model, Here, the crossing of the
energies moves as a function of N, and so the technique is only approximate, so we
extrapolate for the N — oo limit of the procedure. We do not believe that it is
an appropriate technique for this model, just as [78] find for other models. We also

have a result from Monte Carlo analysis on the model [52], which finds that

T. = 0.92 +0.01

for a 150 x 150 system, in good agreement with our curves and the mean field

analysis.

7.5 Conclusion

We have used the transfer function technique to solve several long range models.
We have shown how this technique works for the Ising model, whose solution is fully
understood. We then moved on to the p-state clock model. For p > 5 we find two
anomalies in the specific heat, which grow as a function of N just like the Ising
specific heat. We do now know whether these correspond to the phase transition,
though a simple mean field theory indicates the lower peak is well predicted. The
upper peak is not currently understood, and should be the remaining (invisible)

Kosterlitz Thouless transition.
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We then moved on the the continuous spin Ising model. We believe this to
have a transition in two dimensions due to the lack of continuous symmetry. Using
mean field theory, we may predict this transition as being dominated by the Ising
degree of freedom. We find that although the transition may be Ising driven, the
Ising fluctuations couple to the continuous degree of freedom, and so the mean field
theory is insufficient here to be fully accurate.

We now comment on the technique that we have used; we are always limited by
the size of our spiral. We do not know whether an L x L system is better than an
N x oo one, but our results for the Ising model indicate that our technique works
well. Clearly the correlation length wrapping around the spiral is not representative
of two dimensions, though periodic boundary conditions for Monte Carlo analysis
on L x L lattices suffers the same problems. If nothing special happens between
N =~ 20 and N — oo, then our calculations are very good, but we cannot be certain
of this. If the maximum of the peak in the specific heat moves as a function of N,
then we cannot find T without further fitting.

Another feature of our technique is that of convergence. We find that the ther-
modynamics of the two models must agree above some temperature, if we regard
the clock model as an approximation of the plane rotator. This agreement is power
law in temperature; the two calculations start to converge very quickly, until the
error between them is not noticeable. The effect of the lower transition is washed
away as a function of temperature, until we are left with the plane rotator. In order
to reduce the temperature above which they agree, we may increase p, and for large
values we can regard the two models the same down to relatively low temperatures.
The same is true for the continuous spin Ising model; when using Gaussian Legendre

Quadrature we find the same exponential convergence.
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Chapter 8

MAGNETISM ON THE PYROCHLORE

LATTICE

8.1 Chapter Summary

We introduce the lattice we will be studying; the pyrochlore lattice. We will show
that the Heisenberg model has macroscopic zero temperature degeneracy on this
geometry, following the work in [79], and then introduce the general classical model
that we will study. This is not a new model, and has been looked at many times
before in reference to the compounds that we study. However, it is usually only
approximately solved due to the inclusion of the dipolar interaction. We then go
through the experimental details for the six compounds that we wish to study,
including any of the known groundstates. We have also studied the compound
EryTi507 elsewhere [80], but do not discuss it at all here as it is not in line with the

classical model that we study.
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8.2 Introduction

We will be working on a class of compounds, where the magnetic atoms reside on a
pyrochlore lattice. The pyrochlore lattice is the most frustrated lattice experimen-
tally available. Many frustrated lattices have been studied experimentally [81-84],
due to the interesting groundstate properties and excitations. The pyrochlore lattice
was first studied theoretically by Anderson [85], where the issue of zero temperature
entropy was realised for the nearest neighbour Heisenberg model on this geometry.
Rare-earth pyrochlores have been studied in past for the heat capacities [86], but
more recently for their magnetic properties [79,87,88|. They may exhibit several
interesting effects; interesting excitations from groundstate degeneracy [89], frustra-
tion [90], and interesting energy spectrum [91].

For the compounds that we study here, there are several interactions which
control the magnetism. We find the compounds are controlled by long range forces
(the dipolar interaction) [92], along with local crystal fields and Heisenberg exchange
[93]. The Heisenberg interaction is frustrated on the lattice, exhibiting a finite
groundstate degeneracy, and so these other interactions may lift this degeneracy. It
turns out that the inclusion of the natural crystal field interaction does not lift the
degeneracy completely as we shall see, and that the dipolar interaction plays a central
role that we study. We will be studying a classical model which we hope captures
the essential physics of the various compounds. For most of the compounds, the
classical model seems to be reasonable, and for the cases of spin ice and gadolinium

it does very well (as will be explained).
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8.3 Pyrochlore Lattice and Frustration

We will be studying compounds of the form RoM,O7, where R is a rare earth (or
f-block) element, M is a transition metal, and O is oxygen. Before we introduce
the lattice, we go through the charge counting. The oxygen will always go 2— due
to electronegativity, while the rare earth will go 3+, leaving the transition metal
to go 4+. There are very few transition metals which go 4+, and consequently we
may only have Ti and Sn as possible substitutions. The R3*" resides on a pyrochlore
lattice, as does the M**, and the oxygen fills in the gaps. We begin with discussing
the details of the lattice, then the crystal field, before we talk about frustration on

the lattice.

Figure 8.1: The pyrochlore lattice, showing the underlying face centered cubic
lattice. Each different shade of circle depicts different sublattices.

As said before, the pyrochlore lattice is the four atoms per unit cell on an un-
derlying face centered cubic lattice seen in Fig.8.1, which generates corner sharing

tetrahedra as seen in Fig.8.2. If we Viewlgze lattice along either the (011), (101) or
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Figure 8.2: The pyrochlore lattice, showing the corner sharing tetrahedra. The
shaded cubes are for clarity.

(110) directions, then we have lines of atoms along these directions and perpendicu-
lar. If we view the lattice along either (111), (111), (111) or (111) we see alternating
planes of sparse triangular, and Kagome lattices. When we use this projection, the
sparse triangular lattices consist only of one sublattice.

It is also important to understand the local crystal structure around the rare
earth. Each rare-earth tetrahedron has an oxygen in the center, which provides the
dominant crystal field interaction to either point towards or away from the center of
each tetrahedron. There are also six oxygens around the rare earth in a “puckered”
hexagonal ring, depicted in Fig.8.3 which provides an azimuthal anisotropy.

In order to understand the lattice further, we first consider the nearest neighbour
antiferromagnetic classical Heisenberg interaction. For the particular case of the

tetrahedron (or the triangle), the nearest neighbour Heisenberg can be written as a
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Figure 8.3: Depiction of the local crystal structure for each rare earth ion, showing
the two dominant oxygens and the hexagonal ring.

sum over spins in each tetrahedron as follows

H = )88,
(i)

= ) ) s,
t (ij)e
S0

t i€t

where the sum over ¢ is a sum over distinct tetrahedra. This energy is clearly

minimised by the condition

> si=0, (8.3.1)

so that each tetrahedron has zero total spin. Each spin has 2 degrees of freedom
per site, and so we have 4 degrees of freedom per tetrahedron (each spin lies in two

tetrahedra). The constraint Eq.8.3.1 reduces this by 3 as the total spin has to be zero
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in all three Cartesian directions, and thus we have one degree of freedom left over per
tetrahedron. We are left with a macroscopic degeneracy, which can lead to several
interesting consequences. It allows other interactions to control the groundstate of
the system, and may have interesting thermodynamics and excitations as a result.
The lattice itself is also geometrically frustrated which means that one can not

necessarily optimise the energy. One can measure frustration via

>TSS
S A—
> il
]

where the term on the bottom is the absolute minimum of the interaction strengths
Jij, while the term on top is the energy that one can get from the interaction
strengths and the spin length constraint in the groundstate. Any lattice which is
bipartite is not frustrated under antiferromagnetism, and no lattice is frustrated
for ferromagnetism. However, antiferromagnetism on some geometries may be frus-
trated, for example the antiferromagnetic Ising model on the triangular lattice has
b = %, as only two of the three bonds can gain the anti-ferromagnetism. For this
case there is one spin in every three that is energetically arbitrary which provides a
macroscopic degeneracy in the groundstate. The Kagome lattice is also frustrated
for antiferromagnetic interactions, as is the pyrochlore. The cause of frustration
in general is odd numbered loops, which can not have all bonds simultaneously
anti-parallel, which means ferromagnetism is never geometrically frustrated.

When it comes to the modeling of the pyrochlore compounds, we have one major
assumption; we are not dealing with a quantum mechanical model. For the rare earth
systems we study, we have many J states which we believe may be approximated

by a classical model. At finite temperature this should be reasonable, although we
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are only solving this at zero temperature for the groundstates. If we ignore the
quantum mechanics, then we are left with only a few types of interactions. Firstly,
we may have any range classical Heisenberg interactions, and so we include some of
these. Due to the tiny direct overlap of the f-electrons, the Heisenberg interaction
is relatively small, and we already know that there is residual degeneracy if we
have only the Heisenberg model on this lattice. We may have magnetic fields and
onsite anisotropy. We will neglect magnetic fields for this study, but we include a
crystal field interaction which models the oxygen which resides in the center of the
tetrahedra. Finally, we are left with the long range dipolar interaction, which is
present for every magnetic system, but is normally ignored as it is small. We will
justify the use of the classical model more in Chap.8.5. We therefore consider the

general model

L IS8 (Riy ;) (RirSy)
2 Py ‘Rjj’|3 Rjj/,ijRj/
Jl 2 A J3 A ~
-+ E Z Sj.Sj/ + 5 Z Sj.Sj/, (832)
(43") (33")s

where the first term is the local crystal-field interaction, defined in terms of Z, ),
the natural local crystallographic directions, where «(j) is the sublattice index, as
seen in Fig.8.4. The second term is the long-range dipolar interaction between the
assumed classical point-spins, Sj, on the pyrochlore lattice, denoted by R;. The
third term is the nearest neighbour Heisenberg interaction and the final term is
the third neighbour Heisenberg interaction. Before we go through the details of the

model, we go through the experimental details of the compounds that we shall study.
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Figure 8.4: The local crystallographic axes for each of the four sublattices, yielding
20, 21, 22 and 23.

8.4 Experimental Detalils

We will be studying HosTisO7, DysTisO7, ThyTisO7, ThoSnyO7, GdaTisO7 and
GdySny O, where the first two compounds are both classed as spin ice compounds;
our focus will primarily be on terbium and spin ice. We begin by discussing spin ice,
then terbium which is similar, before we close with gadolinium, which motivates our
modeling and provides a test of the model that we choose. All the compounds that we
discuss are pure pyrochlore compounds, and we neglect any structural distortions
as we believe the distortions are very small. The magnetic elements are the rare
earths, and are on the right hand side of the series. The atomic physics energy scale
dominates, and so we have high J, and we wish to find the relative orientation of

these large spins (which we think of as essentially classical).

8.4.1 Spin Ice

Spin ice was first studied as it was thought to provide a mechanism for finding

magnetic monopoles [94]. This stems from a separation of energy scales which allows
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a temperature regime in which magnetic monopoles may be created. Holmium and
dysprosium both have very large crystal field interactions [88], which force the spins
to be only parallel or anti-parallel to the local crystallographic axes seen in Fig.8.4.
The spins are well modeled by only Ising variables [2], up to very high energy scales
where other J, states become relevant [88]. For holmium we have J = % and for
dysprosium we have J = 8, and both compounds are believed to be very similar. The
dipolar interaction forces the so called ice rule or two-in-two-out rule [95], where out

of the four spins in any tetrahedron, two point in and two point out, which we shall

derive later. We see in Fig.8.5 an example of a two in two out state, which points in

Figure 8.5: An example of a state satisfying the ice rules; two-in-two-out.

the z-direction. There are clearly six of these states per tetrahedron satisfying the
ice rules, each pointing in either +%, +§ or +2. Experimentally, we see only one
broad feature in the specific heat shown in Fig8.6, which is associated with moving
from any Ising states to every tetrahedron satisfying the ice rules. This smooth peak
is the reason that spin ice has the name, there is residual entropy left over after this

peak and we observe no long range order. The monopole idea comes from when we
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Figure 8.6: Specific heat for Dy, TisO7; Ramirez et al [2]

have an excitation of the two-in-two-out subspace, which creates one tetrahedron
with one-in-three-out, and another with three-in-one-out. These excitations may
then separate, and interact like magnetic monopoles. We, however, will be studying
the compound for the groundstate properties only, and not discuss the monopole

excitations. The Curie-Weiss temperature for spin ice is oy ~ 0.5K, indicating

Figure 8.7: The k = (001) groundstate to spin ice (we refer to this as the spin ice
state), indicating every other plane being out of phase. Dotted lines indicate the

lines of spins that we refer to.

weak ferromagnetic interactions [2]. HOWQ%Vler, the groundstate to spin ice is believed
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to be at k = (001) which is antiferromagnetic overall, and we now explain. The
state at (001) cuts the lattice into planes which are in phase within the plane, but
not perpendicular. We pick up a phase factor every time we move in the z-direction
of e7 and so every other plane is exactly out of phase, and uncoupled to the nearest
neighbour planes. When we put this into the context of Ising spins (pointing in or
out of each tetrahedra), we see Fig.8.7 where every other line of spins is antiparallel
to the next nearest neighbour in the z-direction, and each tetrahedron satisfies the

ice rules. Monte Carlo simulations have been used to observe this state [96], and

Figure 8.8: The strength of the (001) Bragg peak when applying a magnetic field
in the £(110) direction and sweeping it back and forth [3].

locate the phase transition in the specific heat, though the thermalisation process is
subtle, and we will discuss this later. However, experimentally the groundstate may
be thermalised by the application of a (001) magnetic field [3], as seen in Fig.8.8.
In this experiment, a field is applied in the (110) direction, which couples to half
of the lines of spins seen in Fig.8.7, and is perpendicular to the other two. Of the
lines that do couple to the field, half of them are parallel and half are anti-parallel
in the (001) groundstate. The field therefore destroys the order in these lines as it is

swept back and forth. In doing so, it Cre%ths spin flip excitations, which are frozen
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at this temperature, which move around. If the excitation moves on to the lines
perpendicular to the field then they may order the line into the groundstate without
being affected by the field. This allows the k = (001) Bragg peak to grow as the
field is swept back and forth.

Recent experiments have observed the upturn in the specific heat at low temper-
ature that is expected [97] by allowing the system time to thermalise. We believe
thermalisation to be a key issue in understanding spin ice, and also the terbium

compounds which have similar physics.

8.4.2 Terbium Compounds

Terbium has been studied as it has a similar crystal field effect to spin ice, preferring
the high J, states (J = 6 for terbium), and therefore might offer some insight into
spin ice. However, it turns out that the crystal field levels for terbium are around an
order of magnitude smaller [98], and indeed it is more complicated. This will turn
out to control the physics, and it will not be particularly spin ice like. This reduction
in the crystal field means that the spins are not Ising like, and in fact relax to gain
from other interactions and it has picked up the name “soft spin-ice” as a result. We
study two compounds; ThySnyO7 and ThyTisO7 which have Oy ~ —12K [99] and
Ocw ~ —19K [100] respectively indicating antiferromagnetic interaction. For the
case of the tin compound, the order is not antiferromagnetic, and is in fact a k =0
ferromagnet, with the spins canted away from the ferromagnetism [99], as depicted
in Fig.8.9. The titanium compound however is more controversial. Originally, it
was thought to be a spin liquid, dominated by quantum fluctuations [101], which
could be ordered under the application of pressure [102]. However, more recent

results have observed scattering at k = (%, %, %) [4]. Just like spin ice, we believe
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Figure 8.9: Groundstate for ThySny,O; from neutron scattering, with the spins
canted ~ 12° away from the ferromagnetic axis. Dotted lines are to show the canting.

thermalisation is key to the lack of order found originally. The state for the titanium
compound is significantly more complicated as we require 16 spins to describe the
state.

We require 16 spins due to the symmetry of the state. If we consider moving up
the z-axis, just as we did in spin ice, then we cut the system up into planes. Each
plane gains a phase factor e'T. Thus every four planes is anti-phase with the next
four and there is no coupling between every other plane, for which the phase is €.
The same is true in X and y, and so we have a cube of spins, as depicted in Fig.8.1,
containing 16 spins, which we tile in antiphase on a rocksalt superlattice. There are
also therefore 16 independent Bragg peaks which describe the state.

We see the state in Fig.8.10 which is predicted from recent neutron scattering [4],
though we will attempt to explain the state more clearly when we find the state from
the modeling.

The only difference between the compounds is the transition metal substitution,
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Figure 8.10: Groundstate for TbyTi,O7 from neutron scattering [4].

which is clearly controlling the physics. We presume that the transition metal mod-
ifies the exchange pathway slightly, which increases the strength of a longer range
bond. It is slightly easier for an electron to hop over the titanium than the tin,
promoting exchange pathways through it. However, there are two natural exchange
pathways through the transition metal, one being closer than the other. We show
the exchange pathways in Fig8.11, where we see a closer bond .J; which goes around
a corner, and the further bond J3 which is straight. The corner in J; reduces the
strength compared to J3, and so we neglect the second neighbour and only include
third neighbour exchange as our longer range interactions.

The tin compound is also believed to be structurally distorted. It is thought that

the tetrahedra split into two types, one of which grows slightly, and the other shrinks.
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Figure 8.11: Diagram to show the exchange pathways across the transition metal.
Both exchange pathways are mediated by the oxygen in the center, but the closer
second neighbour bond goes round a corner (dashed line), while the longer third
neighbour bond (solid line) is straight. The lighter circles are the rare-earths, and
the darker circle is the transition metal.

The excitation spectrum is believed to support this picture [5], where fairly recent
accurate inelastic neutron scattering results found two bands shown in Fig.8.12.
The higher band, around 25K is thought to be spins waves, while the lower band is
thought to be a spin flip, which has different energy due to this lattice distortion. We
will interpret things slightly differently, believing that the lower excitation is indeed
a spin flip, but we need not use the structural distortion to explain the energy gap.
The interest in this experiment is the unusual swapping of energy scales between

the crystal field and the spin waves, and this concept will be refined later.

8.4.3 Gadolinium Compounds

We finally discuss the compounds Gd,TisO7; and GdaSnyO7, which we include as
a reference for our model. This compound has been studied previously extensively
in [23], which includes theoretical modeling of the compound. We are using gadolin-

ium as a test for our model, and therefore refer the reader to that thesis, and will
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Figure 8.12: Inelastic neutron scattering off TheSnyO7 showing the two bands [5].

introduce only the basics of the compound here. Gadolinium is special as it has
J=S= % and L = 0, and so it is isotropic. This means it does not feel any crystal
field interaction, and so is interesting for two reasons. The isotropic Heisenberg
interaction does not order on the pyrochlore lattice, and so we may investigate the
dipolar interaction as well, but also because for our modeling we can always check
taking the crystal field term to zero. It is thought to have some anisotropy [103],
but we will neglect such anisotropies in the modeling, and consider the gadolinium
to be isotropic only.

The Curie-Weiss temperatures for both compounds are anti-ferromagnetic, 0oy ~
—9.9K for the titanium, and Ocy ~ —8.6K for the tin [8]. Experimentally, the tin
compound is well understood, while the titanium compound is controversial, just
like the terbium compounds. GdsSn,O7 is known to have order at k = 0, and is

the anti-ferromagnetic spiral state depicted in Fig.8.13. The large degeneracy of

the anti-ferromagnetic Heisenberg interaction on the pyrochlore lattice is lifted with
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Figure 8.13: Groundstate of GdaSnyO7 from [6] also known as the Palmer-Chalker
state [7].

the dipolar interaction, choosing one unique state (and symmetric copies), as we

shall show later. The titanate compound is much more controversial, though it is

Figure 8.14: Specific heat capacity measurements from Gd,SnyO; and GdsTisO7,
showing the two magnetic peaks in the titanium compound from [8].

known to order at k = (%, %, %) [104]. One of the most interesting features is the
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specific heat, which indicates two magnetic transitions, seen in Fig.8.14, while the
tin compound has one first order transition.

It once again requires 16 spins to describe the state for the titanium compound,
and is thought to have 12 ordered spins and 4 spins which fluctuate and have zero
length on average. However, this is it odds with the Mossbaur which shows that all
sites have a full spin on them. We shall find a different state to this when numerically
solving the classical model, where all the spins are fully ordered, but it is within the
k= (3,1,1) subspace.

27

8.4.4 Summary of Experiments

We have introduced the basics of the pyrochlore geometry and the experimental
details to the compounds that we shall be studying. We will be studying the family
of compounds RyM207, with R being Ho (Dy), Tbh, or Gd, and M being Ti or Sn.
The spin ice compounds have interesting ordering properties which we attempt to
explain using thermalisation. We will investigate the non-trivial excitations of the
effective model, and explain the magnetisation properties. The terbium compound
was, until recently, controversial. We will investigate the model with carefully chosen
parameters, and find the groundstate for the tin and titanium compounds, which
agree with the neutron scattering experiments. We will also explain the excitations
of the compound using our model. Finally, we will use gadolinium as a reference
for our model, setting the crystal field term to zero. We will find the well known
Palmer-Chalker state for the tin compound, and a different k = (%, %, %) state for

the titanium compound. However, our focus will be more on spin ice and terbium.
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8.5 Modelling

We now turn our attention to the modeling of the set of compounds that we wish

to study. As said before, we are studying the model

+
; IR [° Ry =R;—R;
Jl Ja3 J3 A A
+ 5 > 8,8+ 5 255
(43" (43")3

This is a classical model, with unit length spins which are centered on a given site
with no orbital structure. The quantum version of this model has been studied before
[5], although only for the spin wave spectrum and not for the possible groundstates.
The classical version seems an inappropriate model to study, but we justify it in
two ways. Firstly, for gadolinium we expect the model to reasonable due to the
relatively small anisotropy. Secondly, the f-electrons are dominated by the atomic
physics, and so we are expecting large J states (for which there are many available
“directions” for the spin) to dominate. Nonetheless, this is not the true model, but
we use it to investigate the classical groundstates.

In §.8.3 we studied the nearest neighbour anti-ferromagnetic Heisenberg on the
pyrochlore lattice, and found a large groundstate degeneracy. In order to lift this
degeneracy we include more terms, namely a longer range Heisenberg interaction,
the dipolar interaction and a crystal field. The crystal field interaction is designed
to promote the Ising states observed in spin ice, and does not include the hexagonal
ring of oxygens, although this could be included.

We have not mentioned the orbital S%al%e of the compounds that we study, apart
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from gadolinium. We elect to mention it now as we have a particular form for the
crystal field. Terbium has L = 3, and has one electron more than the spherically
symmetric gadolinium. In free space, Hund’s rule dominates and we find that J =
L +S. The crystal field interaction can then lift the large J* degeneracy. The pure
L = 3 state which is very “plate-like” is bad for the local oxygen environment, and
so it prefers J* = 5 and J* = 4 states rather than the maximum J* = 6 state. To
see what the state may look like we consider

1

1
J716,6) = J7[3,3)[3,3) = —=|3,2)[3,3) +
6,6) 13,3)13,3) 3:2)13,3) + 7=

7 13,3)[3,2) =16, 5),

where

|/, %)

JNLG) = VIT+HT—j+Dj—1)

L, L7)[S, 5%)

for any —J > j < J. The lower total angular momentum state is an equal linear
combination of the L = 3 and L = 2 which reduces the “plate-like” shape of the
orbital, allowing it to avoid the hexagonal ring of oxygens around it slightly. In the

same way

/5 [ D /12
J716,5) =1/ =13,1)|3,3 —13,3)|3,1 —13,2)(3,2) = 16,4
|’ > 22’ ? >‘ ’ >+ 22| ) >| ? >+ 22| ) >| ) > |7 >7

which includes some of the L. = 1 state as well, again reducing the “plate-like” shape.
Terbium is particularly simple due to the single electron picture, but the other

elements have many more electrons. For example the maximum .J? state for holmium
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is given by

18,8) = 2,2) |3, 3)]2,2)|1, 1),
\S,./\ f v

where we have indicated the spin states by S, and the orbital states by L. Here,
any reduction in the maximal J* state will mix in the L = 0 orbital, which is
pointing directly at the oxygen above, and so we would expect this to be very high
energy. For the case of holmium (and dysprosium where the argument is similar)
we therefore only expect two states |J, £.J), but for terbium we expect other states
to contribute. Again, we are modeling this classically, and so for holmium we think
of the states as being Ising-like, and so the limit C' = oo provides this. For terbium
on the other hand, we use a crystal field which promotes the states pointing at
the oxygens, but does not demand it. It is now clear that for gadolinium, which
has 2J + 1 = 8 states, the classical model is reasonable, as any linear combination

of these 8 states is allowed, and so the large spin can point anywhere. A third

Figure 8.15: Diagram of the first neighbour exchange pathway. The larger circles
are the rare earth sites, and the smaller circle is the oxygen.

neighbour Heisenberg interaction is also included, which we have discussed before
as going across the hexagon. However, one can be more concrete by considering the
exchange pathways, comparing J;, Jo and J3 and indicating how the tin affects the
pathway. We have drawn the pathways in Fig.8.11. Note that on each line drawn in

Fig.8.11, there is also an oxygen. Thus for the first neighbour exchange, we require
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a fourth order perturbation, drawn in Fig.8.15, and given by

where ¢ is the hopping integral from the Hubbard model, U is the penalty for occu-

pying the oxygen site, and V' is the penalty for occupying the rare earth. Next we

Figure 8.16: Diagram of the second and third neighbour exchange pathway. The
larger circles are the rare earth sites, the smallest circle is the transition metal, and
the smaller circles are the oxygens.

consider the third neighbour exchange, which is depicted in Fig.8.16, and requires

ten hops. It is given by
110 JAH2U?

J3 ~ U2VAAZ — V2A2

where A is the penalty for occupying the transition metal site. For the second
neighbour interaction, we reduce this interaction by the overlap between the oxygen
orbital and the transition metal orbital, which are at 60° to one another, giving
Jy = a?J3, where o < 1. There is also another contribution to the second neighbour

interaction, hopping across another rare earth, but once again it scales with o2,

1

5, Which is much smaller than the transition metal penalty. We

and it contains
therefore ignore the second neighbour interaction, only using the third neighbour in
our modeling. The contribution A controls how strong the third neighbour exchange
is, and for titanium it turns out that A is smaller and it is cheaper to hop across.

Finally, we have the dipolar interaction, which is very hard to tackle. We devote

6.9.3 and §.9.4 to dealing with this longlgange interaction, which forms a central
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part of the study. For the compounds we wish to study, we may use the Curie
Weiss temperatures to tell us the relative strength of the interactions. We may also
use crystal field experiments to tell us the approximate energy scale of the crystal
field interaction, though the interpretation of this is only approximate. This is an
important issue of inelastic neutron scattering, but will be discussed more when we

come to the excitations from terbium stannate.

Compound C (K) J(K) Jp(K) J3(K)
Gd,Tis O 0 ) ~1 0.2
Gd28n207 0 5 ~1 0
TbQSHQO7 30 ~ T ~1 0
HooTinO; ~600 1.5  ~1 _

Table 8.1: Approximate interaction strengths for the various compounds from [90,
105-107]

We will work at zero temperature, solving the (C,.J;) phase diagram for J; =
0 and J; = 0.1, constituting tin and titanium respectively. The line (0,.J;) will
represent gadolinium, while the large crystal field limit will represent spin ice. Before
we find the phase diagram however, we have to “solve” the dipolar interaction. There
is no easy way to generate the interaction strengths as the interaction is infinite
range, and so in principle we would have to sum over infinitely many spins. We
therefore spend some time determining how to solve this problem, generating the

interactions that we desire.

8.6 Summary

We have discussed the pyrochlore lattice and the inherent geometric frustration,

and the experiments related to the corélﬁmnds we want to study. We have also
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introduced the model that we wish to study, which although classical, we hope
captures the basic physics of the various compounds. We have also attempted to
justify our use of a classical model for these systems, which for some will work
very well and others only partially. Finally, we have Table.8.5 which indicates the
approximate relative sizes of the interactions that feed into our model, and will allow
us to place the compounds on the phase diagram that we find. Before we move on
to the phase diagram itself however, we will generate the new technique we use to

control the dipolar interaction.

215



Chapter 9

THE DIPOLAR INTERACTION

9.1 Chapter Summary

We introduce a new technique for calculating the dipolar interaction. We first discuss
the physical issues with the dipolar interaction, and then offer the standard way of
calculating the dipolar interaction, the Ewald technique which we may use as a
comparison for the new technique. For the Ewald technique, we start by calculating
the Madelung sum for NaCl, as the dipolar interaction is very related to the Coulomb
interaction. We start with a simple way of using Ewald, before moving on to a new
implementation of the technique. This has been used before for calculating the
dipolar interaction for the pyrochlore lattice in [80,108]. It is the same basic idea
as is used elsewhere (error functions), but offers slightly more control and speed.
We then provide the new real space technique, which allows us to calculate the
dipolar interaction in real space rather than reciprocal space. Most importantly,
it separates the short and long range parts of the dipolar interaction, allowing us
to rigorously solve the local part, and leave the long range shape dependent issue
separate. We work in the spherical crystal approximation for the long range part,

which we summarise in Sec.9.4.1, where the shape dependence is simple (a constant
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independent of position and orientation within the sphere). We generate two real
space techniques, which are very similar; the cubic and anisotropic methods. The
cubic method is easier to calculate, but slightly slower. For non-cubic lattices the

anisotropic method is significantly faster.

9.2 Introduction

We wish to study the model given by Eq.8.3.2, which involves the long range dipole
interaction. We therefore have to calculate the interaction strength of this model,
which is a non-trivial task, and so we develop a new technique. We introduce Ewald
first, as a technique we use to compare to, but we only use the real space technique
for the later calculations as it is more direct.

The difficulties with the dipolar interaction stem from physical pathologies of
the Hamiltonian [109], and we generate the physical ideas now before we discuss the
details of the techniques. We will also discuss the Coulomb interaction, which seems
unrelated, but in fact has all of the same issues (and mathematically turns out to
be roughly equivalent) as it is long range. For the case of the Coulomb interaction,
one calculates the charge sum for a crystal called a Madelung sum [110]. For a
charge neutral system (of a given shape), this sum is well defined, but in general it
depends strongly on the way in which the sum is performed and terminated [111].
For an infinite, charge neutral, lattice there are infinitely many positive and negative
sites. The sum is therefore C_ 4+ C, where Cy — “+o00, which is not necessarily well
specified. This is known as conditional convergence. We will use the Coulomb
interaction as the first example of using the Ewald summation technique to indicate
the difficulties encountered. The dipolar interaction is long range and also exhibits

conditional convergence, however the consequences are a real effect and care must be
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taken to deal with them. To indicate the physical issues we see that the summation

depends strongly on the boundary of the sample, seen naively with

/d Vi /Q _Qd/ T og (A) (9.2.1)

where V,(r) is the dipolar interaction, €, is the angular part of the integral, and
stems from the fact that the dipole interaction scales as ~ T%, Normally the angular
dependence of the state means that this is not an issue, and the long range term is
averaged to zero. However, for non zero values of €2; there is an issue. This strong
dependence on the boundary of the integral is called shape anisotropy, and means
that the shape of the crystal has physical consequences for the interaction. The only
times when €); # 0 is for ferromagnetic k = 0 states, where the spins line up and the
magnetic field has to go outside the crystal which causes an energetic penalty. In
this situation we must also include the shape of the crystal in the modeling. We will
therefore use a reference for this, called the spherical crystal approximation for which
the value of this penalty is a constant, independent of position and orientation within
the sample (see §.9.4.1). Though Eq.9.2.1 seems to provide a divergent contribution,
in fact we do not observe this for the case of the spherical crystal approximation.
We will use two techniques to calculate the dipolar interaction; Ewald and a real
space summation. Ewald calculates the dipolar interaction in reciprocal space and
gives us access to everywhere apart from k = 0, at which point the technique fails as
we have not explicitly included the crystal shape. The real space technique separates
out the long range shape dependent part from the short range part, allowing us to
calculate the energy of states, even at k = 0. Pure ferromagnetic states at k = 0
pay the long range penalty, but they may “recover” this energy by reconstructing

into a k — 0 state, and become relevant. For example, a ferromagnet can have
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no long range component if it has a domain wall separating two regions of opposite
orientations of ferromagnetism. The energy penalty for the domain wall scales as
~ L?, while the dipolar energy for the full ferromagnet scales as ~ L?. Even if the
coefficient of the L? term is small (though > ), it is worth making a k — 0 state
which is locally ferromagnetic, but globally an antiferromagnet.

Domain walls are created to recover the long range component of the dipolar in-
teraction, as has been understood for a long time [112-115]. For a long thin sample,
the domain walls lie across the width to minimise the area. If we apply a magnetic
field, the population of the domain walls changes to magnetise the sample, (as the
field is macroscopic), and so the magnetisation is proportional to the field. Once the
field has created a mono-domain ferromagnet, the rate of magnetisation changes as
the field must over turn the spin-spin interactions or crystal fields (which are typi-
cally larger). Moreover, if there is disorder in the sample, the (dipole necessitated)
domains are pinned, and require a finite field to begin repopulating, which is known

as hysteresis. More work on dipole driven domains appears in [116].

9.3 Ewald Summation

9.3.1 Introduction

Long range interactions are in general very hard to calculate [117-120]. They are
either very slow to compute [121], involving summing over long range, or for special
cases or dimensions, are conditionally convergent [122]. We will be interested in
calculating two long range sums; Coulomb sums and dipolar sums. We will use the
Coulomb sum initially for our examples, and then move on to the (related) dipolar

interaction. Calculating Coulomb sums (called Madelung energies [110]) has been a
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long standing problem, where the interaction comes in the form

I — qiq;

i vy

where r;; is the separation vector between the charges ¢; (¢;) at the site ¢ (). In three
dimensions, this sum is ill specified and exhibits conditional convergence. Physically,
for the case of the Coulomb interaction, it means that charges at very long range still
matter for charge neutrality [123], and so great care must be taken when controlling
this sum.

The standard method is Madelung or Ewald [124,125], where the summation
is split into two parts; a short range part and a long range part. This splitting
is a cunning way of ensuring charge neutrality. The long range part may then be
Fourier transformed into a short range part in reciprocal space, such that it can be
calculated easily. We begin with the basic mathematical idea before applying it to
the specific case of the Coulomb interaction.

The Ewald technique has several stages, and so we summarise them here. We
first split the sum up into two parts, a short range and a long range part. This
part is the regularisation, and we must carefully choose this. The second part is
the Fourier transform, which turns the long range real space part back into a short
range reciprocal space part. Again, we must choose a splitting of the function
such that the Fourier transform is do able, and that it decays quickly in reciprocal
space. However, the greatest care must be taken with the term at k = 0, which
represents the long range part of the sum in real space. The sum that we start with
is conditionally convergent, and depends on the boundary conditions. We therefore
work within the spherical crystal approximation (which we calculate later) which

gives us an absolutely convergent sum and a unique reference. For the case of the
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Coulomb interaction, this is charge neutrality, and for the dipolar interaction it is
shape dependence of the sample. These effects may be included later as extra details,
but here we only work within this approximation. The term at k — 0 we will call
the long range correction, and when appropriate we will extract it out.

We seek to calculate the following quantity

I=> fR),

we may perform the summation in two ways, in real space or reciprocal space. Note
here that we have an unrestricted sum, including R = 0, which is not the case for
the Coulomb and dipole interactions, and we take care to deal with this. We begin

by re-writing our summation in two parts, such that

I = Zfl(R) + Zfz(R)

We choose f; to be the short range part, and f> to be the long range part. It is also
crucial that the sum over f5 is unrestricted and includes the origin. We then Fourier
transform the long range part, turning it into a short range sum in reciprocal space,

giving us
1= AR) + 53 h(@),
R G

where (2 is the associated reciprocal space volume, and we used the Poisson summa-

tion identity
1 -
S FR) = 53 F(G),
R G

where G is the reciprocal lattice.
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9.3.2 Madelung Sum

We begin with the Coulomb interaction, calculating the Madelung sum for a given

lattice. We therefore calculate

I — qi4;

— [rij|
There are clearly many ways of splitting the sum up, and we elect to run through
several schemes before generating the relevent scheme to calculate the dipolar inter-
action effectively. For simplicity, we elect to calculate the Madelung sum for NaCl;
rock salt. This is clearly charge neutral, and the crystal structure is two interleaved
FCC lattices. We first calculate the Madelung sum using a brute force approach,

writing the sum as

1=y cos(2m(|re| + |ry| + |72]))

;]

~ 1.7475645946 . . .,

J#0
where the sum runs over a simple cubic lattice everywhere except the origin. This
brute force approach is appropriate only for a very first pass, and we must include
at order 10" sites for n decimal places of accuracy. Note that we must be very
careful with the boundary of the summation. Here we choose a sphere, with equal
positive and negative charges. We included the answer to 10 decimal places here,
as we will compare the techniques to this answer throughout. We now run through
the first example of using Ewald. We will go through the technique for a single
lattice of positive charges, and then add the second negative one in at the end, as

the calculation is essentially the same. The first splitting we elect to use is

—Alr|

1 e l1—e
Z\TI :ZW+Z—!rI — A (9.3.1)

r#0 r#0 r
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we recognise that the first term exponentially decays at large r, while the second
term does not. We have therefore reqularised the real space sum. However, the
second term is smooth for small r (where the regular interaction is not), and so we

can Fourier transform it. We find
e Alrl AT A2
I = — A+ — _
; T A RN

We now find that this is ill defined at k = 0, and so we include the second lattice
of opposite charge in order to have charge neutrality. We include the second lattice
as a copy of the first, displaced by 0, however, we must include the average of the
second lattice which preserves the original symmetry of the lattice, and keeps the

limit k — 0 analytic. We define the potential on a given site

_ 1 1 1
V(r)zlgrm—g;;m,

where ¢ is the vector to the six nearest neighbours on the other lattice. We split

this other lattice up in exactly the same way as before Eq.9.3.1, and use that

/ dre™ f(|r +6)) = 47T6_ik6/ dse™* f(s)
R

0

for spherically symmetric functions. We find that

e Alrl A A2
I— A+ IS A o
2 el R0 e L

where
_1 —iké
M= % e
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For inversion symmetric systems, such as NaCl, the structure factor is real, and thus
1 — ~ k%. We now find that the long range correction is well defined at & = 0 and
so in principal we have a reciprocal space sum which converges as k=2. We extract

out the term at £ = 0 as kK — 0, finding a constant contribution of

r 4 2 i ] 4
_— E— H —_—
koo Q k22 a2y ok

If we add this correction on to the real and reciprocal space sums, then we get
numerical agreement between this method and the literature answer. However, we
may make the term at k = 0 zero, and increase the rate of convergence in reciprocal

space by changing the regularisation that we use and include a second exponential

— ()] Alr]

1—e”
E =1 E e prlZ =
|r| ilr% —_—+ A (9.3.2)

We now find that the £ = 0 term is 0 in this limit, and so we have correctly
extracted out the long range correction, however we still only have a slow power law
convergence. We see in Fig.9.1 the calculation of the Madelung constant using the
first splitting in Eq.9.3.1. We see relatively good convergence compared to using
10™ spaces. Note that L is the linear size of the cube that we calculate on in real
and reciprocal space, and provided we go far enough we get the correct answer
independent of .

We now introduce the splitting that we shall use for the dipolar sums, and the
most effective splitting. This is a new way of calculating using Ewald, although it is
equivalent to the usual method using error functions [126-128]. We use this method
as it gives us more control over the accuracy of the summation, and is much faster

for doing lattice sums. We wish to have strong convergence in reciprocal space, and
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Figure 9.1: Calculation of the Madelung constant for NaCl using the splitting given
in Eq.9.3.1.

so we set up the following general split

_ 1—0(a—1)C(r)

r

% =V (r), (9.3.3)
where C'(0) = 1 and C(a) = 0. We are making use of the fact that we are calculating
a lattice sum, and so as long as the function matches the Coulomb interaction at
lattice sites, we may choose any function between. We are also not evaluating this
sum at the origin in the original sum, so if we simply make the function zero at the

origin, then we may include the origin. The sum we therefore use is given by

Y V(R)=> UR)

R+£0
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where U(0) = 0 which allows us to have an unrestricted sum. We now have to pick
the splitting, and we want to pick a function which has strong convergence when
we Fourier transform it. If we choose a smooth function C(r) which is zero at the
origin, and, has n zero derivatives at the origin, then it is clear that when we Fourier

transform we have strong power law decay. This is seen in

(k) = / dretsC(z) / deits H i (9.3.4)

dx™

and therefore, for large k, C'(k) ~ &, and we have power law convergence. We

T
therefore want a function C'(z) that has n derivatives at the origin and satisfies the

boundary conditions, and so we elect to use the function

 Jo yla—y))"dy

Colr) = 1=ty

(9.3.5)

which has n zero derivatives at the origin and the point a. a is a parameter which
controls how much of the sum we do in real and reciprocal space, and we choose
to be the first lattice spacing here so that none of the sum is done in real space.
Our splitting is such that the real space sum has converged before the first lattice
spacing, and so we calculate the entire sum in reciprocal space. The parameter n
should also be optimised as it controls stability and speed. Note also that we will
calculate the sum fully in reciprocal space. As seen in Fig.9.2, we see that we have
a function which goes to zero at the origin, with n derivatives, and matches up to
the Coulomb interaction at the first lattice site smoothly.

We extract out the parameter a from the bottom integral in Eq.9.3.5, and cal-

culate the integral

! " nin!
A, :/0 (1 —y)]"dy = Gt 1)
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Figure 9.2: Plot of the function we use to modify the Coulomb interaction, indicating
how it goes to zero at the origin for the case a = 1.

which will normalise our function. We use that

for spherically symmetric functions. Upon substituting V(x) from Eq.9.3.3, we
integrate by parts in order to convert the double integral in C'(z) to a single one,

finding

~ A (! coskza
Va(k) = A_/o T[I(l — x)]"dx

From this we can calculate the Madelung sum for NaCl very quickly, using a large
value of n, and setting a = a;, the lattice spacing. We must also choose how

far out in reciprocal space we calculate, which gives us three parameters that we
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can use to optimise the summation. We see in Table.9.3.2 the calculation of the
Madelung constant using the splitting given in Eq.9.3.3. We once again see very
good convergence, with the particular choice n = 20, where L is the size of the
sphere we sum upto in reciprocal space. For L ~ 20 we find 8 decimal places
of agreement for most values of a, indicating the rate of convergence. Note that
not only have we got convergence to the Madelung constant, but that for vari-
ous values of the parameter a the sum is still converging. This freedom of the

choice of the value a (and n) indicates that the summation is working correctly.
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L a=0.8 a=0.85 a=09 a=0.95 a=10 a=1.05 Exact

2 -1.829485  -2.155424 -2.436020 -2.666440 -2.842928 -2.96288 -1.747564
3 -3.004405  -2.774606 -2.486757 -2.177036 -1.878438 -1.618249 -1.747564
4 -2.220656  -1.807637 -1.464663 -1.222990 -1.095639 -1.078859 -1.747564
5 | -0.9637311 -1.166118 -1.448138 -1.721505 -1.922861 -2.023281 -1.747564
6 -1.497809  -1.793449 -1.978018 -2.035497 -1.992651 -1.896521 -1.747564
7 -2.105578  -1.996440 -1.833666 -1.70586 -1.650763 -1.659465 -1.747564
8 -1.76920  -1.655090 -1.645021 -1.691355 -1.740273 -1.764966 -1.747564
9 -1.647916  -1.714469 -1.760561 -1.769760 -1.759643 -1.749190 -1.747564
10 || -1.735797 -1.774402 -1.768658 -1.752280 -1.744561 -1.744842 -1.747564
11 || -1.772918 -1.754260 -1.744692 -1.744985 -1.747010 -1.747679 -1.747564
12 || -1.750331 -1.743708 -1.745848 -1.747549 -1.747690 -1.747584 -1.747564
13 || -1.743636 -1.746583 -1.747711 -1.747629 -1.747577 -1.747577 -1.747564
14 || -1.747294  -1.747705 -1.747586 -1.747578 -1.747570 -1.747565 -1.747564
15 || -1.747705 -1.747582 -1.747579 -1.747568 -1.747565 -1.747564 -1.747564
16 || -1.747564 -1.747579 -1.747566 -1.747565 -1.747564 -1.747564 -1.747564
17 || -1.747566 -1.747566 -1.747565 -1.747564 -1.747564 -1.747564 -1.747564
18 || -1.747556 -1.747565 -1.747564 -1.747564 -1.747564 -1.747564 -1.747564
19 || -1.747544 -1.747564 -1.747564 -1.747564 -1.747564 -1.747564 -1.747564
20 || -1.747556  -1.747564 -1.747564 -1.747564 -1.747564 -1.747564 -1.747564
21 || -1.747544  -1.747564 -1.747564 -1.747564 -1.747564 -1.747564 -1.747564
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9.3.3 Ewald Summation for the Dipolar Interaction

We can now use these ideas to calculate the dipolar interaction using the Ewald
technique. For the Coulomb sum, we had to worry about charge neutrality, for the
dipolar interaction we worry about the penalty for the ferromagnetic solution at
k = 0. This is a real penalty, and thus we can calculate safely everywhere except at
the origin.

We first calculate the general form of the dipolar interaction in reciprocal space,
before we show how we apply Ewald summation to help us. We write the dipolar

interaction as
H - Z Sijj’Sj’
Ji’

We have included the origin in the summation (which would be divergent for the
original dipolar interaction), and so this J;; is not the same interaction, but it
matches up at every non zero point. This allows us to carry the Hamiltonian into
reciprocal space, which necessitates including the term at the origin. We first Bloch

transform the spins in order to carry this interaction into reciprocal space

1 .
Sj - Zezk‘stlﬁ
VN 4

which gives

H= % DN SpSg e Rt R o,

jji’ afB kK’

where the indices «, § represent the Cartesian directions, and we are explicitly writ-
ing the matrix structure of the dipolar interaction. For the case of the dipole inter-

action, the function Jj;s is the double derivative of a function which only depends on
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the separation of the spins (the Coulomb interaction). The differentials complicate

matters, but are not important for now, allowing us to write
Jij = J(IR; — Ry)

We rewrite the vector Rj as Ry = R; + x, which gives us

H = JZZSksﬁkZ e~ kx o8 (|x|)

af k

We Fourier transform the potential
d3q . -
J = | —=e" %]
() = [ e

which gives us

H=>"5p5% /Ze“‘qk dqjaﬁ()

af k

We then use the Poisson identity

where G, is the reciprocal lattice. This gives us

QZZSkSBkZJO‘B (k+ Gy,

af  k

We seek to minimise this as a function of k, and use that the minimum (eigen)value
yields the groundstate. Note that this may not be consistent with the spin constraint,
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and so once the eigenvector is found, it is back transformed to check. For the case
of the dipolar interaction, there are two important features. The interaction term
has matrix structure, and that it can be related back to the Coulomb interaction
allowing us to use the previous ideas. We first note that the dipolar interaction is

also given by

o . 0
H = JZ; si.a—%sj.a—mvuriﬂ)

where «, 3 label the Cartesian components (as the spins are three dimensional), and
1
V(z)=— (9.3.6)
x
everywhere except = 0 where V(0) = 0. This is just the Coulomb interaction,
double differentiated, and so we may make use of the Ewald technique. It is easy

to see that differentiating in the Fourier transform simply yields k, for each, and

therefore the result is modified to

H = é DD 580> (k+ Gm)alk + GV (K + Gu),

af k m

and so we define the dipolar matrix as

Dos(k) = Z(k + Gm)a(k+ Gm)sV (k + Gm)

m

Once again, we must have a modified interaction such that we may include the
origin, but it is clear that we may use the previous functions from the Coulomb
interaction to satisfy this condition and so we use the splitting given in Eq.9.3.3.
We seek to minimise the dipolar matrix as a function of k, and find the minimum

eigenvalue and eigenvector. If the eigenvector is consistent with the spin constraint,
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then we have minimised the dipolar interaction.

The problem has been reduced from the full 3N x 3N (for the whole N particle
system) matrix to a 3p X 3p matrix (for p atoms per unit cell of the underlying
lattice). We have to diagonalise the matrix at every k, though continuity means we
can work on a grid in reciprocal space. We now go through the details of using this
technique for the dipolar interaction.

As noted before, we may use the same function as we found the Coulomb sums,

and therefore we use

~ 4 ' cos kza n
V) = [ e - e

which we substitute into the dipolar matrix to find explicitly

47

Dyp(k) = Ol

(k+ Gm)a(k + Grm)g/0 cos (|(k + Gp)|za)[z(1 — z)|"dx

We now simply have to evaluate these integrals, and sum up the contributions on
the reciprocal lattice at the chosen k. In order to calculate these integrals, we may
simply integrate them directly using the trapezium rule, which works but is slow
(inaccurate) on this interval. Instead, we recognise that the representation of the
interaction that we have chosen is essentially a Bessel function, and so we can use the
associated recursion relations for these. We wish to use relatively large n in order to
make the sum converge more quickly, and so we need fast ways of calculating Bessel
functions. In fact we use two ways to find the potential depending on where we are
in k-space. We use the recursion relation (by integrating by parts) for large k. We
represent using
47

Va(k) = an(bk),
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where

Bu(k) Ai/o dz cos(ka)(z(1 — 2))".

n

from which we find

4n? —1

By(k) = 4=

(Bn-1(k) = Bn2(k))

However, at small k this fails, and so we Taylor expand giving

B(k) =1 (n+1)k_2<1_Mk2 (1_ (n+3) k2< .

(2 +2n) 2.1 (3+2n)4.3 (4+2n)56

X<1 N (Qp(—t;np—)i— 1) 2p( 2p— 1) ))))

We may now calculate the dipolar matrix by evaluating the integral using either

a Taylor expansion or using recursion relations. In order to calculate the dipolar
matrix for the pyrochlore lattice, we use Appendix.E, which simplifies the numerics.
However, in general we simply find the reciprocal lattice and sum over this. For
example, for FCC, we choose the k point we wish to calculate D,g(k) at, and sum
over the reciprocal lattice which is the BCC lattice for this example.

The technique we have used is the same as for the Madelung sums. Once again,
we get the same answer for various choices of the parameters, n and a, indicating
that we have summed correctly. We will provide an explicit example of the dipolar

matrix in order to compare the real space technique to this answer. We choose
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k = (0,0,6) (with § = 0.000001) which gives us

—a 0 o o 0 0o O 0O - 0 —=b O
0 —-a 0 O O -=b 0 O O —=b 0 O
0 0 2 0 -b 0 —-b O 0O O O O
0 0 0 2 0 0 0 b 0 0 0 b
0 0 -b 0 —c O b 0 0 0 0 0
O -b 0 0 0 — 0O 0 O b 0 0
(9.3.7)
0 O -6 0 b 0 — 0 0 0 0 O
0 0 O o 0 0 0 2 0 0 0 b
b 0 0 0 0 0 0 0 — 0 b 0
0O -b 0 0 O b 0 0 0 —¢ 0 O
-b 0 o 0o 0 0 O 0O b 0 —c O
0 0 0 b 0 0 0 b 0 0 0 2

with a = 2.0944, b = 1.80757 and ¢ = 1.08347.

9.3.4 The full model

For solving a particular problem, we need to have the full model written in reciprocal
space. We can find the energy matrix and then minimise over k in order find the
minimum eigenvalue. However, this may not be consistent with the spin constraint,
which has become significantly harder to control. For the pyrochlore lattice, and for

the case of the rare-earth pyrochlores, we have a classical model as

H=Hc+ Hp + Hy + Hs,
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where H is the crystal field, Hp is the dipolar interaction, H; is the nearest neigh-

bour Heisenberg interaction, and Hj is the third neighbour Heisenberg interaction.

We represent the crystal field term as

CZ [1 — (za(i)sy]

ON = €38 |22

i€t

As the crystal field interaction is onsite, there is no k dependence, and so we simply

calculate the 12 x 12 matrix, given by

Where

Iy

I

I

Iy
0

W =

Wl

W =

0 0 0
L 0 0
0 I, 0
0 0 I
111
111
111
1 -1 -1
-1 1 1
~1 1 1
1 1 -1
1 1 -1
-1 -1 1
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We Bloch transform the Heisenberg interaction to give

Hy=J) 8.8 =7 SinS_x
(i) k

where 7y is the nearest neighbour structure factor given by

0 Inm Inge Inoes

Ine 0 Iye Ivis
Tk = 5
1’720 I’721 0 I723

Ivzo Iyg Iyse O

Iis a 3 x 3 identity matrix, and

Yo = Y10 = 2cos(k, + k)
Yo2 = 720 = 2cos(k; + k;)
Yos = Y30 = 2cos(k, + ky)
Y2 = a1 = 2cos(ky — k)
Y13 = Y31 = 2cos(k, — k)

Y23 = Y32 = QCOS(ky - kz)
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Finally, we find the associated structure factor for the third nearest neighbour

Heisenberg interaction

Hy,=J3» 8:i8;=1J5) SiTuS_i,
(ij)s k

where
I'y O 0 0
e o II'yy O 0 |
0 0 II'ss O
0 0 0 II'ss
and

Tog = 4|cos®(k, — k) + cos®(k, — ky) + cos®(k, — k,) —

Iy, = 4|cos®(k, — k.) + cos®(k, + ky) + cos®(k, + k) —

Ty = 4|cos®(k, +k.) + cos®(k. — k) + cos®(k, + k,) —

Ol W N W N wWw N w
L ] L ] L

I33 = 4|cos®(k, +k.) + cos(k. + ky) + cos®(k, — k) —

Note that the third neighbour Heisenberg is diagonal in reciprocal space as it only
couples to its own sublattice.
We have generated the general form of the model we wish to solve in reciprocal

space, given by

H=> SiS_J(k)

which includes the dipole, crystal field, nearest neighbour Heisenberg and next near-

est neighbour Heisenberg interactions. We minimise this over k, and use the min-
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imum eigenvalue as the answer. This provides a lower bound on the energy of the
Hamiltonian, although we must check that the state maintains the spin constraint.
In practice, we use this technique as a cross check to the real space technique that

we will develop (which automatically keeps the spin constraint).

9.3.5 Summary and Comments

We have presented the Ewald technique, an effective way of calculating long range
interactions. We take the interaction and split it into a long range part and a short
range part. We then Fourier transform the long range part into a short range part
in reciprocal space. We may then sum up both contributions quickly to provide the
answer to the original long range real space problem. The details of this splitting
have been calculated in many different ways, starting with the most simple, and
ending with using Bessel-like functions. We will only calculate using the most com-
plicated method as it is the fastest. For the Coulomb interaction, we used Ewald to
control charge neutrality, but for the dipolar interaction, the k = 0 issue is a real
issue. We now take some time to explain the consequences of this.

The dipolar interaction could (in principle) be divergent only for ferromagnetic
states, though we will work in the spherical crystal approximation for which the
penalty is finite. For antiferromagnetism, we are automatically dealing with a k other
than the origin. The long range dipole interaction provides an energetic penalty for
the ferromagnet, involved with putting the magnetism outside of the sample and
paying a large amount of energy. Instead, the dipole interaction prefers to set up
domains of opposite orientation, paying only the surface interaction between the
domains, but gaining the long range dipole interaction for a macroscopic (scaling

with the full volume) number of spins.
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The spherical crystal approximation (which we will go through next) for Ewald
corresponds to taking the limit k — 0 from three orthogonal directions and averaging

the answer [129].

9.4 Real Space Summation

9.4.1 Shape Anisotropy and the Spherical Crystal Approx-
imation

For this discussion, we will only be considering ferromagnetic states as all other
states have no shape anisotropy and therefore the spherical crystal approximation
only applies to ferromagnets. For short range interactions the shape of the sample
is usually not important [130]. Any interactions which depend only on the surface
scale as L?, and so are irrelevant compared to any tiny interaction which scales as L3.
However, if there is an interaction which is long range, then a spin will interact with
every other spin, no matter how far away the other spins are, and as such the shape
of the sample becomes part of the interaction. In these situations, one must make
any calculation with reference to the particular shape, hence the spherical crystal
approximation [131-133]. Shape anisotropy can have several interesting effects such
as anisotropic magnetisation of the sample. If the magnetisation of the sample is

anisotropic, one naively expects an interaction of the form
H ~ K(1lm)?,

where K is some energy scale, 1 is a vector which characterises the shape, and m
is the magnetisation vector. When one tries to change m by applying a magnetic

240



9.4. REAL SPACE SUMMATION

field, one notices the shape via 1. If one has a spherical crystal, the symmetry of the
shape means that rotations of m or 1 cannot contribute, and so a spherical crystal
can have no such shape anisotropy. However, the dipolar interaction itself knows
about the underlying lattice, and so even for a spherical crystal, anisotropy from
the local part of the dipolar interaction would still be present. However, we may
calculate the shape anisotropy from the long range of the dipolar interaction, which
here is in the continuum limit (as we will explain), which shows that there is no such
anisotropy.

We now calculate the spherical crystal approximation, though we work in general
at first. We wish to calculate the interaction between a single spin at position x
and the entire sample in the continuum limit. The real space technique we develop
involved calculating the lattice part of the dipolar interaction, and separating it
from the long range part (which is turned into a continuum problem). We need a
reference calculation (the spherical crystal approximation) for which the technique
is unique. In the continuum limit, we must have an overall ferromagnetic moment
left in the sample in order for this calculation to be non-zero, which we assume here.

We therefore calculate

E.p5(x) = /s¢ d’r V(r,x), (9.4.1)

where V' (r, z) is some Hamiltonian between the spin and the continuum of surround-
ing spin density, and we integrate over the entire sample S except for the single spin
which we are considering. E,g(x) is the energy of this interaction (where the indices
are the relative orientations of the sample ferromagnet and the chosen test spin), and
depends implicitly upon S. For any short range interaction V(r,x) & §*(|x — r|),
and so it cannot depend upon the boundary. Moreover, any interaction which only

depends on the surface is less important than any volume dependent interaction
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with a coefficient J > % For interactions which do extend to the boundary we can
have a finite energy penalty. If the interaction can be written as a divergence of
another function

V(r,x) =V.U(r,x), (9.4.2)

then we can turn the volume integral into a surface integral (using the divergence
theorem), at which point it does explicitly depend upon the shape as well. We work

with the dipolar interaction, and so we get

> (=1
E — 3
(%) /Six d T@raarg |x — 1

2 _
By E)
01,073 Js4x |x — 1

We will calculate the spherical crystal approximation, so we calculate the quantity

E,s(x) for x somewhere inside the sphere. We use the point x to define our spherical
polar coordinates, and to define the z-axis, and therefore maintain the azimuthal

symmetry. We therefore calculate

2 ™ 40 7(6)
E.p(x) = _Qﬁaxf&vﬁ /o 5 sin€/E rdr,

where r(6) describes the boundary of the circle from the point x, and e excludes the

spin itself. We may carry out the integral over r trivially, and we note that

r(0) = —xcosf + Va2 + x2sin? 0,
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where a is the radius of the sphere we are in. Thus we find

E.5(x) = —2%8—2 /7T d—esinﬁ [—xcos@ + vV a? +xzsin20]2 — ¢
o 0xa0x5 J, 2

We expand out the squared term, and change variables to u = cosf, and note that
the cross term from the squared bracket is zero. Note also that as we are taking a

derivative, the term €2 can also have no effect. Thus we have

0? L du
Eaﬁ(X> = —QWW/ i (2u - 1) 7,

-1

from which we find

Eop(x) = ?5%8

Therefore the interaction between a spin and a continuum of spin density in a sphere
gives a constant energy, independent of the size of the sphere and the position
within that sphere. This calculation is for a ferromagnet, and indicates that the
ferromagnetic penalty for a sphere is this constant contribution on every site. For
any state which is not a ferromagnet, we can recover this energy penalty by using
domains which do not have a macroscopic energy cost.

We now make the difference between our problem and the usual approach to the
dipolar interaction clear. As said before in Eq.9.4.2, if we can write the interaction
as an integral over a surface explicitly, then we can calculate the shape dependence
for the dipolar interaction. However, one assumes ferromagnetism for this in the
continuum limit; we have magnetism as the variable and we have a lattice. We must
calculate the short range contributions from the dipolar interaction as these control
the local magnetism, and then see whether the long range contribution modifies the

answer.
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9.4.2 Mathematical Procedure

Here, we provide a new way of calculating the dipolar interaction, separating out the
long range boundary dependant terms from the short range interactions. We will
work in the spherical crystal approximation, in which the long range contribution
happens to be zero and position independent. The mathematical tool we employ is
smoothing, where we end up with a discrete model for the short range part and a
continuum model for the long range part.

We begin with a lattice of spins, which we assume are classical and point like.

The dipolar interaction is given by

8,8 =3 (138)) (:5-8y)

J
H = — -
25 [l v =R,-R,
_ Iyg. 0, 0
2 £ Oy Oy [y s =Ra Ry
which we write explicitly as
1 _ 322 _ 3zy 322
J r? re 75 ot
- = S 3zy 1 3y? 32y ~
H Z SJ 5 poc: S -5 SJ,
—
N 3zz _3yz 1 322
ro r5 3 5
J A .
= 5 E Sj.Dg(R] —R],> Sj,’

where 72 = 2% + y* 4+ 22 = (R; — Rj)? and {z,y, 2} are the vectors between the
two spins. We assume that the states we generate have some inherent periodicity.
There exists a scale over which the magnetic state repeats itself, which is smaller
than the entire crystal. This is called the magnetic superlattice, on which every spin

is parallel, and can enlarge the original unit cell of the crystal. The superlattice can
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consist of many sublattices, which is the details of the magnetic order. We therefore
break the original lattice up; we have the superlattice vectors which move between
copies of parallel spins (the magnetic periodicity). We then have the sublattice
vectors, which move between the sublattices which generate the magnetic order.
For example, antiferromagentism on a linear chain would have the superlattice as
every other site, and the sublattice vector would be the vector between a pair of sites
(which are anti-parallel). Let the sublattice label be o and the sublattice vector be
X, and the superlattice primitive vectors be R, which consists of N sublattices. For
example see Fig.9.3. This depicts two distinct sublattices, separated by the vector
x. We then sum over the cubic superlattice generated by the vectors 1, 2 and 3

(equivalent to R).

Figure 9.3: Example of splitting up a lattice with superlattice vectors 1, 2, 3 and
the sublattice vector x
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We calculate the interaction matrix

Jop =Y _ Ds(Xas + R)]
R£0

— Y
Xaﬁ =Xa —Xﬁ

which is the interaction between sublattice o and 3. We can generate the N x N
interaction matrix from this, although in reality, symmetry provides most of the
answer. This interaction matrix can be calculated in many ways, and here we
employ real space smoothing of the spins. Note that the spins can point in arbitrary
directions, as we can always rotate them, so we simply calculate the interaction
matrix, and then minimise the spin directions afterwards. We will use two methods
to calculate the interaction matrix. The first is called the cubic method, and is easier
to understand. The second is called the anisotropic method, and while conceptually

identical, it is mathematically more difficult.

9.4.3 Cubic Method

The central idea to the new technique is that of real space smoothing. We take the

original point spins and smear them out over the lattice. We start with

S(r) = Sé(r—Ryg)
@(I‘ — RWS) i S@<r - RWS)

S |6(r — Ryg) —
(r ws) Vivs Vivs

. (9.4.3)

where WS indicates the Wigner-Seitz cell of the superlattice given by the lattice
constants {a,, a,,a,}, and S is the direction of the spin. Note that © is the “top-
hat” function, while ¢ is the usual Dirac delta-function. We have smoothed the spin
over the maximum possible volume without it overlapping the next spin which is

also smoothed. This creates a smooth sp21216density everywhere. The bracketed term
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has zero average. Having zero average means that provided this term converges once
we sum it up, then it cannot contribute to the long range continuum problem, so
we have separated the problem into a short range part (which has no long range
average) and a long range problem (the unbracketed term). We will not deal with
this long range problem here, but we will work in the spherical crystal approximation
for which this problem is a constant for ferromagnets.

We can substitute this into the interaction Jy,, using that

S ) =Y / F(y)S(y — 2)dy,

which means we turn the original sum into an integral. The parts coming from the ©
functions are therefore integrated, but the terms associated with the delta functions

are simply evaluated. We therefore define and construct

83D3{ (r)
—_— = Dg (I‘),
0x0y0z
where
arctan & In Y @2 +y? In Yz2tz?
xr r+z rt+y
T - x2+ 2 2+Z2
Ds(x,y,2) = In Y Y arctan 2 In YL T2 )
r+z yr r+x
B2 A/ Y2422
In Yz=tz2 VY arctan Z¥
r+y r4+x 2r

which comes from the smooth interaction once integrated. When we put this into

Eq.9.4.3, we get
xt v+t ozt

Joa = Z Z Z A(z,y, z) + B(x,y, z) + Cy,

e=X"y=Y " z=2—
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where A(z,y, z) is the short range component of dipolar interaction, given by

Awp2) = Dola2) = DY (o4 Syt Sz )
(e G e ) pi (e e )
C oG55

and B(zx,y, z) is the long range component stemming from the second ©-function in
Eq.9.4.3, Cy is a constant term that needs compensating which we correct later.
In performing the sum over A(z,y, z), the terms stemming from the smoothing

add up (they were chosen to not overlap, but fill space), seen in

[ e [ s = [ s,

and so we only have to evaluate these terms at the edge of the chosen summation
limit. We therefore sum over Ds(x,y,2), and evaluate DI at the eight edges of the
chosen summation region (plus half a lattice spacing) with the appropriate phases
from Eq.9.4.4. We find that compensated sum converges much more quickly than
directly summing up the dipolar interaction, decaying as ~ # for cubic systems
(although we have to perform a fully 3-dimensional sum). We elect to stop the sum
on a cube, but once we have converged the summation the final shape plays no role.

We now consider the constant term Cy which stems from the smooth part of the
interaction. In Eq.9.4.3 we are adding and subtracting a smooth contribution. We

then integrate over the smooth contribution, and have a free choice in the integration
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volume. We therefore choose the volume such that it corresponds to the spherical
crystal approximation; a sphere with an infinitesimal puncture at the site we are
considering. We have currently smoothed over the chosen spin, so we must correct
the calculation by subtracting off the interaction between a spin and an infinitesimal
sphere (the puncture in the spherical crystal approximation). Though this looks like
a task involving a singular integral, it turns out it may still be performed. We start
by writing the dipolar interaction in terms of the Green’s function

82

" 8@895]

Dq(r) Ga(r), (9.4.4)

where G, is the Green’s function of the Laplacian in d dimensions. Here, we will be
working with d = 3, but when we use the anisotropic real space method, this will
not be the case. We wish to calculate

82
_ 3
E.5(r) = /{/d r@xiaa:j Ga(r)

The diagonal terms are given by

0* (-1)

02 |r|

:%v§%+%( 2 82)(—1)

where V3 is the Laplacian in d dimensions. We note that the integral of the second
term vanishes for all boundaries, and that the first term may be evaluated using the
identity

(

—1)
2— f— —_—
V3‘r R =47mo(r — R),
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and so the contribution for a spin inside an infinitesimal sphere is also

—0o 94.5
5 das (9.4.5)
We therefore make the constant term
1 00
1 4r
Co = — 1010
AzQya, 3
0 01

It turns out that the self energy is regular, and also happens to be the same as the
spherical crystal approximation. We may now calculate the real space sum in the
spherical crystal approximation by performing the sum over the discrete sites, adding
the smooth contributions at the edge, and adding on this term which corresponds to
a puncture around the chosen spin. This allows us to calculate the dipolar interaction
for an arbitrary set of sublattices on a cubic or orthorhombic lattice. For the full
formula that we use to calculate using this technique see Appendix.C. At the end of
the next section, we compare this method to the Ewald technique. The long range
smooth part of the interaction has not been controlled at all, but the local part of

the dipolar interaction on a lattice has been calculated exactly.

9.4.4 Anisotropic Method

We now present a more efficient, but more subtle way of calculating the dipolar
interaction in real space. We use the same idea, but instead of smoothing in all

3-dimensions, we split the smoothing process up and smooth in one dimension at a
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time. We begin with the same Ds;(r), and smooth the spin as follows

S(r) = § ({5(2 - Lee- Z)} + ai@<z - Z)) 5z — X)3(y — ),

a’Z z

where we have smoothed over the z-axis initially. We now calculate

Z+ 1 Z+ Z+
J(.Z',y) = Z DB(x7yaz)_a_ 2 D3($,y,Z) dz+a_ 2 @(Z_Zi)D3($ay>Z)a
z=Z" # a # B
Dz;y)

(9.4.6)
where the last term is calculated at the boundaries of the z sum, and we can find

the integral exactly as

z y2—x? x24y? _z_ 2wy x2 42 x

27’3 + 7 r (z2+y2)2 [1 + 2r2 ] r (z2+y?)2 |:1 + 2r2 r3

Di(x,y,2) = oz 2ay 2?4y _z oz 2oy’ 2?4y |y
3( Y ) r (z2+y?) 2r2 23 + r (z2+y?)? 1+ 2r2 r3
z Y 2

3 73 3

Note that Ds(z,y, z) is ill-defined as its argument tends to zero (just as previous)
but we can regularise it as we have done here using the primitive function on the
boundary and ignoring the difficulty at the origin. We notice that D(x,y) converges

as #, and moreover

> D(z,y) (9.4.7)

converges exponentially, and so this part of the interaction is readily calculated. We
now notice that the final term in Eq.9.4.6 involves several types of terms. We wish

to separate out long range decaying terms from non-decaying terms, and so we find
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that the only non-decaying terms are given as follows

y2—x> _ 2xy
. 21 ,2)2 21 ,2)2
lim Di(r) = Dy(x,y) = (@*+5%) (@*+0%)
2—00 _ 2my x2—y2
(22 +y%)2 (@2 +y%)2

We must now deal with this. Note that there are two of these contributions, as D3
is symmetric in z, and we must include the contributions from both planes. We now
use the same theory as used previously, but smooth in the z-axis. Initially we started
with a full three dimensional lattice. We smoothed over the z-axis and turned the
problem into a two dimensional array of lines of spins. Although, we only consider
the ends of these lines, and so we have a two dimensional array of point spins. We
therefore smooth these point spins into one dimensional lines of spins. Thus we use

S(z.y) = 8 ({5(1; X)) - Le@E- X)} + Lo X)) Sy —Y)

Qy Ay

In the same spirit as previously, we find

X+t X+
1 1
J@)= 2 Da(ey) =~ | Daley)de+—6(—X*)Dafv,y)  (948)
r=X" r - z
W)

Once again, C'(y) converges as a power law in = and exponentially in y, and we can

find the integral exactly, providing

= _ _Y
Dm _ x2+y2 x2+y2
9 =

-y __ T
2 +y2 2 +y2
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and so this is readily calculated once again, and we need only the long range com-

ponent from Dy(x,y). Interestingly, we note that

lim Dy(z,y) — 0,

T— 00

but we must include the integral of these interactions, and so we have to include the

Y+
lim Da:ydy—//dAngy

r—00 Y-

interaction

The subtlety here is that we are calculating the corrections to the original calculation,
just as we did when we smoothed over the original spin in the cubic method. We

notice that the diagonal parts of D3 look like the following

aa: gZ ay g2
ay g2 - aa: g2

where Gy = In(r). Therefore, we find that D, is given by

az g? 8xy gZ
@xy g2 - ag g2

and so we must correct C(z,y) with the additional contribution, using Eq.9.4.4 once
again,

1 20 [ 1 O

Ay 2 0 —1

Note that there are two of these, just as before, as we have to compensate both

planes in the limit z — co. We must also compensate D(z,y) in the same way, and
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so we find

[ 4 o= s [ aa Diten) = [[[ av it

and so noticing that D3 appears to have the form

0 —19.Gs 0
0 0 azgi’)

In Appendix.C, we provide an explicit formula for both calculations, in order to

exhibit the final result.

9.4.5 Summary and Comments

We have offered a new way of calculating the dipole interaction using a real space
summation. We extract out the long range part from the short range part using
smoothing of the spins. If we use the spherical crystal approximation, then the long
range part is only a constant for ferromagnets and zero for everything else, and
we may deal with simply the short range interactions other than for ferromagnets.
For ferromagnets, as was discussed in the Ewald section, we should replace the

energy with the appropriate domain reconstructed state. We provided two real space
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calculations for calculating the interaction elements. For anisotropic systems, the
cubic method is slower than the anisotropic one, but for cubic systems we see little
difference between the methods. Note that we may check our interaction matrix by

back transforming the structure factor from Ewald,

*

Jopg(Ryjr) ~ Y e Riirteatesly (k) :

K Rjj/:|xj—xj/

up to normalisation, where * means we include the term at k = 0 with the average
of k — 0 from the three Cartesian directions, and c, are the sublattice vectors. We
sum over discrete k limited to %’r where N is the size of the cube that we want in
real space.

To compare the new real space technique to Ewald, we calculate the interaction
matrix for a given number of sublattices. This gives us a grid of k points that we can
compare to by adding the real space matrices together with the appropriate phases.
The technique is competitive in computer time, and provides machine accuracy, but
the main advantage is that the matrix elements that we want are calculated directly,
rather than having to back transform them. However, any non-trivial k points, or

states which are larger than the periodicity that we have assumed are not included

in the technique.

9.5 Summary of Methods

We have provided two methods to calculate the long range dipole interaction. The
first is the standard Ewald technique, where one splits the interaction in two parts,
one short range, and one long range. The long range one is then Fourier transformed

to become short range in reciprocal space, and so one has two short range sums
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to calculate. The new technique is to calculate the sum in real space, but limit
ourselves to an inherently periodic structure. We can have as many sublattices as the
computation will allow, but it is exact within this. Within the real space technique,
we offered two ways of calculating; the cubic method and the anisotropic method.
The anisotropic method is more subtle, and slightly harder to control numerically,
but it converges slightly more quickly than the cubic method (and significantly more
quickly on non-cubic lattices).

We may calculate the interaction strengths using the real space technique (rather
than having to back Fourier transform them from the Ewald technique), and find
the zero temperature phase diagram of the model via real space minimisation of
the spins. We may also calculate using Ewald on the reciprocal lattice. We include
the term at k = 0 as the average of k — 0, and back transform the state to
obtain numerical precision between the two techniques. We will find this phase
diagram using only the real space technique, and we are consequently assuming
mono-domains of ferromagnetism if we find ferromagnetic groundstates. We could
use Ewald to find the appropriate k — 0 state instead (which would have a lower

energy), which would be a multi-domain ferromagnet, but we do not here.
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Chapter 10

ZERO TEMPERATURE PHASE DIAGRAM

10.1 Chapter Summary

In this chapter we provide the phase diagram to the general classical model intro-
duced in Chap.8. This phase diagram is entirely new, and allows us to compare all
the compounds that we wish to study using Tab.8.5. First we outline our minimi-
sation technique, and depict the six relevant states for our phase diagram. We then
move on to how we use our technique and the associated issues before showing the
results. We provide two phase diagram; J3; = 0 and J3 = 0.1, though we show two of
each for large and small crystal field strengths. We conclude with comments about
the phase diagram, along with justifying (analytically) several of the groundstates
we find. We finish with discussing the excitations of ThoSnyO7, where experimental

data [5] is predicted using our real space technique.

10.2 Introduction

Firstly, we introduce the technique we use in order to minimise our classical model.

We have already shown the real space technique that we use to calculate the dipolar

257



10.3. TECHNIQUE

matrix, and we shall use these matrix elements in our procedure. This justifies our
focus on calculating the dipolar interaction matrix elements in real space as we are
now going to use them directly. Once we are clear on the technique that we use,
including the limitations, we introduce the six relevant states that we encounter in
the phase diagram. We then discuss the relevant compounds placing them on our
phase diagram. We elect to calculate the full phase diagram in (.J;, C') space, with
fixed dipolar strength, as it allows us to see how close the compounds are to predicted
phase transitions. If they are close, we cannot be fully confident of our predictions,
but for most compounds the states are stable. We will find two diagrams, J; = 0
and J3 = 0.1, representing the tin and titanium compounds respectively. The spin
ice state (as presented in §.8.4.1) is robust to the inclusion of the third neighbour
interaction, while the spiral state (§.8.4.3) and the ferromagnetic state (§.8.4.2) are

easily destabalised to more exotic states which are found in the titanium compounds.

10.3 Technique

We wish to solve the following classical model at zero temperature

L > S;.8 -3 (Ryy8;) (Ryy Sy )
2 — ‘R’]_]/ ’3 R]j/EijRj/
J#J’
J PN J. A A
+ 51 Sj.sj,+33 S,.8; (10.3.1)
(43" (33")3

The spins are classical spins, parametrised by two angles to maintain the spin length

constraint as stated in Chap.2. The only term which is difficult to control is the
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dipolar interaction, which we have dealt with in Chap.9.

We will work on a finite periodic lattice, and assume that the states have an
inherent periodicity (which is at most the size of the lattice that we use). For
example, we may start with four spins and find the k = 0 phase diagram (note that
pyrochlore is four atoms per unit cell and so k = 0 can be anti-ferromagnetism and
ferromagnetism). If we then enlarge our spin space to sixteen spins, then any state
which we find again from the k = 0 phase diagram, we know to be the groundstate
up to 16 spins. We will always be restricted to a finite number of spins, and so we
can never be certain of our calculations if a groundstate with a larger periodicity is
relevant. We do not expect a larger periodicity to be relevant, but we cannot rule
it out.

We will limit ourselves to 32 spins, finding the phase diagram limited to sym-
metries within this. This allows us access to k = (1/2,1/2,1/2), spin ice states and
k = (1/2,1/2,0), but nothing larger. For k = (1/2,1/2,1/2) we may also use 16
spins with antisymmetry, but prefer to simply use 32 in case k = (1/2,1/2,0) were
to become relevant. We use a numerical procedure to minimise our Hamiltonian,
which regularly fails. We therefore have six starting conditions which are the rele-
vant symmetries that we find throughout the phase diagram, and minimise locally
from there into the groundstate. For large crystal fields, this is the only way to
proceed as the optimiser never flips a spin (due to the energy barrier), but at low
crystal fields the optimiser does a good job (where the landscape is much smoother).
We may therefore also use random starting states at low crystal field, and locally
minimise them. For details of the naming procedure and stacking procedure, see
Appendix.F, but for here it is enough to know that we use 32 spins which are in two

cubes of 16. We then tile this antisymmetrically, which we see in Fig.10.1, where
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Figure 10.1: Sketch of the large cube, where each smaller cube represents 16 spins,
and stacking two cubes together gives the 32 spins that we use. We also see the
anti-symmetric stacking of the cubes.

one “column” is the 32 spins we depict in Fig.F.1, and the full cube contains 128
spins.

We now describe the starting states that we use, which are the simplified states
that we find throughout the phase diagram, although they distort. We generate
these states from some exact solutions, which appeared in [23] for the case of the
line C' = 0. For the other states, we offer some justification in Sec.10.4.1 as to why
we pick these as our starting states.

We also draw them limited to 16 spins, which for k = (1/2,1/2,1/2) we tile
antisymmetrically. We first examine the two natural limits of J; — Zoo in the
large crystal field limit, providing the all in state and the ferromagnetic state seen in
Fig.10.3 and Fig.10.2 respectively. If we have no crystal field and antiferromagnetic
interactions, we generate the spiral state, seen in Fig.10.4. This optimises the local

Heisenberg and dipolar energies (see Appendix.D), although is poor for crystal field
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Figure 10.2: The sixteen spins making up the ferromagnetic state. Note that this
is not to scale, and is drawn to make the spins easier to see.

Figure 10.3: The sixteen spins making up the anti-ferromagnetic all in state

interactions. We then have the two more complicated states, the k = (001) spin ice
state, and the k = (1/2,1/2,1/2) state. We begin with spin ice, which we depict in
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Figure 10.4: The sixteen spins making up the anti-ferromagnetic spiral state

Fig.10.5. We see the lines of spins along the (110) direction which are parallel. As

we move up the z-axis this alternates. Finally, we show the k = (1/2,1/2,1/2) in

Figure 10.5: The sixteen spins making up the spin ice state
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Fig.10.6. This state comprises lines of spins which are parallel along the lines, but

Figure 10.6: The sixteen spins making up the k = (1/2,1/2,1/2) state for ThoTi,O7.

anti-parallel between neighbouring lines in all directions. We also tile this cube anti-
symmetrically, and so in the next 16 spin cube, all the spins are reversed, whereas
for all other states they are tiled symmetrically. These are the states we start with,
and locally minimise them.

Apart from special points in phase space, these states are never the true ground-
states, having small distortions to gain from the interactions which are orthogonal
to the starting state. However, if we use the starting configurations, the optimiser
will distort the state to the local minimum energy. We now provide an example of
the type of calculation that we do in order to find the phase diagram. In Fig.10.7
we see a cut across the phase diagram at C' = 300, varying the Heisenberg inter-
action. The minimum of this curve is the local groundstate, which changes as we
move along. Note that the curve corresponding to the (irrelevant here) spiral state

is not continuous, while the curves which become the groundstate are. This appears
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Figure 10.7: Cut across the phase diagram showing the relative energies of each
starting state.

to be a consequence of the optimiser, which fails to consistently locally optimise the
spiral state at large crystal field. The spiral state is totally opposed to the crystal
field interaction, and so the minimiser randomly optimises this energy first, before
finding the local groundstate. At low crystal field this problem goes away as the
optimiser can move the spins around more freely. We may also use random starting
conditions, although for us there are 232 natural states, and so this procedure only
works at small crystal field again. If we do use random conditions, then we find at
small crystal fields, the states are reproduced in the correct regions of parameter
space, although we still require many attempts. The lines that are groundstates or
near groundstates however are smooth, and so we only need to find the minimum
curve. Note that we work on a grid in parameter space, which leaves an inaccuracy
in the point we identify as crossing. We could improve this with a finer grid, or

extrapolating between the points.
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10.4 Results

We now provide the J; = 0 phase diagram with Jp = 4 always. We begin with the

large crystal field diagram, seen in Fig.10.8. To the far right labeled 4 we see the all

Figure 10.8: The (J;,C) phase diagram for large crystal field with J; = 0.0. 1 is
the ferromagnet, 2 is k = (1/2,1/2,1/2), 3 is spin ice, 4 is all-in-all-out, and 5 is
another k = (1/2,1/2,1/2) , and 6 is the terbium ferromagnet. The points are not
on a smooth line due to the parameter space grid we work on.

in state, which again does well for the antiferromagnetic Heisenberg and the crystal
field interactions. To the bottom left, labeled 1 we find the ferromagnet, which opti-
mises both the ferromagnetic Heisenberg and the crystal field but does badly for the
dipolar interaction. At large crystal field, the ferromagnet is along crystallographic

directions, but at small crystal fields, it becomes collinear. The ferromagnetism is
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destabalised by the dipolar interaction before the Heisenberg interaction becomes
antiferromagnetic, to become the k = (1/2,1/2,1/2) state, labeled 2, which recovers
the long range dipole and is hence the groundstate for J < 0. We now depict this
k = (1/2,1/2,1/2) at low crystal fields. For large crystal fields, the state is the
essentially the same as Fig.10.6, but with the spins distorted towards the local ferro-
magnetism (of each tetrahedron). However, for small crystal fields, the state is very
different, though still within the k = (1/2,1/2,1/2) subspace. We depict the state
at C' =0 and .J; = —1 roughly in Fig.10.9, though there are small distortions away

from this state. There is a crossover between this state and the larger crystal field

Figure 10.9: The k = (1/2,1/2,1/2) state at C' = 0 and J; = —1, showing the
dominant component of each spin.

state, although due to the lack of chang266gf symmetry we observe no actual phase



10.4. RESULTS

transition. Notice the Cartesian spins, which become energetically unfavourable at
relatively small crystal fields.

The next state we encounter is the spin ice state labeled 3, in our phase diagram,
and is shown in Fig.10.5. This state distorts strongly as we reduce the crystal
field, becoming a collinear state. We then find another k = (1/2,1/2,1/2) state,
labeled 5, which is the same as 1, but the spins are distorted away from the local
ferromagnetism to gain from the antiferromagnetic Heisenberg. We then find the
all in state, in the region labeled 4, which is dominated by the crystal field and
Heisenberg interaction, and is symmetrically prohibited from relaxing. We then find
a pocket of ferromagnetism, labeled 6, which is the canted ferromagnet we expect
for ThyoSnyO7. The spins are once again canted away from the total spin of each
tetrahedron, which is ferromagnetic, but this time all the tetrahedra line up to
produce a global ferromagnet.

We now move on the the small crystal field phase diagram, seen in Fig.10.10.
Many of the phases are the same, except for the inclusion of the state labeled as 7,
which is the spiral state. The spiral state is very opposed to the crystal field, and
so only survives up to C' ~ 5, even as J — oo, and is destabalised quickly by states
which can gain the crystal field interaction. We also see that the spin ice state,
labeled 3 comes down to essentially zero crystal field. We do not know whether the
spin ice state also exists for C' < 0. We also see that the second k = (1/2,1/2,1/2)
labeled by 4 does not come down to C' = 0, but does go to J — oo.

Now we include a small third neighbour interaction and find the associated phase
diagram. This interaction stabalises the k = (1/2,1/2,1/2) states, as the third
neighbour bonds go between sites which are anti-parallel in k = (1/2,1/2,1/2)

symmetry. We find exactly this, although some states are stable to the inclusion of
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Figure 10.10: The (J;,C) phase diagram for small crystal field with J3 = 0.0. 1
is the ferromagnet, 2 is k = (1/2,1/2,1/2), 3 is spin ice, 4 is all in, 5 is another
k =(1/2,1/2,1/2) state, 6 is the terbium ferromagnet, and 7 is the spiral state.
this interaction. We start with the large crystal field diagram with J3 = 0.1, seen
in Fig.10.11. For large negative Heisenberg interactions, we find the ferromagnetic
state labeled 1, exactly the same state as was found previously. This state transits
more quickly into the k = (1/2,1/2,1/2) labeled 2. We then find the spin ice state
labeled 3, once again the same as before. We find another k = (1/2,1/2,1/2) state
labeled 5, which destabalises the terbium ferromagnet completely so that we cannot
observe it in this diagram. Finally, we still have the all in state labeled 4, which has
a higher energy, and so is slightly smaller in area here.

If we move to the small crystal field phase diagram we can see another state
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Figure 10.11: The (J;,C) phase diagram for large crystal field with J; = 0.1. 1 is
the ferromagnet, 2 is k = (1/2,1/2,1/2), 3 is spin ice, 4 is the all-in-all-out state,
and 5is a k = (1/2,1/2,1/2) state.

here, seen in Fig.10.12. Here, we find another k = (1/2,1/2,1/2), labeled by 6.
This state completely destabalises the spiral state which was present for the J; =0
phase diagram.

We have found two phase diagrams, one for J; = 0 and one for J3 = 0.1. When
we include a third neighbour interaction, the regions of k = (1/2,1/2,1/2) are
vastly increased, indicating that the system is very frustrated in some regions of
parameter space, and unstable to small perturbations. The spin ice state is robust
to the interaction, while the gadolinium spiral and the terbium ferromagnet are both

destabalised quickly.
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Figure 10.12: The (J;, C') phase diagram for small crystal field with J; = 0.1. 1 is
the ferromagnet, 2 is k = (1/2,1/2,1/2), 3 is spin ice, 4 is the all-in-all-out state,
while 5 and 6 are both k = (1/2,1/2,1/2) states but with different local spin states.

10.4.1 Comments

Having calculated the two phase diagrams, some comments about the states that
we find and the technique are in order. The phase diagrams that have been found
have not been seen previously, and therefore we may only check our results by com-
paring Ewald and the real space technique. We have used a real space minimisation
technique to solve our model numerically, which automatically maintains the spin
constraint. Therefore, any state within a given periodicity is accessible. Ewald re-
quires a non-trivial linear combination of the eigenvectors in order to maintain the
spin constraint for many atoms per unit cell (in general), and therefore the states
that have been found previously are energetically unfavourable [134]. We now em-
phasise that the phase diagrams that have been offered are modified by Ewald, and

we have not included this here. An important feature is that the ferromagnetic states
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are at k = 0, and not k — 0. They all pay the long range dipole penalty therefore,
and are energetically worse than they would be if we took the limit. This means
that all ferromagnetic regions should be larger (in parameter space) than they are.
We could use Ewald to find the phase diagram, but for every state we would have
to check that the state was consistent with the spin constraint, hence the reason for
using the real space technique and real space minimisation.

There is also a dramatic effect by including a relatively small third neighbour
interaction. This stems from the high frustration that is present; there are many
states close by in energy at any given point, and so small interactions may stabalise
other states and change the phase diagram drastically. We observe this here, where
the k = (1/2,1/2,1/2) states are stabalised almost everywhere.

We may now put the various compounds that we wish to study on the phase
diagram. The simplest is spin ice, which has a very large crystal field, and J; ~ 1.5.
This puts the spin ice state as the only possibility, even when we include the third
neighbour interaction. The extensive entropy that is usually studied stems from the
fact that the groundstate is stabalised by weak third neighbour dipole interactions,
which are an order of magnitude weaker than the nearest neighbour ones which
demand two in two out. The spin ice is robust against third neighbour Heisenberg
interactions because for (001), the interaction cancels which means the penalty is
relatively small compared to k = 0 states. The gadolinium compounds live on the
C = 0 line, with J; ~ 10, where we see the normal spiral state for J; = 0 and a
rather complicated k = (1/2,1/2,1/2) state for J; = 0.1. The titanium state is a
prediction from the model, to be tested against more experimental work. We see
similar effects for the terbium compounds which has C' ~ 30 and .J; ~ 7. We observe

a k = 0 ferromagnet for the tin compound with J; = 0, and a k = (1/2,1/2,1/2)
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state for the titanium compound with J3; = 0.1. Once again, the titanium state
is a prediction. It agrees with the current experimental predictions [4], though we
also predict that the spins are distorted away from the ferromagnetism (of each
tetrahedron) like the tin compounds, and this needs to be verified as well.

Having provided the various states using the minimisation procedure, we now
attempt to rationalise some of the states analytically. Using nearest neighbour
techniques we may explain the spiral state for gadolinium, the two-in-two-out state
for spin ice, and the ferromagnetism for terbium stannate. We begin with spin ice,
and explain the two-in-two-out state. If we have C' = oo, then the spins become
Ising variables, which either point in or out, yielding sixteen states per tetrahedron.
If we ignore the Heisenberg interaction, which is small for the spin ice compounds,

then we are left with the dipole interaction, which, in the Ising variables, is given by

H JD Zj.Zj/ — 3 <R]J/Z]> <Rjj’-zj’)
eff — 005 3 _
2 ot IR,j| R, /=R;~R,
Jp
= 3o
2~
J#j

If we restrict to nearest neighbours for now, then we may calculate this exactly. We
have that
(4055 — 1)

L. 1
Zj.Zj/ = §

for nearest neighbours, and that
N /A 4
<RJJIZ]> <R]]/Z]/) = __\/67

where we normalise |R;;|*> = 1. This interaction can be written as a sum over
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tetrahedra, yielding

4J J
e S PR
t

We then note that the coefficient of the squared term is positive, and so minimised
by being zero, which corresponds to two spins pointing in and two pointing out. If

we include the Heisenberg interaction into this, we have

Y

5 & 9
JZSJ"SJ/:_JZ(UO+01+02+U3)2—§

33’ t

and so we have the stability criterion (at nearest neighbour only)
J,
J < %(6\/6 —1),

for the two in two out ferromagnetic state to remain the groundstate. Note that the
long range dipole interaction changes this result dramatically. The true groundstate
at k = (001) is rather subtle to show, and requires the Ewald technique to show
that the minimum in the eigenvalue is indeed at k = (001).

We may also justify the spiral state for gadolinium, with aid of Appendix.D.
For the case of spin zero, the nearest neighbour dipolar interaction restricted to one

tetrahedron reduces to
H = (S5 + 57— S5 —55)*+ (S5 + S5 — S — %) + (S5 + S5 — Sf — 55)°

It is easy to see that this is minimised by the spiral state of gadolinium stannate,
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parametrised by

SO = (—(]./,O_/,O)
Sl = (OZ,Q,O)
S2 = (—CY, —CY,O)

S3 = (Oz,—Oz,O),

where a0 = \/Li’ while the Heisenberg part is optimised for any spin zero state.

We now move on to how the groundstate of terbium is ferromagnetic, despite
the antiferromagnetic interactions. At large crystal field strengths, we have seen
that we either have the two-in-two out state or the all in state. As we reduce the
crystal field, the spins may relax to gain from the frustrated Heisenberg and dipolar
interactions, but not for the all in state, which is symmetrically prohibited from
relaxing. We therefore find new states at intermediate crystal fields, which can gain
from the other interactions at the expense of the weakening crystal field. This is
what we find for the terbium style ferromagnets. At infinite crystal fields, the two-
in-two-out states may only point in one of the three Cartesian directions, and so we
label these by X;; the total spin in a given tetrahedron. We then calculate the local

exchange field on a given site
M, =J)_S;
(07)

Assuming that the spins are roughly along crystallographic directions, we can max-
imise the component perpendicular to the spin 0, which allows the spin to distort
maximally. Note that all “2-in-2-out” states are the same energy at order of near-

est neighbour exchange, and the field coming from a general such state is along a
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Cartesian direction X;. We let

S; = Za(j)0j + dj,

where o; are the Ising variables, and Z,(;) are the local crystallographic axes, and
d; are the distortions away from this state, and for spin ice d = 0. A small linear
change in a spin can gain from perpendicular distortions and lose nothing from the
parallel component as it scales as d?. The local field on a given site is given by the
sum of the (Cartesian) fields coming from the two tetrahedra that the chosen spin

lies in. We therefore find that

and therefore the component perpendicular to the chosen spin is given by

BJ_:SO/\()A(Z—F)A(])

To maximise this, we want |X; +X,| to be as large as possible, which means we want
the two fields to add in parallel giving rise to the ferromagnetism. The ferromag-
netism allows the spins to relax away from the crystallographic directions and gain
energy from the interactions perpendicular to this direction. Therefore, the antifer-
romagnetism is maximised by aligning the two-in-two-out tetrahedra, and allowing
the spins to relax away from the magnetic direction to gain from perpendicular
interactions.

We may also investigate metastable states; for the case terbium stannate we have

the experiment [5] where inelastic neutrons are used to investigate the excitations.
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We may use our numerical procedure to locally minimise the state with a single spin
flipped around in the ground state, and compare the flat band in [5] to the energy
of such an excitation. However, to understand the excitation itself, we first refine
the notion of excitations and spin waves, and their unusual ordering in rare earths.
We call the application of the operator S™ a spin reduction. Spin waves correspond

to creating a single delocalised spin reduction, in the form

Sy = %Zefk-ﬁsj,

J

with a corresponding probability of finding this spin flip on each site given by the
associated Bloch phase. This changes the J, state minimally on each site, while the
dispersion corresponds to how this locally orthogonal distortion moves through the
system. However, although the distortion may be “small” the energy penalty can
be high.

Crystal field excitations are local creatures, and correspond to flipping the spin
a large amount, though the energy for such an event can be much smaller. This
reversal of energy scales comes from the large number of J states in rare-earths;
there are sufficiently many for the states to approximate the classical minima while
spin waves are not minima. For example, in a cubic environment, there are 6 natural
directions towards the cube corners. If 2J 4 1 is not large enough, then the spins
cannot notice the cubic symmetry. For more on rare-earths in cubic environments,
see [21].

At high temperature in ThySnyO7, there are two low lying doublets, then a gap
to the higher lying crystal field states [135]. It is thought that these correspond to
J, = £5 and J, = %4, although the extra hexagonal symmetry will couple in more

states, so this picture is not exact. The groundstate doublet is thus some linear
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combination of J, states, |¢*). This doublet cannot couple to itself as it is not a

Kramer’s doublet, and therefore the states are orthogonal

(¢*13]67) =0,

where J is the total angular momentum operator. Thus for the excitation to exist,
the state we excite to must not be ¢~. It is thought that the degeneracy of this
doublet is not lifted, but at low temperature the lowest degenerate doublet is split
into two energy levels; the groundstate itself and an excited state, caused by the
local exchange field stemming from the interactions. Previously a crystal distortion
was required to break the degeneracy, but here the local interactions are sufficient
to describe the physics. The observed spin flip is associated with flipping the spin
between the groundstate linear combination |¢g) and a different linear combination
corresponding to the spin pointing in a different direction to the exact inverse.
Excitations to the higher states correspond to the spin waves, as the spin only cants
over a small amount between the J, = 4 and J, = 5 for example. Again, the spin
waves and spin flips are energetically in the opposite order from normal.

Using the real space technique, we can flip a single spin and let it relax, indi-
cating the energy scale of this excitation. It is this relaxation which is crucial to
understanding the low energy excitations. We find that a system with 16 spins is
insufficient to describe the physics, as the spin which we have reversed is coupled to
itself via the long range dipolar interaction fairly strongly. Hence, we begin with 32
spins. The relaxation of the spin causes the new state not to be exactly opposite
to the old one; if it were then the two states would become a doublet, and there
could be no coupling between the two states. As the spin relaxes the new state

becomes permitted, and we find that the energy scale of the interaction accounts
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very accurately for the low lying excitation observed in inelastic neutron scattering.

Figure 10.13: Depiction of local distortion around flipped spin sited in the center.
a) corresponds to the groundstate spin configuration, while b) has the center spin
flipped, indicating the relaxation of the six nearest neighbours.

We depict the distortion around the spin flip in Fig.10.13, which shows the
groundstate with the ferromagnetic moment in the y-direction with dotted arrows,
and the new distorted state with solid arrows. Local to the flipped spin are six
nearest neighbours. In the terbium ground-state there exists a special ferromagnetic
direction parallel to a Cartesian direction. Once the spin is flipped, it relaxes to
become more anti-parallel to this direction to gain from the anti-ferromagnetic ex-
change. The six nearest neighbours also relax to gain from the flipped spin. The
two spins which lie in the plane perpendicular to the ferromagnetic direction relax
differently from the other four; they become more parallel to this direction, gaining
once again from the antiferromagnetic exchange. The other four spins also increase
their component parallel to the special Cartesian directions, but the components
perpendicular to this are controlled be the dipolar interaction. The perpendicu-
lar component of the spin, parallel to the vector between the relevant spin and the

flipped spin, is increased, gaining from the anisotropic part of the dipolar interaction.
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10.5 Conclusion

We have used a numerical technique to find the zero temperature phase diagram
to our classical model. In chapter 9 we showed how to generate the dipolar matrix
elements, technically the most difficult part of the technique.

Our phase diagram has many groundstates, some of which are relevant to the
compounds that we study. We find the spin ice state at large crystal field, as ex-
pected, which is very robust to the inclusion of a weak third neighbour interaction.
We find the ferromagnetic state (in the antiferromagnetic parameter region) for
ThySn,O7 which is destabalised to a k = (%, %, %) state by a weak third neighbour
interaction in agreement with experiment. We also find gadolinium has the same
property; a k = 0 spiral state at J3 = 0 and k = (%, %, %) for J; = 0.1. However, for
gadolinium titanate the actual state we predict is not the same as the experimen-
tally predicted state. We force the spin constraint by solving the problem in real
space (which we believe to be the most important energy scale) while the experi-
mentally obtained state does not. However, all other states are in agreement with
experimentally confirmed states.

We have justified many of the states from nearest neighbour arguments, although
without Ewald, groundstates to the long range dipolar interaction are rare. We have
also investigated the metastable spin flip excitation in ThySnyO7 finding excellent
agreement with experiment. We predict the lower band to be such an excitation,

while the upper band is spin waves (in agreement with experiment).
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Chapter 11

CONCLUSION

We have used two new techniques to investigate magnetism in various contexts.
Transfer functions have been used to solve the thermodynamics of various one di-
mensional models and the one to two dimensional crossover. We have also used a new
real space technique to calculate the dipolar interaction on the pyrochlore lattice.

We will conclude these sections separately starting with the thermodynamics.

11.1 Thermodynamics Conclusion

We have solved the thermodynamics of several one dimensional models; the plane
rotator (J;-J2 and B-J;), the continuous spin Ising (B-.J;) and the Heisenberg model
(J1-Jo and B-J;). We have used transfer functions, the continuous version of transfer
matrices, to solve these models. This technique has been used before for the near-
est neighbour analogue of some of these models, although not extended to second
neighbour interactions, and not at all for the continuous spin Ising model.

Having solved the models, we investigated the temperature effects on the zero
temperature phase transition. Infinitesimal temperature turns this transition into

a crossover immediately, but it still has the character of a transition. The two di-
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mensional order is still present, but is necessarily not long range due to entropic
arguments, but it may extend over a very long distance. We found an asymme-
try around the zero temperature transition, which when temperature is increased
destablises one of the phases more than the other. We found that fluctuations in
collinear states always destabalised states which were “less” collinear (spiral states).
We believe that the three models have qualitatively the same phase diagram, al-
though the critical point is not the same. It is also clear that for isotropic models
(ones for which the spin symmetry is the same as the symmetry of the Hamiltonian),
the J;-J5 model is thermodynamically identical to a B-J; model, even though the
details of the model (correlation functions, magnetisation) are very different.

We also investigated the magnetisation of the three models under a weak field.
We believe that the Heisenberg and plane rotator are not strongly magnetised by
weak fields, but that the continuous spin Ising model is strongly magnetised. A
very small field produces a large magnetisation to a temperature much larger than
the applied field. We attempted to parametrise this idea, although the behaviour
is Arrhenius and is therefore not Taylor expandable, we found a expansion scheme
which relates the three energy scales; 3, B, J;. Provided that 1 > 8B > e "/, the
magnetisation is expandable, and we observe a strong magnetisation.

We then used the transfer function technique to investigate the one to two dimen-
sional crossover by studying J;-Jy models for increasing N. For the Ising model this
technique works well, showing a peak in the specific heat at the expected transition
temperature. We then investigated the p-state clock model, finding two anomalies in
the specific heat. The lower peak is well modeled by a mean field theory, indicating
it may be an Ising transition, although we can not prove it. The upper transition

is not understood, although it is associated with the underlying Kosterlitz Thouless
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transition, which would be which is not a divergent peak in the specific heat.

We finally investigated the J;-Jy continuous spin Ising model. We believe there
to be a transition in this model due to the lack of a continuous symmetry which
breaks inversion symmetry. We see a peak around T < 1. Using mean field theory
we find Te ~ 0.93932, in good agreement with [52]. We use the idea that the
transition is controlled by the Ising character of the spins, not the continuous degree
of freedom, and found the result to be in agreement but an overestimate. Although
we cannot prove there to be a transition, comparisons to the Ising model mean we are
confident that there is a transition, which is unsurprising given that the symmetry
of the model (but not spins) is the same as the Ising model.

Our use of transfer functions offers a complementary technique to Monte Carlo
simulations or high temperature expansions. It is exact on the geometry that we
work on (for discrete models), but has unconventional boundary conditions, with
one infinite dimension and one finite one. It is not clear how this affects the results
compared to square lattice Monte Carlo simulations, but we view it as an alternative
technique to investigate thermodynamics in the one to two dimensional crossover.
We also believe, using the regular Ising model as the basis, that short range inter-
acting models do not depend on the boundary conditions strongly, and so we believe

the technique provides a good limit to two dimensions.

11.2 Phase Diagram Conclusion

We have calculated the dipolar interaction using a new real space technique. It
separates out the long range part of the dipolar interaction (which is a constant for
the spherical crystal approximation), from the short range contribution. Using this

technique, we may use numerical minimisation to find the groundstate of the dipole
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interaction.

We want to investigate several rare earth pyrochlore compounds; ThsSnyO7,
TheTi,07, HosTisO7 (Dy2TizO7), GdySnyO7 and GdyTisO7. The first compound is
a ferromagnet (with antiferromagnetic interactions). The second has k = (3,1, 1).
The third (and fourth) compounds are spin ice compounds with very large crystal
field interactions. The tin compound for Gd is an antiferromagnetic spiral, while
the titanium compound once again has k = (%, %, %)

We generate a classical model which we numerically minimise, using nearest
neighbour Heisenberg, dipolar, crystal field interactions along with third neighbour
Heisenberg interactions, which are zero for tin and small for titanium. We get
agreement with all the experiments in various parameter regimes, indicating that
our model is in agreement with the experimentally determined groundstates for the
compounds, apart from GdsTisO; where our state has the same symmetry but is
not the same state. We believe the experimental state to be incorrect as the spin
constraint is not maintained, whereas the state we find has the correct symmetry,
and all the spin lengths are the same. We found the phase diagram for the model in
the (Ji, C) plane with two values for J3. The third neighbour exchange significantly
affects the groundstates indicating the degree to which the model is frustrated. The
k = O states are strongly penalised by this interaction, driving the system into
k = (3,3, 3) states. Note however that we do not subtract the long range penalty of
k = 0 ferromagnetic states, which are unphysically penalised due to the formation
of domains over long range.

Nearest neighbour interactions were used to justify the groundstate for ThsSnyO7,

GdsSnyO7 and the two-in-two out state for spin ice. More subtle groundstates may

only be “proved” using numerical techniques (and rigorously proved if the energy
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agrees with the Ewald lower bound).

11.3 Further Work

This work can be extended in many different ways. The one dimensional exact
thermodynamics can be extended to include the plane Ising model, to investigate
the zero temperature phase transition with respect to different degrees of freedom
in spin space. Mainly however, the thermodynamics can be extended by looking
further in to two dimensions, as will be done in [21]. The clock model (and therefore
presumably the plane rotator model as well) appears to have divergent peaks in
the specific heat, in contradiction to previous thoughts. This would be investigated
much more thoroughly. The continuous spin Ising model is fairly clearly understood,
but again, comparisons to the plane Ising model offer insight in to the transition,
especially including the anisotropy parameter A. Moreover, one could investigate
a general O(n) model with interactions which have Z, Ising symmetry. Finally, no
work has been done in this thesis regarding the Heisenberg model in two dimensions,
for which the transition temperature is believed to be zero.

The work on the phase diagram should also be extended to the C' < 0 portion,
for which the compound YbyTi,O7 is believed to be relevant. Thermodynamics of
the model can be investigated using Monte Carlo, and low energy excitations of the

model can be examined numerically [136].
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APPENDIX A

A.1 Special Functions

In this appendix, we define the special functions that will be used as some are non-
standard notation and normalisation. We begin with the Legendre polynomials,

with the orthogonality relation

/_1 %Pn(u)Pm(u) = (A.1.1)

These are the polynomials which are orthogonal on the measure

1
d
= (A.1.2)
1 2
Which are order n for P,,
P,(u) = apu™ + ap_u™ "t + ...+ ag (A.1.3)
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This also defines the Rodriguez formula for us

1 d"

P (u)

which, with integration by parts makes the polynomials automatically orthogonal

on the given measure. We also have the recursion relation

uP,(u) = (nPy-1(u) + (n+1)Pypq) (A.1.5)

P (u) = (_;l)!m T (1 —u?)~ T (u? — 1) (A.1.6)
From which
P (w) B (u) = P (u) B (u) (A.1.7)

We may use these polynomials as a basis to build the plane wave expansion. Consider
two unit vectors a; and a,. If we define the local z-axis as &;.45 = cosf, then we

may expand the following

Té1 8y — ezcosﬁ _ Z(Ql + ].)IZ(ZL').Pl(COS 9) (A18)

=0

Which clearly defines the coefficients as

U du

Ii(z) = /_1 7P[(U)€xu (A.1.9)

which are the modified spherical Bessel functions of the first kind. We can use the

addition theorem for spherical harmonics to relate this to the associated Legendre
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Polynomials, in which we keep track of the global z-axis, to see

e:péo.él _ 211(56)(25 + 1) Z plm(uo)plm(ul)eim(%fm)
1=0

m=—

The spherical Bessel functions have the following identities

(@) sin;x
dlgfcx) - %—il[nfn—l(x)ﬂmlﬂwl(x)]
and
Jng(sx) _ 2n1+1 Ly o (2) = Lor (2)]

and are related to the modified Bessel functions of the first kind

(0

In(l‘) = %Bn—l-%(x)

We also use B, (z), which are controlled by

2w
B,(z) = / d—ee“"secos(nﬁ)
0 27

and have no closed form representation, and come from expanding

o0

eazcos¢9 _ Z Bm(l‘)eimg
They satisfy
ABur) _ Bun(®) + Buals)
dx 2
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(A.1.11)

(A.1.12)

(A.1.13)

(A.1.14)

(A.1.15)

(A.1.16)

(A.1.17)
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APPENDIX B

B.1 Deriving the recursion relations for the Continuous-
Spin Ising Model

Here we derive the recurssion relations for the continuous spin Ising model trans-
fer matrix elements. We use two recursion relations Eq.(A.1.5) and Eq.(A.1.13)

extensively. We begin with the zero field case, and consider the integral

1

d

H;":/ TuPn(u)[m(acu)
-1

with © = J. Along the edge of the matrix (m = 0) we find

70 — /1 d—uPn(u) sinh zu

" 1 2 Tu

Using Eq.(A.1.5) we find

1 [1d inh inh
HO =~ / 7“ ((2n+ 1)Pn,1(u)smx"”“ — (n—1)Py ()2 ‘”“)

" oon ) Tu
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MobDEL

We then use our definition for the Bessel function given by Eq.(A.1.9) to see this

gives us (after re-arranging)

(2n —1) N o

e T (B.1.1)

n—1"

For the rest of the matrix we use two recursion relations (Eq.(A.1.5) and Eq.(A.1.13))

simultaneously giving the identity

2n+1)(2m+1)

(n+4+ 1) Py (u) 1 (zu) — (n + 1)Pn+1(u)lm+1(xu)]

P,(u) I, (zu) =

[nPn,l(u)]m,l(xu) —nPy_q(u) i (zu) +

Which we write in terms H]*. Then we use that H]* = H]" (which means we cannot

use the recursion relations for m = n) along with simply relabelling n < m to find

mHE, —mHM + (m+ DHE, — (m+ D) HE

=nH}" —nHY L+ (n+ DHE — (n+ D HE
which gives us

n— m (’I’L B m) m— m
Hm+11 = Hnj_ll - ) (anll - Hnj_ll) (B12)

(n+m+1

We run Eq.(B.1.1) backwards from the edge, starting the first term with H)Y = 0 for
some N. We then use Eq.(B.1.2) to fill in the rest of the matrix. When we include a
field, we use the same analysis, only the algebra is slightly more involved. We have

the matrix given by

1
d
7 = [ SR wut e
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We once again start by calculating the edge terms, given by H°

1 . h
Py
1 (xu+ )

Once again we use Eq.(A.1.5) giving us

2 1
H? = nt / u) sinh(zxu + y)e’"
-1
2 1)y h -1
_(2n+ / du " sin (xu—l—y)eyu_n .,
1 (zu+y) n

Finally, to calculate the leftover integral, we use the identity of the Bessel function

Eq.(A.1.9)
n+1 [td w2+l
n / X,y (u) sinh(zu + e = v / e 1)
xn )4 2 -1
B _y2n+1 / u(y_x)
—1
2n + 1

T n [Sy]n_l(y +x) = L1y — 5’7>6_y]

Finally giving us the answer for the first recurssion relation after rearranging

i, (Qn . 1) ((In_l(y Fa)el — Iy(y — x)e — Hg_ly)) B ( n ) 0

n—1 T n—1 "

(B.1.3)
When we include a field, we couple in the other matrix elements, so we need another

‘edge” recursion relation, for H}, given by

i /1 d_uPn(u) {cosh(xu +y) sinh(zu+y) o
42 Tu -+ (xu +y)?
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We once again use Eq.(A.1.5) yielding

2 1 1 2 1 1 h
H, = %/ d_zu n—-1(u) cosh(zu + y)e”™ — i / d_uPn—1(U)—COS (zuty)
-1

xn 42 (zu +y)
on+1) [ du sinh(xu + on+1) [ du sinh(xu +
I e e L
n 42 (xu+y) n 42 (xu +y)
n—1
———H, ,

We use can calculate the integral for the first term, while the other terms can be
related to other matrix elements, finally giving us the second recursion relation after

some algebra

(52) tualyt 21 = (52) sy = e
x m—1
y(m —1) z(m —1) med

m—2
Hl —

It is now clear how to obtain the third recursion relation, using Eq.(A.1.5 and

Eq.(A.1.13)). We find the (modified identity)

T
(2n+1)2m+1

(7 1) Pt () L1 (210) = (1 1) P (0) g ()|

Po(u) I (20) = ) [nPn_l(u)Im_l(xu) Py () Lo (200) +

Y
u(2n+1)(2m + 1)

(7 1) P () I3 (220) = (0 + 1) P () I (a0) |

[nPn,l(u)[m,l(:cu) —nP,_q(u) i (zu) +

We then notice that the last term can be re-written using Eq.(A.1.5) to give

2n+1)(2m+1)

Po(w) ] () = [nPn_l(u)[m_l(xu) Py (W) Ly (210) +
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(7 1) Pt () L1 (210) = (14 1) P (1) g ()|
ﬁ [Pn(u)fm,l(xu) _ Pn(u)lmﬂ(a:u)]

We then use the symmetry H" = H, and equate, yielding

n—m
m—1 __ m—+1 m—1 m+1
HnJrl - anl - (anl - Hn+1 )

n+m+1
y(2n+1) . 11 y(2m+1)
- (H™ — H" ——(H"™, — H" B.1.5
x(n+m—i—1)( " a) x(n+m+1)( nt ) ( )

which we may use everywhere apart from n = m.
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APPENDIX B

C.1 Explicit Formulae for the Real Space Dipole
Interaction

We provide explicit formula for the two methods. As always, we work in the spherical
crystal approximation, and any long range, shape dependent, aspects can be included
if required. We provide the interaction between sublattice 0 and «. The cubic

method is given by

X Y 4
I = ) > ) Dilw+y+c)ztc)

r=—X y=-Y 2=—Z7

]. x z

- (Glx+2+ay+2rez+%
Ay Gy Q 2 2 2

[ Qg o ay o az a_

— G __X_E+Cx7y+§+cy7z+5+cz_
(e ay (o7 az a_
+cx,—Y—7+cy,Z+3+cz_
(e az a-
—i—cy,—Z—?vch_
Qy a,
2 2

o a (e
+Cy,—Z—?+CZi|

fe}
+c;

Qy

2

Qg
2
X —

X+
' ay
2
+c,—Y —

X+ —+c, Y+

i .

2

[ a a

N oy 4 Y

_ g Tt Ty
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z

+ X—i———l—cx,—Y—7+c Z—a—+cj}

G| >
CLy (e az (e
S e a a)
1 4r
— 3
axayaz?)

Where I, is an n-dimensional identity matrix, and X,Y,Z are the edges of the
summation region, chosen to be large enough to converge the interaction, and c{' is
the i-th component of the vector between sublattice 0 and sublattice a. Note that
if ¢* = 0, then we must not include the origin in the summation.

The anisotropic method is not as straight forward, due to the choice of regions

to sum over.

Z
Jy = Z i: Z Dy(x + ¢,y + ¢y, 2 +¢c)

z=—Z x=—A1 y=—A

Ay Ay
- Z Z <Dz[x+cx,y+cy,Z+c GQ] Dz[x+cx,y+c —Z—i—c?—%D
r=—A1 y=— A1az
— Ty
g X A
+ a—z Z Z Dg(x+cg‘,y++cg)
=—X y=—A2
Ao
2 1 a a 4
S 23 L osle ) ma[ e ) - L
azyz_;bax( 2 tat 9 Y 2 T 2 Y a,

Where Tj is the 3 dimensional self interaction to be subtracted given by

=}
e}
—_
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and Ty is the 2-dimensional self interaction, given by

1 20 [ 1 O

T2 -
Az y 2 0 -1

We also have to choose all the parameters for the summation carefully. We are
taking the limit that Z >> X, and Z >> A;, and X >> A,. These must all be
chosen to calculate the interaction to the desired accuracy. Again, when ¢ = 0, we
must not include the origin in the summation.

Finally, we set the dipolar interaction up as

E=>8,-35"-8; (C.1.1)
ap

Where J gﬁ is a 3N x 3N matrix where N is the number of sublattices.
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APPENDIX D

D.1 Showing the nearest neighbour dipole inter-
action as a sum of 7 quadratics

We now show that the dipole interaction, restricted to nearest neighbours may be

written as a sum of seven quadratics. We define the total spin in a tetrahedron by

T = (So+Sl+Sz+S3) (Dll)

N | =

Which allows us to write the Heisenberg interaction as

Huy=J» TiT; (D.1.2)
(i5)

The dipolar interaction is given by

T2 Z R [?
J#y

(D.1.3)

Rjj/EijRj/
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7 QUADRATICS

We subsume the “Heisenberg” part of this interaction into the Heisenberg interac-
tion, and simply renormalise the strength. The residual part, restricted to a single

tetrahedron, we write as

~ 3J
H=—S[ ( S§+S)(ST+SD+(S§-S5)(S§ - 85)  (DL14)
(S5 +S5)(S5+S) +(5F—SD(S; -5 (D.LB)

( Se+SNSE+S0+(ST-SNS5 -y (D16

We now expand this out, and collect together terms to write it in a more convenient

way, as follows

ﬂ:—%ﬂﬁ%+$$+%$+$%: (D.1.7)
[%$+$%+%%+$£' (D.1.8)
[%ﬁ+%%+%%+%$_ (D.1.9)
[%$+%%—$%—%%' (D.1.10)
[%%+%$—$%—$%_ (D.1.11)
[%%+%$—$g—ﬁgﬁ (D.1.12)

We shall consider the first three terms separately to the second three terms. The

first three terms, we re-write again

H@Hﬂm$+%ﬂ (D.1.13)
[(5%-+‘93)QS%~+-5§)} (D.1.14)
k%%@@ﬁﬂﬂ} (D.1.15)
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We then use the idea

1
(S3+57) = 5 (S5 + St + S5+ S3) + (S5 + ST — S5 + 55)) = 5 (T + (S5 + 5% — S+ 59))

(D.1.16)

DN | —

For all three terms, which allows us to write the first three terms as
iK%+$—%—%Vﬂ%+%—ﬁ—%ﬂﬂ%+%—%—%ﬁ—ﬁ—ﬁ—ﬁ—ﬂ
Where we have used that the spins are normalised

(ST + (S92 + (S2)* =1 (D.1.17)

We now have to deal with the final three terms, which we re-write as

A
A C TINS5 + (SE S + 5 (D.118)
(- SE+S2)(ST+ S3) + (7 + S2)(SF + S%) (D.1.19)
(5§+$x%+59+aq+$wﬁ+5@] (D.1.20)
L SUSE — SYSE - SUSE — SUS: (D.1.21)
SEST _ S7ST _ §E6Y — §ESE (D.1.22)
——%%—%%—%%—%%} (D.1.23)

We use the same idea as previous Eq.D.1.16, when considering the first term (A) to

give

1
[T+ S+ S-S - ST+ (S5 + 55— S5 - 87)]  (D.1.24)

[ T, — (SE+SY =Y = SOIT. — (S5 + 57— S5 - S} (D1.25)
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Which gives the following answer, for all three terms

1
—ﬁ[@(%+$—$—@+ﬂﬁ+$—%—%) (D.1.26)
T, (SE— SF4SE—SE)+TL(SE— ST+ ST—ST)  (D.1.27)

—%ﬂ(%—%—%%%+@%@$—$+%ﬂ (D.1.28)

SUSE - SVSF — SYSE — SUSE (D.1.29)
SESE - 825 SiST  §ESE (D.1.30)
%%—%ﬁ—%%—%%} (D.1.31)

Finally, we notice that this is equivalent to

%(%+%+%—n—@—nf (D.1.32)
+ (ST - SY -8 - T +T,+T.)° (D.1.33)
+(=S5+ 58— S5+ T, - T, + T.)* (D.1.34)
(=88 =S+ SE 4T+ T, —T.) | — 277 (D.1.35)

And so, we can rewrite the dipolar interaction on a single tetrahedron as

~ 3Jr11
H:-7EU%+%+%—E—%—ﬂﬂﬂﬁ—%—ﬁ—ﬂ+%+ﬂf
+ (—S§+S§’—S§+T1,—Ty+Tz)2+(—Sg—S§’+S§+TI+Ty—Tz)2]—2T2]
3J ,1
+-§QK%+5ﬁ%ﬁ—$V+G%+%—S?~%V+@%+%—Sﬁﬂﬁf

- LT -T0-2))

The first four quadratics act like a local crystal field, while the last three promote

the spiral state.
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Appendix E

APPENDIX E

E.1 Application of Ewald to the Pyrochlore lat-
tice

The application of this is simple for FCC, but for the pyrochlore we can make use of
the superlattice. As stated before, the compounds we discuss, of the form RoM5O7
have two interleaved pyrochlore lattices, one for the rare earth and one for the
transition metal. If we simply add both lattices together, then we create an FCC
lattice, with half of the sites as non-magnetic. We therefore include titanium into
the lattice which provides a small scale FCC lattice with one atom per unit cell. We

can use eight reciprocal lattice points to set up the full FCC lattice, as follows

K, = (111) (B.1.1)
K, = (111) (E.1.2)
K, = (111) (E.1.3)
K, = (111) (E.1.4)
Qo = (000) (E.1.5)



E.1. APPLICATION OF EWALD TO THE PYROCHLORE LATTICE

Q; = (200) (E.1.6)
Q. = (020) (E.1.7)
Q; = (002) (E.1.8)

We then recognise that these are structure factor related spots, which gives us four

constraints, allowing us to write the linear combinations

Si1ko = % [~Sk+Qo + Sk+qQs + Sk+qQa + Skiqs] (E.1.9)
SkiK, = % [Sk+Qo — Sk+Q: + Sk+Qs + Sk+Qs] (E.1.10)
Skiks = % [Sk+qo + Sk+@: — Sk+qz + Sk+qsl (E.1.11)

Sitks = % [~Sk+Qo + Sk+Q: + Sk+Qz — Sk+qs] (E.1.12)

We write the dipolar interaction as follows

Fus = 3 3 Siqu Dk + QulSsq + 30 3 Stk Dotk + Kun)SL s,
k meg k meg

(E.1.13)

We can substitute in the relations for the structure factors, and then only calculate

half the number of matrices. We can rotate back to sub-lattice representation using

the transformation

(E.1.14)

N | —
e
|
=
i
|
(=1

Where I are 3 x 3 identity matrices.
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Appendix F

APPENDIX F

F.1 Details of the pyrochlore lattice

We use the following naming procedure on the pyrochlore lattice, given in Fig.F.1.

This generates two cubes of sixteen spins, which we stack on top of one another.

Figure F.1: Drawing of the pyrochlore lattice to show the nomenclature we use to
label our sites. The arrow indicates how we “stack” the cubes of spins.

If we have four of these blocks of spins, we have a cube of 128 spins. We then use
periodic boundary conditions on the column of 32 spins, and tile it in antiphase in

the larger cube.
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