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Abstract

We have investigated the thermodynamics of the square lattice planar rotator model. By calculating
a variety of thermodynamic quantities for the planar rotator model on a sequence of one-dimensional
geometries using transfer functions, we find evidence that the square lattice model exhibits an ordinary
thermodynamic phase transition, with power-law singularities in the thermodynamics described by the
usual set of critical exponents. This is in contrast to the widely-held view that the phase transition in
the model should be of the Kosterlitz-Thouless type.

We have contructed a Hubbard-type model of bilayer strontium ruthenate SrsRusO7. We find that
the Hartree-Fock mean field solution of our model can be made to exhibit a metamagnetic jump that
matches that seen in SrgRusO7, and this is clearly associated with a certain quasi one-dimensional
feature in the electronic structure. We therefore suggest that this is the origin of the metamagnetism in
Sr3RusO7. The metamagnetism in our modelling is associated with a phase-separated mixture of low-

and high-magnetisation solutions, which we suggest corresponds to the nematic phase in SrgRusO7.
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Part 1

Statistical Mechanics of the Square

Lattice Planar Rotator Model






We have investigated the phase transition in the square lattice planar rotator model using transfer
operators. We consider the model on a one-dimensional geometry which will become the infinite square
lattice in the limit that a certain parameter tends to infinity; we calculate the thermodynamics for a
series of systems and perform a polynomial extrapolation to this limit. This technique is essentially
an application of exact diagonalisation. The same method has already been applied to a variety of
classical spin models, and these investigations are reported in the PhD theses of R. Mason and A. M.
Cave. The work in the present thesis is connected to A. M. Cave’s thesis, which studied the square
lattice clock model: one of the two phase transitions in this model is the same as the phase transition
in the planar rotator model, and therefore this thesis and A. M. Cave’s are to a great extent alternative
approaches to the same problem. We calculate a variety of thermodynamic quantities. Our results
are indicative that in the two-dimensional limit the thermodynamics of the planar rotator model will
become divergent, and that there is a regular phase transition with ordinary critical exponents. This
is contradictory to the strong expectation regarding the phase transition in this model that it should

be a Kosterlitz-Thouless transition.






Chapter 1

Overview of Classical Statistical

Mechanics and the Planar Rotator

Model

This investigation is concerned with the phase transition in the square lattice planar rotator model. To
set this work in context, it is necessary first to introduce both classical phase transitions in general, and
what is known about the thermodynamics of this particular model. The square lattice planar rotator
model is an archetypal example of a system which undergoes a finite temperatue phase transition
despite it being forbidden to have long range order. The well-established picture of how such a system
can have a phase transition is the Kosterlitz-Thouless transition, which is mediated by vortices, and
is characterised by very particular critical behaviour which is very unlike other thermodynamic phase
transitions. This chapter is intended to provide an overview of these physical ideas. The techniques
of the transfer matrix and one-to-two dimensional crossover and the actual investigation of the planar
rotator model is dealt with in the next chapter.

We begin in section 1.1 with a brief overview of classical phase transitions. We establish the
standard picture of a regular phase transition and the associated ideas of an order parameter and
critical exponents. We also describe the concepts of universality and the renormalisation group. Section
1.2 then narrows the scope to discuss low-dimensional classical spin systems. We define the three

paradigms of disorder, long-range order and quasi-long-range order using the spin-spin correlation



function. We then carefully provide the argument due to Landau which prevents long-range order
in one-dimensional discrete spin-systems, and the Mermin-Wagner theorem which forbids long-range
order in isotropic systems in one and two dimensions. We conclude this section with a proof of the
Mermin-Wagner theorem for the planar rotator model. Section 1.3 is devoted entirely to the planar
rotator model. In section 1.3.1 we describe the relationship of the planar rotator model to other
statistical mechanics models, and in section 1.3.2 we discuss its relationship to bosonic systems. We
provide the argument for the existence of a phase transition based on the long-range form of the spin-
spin correlation function in the high- and low-temperature limits in sections 1.3.3 and 1.3.4. In section
1.3.5 we describe the helical stiffness, which is a quantity which is somewhat like an order parameter
in the absence of long-range order. We conclude by giving a brief exposition of the Kosterlitz-Thouless

theory in section 1.3.6.

1.1 Statistical mechanics and phase transitions

Because our investigation of the square lattice planar rotator model is concerned entirely with the
phase transition in that model, it is essential to first introduce classical phase transitions. This section
is intended as a whistle-stop tour of the key concepts in classical phase transitions, at the level of an
introductory undergraduate course. In section 1.1.1 we introduce phase transitions as being associ-
ated with singularities in thermodynamic functions, we define the order parameter and the critical
exponents, and we introduce the idea of universality. We pose the problem of phase transitions, from
a theoretical physics perspective, as explaining universality and calculating the critical exponents for
specific systems. In section 1.1.2 we discuss mean field theories of phase transitions. We discuss how
mean field theory can provide a phase transition, but that it can only produce a very restricted set
of values for the critical exponents, and that its qualitative predictions are completely incorrect for
low-dimensional systems. In section 1.1.3 we discuss the renormalisation group, which provides a theo-
retical framework in which to explain universality and does allow the calculation of non-trivial critical

exponents.



1.1.1 Continuous phase transitions: singularities in thermodynamic func-

tions

A phase transition is a change in the character of a system associated with a non-analyticity in the
thermodynamic functions of that system. Phase transitions are of course familiar to the layperson
in the form of the solid-to-liquid transition of, for example, ice. This is an example of a first order
phase transition, which is signalled by a discontinuity in the first derivative of the free energy with
respect to temperature. In a great many cases, phase transitions take place between phases which
are characterised as having distinct symmetries. In an example of the solid-to-liquid transition, one
can picture the solid phase as a crystal lattice, with a particular set of translational symmetries which
map the lattice points onto one another, while in the liquid phase any translation whatsoever is a
symmetry. The transition between these two phases occurs at a very particular temperature, the
critical temperature Te, and is undergone with the absorption or the release of a quantity of heat, the
latent heat, while the system remains at the temperature T¢.

In a first order transition, both the distinct phases correspond to local minima in the free energy of
the system; the lower energy of these two minima at any given fixed temperature is the thermodynam-
ically preferred phase, and the transition is the changing of which of the two local minima is the lower,
the transition point itself being the point where the two minima have the same free energy. First order
phase transitions could be said to be “accidental”, in that they are the crossing of well-separated local
free energy minima. Furthermore, they do not always occur with a change of symmetry, a counterex-
ample being the transition between the liquid and gaseous states. There also occur more fundamental
phase transitions which involve only a single minimum in the free energy. These are second-order or
higher order phase transitions, for which discontinuities or singularities occur in the higher derivatives
of the free energy. These transitions are also labelled as continuous phase transitions, owing to the
characteristic that the critical temperature is passed through without the absorption or release of
heat(1). These transitions are always associated with changing of symmetry, and the question of how
and why a system abruptly and spontaneously undergoes a change in its symmetry has been one of
the most studied subjects in theoretical condensed matter physics.

One of the archetypal real-world examples of a continuous phase transition, and the one which drove
a great deal of important early theoretical work on the subject(2), is the so-called lambda-transition
between the normal and superfluid phases of liquid *He(2; 3). Some measurements of the specific

heat of *He close to the transition are shown in Figure 1.1; they show a sharp A-shaped peak at the



transition temperature (this being the origin of the term “lambda transition”).
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Figure 1.1: Specific heat of *He showing the Lambda transition.
(Image taken from http://hyperphysics.phy-astr.gsu.edu/hbase/lhel.html,
using data from reference (2).)

For most continuous phase transitions, there exists an order parameter, which is some thermody-
namic quantity which is zero in the high-temperature phase and finite in the low-temperature phase,
and which increases continuously from zero as the temperature is reduced from T¢. In a ferromagnetic
system, the order parameter is the magnetisation M , which is the ensemble average of the variable

§(f’) which describes the spin located at the position 7,
i = (§(7). (L.1)

Close to the transition temperature, the asymptotic temperature dependence of the order parameter
is typically a power law,

M~|T—-Te|?, T— To_ (1.2)

where the exponent (3 is called a critical exponent. In a second order transition, the specific heat

exhibits a divergence, and this divergence is typically a power law,

C~|T—To|™ T—Tg, (1.3)



and « is a second critical exponent.

There are two important critical exponents in the case that there exists a conjugate variable to the
order parameter, that is a “field” B which gives rise to a term —B- M in the free energy of the system.
In the example of a ferromagnet, B would be an externally applied magnetic field. The corresponding

susceptibility, which is defined as

oM
X= —735 )
OB B—0
has the critical temperature dependence,
x~|T—-Tc|™, T—Tcy. (1.4)

In addition, for finite but extremely small values of B applied precisely at the transition temperature
T = Tg, the order parameter is typically proportional to a non-integer power of B, with an associated

critical exponent ¢ which is usually defined according to,

M ~BYS T=Ts, B-—0. (1.5)

The order parameter is closely related to the spatial correlation function, for which we use the

symbol (7). In the ferromagnet example, this is defined as

K(7) = (S(0) - S(7).- (1.6)

Typically one expects in the long range limit |7] — oo the form

K(7) ~ M? 4 De™ITV/¢, (1.7)

where D is some constant and the important length-scale £ is termed the correlation length. At the

transition temperature & diverges with an associated critical exponent v

E~|T—To|™, T —1Tc. (1.8)

At exactly the transition point, where the correlation length is infinite and the order parameter is zero,



the long range limit of the correlation function has a power law form

K(7) ~ (|;1>H+n7 (1.9)

where d is the spatial dimensionality of the system and 7 is a further critical exponent. This functional
form, the power law, has the property that it is self-similar under changes of scale: if the underlying
measure of length is re-scaled by a factor b, then the new correlation function is proportional to the
original,

K(br) = b= =2 (7).

This property, that precisely at the transition point the system appears the same under changes of
scale, is an extremely important property of phase transitions, and we shall shortly come to discuss it
more.

This type of singular behaviour we have outlined, characterised by the critical exponents, is exhib-
ited in a wide variety of different systems which are governed by quite different microscopic physics.
Furthermore, such different physical systems are often found to have the same values for the critical
exponents. It is found that only two of the critical exponents are independent, the six exponents 3, «,

v, 0, v, and 7 being related by the four so-called scaling laws(4):

a=2-wvd (1.10)
v =wvd—283 (1.11)
B8 =P+ (1.12)
v=Q2-nyv (1.13)

These empirical observations, that the same critical behaviour is observed in quite different physical
systems and is controlled by only a very restricted number of critical exponents, is conceptually referred
to as universality, and systems which have the same values for the critical exponents are said to belong
to the same universality class. The challenge to theoretical condensed matter physics regarding phase
transitions is to provide a quantitative description from which the scaling laws can be derived and
actual values of the critical exponents calculated for specific systems(5).

The magnitude of this task stems from the immense mathematical difficulty in the direct calculation

of thermodynamic quantities and correlation functions for even the simplest model systems which are
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capable of exhibiting a phase transition. There are two main reasons for this, the first being that phase
transitions arise out of interactions between the miscroscopic degrees of freedom, and the inclusion
of interactions renders the calculations for any sizeable system non-trivial. In addition to this, the
thermodynamics of any finite interacting system are smooth and infinitely differentiable functions of
temperature, and the phase transition, that is the singular behaviour in the thermodynamics, occurs
only in the thermodynamic limit that the system-size is made infinitely large. Viewed in these terms, it
is not surprising that exact calculations of thermodynamic phase transitions represent such a hopelessly
difficult task in the vast majority of cases. There remains only a small number of exact solutions to

statistical mechanics models which exhibit phase transitions(6).

1.1.2 Mean field theory of phase transitions

Approximate desriptions of phase transitions may be obtained from mean field theories, in which one
replaces the real Hamiltonian with some effective Hamiltonian H™f in which there are no interactions.
The interaction energies in the original Hamiltonian are approximated by a mean field which is coupled
to all of the miscroscopic variables in the system. In a Heisenberg ferromagnet, one would replace the

interaction term —JS; - S5 in the original Hamiltonian by
—JS, -8y = —JM - S, — JM - S5 + JM? (1.14)

where the mean field M is the average of the spin variables, M = (§>, which is precisely the mag-
netisation. The term JM? is included to compensate for the fact that in replacing the spin-variables
by the mean field one has effectively included the single interaction term twice. The thermodynamics
of the mean field Hamiltonian H™/ reduce to the partition function for a single particle, or in the
ferromagnetic example a single spin, which can be calculated exactly. One can calculate the ensemble

average (S) for this partition function, which is of course the imposed mean field; this provides a

so-called self-consistent equation for the order parameter,
M =m(M), (1.15)

where m(h) is an analytic function which describes the average moment induced in a single spin by the
application of an appropriately scaled magnetic field h. Typically, as a consequence of the underlying

symmetry with respect to the direction of the applied field, the function m(h) will have a Taylor
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expansion of the form,

m(h) = A(T)h — B(T)h® + ..., (1.16)

where A(T) and B(T') are positive and analytic functions of the temperature T', and therefore small-M

solutions of the self-consistent equation are given approximately by
M = A(T)M — B(T)M?3. (1.17)

One always obtains the trivial solution M = 0 where the system is not magnetised, but in addition

one also has the second approximate solution,

(1.18)

provided that (A(T) —1)/B(T) > 0. As a function of temperature, the non-trivial solution to the self-
consistent equation has qualitatively the behaviour we have outlined above for the order parameter:
it varies continuously with temperature and goes to zero at a certain temperature ng ! , corresponding

to

(ATE) - 1)/B(T) =0,

and above this temperature the solution ceases to exist. In addition, it can be shown that as T, !
is approached from below the form of the solution has the power law behaviour 1.2, and the critical
exponent is obtained for a wide variety of cases, referred to as the Ising class of mean field theories, to
be f=1/2.

The specific heat can be calculated close to the transition within the mean field theory and is
found to be always finite, but to exhibit a discontinuous jump at the transition temperature 7" . The
critical exponent « is therefore predicted to have the value zero. In addition, it is a trivial extension
to include a real external field in the mean field theory in order to calculate values of the exponents -
and J; one finds the values v = 1 and § = 3 for the Ising class of mean field theories.

Landau provided a formulation of mean field theory such that one does not even need to consider
the Hamiltonian of the system. Thus it can in principle be used to approximate the thermodynamics
of real systems for which the underlying Hamiltonian may not be known. However, of perhaps greater
importance, this approach contains the idea that the thermodynamics close to the transition does not

depend on the precise microscopic physics but only on quite general properties of the system, such
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as the dimensionality of the order parameter(4); as we shall shortly come to discuss, these concepts
would later be expanded upon to great effect in Renormalisation Group methods. Landau’s theory
begins with the assumption that close to some unknown transition temperature the free energy can be
written as a power series in the order parameter, which must be a small quantity close to the transition,
where the coefficients are functions of temperature which it is assumed can be Taylor expanded about
the transition temperature to at least first order in (7" — T¢). The self consistent equation 1.15 is
obtained by minimising the free energy with respect to the order parameter. The theory is found to
predict a phase transition, that is the order parameter is predicted to have a finite value, if there is a
temperature for which the leading order coefficient in the expansion of the free energy changes sign.
One can obtain the functional form of the order parameter, the specific heat and the susceptibility
close to the transition, and the values of the critical exponents 3, a, v and J; the results are precisely
what is obtained applying mean field theory directly to a specific Hamiltonian, although the precise
values of thermodynamic properties must be expressed in terms of unknown parameters which are
related to the coefficients in the free energy expansion. It should also be noted that there is no way
within the theory to obtain any estimate of the transition temperature T¢; this remains the case in
Renormalisation Group theories.

An extension to Landau theory, called Ginzburg-Landau theory, includes a spatial-dependence of
the order parameter. This theory allows one to calculate correlation functions, from which one can
calculate the critical exponent v, the value v = 1 being obtained for the Ising class of mean field
theories. The form of the correlation function precisely at the transition can be calculated, and is
found always, whatever are the symmetries of the free energy and the form of the order parameter, to

have the form,

K(7) ~ <%>d2, (1.19)

that is the exponent 7 is always predicted to have the value zero. This fact stems from the fact that
in Ginzburg-Landau theory one only deals with analytic functions which can be written as Taylor
series, and therefore the theory can only produce an integer exponent for the power law form of the
correlation function(5).

Ginzburg-Landau theory can also be applied to investigate the importance of fluctuations of the
order parameter about its predicted mean field value. It is found that there is a value of the spatial
dimensionality d = d¢, below which the fluctuations are found to diverge at the transition, indicating

that mean field theory fails here. d¢ is called the upper critical dimension and is equal to four for the
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Ising class of mean field theories. For d > d¢, mean field theory correctly describes the character of
the phase transition and provides the correct values for the critical exponents. Of course the majority
of systems occurring in nature have d < 4, and so mean field theory typically does not provide the
correct critical behaviour in systems of interest(4).

It is important to note the shortcomings of mean field theory. It is not only in the values of the
critical exponents, but in the very existence of a phase transition at all, that mean field theory can
fail. As we shall discuss in detail in section 1.2, it is known that phase transitions do not occur at all
in d =1, and it is known at the very least that the value of the order parameter is always strictly zero

for certain systems in d = 2. The planar rotator model is a case of the latter.

1.1.3 The Renormalisation Group

We now come to discuss the Renormalisation Group theories that represent the most advanced theoret-
ical understanding of phase transitions. The term Renormalisation Group describes a set of concepts
and calculational techniques that stem from two key features of phase transitions which we have already
mentioned: the property that systems at the critical point are self-similar, and the idea of universality.

As we have stated above, self-similarity is the property that at the transition point the system is
statistically the same under a change of length scale. If one pictures a system of spins on a lattice with
ferromagnetic interactions and focuses on some region of the lattice which is finite but still encompasses
a large number of lattice sites, a typical configuration of the system close to the critical point has some
pattern of domains in which the spins are locally aligned. Rescaling the system can be pictured as
expanding the picture to a larger region of the lattice, or “zooming out”; one finds on doing this some
pattern of larger domains. Self-similarity means that, if one considers many “typical” configurations
of the system, one cannot on average tell the difference between the original and zoomed out pictures:
the domain structures which occur, although they are different for each microstate of the system, are
statistically the same in the two pictures. This only strictly occurs at the transition point; close to the
transition, the system is approximately self-similar, but repeated iterations of the rescaling procedure
eventually produces pictures which are not similar to the originals. The critical point is said to be an
unstable fized point of the system with respect to rescaling, as if the system is at precisely this point it
will remain critical but will otherwise move away from criticality. Through this crude, intuitive picture,
we have reached the crucial touchstone that critical points are unstable fixed points of rescaling, or

more generally of RG transformations. One has also stable fized points, which correspond to the cases
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of either zero or infinite temperature(4).

In our schematic picture, it is intuitive to imagine that, if the length-scale is changed by a large
enough factor, or after many rescalings, one has lost track of the individual lattice sites, and in viewing
the rescaled system one can only see the average of the direction of the miscroscopic spins in some
region. One can describe the rescaled system mathematically by introducing a field S (), which is
well-defined for all values of 7, which represents the average value of the spins in the microscopic
region located at 7. This procedure is called coarse graining. Alternatively, the average of the original
spins can be represented with new lattice variables, which are defined on a new re-scaled lattice. This
procedure is called decimation, because typically this is done in practice by eliminating some proportion
of the original lattice sites such that the remaining sites form the same lattice rescaled, although the
fraction of sites eliminated is rarely 1/10!

The point is that the rescaled system can be described in terms of new degrees of freedom, the
original microscopic degrees of freedom having been got rid of. What this means in practice is that
one goes from the original Hamiltonian to some new Hamiltonian, and in principle this can be made
mathematically exact. Because in general the system which is constructed in this transformation is

not at the same temperature as the original system, one must work with the reduced Hamiltonian,

H({S}) = BH({S}), (1.20)

where {§ } denotes the set of all the spin variables in the system. The rescaling leads to a new set of
spin-variables {S"} and a new reduced Hamiltonian H'({5"}).

The simplest scenario is that H' describes the same model as H, but at a different temperature;
one can proceed to find the fixed points of the RG transformation to deduce whether there occurs a
phase transition and the associated transition temperature. In principle, one can then linearise the
transformation about the non-trivial fixed point in order to deduce the critical exponents.

In practice, for almost all interesting cases, H’ does not describe the same model as H, but instead
the Hamiltonian actually becomes increasingly complicated with successive iterations of the transfor-
mation. For example, if the original model contains only interactions between nearest neighbours,
applying the RG transformation will typically generate longer-range interactions, and repeated it-
erations will produce still longer-range interactions. One considers a reduced Hamiltonian which is
essentially completely general, this being a sum of all possible interaction terms with a set of coeffi-

cients, or couplings, K, Ka,...(5). With the notation that the vector K stands for the set of couplings,
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from this viewpoint the RG transformation is an operator R which acts on this object to produce a

new set of couplings,

K = R(K). (1.21)

Let the set of couplings which correspond to a fixed point of the transformation be K*, so that,
K* = R(K"). (1.22)

If the reduced Hamiltonian is in the near vicinity of the fixed point, we can linearise the RG trans-
formation about this point. We write K = K* + K where §K is in some sense small, and under the
action of R,

R(K*+0K)~ R(K*)+ 10K = K* + 70K, (1.23)

where 7 is a matrix.
Now, the matrix 7 has some set of eigenvectors ¢Z_ with corresponding eigenvalues \;, and d K can

be expanded in this basis,

0K = uig,. (1.24)

Close to the fixed point the reduced Hamiltonian can be described in terms of the components u;. In
the vicinity of the fixed point, the effect of the RG transformation is to multiply each of the components

by the corresponding eigenvalue \;, and so for several iterations we obtain,

TTOK =Y ui(\)"9,. (1.25)

The components which correspond to eigenvalues whose modulus is less than unity are therefore made
smaller by each application of the transformation, and therefore move towards the value zero which
corresponds to the fixed point. These components are said to be irrelevant variables. Conversely, the
components corresponding to eigenvalues whose modulus is greater than one move away from the fixed
point values with each application of the RG transformation and are said to be relevant(7).

Every initial reduced Hamiltonian which has all of the relevant variables equal to the critical value
zero will flow towards the fixed point under the action of the RG transformation. Now, the non-trivial
fixed point corresponds to the phase transition in the original model. Therefore this family of reduced

Hamiltonians, which have the relevant variables tuned to zero, are all themselves critical, that is they
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are tuned to a phase transition point, and this phase transition, which corresponds to the fixed point
in question, is the same in all of these systems. This is precisely the phenomenon of universality, and
the universality class is comprised of this family of reduced Hamiltonians in the vicinity of the fixed
point which flow towards the fixed point under the action of the RG transformation(5).

We introduced the RG transformation as being associated with a rescaling by a length-scale b.
Now, this length-scale is ultimately arbitrary, and we have the constraint that under two successive
rescalings, say by factors b; and then by, we ought to reach the same reduced Hamiltonian as a single
rescaling by the factor b1bs. This implies that the eigenvalues of the RG transformation for rescaling
by b have the form,

A = () (1.26)

where the quantities y; are independent of the rescaling factor b. The exponents y; are closely associated
with the critical exponents which characterise the phase transition. We have indicated that there are
frequently only two independent critical exponents; this scenario corresponds to there being only two
relevant couplings in the vicinity of the fixed point. These are identified with the reduced temperature
t =T — T, the distance from the phase transition, and an externally applied field h. Close to the
transition, the non-analytic part of any thermodynamic quantity can be written in terms of these two
variables, and the change in this quantity with rescaling is essentially controlled by ¢ — bY¢¢, h — bY"h.

In particular, one has the so-called scaling hypothesis for the free energy close to the critical point(4),
F(t,h) = b= F (b t,bY" h); (1.27)

as the name implies, this was originally a conjecture but within the framework of the RG transformation
is on quite solid footing. The scaling relations between the critical exponents can all be derived from the
expression 1.27(8; 9). Furthermore, these two exponents, and therefore the full set of critical exponents
for the associated universality class, can be obtained by finding the eigenvalues of the appropriate RG
transformation.

This does not solve the problem of how to characterise phase transitions in general: it is not the
case that there is a recipe for how to design the RG transformation and then find its eigenvalues to
deduce the critical exponents, and RG schemes have to be carefully worked out on a case by case basis.
Much of the time, one requires the scaling parameter b in the RG transformation to be a continuous

variable. It is therefore difficult to directly apply RG to models on lattices. Typically one invokes the
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fact that close to the transition long range behaviour is dominant to argue that appropriate continuum

models can be analysed to find the critical behaviour of the original lattice model.

1.2 Long range order in classical spin systems

The system we are investigating, the square lattice planar rotator model, is an archetypal example of
a system which undergoes a thermodynamic phase transition despite long range order being strictly
forbidden in this system at finite temperature. It is therefore necessary to discuss long range order,
and why it is forbidden in this model.

In this section we introduce the formal definitions of the terms long range order (LRO) and quasi
long range order (qLRO) which we will work with throughout this thesis. We then move on to discussing
the crucial role which the spatial dimensionality of the system plays regarding the existence of LRO at
finite temperatures. We first deal with the absence of LRO at finite temperature in one-dimensional
systems. We then discuss the Mermin-Wagner theorem which forbids LRO at finite temperatures for
one- and two-dimensional systems which possess a continuous symmetry. The square lattice planar
rotator model exhibits the consequences of this: LRO is forbidden in this system, and instead qLRO
occurs at low temperature, with a finite-temperature phase transition to a disordered state. We close

this section with a proof of the Mermin-Wagner theorem for the planar rotator model.

1.2.1 Definitions of long range order and quasi long range order

Consider first a model of classical spin variables on a lattice. We use the generic notation §j to
represent these degrees of freedom, where the subscript j labels the lattice sites. For the present
general statements, the spin-variables are to be regarded as unit vectors, but we do not specify their
dimensionality. In addition, we consider the possibility that the spins are restricted to a discrete
number of states. The Ising model is a case of this, where the spins are restricted to two equivalent
directions. Furthermore, at this stage we consider the spins to inhabit any periodic lattice. It is
important to stress at this stage that the dimensionality of the spin-variables is entirely independent
from the dimensionality of the lattice.

For a finite lattice, with \ lattice sites, there is some specified Hamiltonian which is a function of
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the spin-variables, H (§1, §2, e S 'v), and one has in principle to evaluate the partition function,
N — — —
zv=1]] /dee—BH(Sle%--vSN) (1.28)
j=1

where the symbol df); indicates the summation over the spin-variable 5';-.

At present, consider the spin-systems in question to be ferromagnetic, that is the lowest-energy
configurations have all of the spin-variables parallel, or at the least have the quantity §j . §j/ tend
towards a constant finite value when the lattice sites j and j’ are arbitrarily far apart. This quantity
provides the definition of long range order which we will work with throughout this thesis. One
considers the question of whether this quantity remains nonzero in the presence of thermal fluctuations.
More precisely, one considers the thermal average of this quantity, (5’} . gj/), which is also referred to
as the spatial correlation function, in the limit of long range as previously indicated and in the limit

that the system size tends to infinity,

lim lim (S;-S; 7,
|F‘|~>oo./\/—>oo< J J+r>
where the label j + 7 is a rather poor but extremely convenient notation for the lattice site which is

displaced from the site j by the spatial vector 7. There are three paradigms: the situation where this

quantity has a finite value we refer to, by definition, as long range order (LRO),

lim  lim (S-S, ~ M? 1.29

|7?|1i>noo./\f1—l>noo< J ]+T> ’ ( )

the situation where the limit is equal to zero and the decay is exponential in the separation is said to
be disordered,

lim  lim (S;-S;,7) ~ e ITVE, (1.30)

|7]— 00 N =00

where the length-scale £ which characterises the long range decay is called the correlation length; and
lastly the situation where the limit of zero is approached as a power law in the separation is referred

to as quasi long range order (qLRO),

lim  lim (S-S 7) ~ |77 (1.31)

|7 — 00 N'—o0

The square lattice Ising model exhibits LRO at low temperatures and is disordered at high temper-
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ature, and there is a phase transition between these two regimes at a certain finite temperature, the
transition temperature T. We take this as the basic picture of what might naively be expected for the
thermodynamics of classical spin-systems which have an energetic tendency towards ferromagnetism.
The quantity M in the expression defining the LRO correlations is the magnetisation of the system, the
average component of the spin-variables in the ordering direction, and this acts as the order parameter
for the transition: this quantity is zero in the disordered phase, and increases continuously from zero

as the temperature is reduced below T¢.

1.2.2 Absence of long range order in one-dimensional systems

We now make two extremely important and well-known remarks concerning the impossibility of long
range order at finite temperature in systems on one- and two-dimensional lattices. These remarks
divide naturally between the cases for which the spin variables S"j are discrete or continuous degrees
of freedom respectively. The first of these is that long range order is not permitted at any finite
temperature in one dimension for models with discrete degrees of freedom. The justification for this
is a rather elementary argument given by Landau(1). Consider an Ising model on a spin chain of A/
sites, with open boundary conditions, with nearest neighbour interactions only. The minimum energy
configuration of such a system is of course to have all of the spins parallel, while the next lowest-lying
configuration has two oppositely oriented domains of parallel spins separated by a single domain wall.
The imposition of a domain wall costs the system a finite energy, +2J if J is the Ising interaction
energy. However, the domain wall can be placed in any of (N — 1) locations to provide a state with
the same energy. The free energy of the one-domain wall state relative to the ferromagnetic state is
therefore

AF =2] — Tl (N — 1),

and in the thermodynamic limit A/ — oo the free energy is therefore always made lower by the creation

of a domain wall at any finite temperature. The free energy associated with m domain walls is

AFzsz—Tm<mm$Cffmﬂ)

Clearly the free energy is reduced by the creation of a multitude of domain walls. This indicates that
we may expect a proliferation of domain walls at any finite temperature, which destroys long range

order.
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In one-dimensional systems, the energetic cost of a domain wall is finite and does not depend upon
the size of the system, but the entropy associated with a domain wall increases logarithmically with
the system size. This situation is special to one-dimensional systems. In higher dimensions, domain
walls are not confined to a single lattice-bond, but are extended objects with an energetic cost which
is proportional to their length. For the occurrence of domains which are large enough to destroy long
range order, making the arguments made above leads to a different conclusion: at sufficiently high
temperatures the domain wall is entropically desired, but at low temperatures the energetic cost of the
domain wall outweighs the entropic benefit(10). Indeed, discrete spin models exhibit long range order

in two and higher dimensions at sufficiently low temperatures.

1.2.3 The Mermin-Wagner theorem: absence of long range order in one-

and two-dimensional isotropic systems

The second remark is the famous Mermin-Wagner theorem, that long range order is not permitted at
any finite temperature in one or two dimensions for systems with continuous spins. This statement
applies to all one- and two-dimensional systems which have a continuous symmetry(11). Systems with
such a symmetry always have excitations of arbitrarily low energy which are known as Goldstone
modes(12). For a continuous spin model, these zero-energy excitations arise from the fact that the
spins can be distorted from their ground state configuration infinitesimally. In some sense LRO is
prevented in continuous spin systems in one and two dimensions because the excitations which tend
to disrupt the ground state configuration are arbitrarily low in energy and therefore will always exist
at any finite temperature. Continuous-spin systems are frequently referred to as spin-isotropic or, as
in this thesis, simply as isotropic.

We now provide a proof of the Mermin-Wagner theorem for the planar rotator model. We closely
follow the method of proof given by Mermin and Wagner in references (11) and (13). This method
makes use of an inequality which follows from considering the ensemble average of the product of
two quantities to be a scalar product. In particular, reference (13) gives a proof of the theorem for
the planar rotator model. This proof considers the planar rotator model with an applied magnetic
field, and shows that the magnetisation (cos ¢;) vanishes in one and two dimensions in the limit that
the magnetic field tends to zero. We follow this proof with the modification that we do not include
a magnetic field and we focus on the correlation function K(#) = (cos(¢; — ¢j4+#)) instead of the

magnetisation, the theorem being proved by showing that the correlation function must tend to zero
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in the long range limit |#] — oco. We present the proof in this way in order to be entirely consistent
with the definition of long range order in terms of the correlation function which we have outlined
above. Despite this difference, the working of the proof is almost identical to that provided in reference
(13).

We consider the planar rotator model
H=—J) cos(¢; — ¢)
(45"

where for the present the label j denotes the sites on a d-dimensional hypercubic lattice (this becomes
a linear chain for d = 1 and for d = 2 becomes the case of our real interest, the square lattice) and
the summation runs over all nearest neighbour pairs of lattice sites. We shall work with a finite lattice
of N sites but ultimately we will take the thermodynamic limit that N/ — oco. We apply periodic
boundary conditions in all of the principle directions; the crucial point for the working of the proof
is that all of the lattice sites are completely equivalent to one another, and have the same number of
nearest neighbours, including those at the boundary of the system. The partition function is given by

the integration of the function e=#H over all of the spin variables

s d¢ _
Z= H/_WTWJ e PH, (1.32)
J

where 8 = 1/T is the inverse temperature expressed in appropriate units, and the ensemble average of

some function of the spin-angles Q({¢}) is given by
1 T do; _BH
== I | — . 1.
(@) Z ; /,ﬂ 27 Qe (133)

Now, if @Q and K are two functions of the spin-variables, then the ensemble average (Q* K') satisfies
the conditions which define a scalar product between  and K. From these conditions follows the

Cauchy-Schwartz inequality,
(QPNIK?) > (Q*K)[*. (1.34)
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Let us define the functions,

Ze i ’bln — jtr) (1.35)

K=K;= Ze—ik‘ngZ. (1.36)
J

where k is one of the standard Bloch wavevectors. These functions may be considered as being ob-
tained by applying the standard Bloch transform to the functions sin (¢; — ¢;17) and respectively.

Written explicitly, the quantity (Q*K) is given by

(Q_p(MEKR) ZZ i H/_ 05 ) sin (g %w)jf e P, (1.37)

This expression can be greatly simplified by first noting

OH _sm_ 1
EER 39

—BH

)

from which it follows that we may employ integration by parts to re-write the integral in this expression
as the ensemble average of a function which does not involve the Hamiltonian. The surface term which
occurs in the by parts integration is equal to zero, as all of the involved quantities are periodic functions

of the spin angles. One obtains from performing the integration by parts,

@10 =33 R 2 ([ | 525 (Gt —en) e

and the integral in this expression can be recognised as an ensemble average. This provides,

(@ pPKR) = 5 303 e F B E sin (9, — 6.0 (1.39)

B4 0¢jr
-3 Z (17 F7) fcos (6; — 6547)) (1.40)
- %N (1= ) k), (1.41)

where we have included the assumption that the correlation function K(7) = (cos(¢; — ¢j4+r)) does

not depend upon the lattice index j. The same procedure can be used to evaluate (K*K) to be equal
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to,
(K_pKp) = lzzeua(gj_gj%i@%_ ) (1.42)

~ 3 22 (1 - 6_“;'?) (J cos () — djr7)), (1.43)

where the vector 7 runs over all of the relative displacements of a particular lattice site to its nearest
neighbours. We recognise in this expression the correlation function for neighbouring lattice sites; of
course it can be assumed that this is the same for neighbouring lattice sites in any direction, so that

we may write,

(K_ K7 = %J\/JIC(@) > (1), (1.44)

where the vector & connects a lattice site to a nearest neighbour in one of the principal lattice directions.

Finally, (Q*@Q) is given by

(Q_p(MQx(M) = 1R (sin (6 — dyar) sin (b — dyrer)),s (1.45)

N
]
Qﬁ.
B

£

and we note that,

72 10 Q) = - Z sin? (67 — 6547)) (1.46)
= (sin® (¢ — ¢j47))- (1.47)

Now, this correlation is certainly positive and less than or equal to one, owing to the range of the

function sin? z. We therefore have the inequality,

N2 Z H(PQ(M) <1, (1.48)
which combined with the inequality 1.34 implies that,
(7 Kz
N2 Z j >‘ < 1. (1.49)
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Substituting the expressions we have obtained for (Q*K) and (K*K) into this inequality we obtain,

11— efiE-F|2

T K2 1
7 K@) N%z(l—k) <1 (150)

In the thermodynamic limit the summation over Bloch wavevectors is represented by an integral,

2T K(7)? / (ddE 1—cos (k- 7) <1, (151)

JK(#) 2m)? pO (1 — efz'E-;)

where the integration measure for the d-dimensional hypercubic lattice is

ik dky
/(27r)d_i1:[1/_,r o

The inequality 1.51 is the crucial result of this analysis. One finds that, in one and two dimensions,

the integral in 1.51 diverges in the long range limit |F] — oo; therefore the only way the equality can
be satisfied in this limit for non-zero values of temperature is if the correlation function K(7) decays
at long range so as to cancel out the divergence in the integral. This completes the proof of the
Mermin-Wagner theorem for the planar rotator model, in that it shows that, in the thermodynamic
limit, there is no LRO - the correlation function does not approach a constant non-zero value at long
range.

The integral in 1.51 is closely associated with the so-called lattice Green’s function(14; 15) and
occurs frequently in problems on lattices. For completeness, we make some brief remarks about the
behaviour of the integral in one and two dimensions. For the linear chain, the integral can be evaluated

T dk (1—coskr T
/ﬂ% (2—2cosk) 2 (1.52)

exactly as,

and this is clearly divergent in the limit » — oo. This shows that the correlation function must decay
at long range at least as quickly as r—1/2. In fact, the correlations decay exponentially with r at long
range in one-dimensional systems. This is seen in the following chapter where one-dimensional systems

are solved using transfer operators. In two dimensions, the integral takes the form,

™ dk, [™ dk, 1—cosk -7
— — . 1.
/_,T 2m /_7r 2m <4—2coskx—2cosky> (1.53)
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This integral is logarithmically divergent in the limit |#] — oo, and the precise asymptotic form is (for

a derivation see reference (16, pp. 148-151)),

™ dk, [T dk, 1—cosk -7 1
— — ~ —In|7. 1.54
/,,r 2m /,7T 2m (4—2coskz—2cosky> 2m n i (1.54)

-1/2

Consequently for the square lattice the correlation function must fall off at least as rapidly as (In |7])
As we discuss below, the correlations in fact fall off as a power law at low temperatures in the square
lattice model. In higher dimensions, the integral is finite, and consequently the inequality 1.51 may be

satisfied in the presence of LRO.

1.3 The Planar Rotator model

1.3.1 Introduction

The model which we aim to study in this thesis is the two-dimensional planar rotator model, which is

described by the Hamiltonian,
H=-J]> cos(¢; — ¢j) (1.55)
(43"

where the label j labels the sites on a square lattice and the summation is taken over all nearest
neighbour pairs of lattice sites. The degrees of freedom ¢; are classical variables lying in the range 0 <
¢; < 2m. This model can be pictured as describing a system of planar spins, each spin being pictured
as an arrow which is confined to a plane and its direction being parameterised by the corresponding
angle ¢.

The planar rotator model can be thought of as one of a number of models which we may write as
H=-7Y 8;-8; (1.56)
(45"

where the degrees of freedom S';- are classical spins of some dimensionality, a classical spin being simply
a vector of a fixed length which in this work shall always be taken to be unity. This is referred to
generically as the O(N) vector model, where N refers to the dimensionality of the spins. The cases
N =1, N =2 and N = 3 are the Ising model, the planar rotator model and the classical Heisenberg
model respectively. Apart from on linear spin-chains which are trivial, the only exact solutions of

the O(N) vector model are the Ising model on the square lattice(17), and the N = oo case, which is

26



equivalent to the so-called spherical model, on any hypercubic lattice(6). In three and higher spatial
dimensions these models all have LRO at sufficiently low temperature, and disorder as the temperature
is raised in regular phase transitions. However, with the exception of the Ising model all versions of
this model are isotropic, and therefore on the square lattice the Mermin-Wagner theorem forbids LRO.
As we shall discuss, the planar rotator model undergoes a phase transition from qLRO to disorder, and
this is thought to be a very particular phase transition with unusual critical behaviour, the Kosterlitz-
Thouless transition. Conversely the spherical model on the square lattice is rigorously known to have
no phase transition(6), and RG calculations indicate this to be true of the classical Heisenberg model
also(18).

Close to its phase transition, the square lattice planar rotator model is thought to have the same
behaviour as a number of related models, including the model of a two-dimensional Coulomb gas and
the Villain model(14; 19). The basis for this is that near the transition the behaviour is governed
by long-range fluctuations, for which the same effective description can be employed for all of these
models. As we sketch out in section 1.3.6, the theory by Kosterlitz and Thouless considers a continuum
model which describes these long-range fluctuations and applies an RG scheme to show the existence
of a critical point and deduce its properties(20; 21).

The planar rotator model is also closely associated with the g-state clock model, which results from
constraining the continuous planar rotator spin-variables ¢; to have a set of evenly spaced directions
¢; =2mn;/q, n; = 0,1,...,q; for ¢ > 4 this model undergoes two phase transitions, one of which has
the same characteristics as the planar rotator phase transition(14). The relationship between the two
models is highly significant, but we postpone a discussion of it until the next chapter, section 2.4.1.

There are a number of techniques that have been used to study the square lattice planar rotator
model itself, rather than related continuum models. The most widely used of these is Monte Carlo
simulation, which samples the equilibrium canonical distribution of a finite system. These studies
are consistent with the Kosterlitz-Thouless theory(22; 23; 24; 25), but some authors have in addition
found that results can be made to fit a regular phase transition(26). Another technique that has
been applied is the use of high temperature expansions, which is simply to calculate the expansions
of thermodynamic quantities in powers of the inverse temperature (see section 1.3.3 which contains
a description of such a calculation) and these calculations have shown evidence of a regular phase
transition(27). A final technique that has been employed is Fisher zeroes(28), which studies the zeroes

of the partition function considered as a function of a complex temperature; the zeroes are calculated
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for a series of finite systems and are seen to approach the real axis as the system-size is increased,
suggesting a real singularity in the thermodynamic limit associated with a phase transition. The
results of this work are also consistent with either the Kosterlitz-Thouless transition or a regular phase
transition.

The technique which we have used to study the model, one-to-two dimensional crossover, which we
describe in the next chapter, is a method that has until recently not been applied to the problem(29).
This method is to calculate the thermodynamics of a series of one-dimensional systems which tend
towards the finite square lattice in the limit that a certain finite-size parameter tends to infinity. This
is essentially an application of the method of exact diagonalisation in quantum mechanics(44). In
applying this method we find consistent evidence of a regular phase transition in the model.

In the remainder of this section we discuss a number of important topics related to the phase
transition in the planar rotator model. Because the square lattice planar rotator model was originally
studied in order to study the phase transition observed in two-dimensional Helium films, it would be
remiss not to give some discussion to the relationship of the planar rotator model to bosonic systems, to
which we devote section 1.3.2. Thereafter we focus entirely on the phase transition in the square lattice
planar rotator model. Sections 1.3.3 and 1.3.4 are intended to establish that a phase transition must
exist in the model by examining the spin-spin correlation function in the high and low temperature
limits respectively and finding very different behaviour. We then discuss the helical stiffness in section
1.3.5, which is the quantity which plays the role of an order parameter in this phase transition. We

conclude in section 1.3.6 with a sketch of the Kosterlitz-Thouless theory.

1.3.2 Relationship to bosonic systems

The planar rotator model was first considered as a crude model of superfluidity(30; 31). Superfluids
can be described in terms of a condensate wavefunction () which is a complex valued function. The
connection to the planar rotator degrees of freedom is made by identifying the spin angles ¢; with the
phase of the consensate wavefunction; if the modulus of the wavefunction is constant, or approximately
so, so that the phase is the only active degree of freedom, a Hamiltonian of the form 1.55 can be argued
for as describing a condensate.

We now briefly sketch out some general features of the theory of bosonic systems, following closely
the approach of Leggett(32). Our aim is merely to indicate what the central mathematical objects in

the theory are, and to connect these to the analogous objects in the planar rotator model. We first
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define LRO and qLRO in bosonic systems in a manner which is analogous to the definitions we gave for
classical spin models, and make the connection with the phenomenon of Bose-Einstein condensation
(BEC). We then proceed to write down a well-known approximate Hamiltonian for a bosonic system,
and note that it can also be obtained as an approximation to the planar rotator Hamiltonian.

For a system of A particles, one must consider a many-body wavefunction W(7, 75, ..., Pxr) which
is a function of all of their positions 771, 75, ..., 7ar. The completely general formalism for such a system

follows from the density matrix, which has the following generic form,

(71, Ty oy s P15 72 ey ) =) PaWa(F1, Py o PN UA(FL P ),
o
where the wavefunctions ¥, (77, 7, ..., "or) are some complete orthogonal set of many-body wavefunc-
tions, and the sum of the coefficients p, is unity. For systems composed exclusively of bosons, the
wavefunctions must be symmetric under the exchange of the positions of any two particles. The quan-
tity which is the analogue of the spin-spin correlation <§] . 5’;-0 is the so-called single-particle density
matrix, which is obtained as the partial trace of the density matrix over the positions of N/ — 1 of the

particles,

N
p(7, @) = H/da (T, Ty ooy PAP T Ty s TAF).
j=2

We can define LRO, qLRO and disorder in Bose systems according to whether, in the thermodynamic
limit that the number of particles is large, the long-range limit of p(7, #') is a constant, a power law
decay or an exponential decay respectively.

LRO in bosonic systems is associated with Bose-Einstein condensation, which in the simplest
possible terms is the occupation of some single-particle state, or some single-particle-like state, by
a macroscopic fraction of bosons in the system. The connection to the definition of LRO in terms
of correlations can be seen with the following. The single-particle density matrix has some set of
eigenvalues n., which can be interpreted as the occupation numbers of some set of single-particle
states. Bose-Einstein consensation corresponds to one of these eigenvalues being macroscopically large,
that is of order A, while all the other eigenvalues are O(1). Let x.(F) be the eigenfunction of the

single-particle density matrix belonging to the eigenvalue n.; then p(7, ') can be written as

p(7, 7Y =D myx (F)XG (7). (1.57)
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If all of the eigenvalues are O(1), which corresponds to the bosonic system being disordered, or in
the normal liquid state, then the differing phases of the terms in the sum in equation 1.57 cancel one
another in the long-range limit, and the sum vanishes. If one of the eigenvalues, say that corresponding
to v = 0, is macroscopic and the rest are O(1), the same argument implies that only the contribution

of the v = 0 eigenvalue survives in the long-range limit,

p(7, ') ~ noxo(P)xo (7). (1.58)

This can be seen by breaking the sum in 1.57 up into the contribution of the v = 0 term and the sum
of all the O(1) terms, and observing that in the long-range limit the latter must vanish for the same
reason that the entire sum vanishes in the disordered case.

The function xo(7) can be regarded as an analogue of a single-particle wavefunction which describes
the condensate. Textbook treatments of Bose-Einstein condensates often begin with the Hartree

approximation, which proposes for the full many-body wavefunction the ansatz,

(7, ) = [T xo (). (1.59)

The function yo(7) is called the condensate wavefunction and in the Hartree approximation completely

describes the system. The connection to the planar rotator model is the analogy between the planar

spins in that model and the phase of the condensate wave function 6. In the case that the modulus

of the condensate wavefunction is constant, which corresponds to the physical density of the system
being constant, it can be shown that the energy of the bosonic system can be written as

E B ol a7 (07 1.60

= — 7 7)) . .
s hol? [ (Vo(0) (1.60)
This expression corresponds precisely to what is obtained if one takes the continuum limit of the planar

rotator model Hamiltonian 1.55.

1.3.3 The high temperature limit

In this section we discuss the high temperature limit of the spin-spin correlation function in the planar
rotator model. We explain how the asymptotic form of the correlation function is calculated within

the framework of a high temperature expansion. The calculation shows that the correlation function
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has an exponential decay at high temperature and therefore that the model is disordered in this limit.

The high temperature limit corresponds to the limit where the variable £ is small: the high tem-
perature expansion is simply the Taylor expansion of a function of 8 about the point 5 = 0. We first
consider the partition function, which of course is the summation over all spin-configurations of e ~##

The starting point of the high temperature expansion is,

o0

B — z_% % (—BH)" . (1.61)

The partition function is then obtained as a power series in 8 by simply integrating this expansion
term by term. The difficulty in this calculation is in controlling the large number of terms which arise
from raising the Hamiltonian to large integer powers. One can represent this graphically by associating
each term in H with an arrow pointing from some site on the lattice to one of its nearest neighbours.

To be explicit, we first write the Hamiltonian in the form,

— BH = %] % (ei(aﬁr%/) + ei(%f*tﬁj)) . (1.62)
Now, the term e(?i=%") can be represented graphically by an arrow drawn from the site j' to the
site j. The Hamiltonian is the sum of all such arrows which can be drawn between nearest neighbour
lattice sites, going in both directions. The quantity (—SH)™ is then the sum of all possible products
of n of these directed bonds. These products are represented by drawing the n arrows together on the

lattice. A typical term has the form
H et
!

where [ runs over some subset of the lattice sites, those which sit at either the head or tail of an arrow,
and the quantity v; gives the total number of arrows pointing towards the corresponding lattice site,
arrows pointing away from this site corresponding to a negative value so that v; can be a positive or

negative integer or may be zero. Integrating this quantity over all of the spin-angles one obtains,

Y " d¢ﬂ P
II/ o I |€ = | I6Vz,0' (1.63)
j=17"T l l

The meaning of this is that only those terms which have the net number of arrows into every lattice site

equal to zero survive the integration. Immediately we may recognise that this can only be accomplished
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if the total number of arrows that is drawn is even, so that the high temperature expansion of the
partition function contains only even powers of 5. If Ca,, is the number of possible diagrams composed
of 2m arrows which satisfy the condition that the net number of arrows into every site is zero, we may

write,

Z = i ((2:72;")! <52‘])2m. (1.64)

m=0

The quantity which is of real interest is the correlation function, which is given by
N
i(bj—¢j47)y — 1 / do; i(6j—¢j17) o= BH 1.65
(e ) Z Jli[l  on e e . (1.65)

We can expand the factor e ## in the integrand in powers of 3; to obtain only the leading order
behaviour for the correlation function, it is sufficient to replace the factor 1/Z by the zeroth order

term in its series, 1/Z a~ 1. We therefore obtain,

oo N
<ei(¢j*¢j+r‘)> ~ Z% H/ % ¢i(®i=¢i+r) (-BH)", (1.66)
n=0 """ \j=1v"T

and the leading order expression for the correlation function is given by the first nonzero term in this
series. Now, the term ei(5=0547) corresponds in the diagrammatic language to some diagram in which
the sites 7 and j + 7 are connected by arrows, with one net flux into the site j and one net flux out
of the site j + 7. The terms in ei(#5=0547) (—BH)"™ which survive the integration require that there
is no net flux into or out of any site, and consequently these correspond to terms in (—BH)" which
have a net flux out of site j + 7 and into site j. The lowest order diagram which satisfies this has
directed arrows along some minimal path connecting the two sites; if the relative displacement of the
two lattice sites is 7 = n,& + nyY, then the shortest-length paths connecting them are comprised of
|nz| + |ny| bonds and the number of such paths is (|ng| + [ny|)!/(|nz]!|ny|!). The leading order term
in the high temperature expansion of the correlation function is therefore,

[ng| |ny|
(i(6s-150), 1(“) o (1.67)

[na [y |t \ 2

The decay in the correlation function with distance is therefore at least as fast as an exponential decay
with the separation; this shows that the square lattice planar rotator model is disordered in the high

temperature limit.

32



1.3.4 The low temperature limit

In this section we discuss the low temperature limit of the square lattice planar rotator model. We
obtain an effective model to describe the low temperature physics of the planar rotator model which
can be solved exactly; we provide an outline of the mathematics of this solution, quoting the relevant
results. This shows that the square lattice planar rotator model exhibits power law correlations at low
temperature. We also mention a stronger statement in the form of an exact bound on the correlation
function below some temperature due to Frohlich and Spencer. This statement of the low temperature
limit, in combination with the high temperature limit, shows that the model does undergo a phase
transition.

At low temperature the typical deviation in the directions of neighbouring spins may be expected
to be small; the cosine in the planar rotator Hamiltonian may therefore be expanded to the second

order in its argument to obtain the approximate form,

H~ —2NJ—|—%Z (65 — dj0)° . (1.68)
(45"

The first term in this expression is the lowest possible energy of the system, associated with a perfect
ferromagnetic configuration, and the second term describes the energy of small deviations from this
configuration. If one makes the further approximation that the variables ¢; be allowed to take any
real value, so that the quantity ¢; — ¢, is not strictly contrained to lie in the range 0 to 27, then the
statistical physics of this effective model can be calculated exactly. In particular, the model is found to
have qLRO: the correlation function (cos (¢; — ¢,+7)) can be calculated and is found to exhibit power

law decay at long-range.
One can also take the continuum limit that the lattice variable ¢; becomes a field qﬁ(ﬁ) and consider

the model(12, p. 465),
T [ asle )2
AH = 5/(1 B (w) , (1.69)

and it is found that solving this model produces the same result for the correlation function. We shall
discuss the solution of the lattice model 1.68: this is in large part a matter of taste, but in addition it
is found that proceeding in this way produces some of the same mathematics which we have already
seen in the proof of the Mermin-Wagner theorem in section 1.2.

We now proceed to briefly sketching how the exact solution of this low temperature effective model
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is carried out. Using the symbol AH for the second term in equation 1.68, this can be written as,
J
35
where the operator A; ;. is the lattice analogue of the Laplacian operator and is defined as(15),

SNt =Y. (65— bp) (1.71)
-

7’ n.n. toj

The corresponding partition function for this effective model is,

Z= H/ do; e it il 00y (1.72)
j —00

Because the exponent in this expression is quadratic in the variables ¢;, the integrals can be evaluated
exactly using the well-known techniques of Gaussian integration(12, p. 465). The partition function
can be evaluated explicitly to be written in terms of the determinant of the matrix A; ;. However,
one can proceed directly to the calculation of the two-point correlation (¢;¢,), which is equal to the

inverse of the matrix which occurs in the exponent(15). This may be written as,

(0300) = 556 (Ry = ). (1.73)

where G(7) is the square lattice Green’s function. For a very clear and thorough exposition of lattice
Green’s functions, see reference (33, pp. 136-138). G(7) is the inverse of the lattice Laplacian Aj j/;

this is expressed explicitly in the equation,
> 8GRy = By ) = 83, (1.74)
j//

which can be regarded as a definition of G(7). Solving the equation 1.74 leads to the solution(33; 16),

G({F) B I E/ﬂ kfz/ eilz;-F (1 75)
)z 2n )2 \4—2cosk, —2cosky, | '

This integral is divergent for all values of the argument 7. However, the quantity G(@) — G(F) is

convergent for finite |7], and is given by precisely the integral which we obtained in the inequality
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1.51. Moreover, it is found that this is the relevant object in the present calculation of the correlation
function for the effective low temperature model(14). To proceed in the calculation of the correlation
function (cos (¢; — ¢;j47)), we note that we may equally well consider (e?(?s=#5+7)) and make use of a

further well-known property of Gaussian integration(12, p. 465),

<ei(¢j_¢j+f")> — e ((Bi=¢14+7)%)/2 (1.76)

We can evaluate the correlation ((¢; — ¢;+7)?) in terms of the lattice Green’s function,

(0= 6522) = 55 (GO = G(7) (1.77)

We substitute in the long-range asymptotic form which we have already quoted in section 1.2,

-,

G(0) — G() ~ % In |71, (1.78)

This at last provides the spin-spin correlation function as,

‘ 1\ /278
(e0i—0517)) <IF1> , (1.79)

This low temperature effective model exhibits power law correlations at all temperatures, where
the exponent in the power law varies smoothly with temperature. Clearly, there is no phase transition
in this effective model. In making the approximations to the planar rotator model to obtain 1.72, one
has seemingly erased whatever behaviour in the original model is pertinent to the phase transition.

This effective quadratic model provides an approximation to the thermodynamics of the square
lattice planar rotator model at low temperature, where we expect that the error associated with this
approximation is smaller at lower temperatures. A stronger statement about the low temperature
physics of the planar rotator model has been provided by Frohlich and Spencer in the form of an exact

lower bound(34): there exists a finite temperature below which,

L\ V/2riBD
) , (1.80)

(cos (&) — djar)) > A (HH

where the f(8J) is some function which tends to infinity as SJ — oo, that is as the temperature

approaches zero, and A is some constant. Therefore there is a finite temperature below which the
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correlation function does not decay exponentially. However by the arguments of the previous section
at sufficiently high temperatures the correlation function decays exponentially; this shows that there

is a phase transition in the planar rotator model.

1.3.5 The helical stiffness

We have now established precisely why the square lattice planar rotator model is a particularly inter-
esting model in statistical physics. The Mermin-Wagner theorem forbids the existence of LRO at any
finite temperature, and this would seem to rule out the standard picture of a magnetic phase transi-
tion exemplified by the square lattice Ising model. However, by tackling the low and high temperature
limits it has been shown that the model certainly does undergo a finite-temperature phase transition.
In the next section we discuss the Kosterlitz-Thouless transition, which is a mechanism by which a
two-dimensional isotropic system can undergo a phase transition. In this section we introduce the
helical stiffness, which is the quantity which plays the role of an order parameter for such a system.

We begin by describing what the helical stiffness Y is, its relationship to topological excitations of
the planar rotator model and its relationship to boundary conditions. We then consider the helical
stiffness of the square lattice planar rotator model in both the low and high temperature limits. The
low temperature limit is a finite value, Y = J. Conversely, it can be shown that the high temperature
expansion of Y is identically equal to zero in the thermodynamic limit; this means that ¥ = 0 in
the high temperature phase. These two limits therefore serve to show that Y functions as an order
parameter for the phase transition in the planar rotator model.

One modifies the square lattice planar rotator Hamiltonian to be

H= =7 cos(6; = dy) = —J Y cos (65— by =X+ (R = Ry ) ) (1.81)
<

33" (4i"

This has the effect that the lowest energy configuration of the system is not to have all of the spins

aligned, but for the spins to spiral in the direction of ¥:
¢ = ¢o+ X L. (1.82)

The helical stiffness is defined as the change in the free energy associated with an infinitesimal . We
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write the free energy as a Taylor series:

. =, 1 Yza: ny Xz
F(x)=F(0)+ 5\ Xa Xy + ... (1.83)
yo  Yyy Xy
where
Y(E(E Y$
Y = Y (1.84)
Yo Yyy

is the helical stiffness tensor. The square lattice planar rotator model has the z- and y-directions
completely equivalent, so that Y, =Yy, and Y,y = Y.

As compared with the ferromagnetic groundstate of the original Hamiltonian, the spiral state is an
excitation in which every spin in the system is altered; this aspect of the excitation is described in it
being said to be a topological excitation. The helical stiffness is a measure of the energetic cost of such
excitations. Topological excitations are to be compared with Goldstone modes which are said to be
local excitations.

The helical stiffness is formally identically equal to zero unless appropriate boundary conditions
are applied. The spin-angles ¢; are measured with respect to some axis which we have the freedom to
choose, and moreover we have the freedom to choose this axis differently on different lattice sites. A

change from one set of such axes to another is described by the gauge transformation

¢j — ¢j + V- (185)

The transformed Hamiltonian must describe the same physical system; there are then sets of Hamil-
tonians which can be transformed into each other by such gauge transformations which describe the
same physical system. Therefore, if in equation 1.81 the affect of ¥’ can be transformed away by making
a gauge transformation, then the modified Hamiltonian must describe the same physical system as the
original and therefore the free energy must be identical. Now, naively one might think that one can
make a gauge transformation with

v; =X R; (1.86)

to transform the modified Hamiltonian 1.81 back to the original for any X, and therefore that the helical
stiffness must always vanish. However, whether this is so depends upon the boundary conditions that

are imposed.
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This issue is clearly explained by considering the planar rotator model on a linear chain. Consider
first the case of open boundary conditions, which is a chain of M spins and M — 1 bonds between
neighbouring spins,

M-1
H=-J Z cos (¢j — pjt1), (1.87)
j=1

and consider the Hamiltonian with the imposed twist,
M-1
H(x) =—J ) cos(¢j — dja1 — X); (1.88)
j=1

in this case the gauge transformation ¢; — ¢; — xj maps H(x) onto H(0) and consequently these two
Hamiltonians describe the same physical system and have the same free energy. Now consider the case
of periodic boundary conditions, which can be pictured as a ring of M spins (see figure 1.2); in effect

one has added a bond between ¢; and ¢y,

M-—1

H=—JY cos(d; = ¢jr1) — J cos (dar — ¢1), (1.89)

Jj=1

and including the phase shift y on every bond produces the new Hamiltonian,
M—1
H(x)=-J Z cos (¢; — ¢jt1 — x) — Jcos (éamr — d1 — X). (1.90)
j=1

Now the same gauge transformation ¢; — ¢; — xj maps this Hamiltonian onto

-1

—J ) cos(d; — dj41) — Jcos(dm — ¢1 — Mx), (1.91)

Jj=1

and this is not equivalent to the original Hamiltonian except for a special discrete set of values of x
for which My is equal to an integer multiple of 2. The effect of the gauge transformation has been
to shift each of the y-phase shifts onto a single bond; in general, gauge transformations can be used
to distribute the total phase shift My between the bonds in any whatever, but the total phase shift
remains fixed. In this instance then gauge transformations cannot be used to eliminate the phase shift
for arbitrary values of y; consequently the phase shift does produce an energy cost and there is a

nonzero helical stiffness.
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Figure 1.2: Gauge transformation of planar rotator model on a periodic ring subjected to a phase-twist
X-

The dependence on boundary conditions can be given a more physical interpretation. If there exists
a configuration of the spins for which the interaction energy of each bond is —J, then this is clearly a
groundstate, and the groundstate energy is the same as without the phase shift and therefore there is
no energy cost. A nonzero helical stiffness relates to the system being “frustrated” by an infinitesimal
X, in the sense that it cannot obtain the minimum energy of —J for every bond. This occurs if a
“constraint” is placed on the system in the form of a boundary condition, such as the periodicity
illustrated in figure 1.2 or a hard wall boundary condition in the form of the spin-angles at sites on
the bondary being fixed.

We now come to considering the low and high temperature limits of the helical stiffness for the
square lattice planar rotator model. We assume periodic boundary conditions in both of the principal
axis directions.

We obtain the low temperature limit by imposing a small phase-twist ¥’ and finding the resulting
minimum energy configuration of the system. It is convenient for this particular calculation to adopt
the notation ¢, ,,, where the indices m and n label the co-ordinates of the lattice sites in the 2 and y

directions respectively. The Hamiltonian with the imposed phase-twist is then,

M—-1N-1
—J Z Z COoS ¢m n ¢7n+1,n - Xa:) + cos (¢m,n - ¢m,n+1 - Xy)]
=1 n=1
M
- JZ cos (dmm — P1n — Xz) — J Z oS (Gm,N — dm,1 — Xy) (1.92)
n=1 m=1

where M and N are the system sizes in the z and y directions. We make the assumption that the
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minimum energy configuration is for the spins to spiral with a pitch ¢
Gm.n =0 — Mgy — ngy. (1.93)

Substituting this into the Hamiltonian, the energy of the system is,

E= _J{(M - 1)(N - 1) [COS(Q:L’ - Xz) + COS(Qy - Xy)]

+ Ncos((M — 1)gs + Xz) + M cos((N — 1)gy + Xy)} (1.94)
Minimising this expression with respect to ¢, and g, leads to the equations,

(N — 1)sin(gs — xo) + Nsin((M — 1)g, + xz) = 0, (1.95)

(M —1)sin(gqy — xy) + M sin((N — 1)g, + xy) = 0. (1.96)

Now, in the limit that M > 1 and N > 1, these equations have the approximate solutions,

= 2X.L
T = 77 1-97
q i (1.97)
m™—2X

Substituting these expressions into equation 1.94, one finds the energy per lattice site to be, to leading
order,
E

UN "~ —J[cosxz + cosxy], (1.99)

with O(1/M,1/N) corrections. Finally expanding this quantity in x, and x,,

E J, 5 9

The leading order correction to the groundstate energy per site is therefore Jy?/2; this implies that
the low temperature limit of the helical stiffness is Y = J.

To consider the high temperature limit, recall the arguments we presented in section 1.3.3: in the
high temperature expansion of the partition function, the O((8.J)?™) term is obtained as the number
of possible arrangements of 2m arrows between neighbouring sites on the lattice, such that the net

number of arrows pointing into or out of every site is zero. In the presence of ¥/, the same diagrams
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are included, but the contribution of each diagram is multiplied by the factor

ei(li*lf)Xeri(li*lg)Xy? (1.101)

where (% and [Y are that diagram’s number of directed arrows in the z- and y-directions respectively.
Now, it would appear that in order for the condition that there be no net flux into any lattice site,
this phase must perfectly cancel; the exceptions to this are diagrams which span the entire system,
so that a lattice site is “connected to itself”. Therefore in the high temperature expansion of the
partition function, no dependence on Y occurs at orders lower than O((8.J)%=v) and consequently
the helical stiffness is not lower order than O((8J)F=v~1); in the thermodynamic limit L, — oo,
L, — oo, therefore, the high temperature expansion of the helical stiffness is identically zero, for all

temperatures. This indicates that in the thermodynamic limit ¥ = 0 in the high temperature phase.

1.3.6 The Kosterlitz-Thouless transition

In considering the problem of how a two-dimensional isotropic system could undergo a phase transition,
Kosterlitz and Thouless conceived a particular type of transition, the Kosterlitz-Thouless transition,
which can occur in such systems. The Kosterlitz-Thouless transition is unique in that it is associated
with an essential singularity in the thermodynamic functions; it is therefore in effect an infinite order
phase transition. The critical form of the specific heat and the correlation function are essential
singularities rather than power law singularities; this critical behaviour is therefore not characterised
by the usual critical exponents « and v. The strongest signature of the transition is found in the
helical stiffness, which is predicted to jump discontinuously from a finite value to zero at the transition
temperature.

We here provide an outline of the Kosterlitz-Thouless theory; our approach copies that found in
many textbooks on the subject, in particular the treatment in Chaikin and Lubensky(19). We have
not attempted to include the full details of the theory however, but more to mention the key physical
ideas and equations. The starting point for the theory is to modify the formal continuum limit of the
planar rotator model so that it can exhibit vorticity; this is done by the inclusion of a wortex field
¥ (7), which is allowed to contain isolated singularities which correspond to individual vortices. In this
description the vortices act like point charges of integer charge, and there is an interaction between

vortices proportional to the logarithm of their separation. We begin by describing all of this in some

41



detail. We then provide an outline of the calculation of the helical stiffness in this model, which shows
that the presence of vortices at finite temperature acts to reduce the helical stiffness. This provides
a basis for a renormalisation group treatment of the model. We provide the renormalisation group
differential equations, and then describe the associated critical properties which are deduced from
them.

According to standard approaches to phase transitions, it might be assumed that the behaviour of
the planar rotator model close to the phase transition must be governed by long-range fluctuations.
These long-wavelength fluctuations are described by the low temperature limit (see section 1.3.4), but
as we have discussed this effective model does not have a phase transition. Kosterlitz and Thouless
noted that this effective description did not have the capacity to describe vorticity. The spin angles
¢; in the lattice planar rotator model are periodic variables, in that ¢; — ¢; + 27 describes the same
configuration of the system. A configuration can exhibit vorticity, in that if one considers the change
in the spin-angles around some closed path of the lattice, the result can be non-zero, and can equal
27 times any integer, which is the winding number or vorticity associated with the closed path.

In a continuum model described by some field ¢(7), where 7 is the position vector on a two

dimensional space, the analogous condition is expressed as

f{ di- V¢ = 2mq, (1.102)
C
where

=, 0p. 0.

Vo=o"i+ A (1.103)

and ¢ is the winding number associated with the closed curve C. Now, if ¥(7) is a vector field on a

simply connected domain S enclosed by a curve C, then by Stokes’ theorem

%Cdﬁ (7)) = //S <881;’ - 881;5) dxdy. (1.104)

Substituting v = Vé into this equation shows that the line integral vanishes if it encloses a simply
connected domain. Non-zero vorticity requires that the area enclosed by C' is not simply connected,
that is, that there are singularities in the function V: these singularities are precisely the individual

vortices in the continuum description. Each vortex has an integer vorticity or charge ¢;, and the
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integral is determined by the total charge lying inside C"
%d?-ﬁqﬁzQﬂ'Zqi. (1.105)
¢ ieC

If we introduce a new field ¢ (7) defined by,

= O0Y

o .

then the line integral can be expressed as,

fcdf-%:—//sdxdyv%. (1.107)

This suggests that V21 is equal to the vorticity locally, which we express in the equation
V2= =21y g6 (i — 7%), (1.108)
i
where 7; are the positions of the vortices. This equation determines the field #(7) to be

Y(F) ==Y g |7 = 7. (1.109)

This is exactly the same mathematics as the electrostatics of point charges of integer charge in two
dimensions, with 1 the analogue of the electric potential.

In order to obtain a continuum description of the planar rotator model with vorticity, we start with
the effective Hamiltonian,

J N
Hw =% / dudy (Vo)

which is obtained formally as the continuum limit of the lattice model, which is the same thing as the
low temperature limit (see section 1.3.4), and simply add in by hand a vorticity field of the type we

have described:

o . 0.
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With this modification it can be shown that the effective Hamiltonian becomes

H= +g/dxdy [(%)2 + (6@1 (1.111)

= -5 [ dady[ov70 + vv70), (1.112)

where in going from the first to the second line we have performed an integration by parts and assumed
that the surface terms are zero. In particular, it can be shown that the surface term associated with

the vorticity field diverges logarithmically as,

2
~InQ <Zqi> , (1.113)

where € is the system size; for configurations with zero total vorticity this vanishes, while for configu-
rations with finite total vorticity it diverges with the system size and this acts to completely suppress
the thermodynamic contributions of such configurations. The resulting Hamiltonian is a sum of Hgy
which depends on the spin wave field ¢, and a term Hy which depends on the vortex degrees of free-
dom; because the two degrees of freedom are not coupled, the partition function is factorised according
to

Z=ZswZ2y (1.114)
where the spin wave partition function can be represented as a functional integral over the field ¢,

Zow = /Dd) e PHsw. (1.115)

we discuss the representation of Zy presently.

It is tempting to evaluate the vorticity term as

J ) O,
§/¢v wdxdyWJZZqiqi//anri|5(rm/)dxdy (1.116)

= 7T YY" g |7 — 7| (1.117)
i i’

but the 7 = i’ terms in this expression are divergent. These infinities are related to the fact that we

have neglected to include a cutoff imposed by the underlying square lattice. The vortex term employed
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by Kosterlitz and Thouless is(20)

— —
Ty — T

Hy = —WJZqz‘qz'/ In

a
it

~Ec) ¢ (1.118)

where a is the cutoff of the theory which for the time being can be regarded as essentially equal to the
lattice spacing, and the quantity E¢ is the so-called core energy associated with each vortex, which
plays the role of a chemical potential for the vortices. To some approximation, only configurations
which contain solely vortices of charge gq; = +1 are relevant. Moreover, because the total vorticity
must vanish, the vortex configurations can be parameterised by the number of dipole pairs of vortices,

N, and the positions of the vortices 7, i = 1,...,2IN. The partition function for the vortices is then

=7
a

0o 1 2N 51T |
_ 2N Z ij 4245 In
&= 2 e (H/ ! ) T (1.119)
N=0 i=1
where y = ePP¢ is called the fugacity.
The presence of vortices reduces the helical stiffness. It can be shown that, imposing the uniform

twist on the system

- oy, 0P, - oy, o,
Vo + ayz axyHVqSJr ayx axy+x, (1.120)
the Hamiltonian becomes
10w L g e (20 00
H(u)fH(O)-i-zQu +J/d X <8yx 5 (1.121)

and therefore the partition function becomes
Z(@) = e 2 M Zoy (0) /Dw exp{ — BHy (0) — 5J/d2r X- (gjg& — ‘Zﬁg) } (1.122)
The trace over the vortex degrees of freedom in this expression can be regarded as the average of the
{0 firs- (o= 503)

in the ¥ = 0 vortex ensemble; because this ensemble is quadratic in 1, this average can be expressed

function
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in the form,

<exp{ —BJ/d2r>Z~ (?5@— g;fg)) }> :exp{;ﬁ2J2<</d2r)Z~ (?;532— ?ﬁg))>2>}

The modified free energy is therefore

2
L o G
F(a) :F(0)+5x27 ;ﬂJ2<é</d2r>Z~ (E;gx ;iy)) > (1.124)

and consequently the modified spin wave stiffness is

2
- 1 /1 L (0. %
Y=J 1—ﬁJi%><2<Q</d2rx'(%x—%y>> > . (1.125)

This is the very same quantity that occurs in the exponent in the long-range correlation function (see
equation 1.79); in the presence of vortices, one still obtains the power law form of the correlation

function, but with the modification that J is replaced by the helical stiffness,

1/27B8Y
(€05 (65 — B14)) ~ (ﬁ]) . (1.126)

The phase transition corresponds to the decay of Y to zero at some finite temperature.

Now, to render the equation 1.125 in a useful form for examining the critical behaviour requires that
the integral be represented in terms of the positions of the vortices and the fugacity y; furthermore,
y is taken to be a small quantity, which corresponds to the average number of vortices being small,
and the integral is expanded to second order in y. Performing this analysis leads to the important

equation,

1 1 ®dr sr\3—27K
a2 [ E(E 1.127
Kn K ”y/a a (a> (1.127)

where K = 8J and Kr = Y.
From this equation one can obtain a pair of renormalisation group (RG) differential equations which
can be used to obtain the properties of the critical point. The RG scheme is to rescale the system by a

ol

factor e%; if the lattice constant is rescaled by a — ae®, an identical equation for K can be obtained
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in terms of rescaled parameters K’ and y’:

1 1 o [ dr sr\3—2rK’
o andy o (f) 1.128
R / T , (1.128)

where the rescaled parameters are given by

sl
1 1 3 o [ dr sry\3-27K
= o 'y /a = (g) , (1.129)

y = 2, (1.130)

By taking the limit 6/ — 0 the following pair of renormalisation group (RG) differential equations are

obtained.

d

@ 1 43,2

TKT = dny?, (1.131)
d
dil/ = (2 - 7K)y. (1.132)

The analysis of these RG equations reveals the existence of a critical point at which K jumps dis-
continuously from the value 2/7 to zero. This is unique behaviour which is not associated with regular
phase transitions. Above the transition where Y is zero the correlation function decays exponentially
at long range, and the critical form of the correlation length is also highly unique to this particular

critical point, and has the form of an essential singularity:

% ~ e W VT=Tkr T — Txry, (1.133)

where Tk is the transition temperature and a some constant. The critical point is also evident in an

essential singularity in the specific heat,
C ~ e 20/(T=Txr) T—Tgr,. (1.134)

That the singular behaviour in the usual thermodynamic quantities is an essential singularity means
that the transition can be considered to be an infinite-order phase transition. A curious feature of
such a transition is that there is no divergence in any temperature derivative of the free energy.

The RG scheme does not provide the transition temperature itself; this has been estimated cal-
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culating the helical stiffness for finite systems using Monte Carlo simulation, and applying a scaling
analysis that is based on the Kosterlitz-Thouless theory to be Tkt = 0.89J(23). Although the author
does not understand this study very well, we regard this value of the transition temperature as a
prediction of the Kosterlitz-Thouless theory, and this will be relevant when we come to analyse our
own calculations.

The physical picture of the Kosterlitz-Thouless transition is the unbinding of vortex-antivortex
pairs; the qLRO corresponds to closely bound dipole pairs of vortices, and they unbind at the transition
where there is a proliferation of vorticity. The transition itself occurs without the release of entropy;
as the system disorders, there must occur the release of a large amount of entropy and therefore a
large peak in the specific heat in the vicinity of the phase transition, but this is nonuniversal and not
a part of the Kosterlitz-Thouless theory per se(19). This feature of the Kosterlitz-Thouless picture,
that there is a large finite peak in the specific heat that does not mark the phase transition itself, is

very relevant to the interpretation of our own calculations in the next chapter.
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Chapter 2

Transfer Operator Calculations

In this chapter we present investigations of the statistical mechanics of classical spin systems using
transfer operators. The primary focus is the planar rotator model on the square lattice, for which the
Hamiltonian is,

H=—J) cos(¢j—¢j),
i)

where the index j labels sites on the square lattice and the summation is over all nearest-neighbour
pairs of lattice sites. We shall be particularly concerned with the style of phase transition which occurs

in this model. We shall also present some calculations concerning the square lattice Ising model,
H=-J Z 0404,
(43")

where 0; € {+1,—1} and the label j has the same meaning. It is natural to make use of the Ising
model as a point of comparison, as it provides one of the few examples of a classical spin system which
exhibits a phase transition for which the thermodynamics are known exactly.

The mathematics which underlies all of our calculations is that of the transfer operator. The
partition function of a translationally invariant system can be represented as the repeated application
of an operator, the so-called transfer operator. In this chapter, we will apply the transfer operator
to periodic systems, and infinite one-dimensional systems. This is the simplest application of transfer
operators, and one is likely to have encountered transfer operators being applied in this way to solve
the one-dimensional Ising model even at the undergraduate level. The key result is that the partition

function is given by the trace of the transfer operator raised to the power of the size of the system, and
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therefore that the thermodynamics are provided by finding the eigenvalues of the transfer operator.
Furthermore, in the case of the infinite one-dimensional system, the partition function is provided by
the largest of the eigenvalues alone.

We have investigated the square lattice models by solving the thermodynamics of one-dimensional
systems by finding the largest eigenvalue of the appropriate transfer operator, where the one-dimensional
system is designed with some scaling parameter N in place such that it becomes the square lattice
model in the limit that N — co. There is some maximum value of N above which the relevant eigen-
vector is simply too large to be stored on the computer and the calculation cannot be performed; one
simply performs the calculation for all values of N which are available and attempts to extrapolate
to the two-dimensional limit. We will refer in general to this method of investigating two-dimensional
systems as a limit of some one-dimensional system as one-to-two dimensional crossover. This technique
is analogous to the technique of exact diagonalisation in quantum mechanics, where one investigates
the quantum mechanics of an infinite system by diagonalising a series of finite systems of increasing
size. The one-to-two dimensional crossover technique has been previously applied to a variety of clas-
sical spin systems, as reported in the theses of R. J. Mason(35), who considered the planar rotator
model, the continuous-spin Ising model and the Heisenberg model, and of A. M. Cave(29), who investi-
gated the clock models. The technique has also been applied to “hedgehog models” which result from
restricting the classical Heisenberg spin-variables to a discrete number of equivalent directions(36).

The clock models and the planar rotator model are closely related: as we shall discuss in section
2.4.1, one of the two phase transitions in the clock models is the same as the transition in the planar
rotator model. The work in this thesis is therefore closely associated with the work of A. M. Cave,
and is to a large extent complementary to it. With regard to the phase transition in the square lattice
planar rotator model, the two theses offer different but closely related alternative investigations of
this transition. Together the two investigations show consistent evidence of a regular phase transition
with ordinary critical exponents. These findings are contradictory to the picture that the model
should exhibit the Kosterlitz-Thoules transition, on which there is an extremely firm consensus in the
literature.

The organisation of the chapter is as follows. In section 2.1 the mathematical formalism of how
periodic lattice spin-systems are solved using transfer operators is provided for the two cases of the
periodic chain and the toroidal lattice. We show formally that the partition function is given by the

trace of the transfer operator raised to the power of the system size. In addition, we obtain generic
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forms for the transfer operator which provide the starting point when we come to solving particular
models. In section 2.2 we use the transfer operator for the toroidal lattice as a starting point to obtain
the exact solution of the Ising model on this lattice, which provides the solution of the infinite square
lattice Ising model as a special case. We calculate the specific heat using this solution applied to the
finite torus and to the infinite cylinder, the latter being the geometry which results from setting one of
the periodicities in the torus equal to infinity, and show how both sets of curves approach the specific
heat of the infinite square lattice Ising model as a finite system-size parameter is increased.

Having dealt with these preliminaries, we move on to the primary focus of this chapter, the study of
the phase transition in the square lattice planar rotator model using one-to-two dimensional crossover.
Section 2.3 introduces the formalism of the one-to-two dimensional crossover technique as it might be
applied to a generic system; this essentially applies the transfer operator solution of the periodic chain
to the case where the chain becomes infinitely large, but where there is implicitly a scaling parameter
N in the model by which the square lattice model corresponds to the limit N — co. In order to show
how the theory functions in predicting the existence and characteristics of a phase transition, we then
apply it to the Ising model. We calculate the specific heat, the correlation length, and the magnetic
susceptibility, and show how these calculations can be used to estimate the critical exponents of the
transition.

The investigation of the planar rotator model is then presented in section 2.4. We introduce this in
section 2.4.1 by discussing the relationship between the planar rotator model and the clock model. We
compare calculations for the planar rotator model, and those made for clock models by A. M. Cave
previously, to show that both models have identical critical behaviour. This establishes the context of
the present investigation as being complementary to the clock model investigations of A. M. Cave: both
pieces of work attempt to characterise the planar rotator phase transition by two different methods, and
both the methods produce consistent results showing evidence of a regular phase transition. In section
2.4.2 we discuss the representation of the transfer operator for the calculations on the computer; we
describe the spin-angles using Fourier series in order to cast the transfer operator as an infinite matrix
in Fourier space whose elements are products of Bessel functions, and the properties of these functions
allow us to truncate the matrix to be finite while retaining accuracy in the calculation. In section 2.4.3
we formally show how a rotational symmetry in the planar rotator transfer operator can be extracted to
reduce the number of degrees of freedom in the problem by one, thereby allowing the calculation to be

performed for one larger value of the scaling parameter N. We then present in detail the calculations
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of the specific heat, correlation length and magnetic susceptibility in sections 2.4.4, 2.4.5 and 2.4.6
respectively. As we shall show, the correlation length is closely related to the eigenvalue spectrum of the
transfer operator, and in section 2.4.5 we shall also present a number of related calculations involving
various eigenvalues. The results of these calculations are qualitatively similar to those of the Ising
model, consistently showing evidence for a regular phase transition with critical exponents with values
close to those for the Ising phase transition. The evidence in the calculations that thermodynamic
quantites will become divergent in the two-dimensional limit N — oo is in contradiction with the
picture that the system should exhibit a Kosterlitz-Thouless transition. We then present calculations
of the helical stiffness in section 2.4.7. We find that, as expected, the helical stiffness appears to drop
rapidly to zero at a temperature close to the sharp behaviour seen in the specific heat, correlation
length and the magnetic susceptibility, but we are not able to establish for certain whether this drop
is continuous in the manner of an order parameter in a regular phase transition, or discontinuous as
it should be in a Kosterlitz-Thouless transition. We finally offer a discussion of our findings in section

2.4.8.

2.1 Formalism of transfer operators

2.1.1 The transfer operator for a periodic spin-chain

In this section we consider a periodic chain of M spin-variables 57-, where the index j labels the site
in the chain. At this stage, we do not specify the dimensionality of these spin degrees of freedom,
or whether they are discrete or continuous. However, it is always to be understood that there is an
equivalent degree of freedom, that is an equivalent spin-variable, on each site in the chain, and this
will also be the case for all kinds of lattices which we discuss in this chapter. We shall develop the

formalism for the following fairly general Hamiltonian of pairwise spin-interactions:

M N oL
Hy ==Y lz TV (S, 5j+n)1 . (2.1)

j=1 Ln=1

The only restrictions which we place on the set of spin-interactions V,, are that they be pairwise and

that the interactions only extend up to a range N which is less than the period of the system M. The
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most physically common interaction is the scalar product interaction,

— — —

Vn(gjv Sj4n) = 5j * Sjtn- (2.2)

This will be the only interaction which will be considered after the general formalism of transfer
operators is introduced.

The partition function is given by
M
Zy = H /de e PHM (2.3)
j=1

where [ dS2; represents the summation over all possible orientations of the spin S’;—. It is to be under-
stood that this symbol indicates a sum, as opposed to an integral, in the case that the spin degrees of
freedom are discrete.

The central result of this section is that there exists an operator T such that the partition function
can be represented as

Zy = to(TM), (2.4)

The calculation of the partition function is thereby reduced to the diagonalisation of the operator T,
which is known as the transfer function or transfer matriz. Since the trace of any operator is equal to

the sum of its eigenvalues, the partition function can be calculated explicitly as

ZM = Z (ZQ)NI (25)

e

where z, are the eigenvalues of the transfer operator.

In the remainder of this section, we shall formally prove this result. We begin by essentially guessing
a form for the transfer operator. We then formally calculate the left hand side of equation 2.4 and
show it to be equal to the partition function. We make use of the Dirac notation for its efficiency
and also to highlight how the theory is analogous to quantum mechanics. The only non-trivial part of
this theory is that in demanding the transfer operator to be self-adjoint, one is forced to introduce an
unconventional analogue of the scalar product.

The transfer operator approach is based in the translational symmetry of the Hamiltonian: each

site in the chain is equivalent to any other. Consequently, the quantity e~ which depends upon
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all the M spins in the chain, can be factorised into the product of M terms which each depend on only

a restricted subset of local spins and which have the same functional form:

e BHM — oBK (51,52, 8n11) BK (52,85,.8n42) | oBK (Sar,1,.008w) (2.6)

where K(gl, 52, ey §N+1) is chosen to satisfy the condition,
K(gh §2, ey §N+1) + K(§2, gg, ey §N+2) + ...+ K(gM, §1, ey §N) =—H)y. (27)

If we associate each of these M factors with one of the summations in equation 2.3, one can guess that

the partition function involves the repeated application of an operator T defined by
(Tf) (§25§37---7§N+1) = /dQleﬁK(§l’§2 """ §N’§N+1)f(§1,§2,...,§]v) (28)

where f is any function of N spins. The effect of the transfer function is to integrate out one of the
spins and “transfer” one site along the chain.

If the function K is chosen to have the symmetry

K(S1,55, ..., 88, Sny1) = K(Sni1, Sn,s ooy S2, 51) (2.9)

this provides the following natural inner product

N
(fag) = H/dQJ f(SN7SN717751)9(51752,751\7) (210)
j=1
with respect to which the transfer operator is self-adjoint, which precisely means that it satisfies

(Tf,9)=(f,Tg) (2.11)

for any two functions f(gl, Sy, §N) and g(§1, Sy, §N)
This is the analogue to the scalar product in quantum mechanics. In that theory, the scalar product

between two wavefunctions ®({z;}) and ¥({z;}) is

(®.9) = (H / de) @ () (o), (2.12)
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where {z;} might for example be the co-ordinates of a number of particles.
It is a straightforward matter to represent the theory of the transfer operator in the Dirac notation,
where we are guided by the analogue of the inner product 2.10. The function f (§1, e S ~) describes

the components in a particular basis of an underlying vector |f). We express this formally as
N
=111 /de f(S1, 8, ..., Sn)|S1, Sa, ..., Sn) (2.13)
j=1

where the vectors |§1,§27...,§N> are the basis vectors. One has also a dual vector-space, whose
members are written as bra vectors, and the vector corresponding to f (gl, e S ) in the dual space is

(f| and is given by,

N
(fI = H/de £(S1, 82, .., Sn)(S1, S, ..., S| (2.14)
j=1

where the vectors <§1, 52, s S | are the basis vectors in the dual space. We construct the theory so
that the product (f|g) provides the scalar product 2.10, in analogy with quantum mechanics. This

implies that the products between the basis vectors are given by

N
(S1, s Sy |51, s SN) = H5§jf§5\,+1,j (2.15)
j=1

One can immediately proceed to write down a number of results in exactly the familiar form of quantum

mechanics: the completeness condition for the basis states,

N
H/dﬂj 1SNy oy SIS, o, S| = 1, (2.16)
j=1

—

where I is the identity operator; the explicit formula for the function f (5{17 §2, ..., SN) in terms of the

vectors,

—

F(S1, o Sn) = (Sns s ShIF) = (FISN, -y S1); (2.17)

and the trace of any operator O,
A N A
tr(0) = H/dﬂj (Sny .., S1|10|84, ..., Sn). (2.18)
j=1

With this formalism in place, it is a relatively simple matter to calculate the matrix elements of
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T, deduce from these the matrix elements of 7™ , and substitute these into equation 2.18 to calculate
the trace.
The application of the transfer operator T can be expressed formally in terms of matrix elements

as

N
(Sny s SUT|S) = H/dQ; (Sny oy SUT|S, . S (S SHLF). (2.19)
j=1

where f dQ} indicates the integration over the corresponding primed spin-variable, g ; One can deduce
the matrix elements of 7 by comparing this formal expression with equation 2.8, and the result is found

to contain a single e#X () factor together with N — 1 delta functions:

N
(Sny ooy SUUTIST, oy Sy) = KG9 5 [T 65, 5. (2.20)
j=2

It is helpful to relabel the spin-variables to make the expression for the matrix elements more closely

resemble equation 2.8:

N
(Sn41, s S| T|S1, S5, ..., Sy) = PK D528 S T 05 8, (2.21)
j=2
The matrix elements of T2, T37 ..., can be easily calculated directly; each successive multiplication

provides an extra e?(-) factor and results in one fewer delta function, so that for m < N we obtain

<Sm+Na () Sm+1|Tm|Sl7 (3} va S;n—&-la ceey S§V> = GBK(SI’W’SNJrl)GBK(SZ’W’SNJ&)"'eﬁK(Sm“”’SerN)

N
x 11 dg.5, (2.22)

j=m-+1
Thereafter, raising T to higher powers, we obtain,
(Sans ooy St [TV, oy Sy) = ePK (S0 Sn00) P (S, Sns2) | (B (S Sam), (2.23)
and for m > N
m — — — —
(SN wes Sma1|T™] 51, .. Sn) = H /de e H (S Sn) B R (52 5 2)
j=N+1
. PE B Bign) (2.24)
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The final expression provides a proof of the identity 2.4; calculating the trace of ™ formally by
substituting the expression for the matrix elements into equation 2.18, the result is plainly the partition

function identically.

2.1.2 The transfer operator of a toroidal spin-system

In this section we shall consider the toroidal lattice illustrated in Figure 2.1. This is equivalent to
a finite square lattice with periodic boundary conditions in both of the principal directions. This
functions as a precursor to the following section, in which we present the exact solution to the Ising
model on this lattice. In the present section, we will derive a result for the partition function of a spin
system on the toroidal lattice that is analogous to the result 2.4 which was established for the linear

chain.

Figure 2.1: Hlustration of the torus geometry.
(Taken from https://commons.wikimedia.org/wiki/File:Simple Torus.s).

Consider a toroidal lattice made up of M connected N-fold rings. Let the index i label the position
of a lattice site on one of the rings and let the index j label the rings; let S'” be the spin on the ith

site on the jth ring. We consider the rather generic spin-Hamiltonian,
N M | B Ry R.
Hyar ==Y > (23 IS Sivsgur) + 3 TV (Sig, Sivsg) | - (2:25)

i=1j=1 | r=1s=1 s=1

As in section 2.1.1 we make the restriction that the maximum range of the interactions be less than
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the size of the system, that is we require that,
RH < M, R, <N. (2.26)

We have separated the Hamiltonian into two terms, the first of which contains all the interactions
between spins on different rings, and the second of which contains all the interactions between spins
on the same ring. This separation will be made use of when we come to discuss the Ising model.

The partition function is

Znoa = HH/dQ i | e Pt (2.27)

The formalism is simplified if we use the symbol ‘S:; to label the configurations of the set of spins
{§17j,§27j,...,§N7j} on the jth ring. With this notation, we can factorise e ##~M in a manner
analagous to equation 2.6, and which preserves the separation of the interactions between different

rings and the interactions on a single ring:

e~ PHNM _ eﬁKL(Sz)eﬂKll (§17§21-»-7§RH+1)€§KL (gz)eﬁKH (52’3‘37”'73‘13”+2)...85KL(§M)€BKH (51\41517---’51?,”)

(2.28)

where the function K (81,85, ..., gR“+1) is chosen to satisfy

Ku(gl,gg, ...,gRHJrl) + K”(gg,gg,, -~-;§RH+2) + ...+ K‘|(§M,§1, -~-;§RH)

N M | R Ry

= ZZ ZZ‘]HSVJ‘& gl,]v _‘i+s,j+7“) 5 (229)

i=1j=1 [ r=1s=1

and K (8)) is given by
N [R.
Ki(8) =Y |D IV (S, Sives) | - (2.30)
s=1

i=1
It is clear that the results of the linear spin chain can be applied to this system, but where one now
has the variable ‘S_'; as the analogue of a single spin. The partition function is the trace of a transfer

function raised to the power M, the number of rings:

2y = tr(TM). (2.31)

58



The transfer operator can be written so as to preserve the separation of the interactions between

different rings and the interactions on a single ring,
=TT, (2.32)

where TH functions like the transfer operator of the linear chain and performs the “transfer” from one

ring to the next,
(ﬂ\f) ($7§37o~ SRHJrl (H/dQ > BE | (S1,5z,... SRH SRH+1)f(Sl’S27 S’RH% (2.33)
and T is simply defined so as to provide the factors arising from the single-ring interactions,

(TLf) (81,82, s Sry) = KLV £(S), 8, ..., ). (2.34)

2.2 Exact solution of the Ising model on the square lattice

In this section we apply the transfer operator technique to the Ising model on the torus. For this
particular model, the trace in equation 2.31 can be calculated analytically. This provides, in the
appropriate limit, the well-known exact solution of the Ising model on the infinite square lattice. The
reason for reproducing such a well-known exact solution in such detail is that it allows us to illustrate
the crossing over of the system from zero- and one-dimension to two dimensions, and the related
emerging of a singularity in the thermodynamics, while retaining total mathematical control. This
provides a foundation for the subsequent investigations in the planar rotator model which use these
ideas in the absence of an exact solution.

The transition temperature of the infinite square lattice model was first provided by Kramers and
Wannier using a duality argument(37). The calculation of the free energy was provided by Onsager in
a famous paper(17); this calculation was then simplified by Kaufman(38) and together Onsager and
Kauffman deduced the functional form of the spontaneous magnetisation close to the phase transition,
in work that was never published but which has since been re-evaluated(39). The first published
calculation of the free energy was by Yang(40). Since these early works, the solution of the square
lattice Ising model has been reproduced by a plethora of different methods; the literature on this

subject is vast and the author is much too ignorant of it. We single out the solution by Schultz,
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Mattis and Lieb using a fermion representation(41); the solution we present in this section uses the
same approach and must be essentially the same as that of Schultz et al although we have not closely
followed their working. A detailed exposition of a solution along the same lines as Onsager’s original
solution is given in the book of exact solutions to statistical mechanics models by Baxter(6).

The Ising model considers spins, which we label with the symbol ¢, which can be in one of two
states, “up” o = 1 or “down” ¢ = —1, and a scalar product interaction between spins —Joo’. With

the restriction to nearest-neighbour interactions, the Hamiltonian in equation 2.25 takes the form

M N M N
Hym = —J Zzai,jai,jJrl - J1 ZZU@J’UHLJ‘ (2.35)

j=11i=1 j=11i=1

and the partition function is

N M
Zyvr = | TTT]D. | e (2.36)

i=1j=10;;
The exact solution begins with the results 2.31 and 2.32. We shall first write down the transfer
matrix in the most obvious representation. We shall then show how the problem may be represented in
terms of quantum spin-physics, and write the transfer operator in terms of Pauli spin operators. Having
represented the problem of diagonalising the transfer matrix as a problem in quantum spin-physics, we
next map this onto a fermion problem using the Jordan-Wigner transformation. The representation
that results from this transformation is equivalent to a non-interacting Fermi problem. One can then
extract the translational symmetry of sites around the same ring via a Bloch transformation, which
reduces the transfer matrix in size from 2% x 2% to 2 x 2. At this point it is a simple matter to write
down the eigenvalues.

The transfer operator in equations 2.31 and 2.32 for the Ising model can be represented as:

{o}Tyl{o'}) = T] e?1omm, (2.37)

N
o T |{o'}) = H eﬂJJ_annn+15{a}’{a,}’ (2.38)
n=1

where {0} is written in place of the symbol S used above and is the set of Ising spins on a single ring.
The state space of an Ising variable o is the same as a quantum one half spin, in that there are two
possible states. The transfer operator can therefore be represented using the formalism of quantum

spin-physics. We map each of the N Ising variables, which label the basis states in equations 2.37 and
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2.38, to a quantum one-half spin. The relevant operators in quantum spin—% physics are the Pauli spin

operators, which give the components of spin in each of the three Cartesian directions:
6% = , oY= , 0= . (2.39)

There is a set of Pauli operators for each of the N spins, which we indicate by means of the notation
GhYZ,

We must therefore write the operators T\I and 7', in terms of the Pauli matrices. It is straightforward
to do this for 7', : it is plain from equation 2.38 that the basis vectors are eigenvectors of T |, and
thus the desired representation is obtained simply by constructing the appropriate function of the 67

operators. It is clear that

N N
Az Az
H ePILontnii|oy o9, . o) = H eflrononit|o gy on) (2.40)

n=1 n=1

and so we can identify

N
T, = exp <5JL > a—;&;;“) : (2.41)

n=1
The representation for TH is less obvious. Consider the factor /1979 in equation 2.37: this factor
can take one of only two values, according to whether the two Ising variables o,, and o/, are equal or
unequal. Thus for every matrix element connecting two states with the same spin on site n, this factor
contributes e”7I, while for matrix elements connecting states with opposite spins on site n this factor
contributes e ~#7I. The action of TH on the spin o,, therefore has two contributions, one where the spin
is left unchanged and one where the spin is flipped, with factors of e?/I and e=#7I respectively. The

action of flipping a spin is represented by &, and so we may write
ePNonn = ({o}] (P71 + e P152) [{o'}). (2.42)
The operator TH is then given by a product of such terms for each of the spins on the ring:
N
Ty =[] (" +eN167). (2.43)
n=1
This operator can be re-written in the form of a single exponential. For a general Pauli operator
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3 - that is any operator whose square is unity - we have the important identity,

e4¥ = cosh A + Sisinh A, (2.44)
where is A is any real or complex number. This allows us to write

Pl 4 e7Blige = XY ou (2.45)
where the newly-introduced variables X and Y satisfy the equations,

tanh Y = e~ 2871, (2.46)

X = 21— 72071, (2.47)

The final representation of the transfer operator in terms of the Pauli matrices is therefore

N N
T = exp <Z (X + Y&,ﬂ;)) exp (BJL > 6ior, +1) . (2.48)

m=1 n=1

Note that, at this stage, the two exponentials must be kept as separate factors, because their arguments
do not commute.

We are now in a position to make the second transformation of the transfer operator, the transfor-
mation to a representation in terms of fermions, or the so-called Jordan-Wigner transformation(41).
Like the transformation from the initial classical Ising variables to the quantum spin-% representation,
the transformation to the fermion representation is suggested because in a fermion problem there are
two natural states: the vacuum state where there is no fermion, |0), and the state where there is
a fermion, f70). The essence of the Jordan-Wigner transformation is to associate these two states
with the two eigenstates of spin along some axis. We shall use a Jordan-Wigner transformation that
maps onto the eigenstates of spin along the x-axis. However, it is notationally convenient to label the
Jordan-Wigner spin axis as z. We therefore first relabel the spin directions in 2.48, which is the same
as changing the basis in the spin—% representation. Under the cyclic relabelling ¢ — 2z, y =z, z = y

the expression for the transfer matrix in equation 2.48 becomes

N N
T = exp <Z (X + Y&;)) exp (ﬁjl Z 6Z62+1)- (2.49)
m=1 n=1

62



The Jordan-Wigner transformation prescribes

1) —10), (2.50)

1) = £10), (2.51)

where |1) and ||} are the eigenstates of 6%. To complete the transformation, one needs to write the
original spin operators in terms of the fermion operator fT and its conjugate f. The z-component
of spin can easily be written down as the new representation is an eigenbasis of this operator by

construction. One finds for a single spin
67 =1-2f"f, (2.52)

where we recognise the number operator fTf which acts to count the number of fermions. To represent
the transfer operator in terms of fermions, we invent fermi creation and annihilation operators for every
site, and simply write,

62 =1-=2ff,. (2.53)

The Fermi operators obey the anticommutation relations,

{fl’fl'}zov {fmfn’} =0, {fmfrt’}:(sn,n" (2'54)

The basis vectors of the fermion representation are states of the form

o),

where we take the vacuum to correspond to the state where all the spins are “up”, and we operate
with the appropriate creation operators to form the state which has the corresponding spins “down”.
Because the creation operators corresponding to different sites anticommute with each other, the order
in which the operators are written to form the basis vectors is important, and to properly define the
basis vectors a consistent ordering of the operators must be used. We choose to use the ordering that
the operators with a smaller site-index always appear to the left of operators with a larger site-index.

To complete the transformation, we must now write the operator 6¥57 41 in terms of the fermion

operators. The action of 6¥, as can be seen from 2.39, is to flip the spin from up to down with a factor
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i, or from down to up with a factor —i. Therefore the action of 645 11 is to flip both of the spins n
and n + 1, with a factor +1 or —1. In the fermion representation, the action of the operator on the

two relevant spins can be explicitly described as,

1) = =4 Dbecomes  [0) = —fifl,]0),
1) = [1)  becomes  fi,,]0) = £f]0),
) = 1)) becomes [0} = f1.,[0),

) = —[t1)  Dbecomes  fif,,]0) = —0).

This would seem to imply the representation,

G969 = [l fair + F o = L FL 1 = Fasi fos (2.55)

where the first two terms hop particles between neighbouring sites and the last two terms create
and annihilate pairs of particles on neighbouring sites. However, the term 6% 67 presents additional
difficulties. The first and third terms in equation 2.55 give rise to states of the form f}:,()|0> which
have the creation operator for the Nth site appearing in the wrong order for how we have defined
the basis states. To compare this state with the corresponding basis state, the operator f}:, must be
commuted past the other creation operators present in order to be at the rightmost place, according
to our ordering convention. This gives rise to a minus sign if fITV must be commuted through an odd
number of creation operators; this occurs if the total number of fermions, including that on site N,
is even. It follows, therefore, that the state f;{,()|0) is equal to the corresponding basis state if the
total number of fermions in the state is odd, and is equal to minus the basis state if the number of
fermions is even. The action of the second and fourth terms in 2.55 also produce this same minus sign
for the case of an even number of particles. We therefore find that we must treat the case of an odd
particle number and the case of an even particle number differently, and in the latter case one of the

bonds on the ring is special. To be explicit, we find for an odd number of fermions,

N N
Sootatin =3 (Fitwss+ Fida = Fifl = Farifa), (2.56)
n=1 n=1
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and for an even number of fermions,

N N-1
Z&%&Zﬂ = Z (fflfn-i-l + f;+1fn - f’l’tfjl-‘rl - fn+1fn)
n=1 n=1
— (hn+ il iw = ahst - ngw). (2.57)

Now, all of the terms in these operators clearly preserve the evenness or oddness of the number of
fermions. This is therefore true of the transfer matrix itself, and the states with even and odd numbers
of particles comprise independent subspaces. This means that the necessity of using a different form for

the transfer matrix for the even and odd cases is not especially problematic. We adopt the formalism

T=T,P, +T_P_, (2.58)

™ =TMp, + TMP_, (2.59)

where T+ and T_ are the transfer operators for the even and odd subspaces resepectively, and ]5+ and
P_ are projection operators for those two subspaces. We will come to explicitly writing down these
operators presently.

Although the even and odd subspaces are treated separately, in fact one can write T+ and T_ in

essentially the same form. We firstly proceed to make a transformation to the expression 2.57 to make

each of the bonds equivalent. This is accomplished by means of the gauge transformation,
fl— el (2.60)

which substituted into equation 2.57 gives the result,

N N
S otat = (T + Tl o - @RI TR ) (260)

n=1 n=1

One can think of the effect of the gauge transformation as sharing the phase 7 on the N-1 bond - the
minus sign in the corresponding term in equation 2.57 - evenly among all the bonds on the ring. This
is pictured in Figure 2.2. The effect of a general gauge transformation is to distribute the overall phase

7w amongst the IV bonds in any whatever; this was discussed in section 1.3.5.
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Figure 2.2: Illustration of the gauge transformation 2.60.

Now, in quantum mechanics, it is a well-known technique to extract the translational symmetry in

single-particle operators such as 2.56 and 2.61 using the Bloch transformation to new operators f,i,

fi= \/—lﬁ > ekl (2.62)
k

where the so-called Bloch wavenumbers k£ are chosen so that the corresponding phase factors are the

Nth roots of unity,
()" =1, (2.63)

Applying this transformation to equation 2.56 for the odd subspace provides,
N
Siouet, =Y [2 coskflfu—e*fift, — e_lkf_kfk} , (2.64)
n=1 k
while Bloch transforming the gauge-transformed even subspace, equation 2.61, provides,
N
S oot =3 [2eos (b= F) flfe— OO L= e TR e ] (2.65)
n=1 k

Now, on close inspection, equation 2.65 has exactly the same form as equation 2.64 with the single
alteration that the Bloch wavenumbers are shifted by an amount w/N. We can therefore use the same
formula to describe both the even and the odd subspaces, but where for the odd subspace we must

use the set of Bloch wavenumbers k_ corresponding to the roots of unity,

()Y =1, (2.66)
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and where for the even subspace we must use Bloch wavenumbers shifted by 7 /N, k4, which correspond

to a set of phase-factors which are the Nth roots of minus one,
(e*)" = —1. (2.67)

The phase-factors for the even and odd subspaces are pictured in Figure 2.3.

Odd number of particles: Nth roots of 1 Even number of particles: Nth roots of —1
R &
[ ]
_ ~ R R
. [ ] °

Figure 2.3: Argand diagrams showing the phase-factors for the odd and even subspaces.

With this notation, we can describe the transfer operator for both the even and odd subspaces with

a single formula, which we choose to write as,

Ty = exp Z [X+Y(1 - f;lifki - fikif—k:t)

k4
xexp [0 {ﬁJL coska (ff fru + 1y fore — 1) +iBTsinka (] f1,, = s fis)
ki

(2.68)

This expression follows from simply substituting equation 2.64 in for the exponent of T, in equation
2.49, with the modification that we have included a new term —f3.J, cos k4 in this exponent; this is
permitted because the sum of this quantity over the appropriate set of Bloch wavenumbers vanishes

identically,

Z cosky = 0. (2.69)
k4
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The other exponent in this expression contains only the number operator and therefore has the same
form under any transformation which preserves the number of fermions.

The term f,l fi . in the exponent of T indicates that the fermionic operator associated with the
eigenbasis of this exponent is a linear combination of f,l and f_j. This is the Bogoliubov-Valatin
transformation(42; 43). It is tempting to proceed to diagonalise the exponent of il using this well-
known idea; however, this would not prove useful, as the eigenbasis of the exponent of T, is certainly
not an eigenbasis of the exponent of TH in general, owing to the fact that the Bogliubov-Valatin
transformation does not preserve the number of particles. One must first express the transfer operator
2.68 as a single exponential, and one can then apply the Bogoliubov-Valatin transformation to the
fermionic form of the exponent.

Writing the transfer operator as a single exponential appears rather difficult in the fermionic repre-
senation. However, as we shall show presently, the fermionic representation has a simple form in terms
of new Pauli operators, and we can exploit the properties of Pauli operators to write the operator as
a single exponential. Proceeding in this way, one finds the exponent to be a sum of independent Pauli
operators. Since each of these Pauli operators has the eigenvalues +1 and —1, one can immediately
deduce the eigenvalues of the transfer operator itself. We shall therefore find that there is no need to
use the Bogoliubov-Valatin transformation!

With the exception of the possible values k = 0 and k = m, for every value of k£ which occurs in the
sum over the Bloch wavenumbers its negative —k also occurs. The states corresponding to k and —k
form a closed subspace. Bringing together the & and —k terms in the sums in equation 2.68 reveals
that the relevant part of the transfer matrix for the subspace corresponding to k and —k, with the

exception of the cases k = 0 and k = 7, can be written as,

exp (2X + 2V (1~ flfi— 1,70)

X exp (m]L cos k(fl fu+ ST for — 1) + 28T sink(flfT, — f,kfk)). (2.70)

There are only two operators which occur in this expression, which are

V= flfe— T fe it = Forfe).
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Now, in the basis {|0), f,l|0>, fik|0>, f,;rfik|0>} these operators have the representations,

1 0 0 O

t t 00 0 O
(1 - fkfk - f_kffk) — ) (2~71)

00 0 O

00 0 -1

0 0 0 =1

i 0 000
Z(fkf,k — f,kfk) — (2.72)

0 0 0 O

- 0 0 0

We see that the states f,I |0) and fi .|0) constitute a null subspace of these operators, and we recognise
the representations in the {|0), f,l fik|0>} subspace as the Pauli matrices for the z- and y-components

of spin. To make this explicit we introduce the notation,
L= flfe = fLofn =55, WL = Sorfi) = 5%, (2.73)
in terms of which the operator 2.70 can be written as,

$z : S SE
62X+2Y2k62ﬁJJ_ (sin k%] —cos kZ,C). (2.74)

We can use the properties of the Pauli operators to write this operator as a single exponential, which
achieves the purpose of effectively diagonalising the operator in the {]0), f,I fi .|0)} subspace, thereby
providing the two nontrivial eigenvalues. The Pauli operators have the property that any linear

combination of Pauli matrices can be written as some Pauli matrix 3 multiplied by a coefficient:
A6 4+ B6Y + C6% = /A2 + B2+ C23. (2.75)

Substituting the expression sin ki% — cos kii into equation 2.75, one finds the coefficient on the right
hand side of the equation to be unity. The operator sin ki% — cos k;i?i is therefore a Pauli matrix. We

can therefore use the identity 2.44 to write the operator 2.74 as
e2X (cosh 2Y —sinh 2Y§i> [cosh 28J1 +sinh 25 (sin ki% — cos kii)] . (2.76)
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Multiplying out this expression, one obtains,

e2X { cosh 2Y cosh28.J, — sinh 2Y sinh 28.J, cos k
+ [cosh 2Y sinh 28.J cos k — sinh 2Y cosh 237 ] ZAIz

+ cosh 2Y sinh 23.J sin k%Y — isinh 2Y cosh 23] sin k¥ } (2.77)

where we have used a further property of the Pauli matrices,

oY = —ig” (2.78)
and introduced the third Pauli operator f)i corresponding to f]z and flz The sum of the last three
terms in the braces {...} are, by the identity 2.75, proportional to some other Pauli operator, which
we denote ik. The quantity in the braces {...} therefore has the same form as the right hand side
of equation 2.44, and we may use that equation to write this quantity as a single exponential. We
therefore arrive at the expression

e2X 2y (2.79)

where the quantity pu satisfies,
cosh 2py, = cosh 2Y cosh28J, — sinh 2Y sinh 28J, cosk. (2.80)

Expressing cosh 2Y" and sinh 2Y as functions of 3J) and introducing the parameters,

sinh 25.J inh 25.J
L p——LLL L — . L — (2.81)
cosh 23J) cosh 23.J . cosh 23J) cosh 23.J
equation 2.80 can be rewritten as,
1 Wy
cosh 2y, = — — ——cosk. (2.82)
W W

We have arrived at the expression 2.79 as a representation of the operator 2.70 in the {|0), f,l il L10)}
subspace, but it is also a representation in the the full four-state space, where the states f11|0> and
fik|0> are trivial eigenvectors of the operator ¥, with eigenvalue 0. We can therefore deduce the

two eigenvalues e2X 21 and e2X ~24¢ associated with the {|0), f,lfik|0>} subspace and the two trivial
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2X accociated with the null subspace. The operator Y, describes two

eigenvalues whose value is e
fermionic modes, with associated creation operators f,: and fi > Which can in principle be constructed
in terms of the original fermion operators by means of the Bogoliubov-Valatin transformation. Each

of these fermionic modes can be described with its own spin-operator, and this leads us to write,

)+ oo (2.83)

Qv

95, =

We can now decompose the transfer matrix further to obtain the part relevant to a single k-value to

be,

Ty, = eXHuroe — \/2 cosh 23.J) cosh 237 /W”e‘““‘:”“, (2.84)

where we have eliminated the variable X using equation 2.47.
We have described the parts of the transfer operator relevant to all the Bloch wavenumbers, with
the exception of the special values k = 0 and &k = w. Let k. be either of these special k-values. The

key property that is unique to these k-values is that

=1L (2.85)

This implies, following from equation 2.68, that the relevant part of the transfer operator for the

wavenumber k, is

Tk* = exp (X +Y(1- 2f,1* fk*)) exp (BJJ_ cos k*(2f,i* fe, — 1)) (2.86)

The only operator which appears in this expression is 1 —2 f,;r* fx., which we identify as a Pauli operator

in the {]0), f,];* |0)} subspace. To be consistent with the formalism for the other k-values, we write

k. =1=2f] fr., (2.87)
and we obtain
T, = X Frkdne (2.88)
where
e, =Y — BJ) cosk,. (2.89)
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The full transfer matrix in either the even or odd subspaces is the product of the operators T}, over

the appropriate set of Bloch wavenumbers:
Ty =[] Tr, = [ =" (2.90)
k4 k+

This expression is what we have been working towards throughout this section. This representation of
the transfer operator allows us to calculate the partition function according to equation 2.31. It is not
necessary to explicitly construct all of the operators &%, but rather it is enough that we can identify
the operators as Pauli spin operators, and therefore deduce that they each have the two eigenvalues
+1 and —1. The trace of any operator expressed as a function of the operators &% can therefore be
calculated by summing over these eigenvalues. In addition the fact that the equation 2.90 is factorised
according to the Bloch wavenumbers means that in performing the trace of Ty - or (Ti> " - the sum
over each of the spin operators can be performed independently. This reduces the trace in equation
2.31 from a hopeless calculation to a trivial one.

In fact, we require one additional result before we can proceed to calculate the partition function,
which is the representation of the projection operators ]3+ and P_. Now, the evenness or oddness of
any given state is reflected in whether the number of the spins which are “down” is even or odd. The
crucial point is that this is preserved in the eigenbasis of the new spins ok +- The projection operators

can therefore be represented as:

A 1 N . 1 N
P+:§ 1—|—H5’k+ , P_=§ 1—H&k, . (2.91)
Ky k_

Substituting equations 2.91 and 2.59 into equation 2.31, the explicit formula for the partition

function can be written,

1 M 2 ™M M 2 M
Znm =t [[Tk+ + lk_[a,ﬂTk+ + [[T,L — ya,LT,L . (2.92)
+ + - -

The trace of each of the four terms in this expression can be performed independently, and as we have

indicated above, each of these four traces is trivial because the sum over the eigenvalues of each of the
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ok . spins can be performed independently. The only objects which appear in the calculation are

E eMbins Oy — oMpny 4 o=Muny (2.93)
and
> Gy et = eMitke = Mitks (2.94)

We can therefore write the partition function as

1 NM M -M M M
ZNnm = 3 (\/QCOShQBJJ_ coshQBJH,/WH) {H(e Py e MPhy) 4 H(e hy = Mtk

ko ko

I H(eMuk, + emec,) _ H(eMmc, _ e Mui_ )} (2.95)

k_ k_

We can eliminate the variables ux, to obtain a formula in terms of just the parameters W) and
W . The equation 2.80 leaves the sign of the parameters p;, undefined. However, if we consider
the product of any function of i over either set of wavenumbers, to every factor corresponding to a
particular wavenumber k, with the exception of the special cases k = 0 and k = m, there exists also
a factor corresponding to its negative —k, and both these factors are identical owing to both k and
—k corresponding to the same value of . This means that only the signs of the variables associated
with the special wavenumbers, o and p,, are relevant. Substituting in the special wavenumbers into

equation 2.89 one obtains,

e =Y + BJ1, (2.96)

po=Y — BJ,. (2.97)

Now Y is a positive, monotonic function of 8, which tends to the value zero in the limit that S tends
to infinity, and which diverges in the limit that £ tends to zero. It follows that u, is always positive,
but that pg is positive for small values of 3, negative for large values of 8, and vanishes at a single
value of # which depends upon the ratio of the couplings J, /J|. The value k = 0 is never to be found
in the set k4 but always occurs in the set k_. Since the third term in the braces {...} in equation 2.95

is a product of even functions of uy_, the only term for which the sign of g is relevant is the fourth
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term. We choose to parameterise this sign by introducing the symbol,

= —sgn(uo). (2.98)

With the introduction of this new symbol to take account of the sign of pg, we can proceed as if all of

the quantities u;, were defined to be positive. To this end, we write, using equation 2.89,

\/2W) cosh puy, = \/WH (cosh2ui +1) = \/1 + W) — Wi cosk, (2.99)
1/2WH sinh K = \/WH (COSh Q[Lk - 1) = \/1 - W” - WL COSs k, (2100)

from which we deduce,

V2Wier = /14 Wy = Wi cosk + /1= W) = W cosk, (2.101)
\/2Wje i = \/1 + W) — Wyicosk — \/1 — W) —W_ycosk. (2.102)

Taking into account the sign of ug, this provides the formula,

ZNm = % <\/cosh2BJH cosh2BJJ_)NM

X {H {(\/1+W| —WJ_COSI{/’Jr—‘r\/l—WH _WJ_COSk+>M

ki

+ (\/1+WH — Wy cosky — \/1 — W, choskJr)M}

M
+1k_+[ {(\/1+W| —WLcosk++\/l—W” —chos/@r)

— <\/1+W” — Wy cosky — \/1_WH _WJ_COS]{LF)M}

+H {(\/1+W| *WLCOSk_+\/17WH 7WLCOsk_>M

+ (\/1—|-WH — W, cosk_ — \/1 - W —WJ_COS]C_)M]

M
+®g {<\/1—|—W| —WJ_COSI{7+\/1—M| —WJ_COS/L)

— <\/1+W” —Wicosk_ — \/1 - W _WJ_COSIC)M:| } (2.103)
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The two different lattice directions appear symmetrically in the Hamiltonian. We might therefore
expect to find a formula for the partition function in which the directions appear symmetrically. We
can obtain such a formula by making use of a property of the wavenumbers. We have the following

two identities,

[1 Ve +n* —26ncosky =&V +9", (2.104)
ky
H VE + 12 —2ncosk_ = |¢N — | (2.105)
T

for any two real numbers £ and 7. Each of the four terms in equation 2.103 contains the sum or
difference of two quantities raised to the power M. One can use these identities to transform each of
these terms into a product of a single square root over the set of Bloch wave numbers corresponding to
the Mth roots of either one or minus one. We can therefore simplify 2.103 at the cost of introducing
a second product over a second set of Bloch wavenumbers. We denote the second set of wavenumbers
q+ and q_:

(eiq . ) M

=1, (e'-)" =1 (2.106)

Re-writing each of the four terms in equation 2.103 using this idea, we obtain the comparitively simple

formula,
ZN M = % (\/cosh 23J) cosh 2BJJ_)NM
X {HH\/l — W) cosqy — W, cosky —I—HH\/I — W) cosq- — W, cosky
k+ q+ ky a-
+HH\/1—W|cosq+—WJ_cosk:_—|—@HH\/1—W||cosq_—Wj_cosk_}.
k_ q+ k_ q—

(2.107)

The wavenumbers g4 are what results from a Bloch transformation in the lateral direction. This
formula is, therefore, entirely symmetric in the two axis directions.
The parameterisation in terms of W) and W is rather convenient. Both of these parameters are

zero in both the low-temperature and high-temperature limits, but are otherwise positive definite and

75



do not exceed the value unity. Crucially, it can be shown that

W+ W, <1, (2.108)

where the equality occurs for a single value of 3, which we label 3., and furthermore this value satisfies

sinh 23..J) sinh 28.J, = 1. (2.109)

In addition, with reference to equation 2.97 it can be shown that this value f. is precisely the point at
which the quantity po is equal to zero, and therefore the point at which there is a change in the sign
of the final terms in the expressions for the partition function in equations 2.103 and 2.107.

This special value . precisely provides the critical temperature of the phase transition which occurs
for the case of the infinite square lattice. Equation 2.109 is a famous equation, which was obtained as
a definition of the transition temperature by means of a duality argument by Kramers and Wannier,
before the partition function of the model had yet been calculated(37). It is rather pleasant that this
value has a great significance for the solution of the finite system also.

We can take limits of our formula of the partition function, which is for a finite and therefore a
zero-dimensional system, to obtain the partition function for a one-dimensional system - the geometry
of an infinite cylinder - or a two-dimensional system - the infinite square lattice. Mathematically,
the two-dimensional limit is that the system-size in both of the principal lattice directions is made
to tend to infinity, while the one-dimensional limit is that one of the system-sizes is made to tend to
infinity while the other is kept finite. We shall consider the one-dimensional limit first, and then take
the appropriate limit of the one-dimensional partition function to obtain the result for the infinite
square lattice. In doing this, we shall reproduce the well-known result for the two-dimensional Ising
model. That we obtain the correct formula for the two-dimensional case indicates that considering the
two-dimensional limit in this way, that is, by letting the system sizes in the two directions diverge “one
at a time”, is a safe way of obtaining that limit. Although this is not in conflict with one’s intuition,
it is crucial to the entire study of the planar rotator model which is to follow later in this chapter.
In attempting to study the planar rotator model, we shall consider calculations for a one-dimensional
system, for which the system size in one direction is infinite, and we shall attempt to study the two-
dimensional model by appealing to exactly this limit, that the system size in the other direction also

be allowed to tend to infinity.
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We can obtain the one-dimensional limit by considering equation 2.103 in the limit that M is
allowed to tend to infinity while IV is kept fixed. With our convention that all of the variables uy be

taken to be positive, in the limit that M is very large it is certainly the case that

eMik s o= Mpk

The corresponding terms can therefore be omitted from equation 2.103 to obtain,

NM

ZN M = (\/cosh 2/3J) cosh 25JJ_)

X {H(\/1+W| fWLcosk++\/lfW” fWLcosk+)M

ki

1406 M
+ T L (\/1 +WH — W, cosk_ + \/1 - WH - W COSk_) } (2110)

Numerically, it appears to be the case that the product over the even wavenumbers k. in the expression

2.110 is always larger than the product over the odd wavenumbers k_,

H(\/1+W|| fWLcosk++\/lfWH lecosk:Jr)

ko

>:!€I(\/1+W|_WJ_COS]§+\/1_W|_WJ_COS]§)7 (2.111)

and therefore that expression 2.110 can be further simplified by neglecting the the product over the
odd wavenumbers because we are in the limit M — oo. This is discussed in the appendix A, wherein
we provide numerical calculations of the inequality, and a mathematical proof of the inequality for
the case J = J. At present we assume the truth of the inequality and make use of it to obtain the

following formula for the free energy per lattice site F,

IHZN’M

—BF = N ]b%;ln (\/1+WH _WJ_COS]C++\/]._WH _WJ_COSk+)

1
+3 In (cosh 23.J) cosh28.J ). (2.112)

If we now consider this expression in the limit that N tends to infinity, the normalised sum over the
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wavenumbers k4 can be replaced by an integral over a continuous variable:

T dk 1
_5F:/ gln(\/1+WH—chosk:—&—\/I—WH—chosk:)—i—iln(coshQBJHcoshQBJl).

—T

(2.113)

This expression provides the logarithm of the partition function, per lattice site, of the Ising model on
the infinite square lattice. We can make a transformation to obtain an expression which is symmetric
in the two lattice directions. In seeking such a representation, it is helpful to reintroduce the variable
. The argument of the logarithm in the integrand in the expression 2.113 is equal to \/TI/VH Wi, SO
that the expression 2.113 can be written as,

T dk 1 1
— BF = / o + 3 In 2W) + 3 In (cosh 23J) cosh 2,8JL). (2.114)

—T

Following Onsager(17), we can now make use of the remarkable identity,

T d
/ Q—qln(coshu—cosq):u—an (2.115)
T

—T

together with the expression for cosh 2uy in equation 2.82 to represent uy as an integral:

1 1 [™ dg 1
=) == | X in(cosh2uy — cosq) + = In2
HE 2( fik) 2/4 o n (cosh 244, COSL])+2 n
1 [™ dg 1 1
:5/_ﬂ%1n(1—W‘|cosq—WLcosk)—|—§ln2—§1nWH. (2.116)

Substituting this expression for py into the expression 2.114, we obtain the well-known formula,
1 (T dk [T dq 1
— BF = 3 Py 2—ln (1—WH cosq— W, cosk;) +§ln (cosh25JH cosh25.]l) +In2. (2.117)
2w 2w

Upon examination of the integral in this expression, it is clear that the integrand is divergent at the

lower limit k = 0, ¢ = 0 at the critical temperature where the parameters W) and W satisfy
Wy +W. =1 (2.118)

The integral itself is perfectly convergent at this temperature and the free energy is a smooth function

of temperature, but the divergence in the integrand gives rise to singularities in the thermodynamic
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quantities at the level of the second derivative of the free energy.

Figure 2.4: The specific heat of the Ising model on the M = N toroidal lattice, for the case J = J,
for M = N = 2-30. Also shown is the specific heat for the infinite square lattice (blue dashed line).
The critical temperature of the phase transition in the square lattice model is indicated by the vertical
red dotted line. Temperature is in units of J = J).
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Figure 2.5: The specific heat of the Ising model on the infinite cylindrical lattice of circumference N,
for the case .J = J, for N = 2-30. Also shown is the specific heat for the infinite square lattice (blue
dashed line). The critical temperature of the phase transition in the square lattice model is indicated

by the vertical red dotted line. Temperature is in units of J = J|.

We shall not pursue the exact solution of the Ising model any further in this thesis. We have shown
how to exactly represent the free energy for the Ising model on the finite toroidal lattice, and how to
obtain from this both the one-dimensional and two-dimensional limits. We now briefly exhibit some
calculations making use of this exact solution. Some examples of the specific heat of the finite systems
and the one-dimensional systems are shown in figures 2.4 and 2.5 respectively, together with the specific
heat for the infinite square lattice. The curves in these figures have been obtained by calculating the
logarithm of the partition function exactly, using the formula 2.103 for the finite system, the formula
2.112 for the one-dimensional system and the formula 2.117 for the infinite square lattice, and then
numerically differentiating these data using difference formulae to obtain the specific heat. The use of
difference formulae to obtain the derivatives of quantities is discussed more explicitly in section 2.3.

We have only included the results for the case of J, = JiIs because when we come to investigate
the planar rotator model in the sections to follow we shall only consider the model where all the
interactions have the same strength. The finite-size results in figure 2.4 are all for the case where the

two periodicities of the torus are equal, M = N, and the two-dimensional system is approached by
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making both the parameters larger at the same rate.

The two-dimensional specific heat exhibits a logarithmic divergence at the transition temperature(17).
For the case J, = Jj = J, the transition temperature is 2J/In[1 + v/2|(37) and this is indicated in
figures 2.4 and 2.5. Although we cannot calculate the specific heat at this point, the data in the
vicinity are certainly indicative of a divergence. Both the finite system and one-dimensional specific
heat curves exhibit peaks which grow in size and become sharper as the system-size is increased. It is
quite convincing from figure 2.4 that as the system-size is made larger and larger, the finite-size specific
heat curve will come to overlap with the two-dimensional curve, and the peak will ultimately become
a divergence in the limit that the system-size becomes infinite. Similarly it is quite convincing from
figure 2.5 that the one-dimensional specific heat curve will come to overlap with the two-dimensional
curve as the remaining finite size-parameter is made to tend to infinity.

Figures 2.4 and 2.5 illustrate the relationship between the zero-dimensional and one-dimensional
systems and the two-dimensional system, and illustrates graphically how the two-dimensional thermo-
dynamics emerge in the limit that a finite-size parameter tends to infinity. Furthermore, it shows quite
convincingly, and indeed we have shown above mathematically, that these two limiting procedures
both provide the same two-dimensional behaviour. This is pertinent to the investigation of the planar
rotator model which follows in the remainder of this chapter, where we shall target the square lattice

as the limit of a one-dimensional system where a scaling parameter tends to infinity.

2.3 One-to-two dimensional crossover

In the previous section, we calculated the specific heat of the Ising model on a finite IV by N lattice us-
ing the exact expression for the partition function, and illustrated the approach to the two-dimensional
limit as IV is made to increase. This idea can be utilised to investigate the thermodynamics of two-
dimensional and higher dimensional models for which no exact solution has been provided, by exam-
ining the trends in the thermodynamics of a finite system as the system size is made to increase. This
is an extremely established concept in statistical mechanics under the name finite-size scaling, and is
most commonly applied in conjunction with Monte Carlo calculations as the tool to obtain the ther-
modynamics of the finite systems(22; 23; 24; 25; 26). We shall use the term zero-to-two dimensional
crossover, provided the target is a two-dimensional system; in our example, the finite N by N lattice
is a zero-dimensional system, and becomes a two-dimensional system in the limit that the finite-size

scaling parameter N tends to infinity.
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One can equally well consider one-to-two dimensional crossover, where one deals with a system
which is infinite in one direction and finite in another, and examines the trends in the thermodynamics
as the length of the system in the finite direction is increased. In the previous section we also illustrated
this idea using the exact solution of the Ising model, where we calculated the specific heat of the
model on an infinite cylinder of circumference NV, and illustrated the effect of increasing N. The utility
of one-to-two dimensional crossover is that the thermodynamics of the one-dimensional systems are
provided in a particularly straightforward way in terms of transfer operators. As we shall presently
show, for an infinite one-dimensional system the partition function is given by the largest eigenvalue
of the transfer operator, and consequently can be computed to a considerably higher accuracy than is
typically possible using Monte Carlo methods.

This technique is rarely used in statistical mechanics, but is widely-used in quantum mechanics, in
which context it is called exact diagonalisation(44). This refers to the study of an infinite quantum
system by diagonalising the Hamiltonian for a finite system and examining how the result changes as
the system-size is made to increase(45; 46). In the context of one-to-two dimensional crossover, the
transfer matrix is the analogue of the Hamiltonian in exact diagonalisation, and the partition function,
which is obtained as the largest eigenvalue of the transfer matrix, is the analogue of the ground state
energy, which is the smallest eigenvalue of the Hamiltonian.

We therefore desire a one-dimensional geometry, which is infinite in one principle direction and
finite in another, such that if we increase the system size in the finite direction the geometry becomes,
in the limit, the square lattice. The most obvious geometry to use is a strip which is infinitely long but
which has a finite height. If we use a periodic boundary condition in the finite direction, this geometry
is an infinite cylinder. This geometry is that of the torus discussed in section 2.1.2, but where one of
the periodicities M has been set equal to infinity. The scaling variable N is here the circumference of
the cylinder.

An alternative geometry which one can use is a helix, as depicted in figure 2.6. Here the finite
size scaling parameter N is the circumference of the helix. This geometry has a great computational
advantage over the cylinder, in that the application of the transfer matrix involves a significantly
smaller number of operations. The model of nearest neighbour interactions on the helix is completely
equivalent to the model of equal nearest and Nth-nearest neighbour interactions on a linear chain.
Therefore the transfer matrix is that described in section 2.1.1, and the application of the transfer

matrix involves the summation over one spin-variable in the chain. In contrast, the transfer matrix
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for the cylinder is that discussed in section 2.1.2 and involves the summation over N spin variables.
An equivalent statement is that the transfer operator for the helix is a sparse matrix in comparison to

that for the cylinder.

Figure 2.6: Illustration of the Ji-Jy model as a helix.

We now proceed to developing some of the formalism of the one-to-two dimensional crossover
theory. This is simply the transfer operator formalism applied to find the thermodynamics of a one-
dimensional system, where the crossover to a two-dimensional system is controlled by some scaling
parameter N, the two-dimensional system corresponding to the limit N — oo. We shall go back
to the transfer operator theory discussed in sections 2.1.1 and 2.1.2 and consider the case of a one-
dimensional system, that is, the limit in which the system size M diverges. In this limit, the partition
function is described completely by the largest eigenvalue of the transfer matrix. This is a great
simplification of the mathematics, and as a result of this we can obtain extremely simple formulae
for thermodynamic quantities up to the first derivative of the partition function, and for certain
thermodynamic averages. The formalism has many analogies to quantum mechanics. For example, the
role of the largest eigenvalue of the partition function in completely describing the thermodynamics
of the one-dimensional system is analogous to the role of the quantum ground state in completely
describing the zero-temperature physics of a quantum system.

We shall develop the formalism of one-to-two dimensional crossover for a generic spin-system, where
it is understood that there is some scaling variable N as a parameter in the theory. When we apply
this theory to the planar rotator model in the next section, we shall always use the helix geometry,
and so we shall make use of the formalism developed in section 2.1.1 for the linear chain. For this
reason, we shall here use the formalism for the linear chain, and work with the formalism of section

2.1.1 in the limit that the length of the spin-chain M tends to infinity.
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We have shown that the partition function for a spin-chain of length M is equal to the sum of
the eigenvalues of the transfer matrix raised to the Mth power, equation 2.5. Let zy be the largest of
the eigenvalues of T, and let us assume that this eigenvalue is nondegenerate. Now in the limit that
M > 1, the sum in equation 2.5 is dominated by the term (ZO)M, where the corrections from the other

terms are exponentially small with increasing M:
Zyr ~ (20)™ (2.119)

It is natural to eliminate the system-size M, which we wish to set equal to infinity, by working with the
logarithm of the partition function per lattice-site, In Zp; /M. From the expression 2.119 we deduce

the equation

1
MIHZM = In 2. (2.120)

The eigenvalue zp can be regarded as the partition function per spin. This eigenvalue controls the
thermodynamics of the one-dimensional system. The calculation of the partition function is reduced
in this limit from the full diagonalisation of T to calculating just the largest eigenvalue. The Helmholtz
free energy per lattice site is given by,

1
F = —Elnzo. (2.121)

In this work, we have calculated the largest eigenvalue on the computer using the power method,
which is simply to repeatedly apply the matrix in question to an arbitrary vector until the result
converges to the eigenvector belonging to the largest eigenvalue. The mathematics which underpins
this method is as follows. Any arbitrary vector |f) can be written as a linear combination of the

eigenvectors |f,) of the transfer operator,
1) =" aalfa), (2.122)
o
and therefore the repeated application of T is given by,

(T)L 1) = aa (za)" Ifa). (2.123)

In the limit that L > 1, the term in the largest eigenvalue is exponentially larger than the other terms
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in this series, and we may write,

()" 1) ~ a0 (z0)" 1o, (2124)

where | fo) is the eigenvector belonging to zg. This occurs provided that the initial state | f) has a finite
overlap with the eigenvector belonging to the largest eigenvalue, which amounts to the statement that
the coefficient ay is non-zero. The procedure which we employ is to repeatedly apply the transfer
operator to some initial state. The resulting vector is normalised at each iteration, which provides a
number which converges to the largest eigenvalue of the transfer matrix with successive iterations. In
this way the largest eigenvalue of the transfer matrix can be obtained to machine accuracy.

The calculation is computationally expensive in two ways, firstly in the number of operations
required to multiply the vector by the transfer matrix, and secondly in the size of the vector, which
must be stored in the computer’s memory. Both of these expenses are worsened with the increase
of the scaling parameter IV, and as a result there is some value of this parameter above which the
calculation cannot be performed. For the Ji-Jy models, the vector is represented on the computer as
p™ numbers, where p is the number of allowed spin states. For models with continous spins, such as
the planar rotator model, the vector is infinitely large, and therefore some scheme must be employed
to discretise the spin variables in order to apply the technique to such models. This is discussed at
great length in the context of the planar rotator model in section 2.4.

Thermodynamic quantities which involve up to the first derivative of the partition function can be
expressed in simple formulae involving the eigenvalue 2o and the corresponding eigenvector | fo). These
formulae follow from the fact that the derivatives of the eigenvalue zy can be calculated by means of
perturbation theory. If A is some parameter in the transfer matrix T, then for an infinitesimal change

in this parameter we can write,

T +d)\) =T\ + d/\%f()\). (2.125)

If the second term in this equation is regarded as a pertubation of the transfer operator, perturbation

theory provides the corresponding leading order change in the eigenvalue of T to be

(foMIZET(N)fo(N)

20(A 4+ dA) = zo(N) + dA (fo)[fo(N)) 7

(2.126)

where |fo())) is the “unperturbed” eigenvector belonging to zo(A). The derivative of zy can therefore
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be deduced to be X
dzo _ 20(A+dN) —20(0) _ (foNIZKTN)Ifo(N)

N ax = AN (2.127)

Among the thermodynamic quantities which we can write down using this formula are the internal

energy, R
__i%:_i<fo|%rf|fo>’ (2.128)
z0 Op 2o (folfo)
and the magnetisation, R
OF _ 1 (ol Tlho) (2.129)

T OB Bz (folfo)

In order to obtain such quantities to machine accuracy, in our calculations of z; we ensure that both
the eigenvalue and the eigenvector have converged to machine accuracy; this in general requires a
larger number of iterations than the calculation of the eigenvalue alone.

In principle, higher order derivatives may be calculated by applying perturbation theory to higher
orders. The formulae for the higher derivatives involve the rest of the eigenvalue spectrum of 7. For
example, under the stronger assumption that none of the eigenvalues of T are degenerate, for the

second derivative one obtains,

. 2
Pry <f0(A)|dL;T(A)|f0(A)> Y Z <<f0(/\)I%T(/\)|fa(/\)>) (2.130)
dX? (fo(N)[fo(N)) 5 (200 = 2a(N) (foW)fo(N)) (fa (M fa(N) '
This formula can in principle be used to calculate such quantities as the specific heat,
C_GE_BQ 1% (102 i (2.131)
- oT 29 02 zo 0B ’ '
and the magnetic susceptibility,
_OM 118  (1020) (2.132)
XT9B T BlwoB2 \noB) | '

Although the formula 2.130 is of some mathematical interest, the application of it in practice
requires one to have calculated the entire eigenvalue spectrum of the transfer operator, and this is a
task of much greater computational expense than the calculation of the largest eigenvalue. It is more
practical to calculate the higher derivatives of the partition function from the computed values of the

first derivative with the use of difference formulae. To obtain the second and higher derivatives of zg
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with respect to A, we calculate the first derivative to machine accuracy at the five evenly spaced points

lying symmetrically around the relevant value of the parameter, and we write,

By - S (caan aan awt e (R
Toran -] | 2an 2 gant g || g

which follows simply from the Taylor expansion of ‘%’ about the value A\. These relations can be

inverted to provide approximate formulae for the derivatives of zy up to the fifth order,

Zﬁg(x)zs f;fg’u—zm)—;“g;;(x—mwgfl’zo(“m)—&‘g}(ﬁmn], (2.133)
Cfi???()\)% (A1)\)2 _112?;@2AA)+§ZZ;(AAA)+§ZZ;(A+AA)fQ‘zZ;(Mzm)g‘ig)
24;;)()\)% (A&)z :;‘z‘mgmné‘fﬁ)(xAA);fg)(x+AA)+;f§(A+2M)},

‘f;;o ) ~ (Alw :‘2;0@ —2A)) —4%(/\—A>\) —4%(/\+A>\) + %(AJrQA)\) +6ig\)(>\)} .

We have assumed that the largest eigenvalue z( is nondegenerate. This is found to always be the
case for the finite NV system, and degeneracy of the largest eigenvalue is only seen to occur in the
two dimensional limit N — oco. This is well-known in the context of exact-diagonalisation, where the
groundstate of the finite system is always non-degenerate, and degeneracy is seen to emerge as the size
of the system is increased. Exact diagonalisation studies frequently consider precisely the question of
whether in the infinite system the groundstate is degenerate, and this is done by assessing the rate at
which the separation of the groundstate energy to the first excitation energy decreases as the system
is made larger(45; 46). In the context of one-to-two dimensional crossover, the degeneracy of certain
eigenvalues of the transfer matrix with the largest eigenvalue occur at a critical point The calculation
of other eigenvalues of the transfer matrix in addition to zq is therefore, just as in exact diagonalisation,
an important facet of the technique.

Let z; be the next-largest eigenvalue after zo and let |f1) be the corresponding eigenstate. In

principle, this state can be obtained using the power method in exactly the manner described in the
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calculation for |fp), provided that one chooses an initial state |f) which has no overlap with |fy) but

a finite overlap with |f1). In this case we would have after many iterations,

()15 ~ o ) 112 (2134)

in place of the expression 2.124. The initial state can be first orthogonalised with respect to |fo) by

the procedure

(fol )
(folfo)

£y = 1f) = | fo)- (2.135)

In practice, even if the intitial state is orthogonal to |fy), any numerical error which occurs in the
calculation of each application of the transfer matrix will build up over a large number of iterations
to generate a |fop)-component in the state, and one must continually orthogonalise the state with
respect to |fo) in order for it to converge to |f1). This method can be generalised to calculate any
number of eigenstates, in the order of decreasing modulus of the corresponding eigenvalues, by simply
orthogonalising with respect to the previously calculated eigenstates. For example, the eigenstate

belonging to the third-largest eigenvalue is obtained by continually applying the procedure

(fol f)
(folfo)

(flf)
(flfr)

1f) = 1f) - | fo) — | f1)- (2.136)

A striking analogy between the one-to-two dimensional crossover theory and quantum mechanics
emerges relating to the calculation of thermodynamic averages of quantities which are functions of
contiguous sets of spins. Consider a function of N neighbouring spins in the chain, Q(gl, §2, e gN)

The thermodynamic average of this quantity is, from first principles,

M
<Q(§1,§2,...7§N)):$ H/dszj (Q(S1. 8o Suse ). (2.137)
j=1

Now, in section 2.1.1, in our consideration of the partition function as a summation over all the M
spin-variables in the chain, we have seen that (M — N) of these summations provide the diagonal
elements of TM , and the remaining N summations provide the trace of this operator. In the present

calculation, we can identify the N spins which are the arguments of Q(S‘}, Sy, .., 8 ~) with the trace,
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and consequently we may write,

(Q(51, 52, ..., Sn)) = %tr (QTM), (2.138)

where the operator Q is constructed to provide the factors Q(gl, §2, e ,S_"N):

[SeS

M
(s S1QISt, s Sie) = QS o e Sv) [[ 05, 5 (2.139)
j=1

Expanding the trace using the eigenbasis of the transfer matrix provides

1

J g g M
(Q(Sh, 52, ..., Sn)) = Ezw

" falfa)

=5 3 (za) STATAR (2.140)

[e3

In the limit M — oo only the term involving the largest eigenvalue is relevant, and substituting in the

expression for the partition function in this limit, we obtain,

(Q(S1, 52, ..., Sn)) = {olQlfo) (2.141)

(folfo)

Using the expression for the inner product 2.10, this is given explicitly by

N
<Q(§1,...,§N)>:<f07fo> H/de Fo(Sn sy SHQ(S, .o Sn) fo (S, ey Sn). (2.142)
j=1

It is clear from this expression that the quantity

b

g fo (S S0 folSh, e Siv)

is the probability distribution for the configuration of the N contiguous spins. These results are
perfectly analogous to quantum mechanics, where the expectation value of some observable O is given
by,

(V]0|¥)

T
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and the quantum mechanical wavefunction provides the analogous probability density as,

U ({zi )Y ({xi})
(Vo) '

The formula for the ensemble average of a function of N contiguous spins has a very simple form
because we can identify the N spin-variables which form the argument of the function with the trace.
For completeness, we now deal with the more complicated case of functions of a larger number of
contiguous spins. The ensemble average of a function of (N + [) contiguous spins, Q(gl, e §N+l)7 is

of course,

M
I . 1 Lo .
Q81,8 Sy = 5 - ||/dszj (Q(Sl,SQ,...,SNH)e’BHM). (2.143)
i=1

In comparison to the case of the function of N contiguous spins, in this case there are an “extra” [
spin variables whose summation cannot be included in the trace and which are not equivalent to the
repeated application of T, owing to the presence of the function @); the summation over these [ spins
cannot be simplified, and we must simply define a new operator so as to account for these summations.

We introduce the new transfer operator V and write,

—

(Q(S1, ... Snia)) = %tr (VZTAM*I) : (2.144)

where V is defined to simply include the summation over [ spin-variables including the function @ in

the summand via,

((V)lf) (§1+l7 "'7§N+l) =
l
H/de Q(Sh, ooy Sy ) ePK S 8K S Sna 1§, Sx). (2.145)
j=1

Proceeding in the same manner as in the former case, the trace in equation 2.144 can be represented

in the eigenbasis of T as,

- N aY}
(Q(S1, ..., Snsi)) = ZLMZ(%)M‘I W (2.146)

e

and for any finite [, the term in the largest eigenvalue dominates in the limit that M — oo and we
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obtain in this limit,

g g 1 (flD)!fo)
A IR TATS I

A particularly important example is the spin-spin correlation function, <§1 -§1+T>. For the short-range

(2.147)

spin correlations, with » < N, we have,

— —

1 N .- _ .
(81 Suar) = s jl:[l/dﬂj <S1-S1+T>fo(SN,...,Sl)fO(Sl,...,SN), (2.148)

while for » > N we have the representation,

5 .G LYY (ol (V)N fo)
S1-S140) = — , 2.149
1 Srte) (ZO> (fol fo) ( )
where the new transfer operator T2 is defined by
((V)T“*Nf) (St4r—ns-s Sp) (2.150)
N+1—r ~ ~ ~ ~
[ 11 /de (51 : Sm) PE St Sns)Fo A BE SriionSe) £(F) L G,
j=1

Any of the quantities discussed, which may be calculated to a high accuracy for the finite N system
by the formalism outlined above, can be extrapolated to the two-dimensional limit N — oo. This is
the only part of the application of the one-to-two dimensional crossover theory that is not on a sound
mathematical footing. One fits a function of 1/N to the finite N data and reads off the value of the
fitted function at the point 1/N = 0. In this thesis, the only function which we have fitted to the data
is the Lagrange interpolating polynomial, this being the unique lowest-order polynomial which passes
through the data points(47). This extrapolation is often seen to fail, in that it predicts behaviour
which is certainly not that of the two-dimensional system.

We close this section by applying the one-to-two dimensional crossover to the Ising model, in order
to show how the theory predicts the existence of a phase transition. We exhibit calculations of the
specific heat, the correlation length and the magnetic susceptibility.

The specific heat of the J;-Jx Ising model is shown in figure 2.7, and the transition temperature
of the square lattice Ising model is indicated. There is a pronounced peak, which increases as N is
increased and which appears to be precisely at the transition temperature. In the square lattice Ising

model, the specific heat exhibits a logarithmic divergence at the transition temperature. It seems that
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in the limit N — oo the peak in the one-to-two dimensional crossover calculation continues to grow

and ultimately becomes this very divergence.

Figure 2.7: Specific heat of the J;-Jn Ising model for N = 2-24. Also shown is the specific heat of the
square lattice Ising model (dotted blue line). The red dotted line marks the transition temperature of
the square lattice Ising model.

The derivatives of the specific heat with respect to the temperature are shown in figures 2.8 to
2.10. In the square lattice model, the specific heat is logarithmically divergent at the transition
temperature, and each successive temperature derivative of the specific heat must exhibit a stronger
divergence at this temperature. For finite IV, each successive derivative of the specific heat takes larger
absolute values in the vicinity of the transition temperature; the size of the peaks and troughs in these
derivatives increases with N, and the increase with N is greater in the higher derivatives. It is quite
convincing that each of these quantities is becoming divergent in the limit N — oo, and it appears
that higher and higher derivatives are becoming divergent faster as N is increased, in agreement with

the known behaviour of the square lattice model.
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Figure 2.8: First derivative of the specific heat with respect to T for the Ising model for N = 2-24.
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Figure 2.9: Second derivative of the specific heat with respect to T for the Ising model for N = 2-24.
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Figure 2.10: Third derivative of the specific heat with respect to T for the Ising model for N = 2-24.

The correlation length £ and magnetic susceptibility x provide a means to estimate the correspond-
ing critical exponents. In the square lattice Ising model, just above the transition temperature these
quantities have the form,

E~ (T =Te)™,
X~ (TﬁTC)iva

where the critical exponents have the values v = 1 and v = 7/4(6).
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Figure 2.11: The inverse correlation length of the J;-Jy Ising model, for N = 2-22. The vertical
dotted line marks the transition temperature of the square lattice Ising model.

The calculations of 1/¢ are shown in Figure 2.11. In the square lattice model, the correlation length
diverges at the transition temperature, and is equal to infinity in the long-range ordered phase below
the transition. The one-to-two dimensional crossover calculations certainly predict that the correlation
length should be infinite for the limit N = oo for all temperatures below, with the possible exception
of the very near-vicinity of, the transition temperature. The value of the correlation length in the
region below the phase transition is increasing with N, and for the biggest calculation, N = 22, the
correlation length is calculated to be greater than 10° for all temperatures 0 < 7' < 2 and greater than
1010 for 0 < T' < 1.

In addition, 1/£ shows a linear form in the vicinity of the transition temperature, in accord with
the critical exponent having the value v = 1. The functional form of the correlation length can be
investigated further by calculating the derivatives with respect to temperature of 1/£. The first and
second derivatives are shown in figures 2.12 and 2.13 respectively. The first temperature derivative
of the known critical temperature-dependence of 1/¢ is a step function, where the step occurs at the
transition temperature, and the second derivative is a Dirac delta-function centred at the transition

temperature. The prediction for the N — oo limit of the one-to-two dimensional crossover calculations
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is certainly an abrupt step-like change in the first derivative, and a very large peak or a divergence in
the second derivative, the position of the peak in the second derivative lying very close to the transition
temperature. As it happens, the second derivative of 1/£ with respect to the logarithm of temperature,
shown in figure 2.14, reveals the emerging divergence at the transition temperature most clearly, the

peak in this quantity being even closer to the transition temperature.
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Figure 2.12: Derivative of the reciprocal correlation length with respect to temperature for N = 2-22.
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Figure 2.13: Second derivative of the reciprocal correlation length with respect to temperature for
N = 2-22. The vertical dotted line marks the transition temperature of the square lattice Ising model.
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Figure 2.14: Second derivative of the reciprocal correlation length with respect to InT for N = 2-22.

The vertical dotted line marks the transition temperature of the square lattice Ising model.

The situation is much the same for the magnetic susceptibility. The square lattice model has y
also equal to infinity below the phase transition. The calculations of 1/ are shown in figure 2.15, and
again suggest that the susceptibility should be infinite in the low-temperature region in the N — oo
limit, the value for the largest calculation, N = 18, being larger than 10* for temperatures below
T = 1.5. The first temperature derivative of the known two-dimensional critical form of 1/y is a
power law with the exponent 3/4, and the second temperature derivative is a power law with exponent
—1/4, and the latter function diverges at the transition temperature. The calculations of the first
and second temperature derivatives of 1/x are shown in figures 2.16 and 2.17 respectively. While
there is apparently little to be deduced from the calculation of the first derivative, a very clear peak
appears in the second derivative, in accord with the expectation that this quantity should diverge in
the N — oo limit, although the position of this peak is still substantially displaced from the transition
temperature in the biggest calculation. In this instance the third derivative of 1/x with respect to the
logarithm of temperature shows a peak in very close proximity to the transition temperature, and it
is extremely convincing the in the N — oo limit the peak will lie precisely on top of the transition

temperature. Concerning the critical exponent -, the hard prediction of the one-to-two dimensional
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crossover calculations, based on the number of temperature-derivatives of 1/x which must be taken

before a peak emerges, is that the exponent lies in the range 1 < v < 2.
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Figure 2.15: Reciprocal of the magnetic susceptibility of the Ising model for N = 2-12. The vertical
dotted line marks the transition temperature of the square lattice Ising model.
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Figure 2.16: First derivative of the reciprocal magnetic susceptibility with respect to temperature for
N = 2-12. The vertical dotted line marks the transition temperature of the square lattice Ising model.

100



, 09
igl
0T%X o8

0.7 |

0.6 |

04

0.2

0.1 |

0.1 | | | | |

Figure 2.17: Second derivative of the reciprocal magnetic susceptibility with respect to temperature
for N = 2-12. The vertical dotted line marks the transition temperature of the square lattice Ising
model.
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Figure 2.18: Third derivative of the reciprocal magnetic susceptibility with respect to InT for N = 2-

12. The vertical dotted line marks the transition temperature for the square lattice Ising model.

2.4 One-to-two dimensional crossover of the planar rotator

model

2.4.1 Introductory remarks

In this section we shall apply the one-to-two dimensional crossover to the planar rotator model. The

scheme which we shall use is the J;-Jy spiral geometry, and therefore we consider the Hamiltonian,
Hy =—J [cos(¢; — ¢;41) + cos(d; — b1 n)] (2.151)
J

where the index j labels the sites on an infinite spin-chain. The spiral circumference N is the finite-size
scaling parameter, and we shall be concerned with how the results of our calculations change as N is
increased, ultimately appealing to the limit that N tends to infinity. The question which we aim to
address is the style of phase transition which occurs in the square lattice planar rotator model.

The technique, as discussed in the previous section, is to construct the transfer operator and then
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to find the largest eigenvalue on a computer. The planar rotator model has continuous degrees of
freedom, and in order to represent the transfer operator on a computer, some discretisation procedure
must be employed. One scheme is simply to discretise the spin-angles ¢;, that is to only allow them to
take an integer number g of discrete evenly spaced values in the range 0 to 2. The model which results
from performing this discretisation is known as the g-state clock model, owing to a resemblence of the
equally-spaced spin-directions to a clock face. A thorough investigation of the one-to-two dimensional
crossover of the clock model has been carried out previously and is reported in the thesis of A. M.
Cave(29).

The clock model is not isotropic, and as a result long-range order must occur on the square lattice
at low temperature. This discretisation therefore drastically changes the low temperature physics of
the model. The ¢ = 2, ¢ = 3 and ¢ = 4 clock models are equivalent to the Ising model, the three-state
Potts model(48) and two independent Ising models respectively, and all these models undergo a single
second order phase transition from a long-range ordered phase to a disordered phase, and the transition
temperatures are known exactly(49). For ¢ > 4, the clock model undergoes two phase transitions(14):
a low temperature transition from a long-range ordered state into a power-law correlated phase, and a
high temperature transition from the power-law correlated phase into a disordered phase. The latter
transition corresponds to the phase transition in the planar rotator model.

The clock model can be thought of as an approximation to the planar rotator model, with erroneous
low temperature behaviour resulting from this approximation, or thought of as an interesting model in
its own right. It is also equivalent to the planar rotator model with an additional strong crystal field
interaction, which forces the isotropic planar spins to point in the evenly spaced discrete directions.
From this viewpoint, the long-range order transition is associated with the crystal field interaction,
while the upper transition is associated with the underlying planar spins, and the investigations into
the clock model have indicated that these should be thought of as quite independent(29).

In this thesis we shall present the results of using a different discretisation scheme based on pa-
rameterising the continuous spin-angles in terms of Fourier series. The Fourier indices provide math-
ematically natural discrete degrees of freedom to describe the transfer matrix, but in doing this one
obtains a matrix which is infinitely large. We truncate the Fourier series to simply ignore the high
Fourier components. This results in a finite matrix whose eigenvalue is equal to that of the transfer
matrix to machine accuracy for a sufficient truncation. In this scheme, the error is introduced into

the calculation not with the discretisation, which is the exact representation of periodic functions as
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Fourier series, but with the truncation of the Fourier series. As we shall come to discuss, the number
of Fourier components which it is necessary to include in the calculation in order to achieve machine
accuracy is larger at lower temperatures. The low temperature corruption present in the clock model
is therefore still present in the truncated Fourier series scheme, but it surfaces in a different way.

In the thesis of A. M. Cave, the clock models were discussed in large part as interesting models in
their own right, rather than only approximations to the planar rotator model. This thesis is concerned
with the planar rotator model exclusively. The calculations have been performed with the philosophy
that the number of Fourier components should be actively adjusted as a function of the temperature
in order to ensure that the thermodynamics of the pure planar rotator model are calculated to a high
accuracy. The low temperature error resulting from the truncation will be present in some calculations,
but this will always be regarded as an irritation. By contrast, the low temperature “error” in the clock
models is of great physical interest, in that it describes a second phase transition associated with a

crystal field interaction.

1.4
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Figure 2.19: The specific heat of the J;-J5 planar rotator model (solid black line), and the J;-J5 ¢-state
clock model for ¢ = 5 (red line), ¢ = 6 (blue line) and g = 7 (green line). The clock model calculations
were provided by A. M. Cave.

Figure 2.19 shows transfer function calculations of the specific heat of the J1-J5 g-state clock model

for ¢ =5, ¢ = 6 and ¢ = 7 which were completed by A. M. Cave, together with a calculation of the
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specific heat of the J;-J5 planar rotator model completed as part of the present investigation. We shall
come to discuss the calculations of the specific heat for the planar rotator model in much more detail in
section 2.4.4, but at this stage simply offer this calculation in order to compare it with the clock model
calculations. The clock model calculations clearly provide a good approximation to the planar rotator
specific heat at sufficiently high temperatures, and the second peak which occurs at low temperature
is a sympton caused by the discretisation of the spin-angles, and is taken by A. M. Cave to mark the
long-range-order transition which occurs in the square lattice clock models. Increasing the number of
discrete spin-directions g provides a better approximation to the planar rotator model, evidenced in
the calculations by a closer match between the specific heat curves down to lower temperatures, and
the shift of the low temperature peak towards the origin.

In addition, the calculations allow us to make a much stronger statement regarding the relationship
between the two models. Figure 2.20 shows the ratio of each of the three clock model specific heat
curves to the planar rotator curve. Strikingly, while the low temperature peak is clearly visible in the
ratio of the specific heats, the high temperature peak is entirely absent. This shows quite convincingly
that the peak in the planar rotator specific heat and the upper peak in the clock model specific heats
are identical. A. M. Cave has interpreted the two peaks in the clock model specific heats as being
associated with the two phase transitions which occur in the square lattice clock model, and has
provided evidence that these are both regular phase transitions, and either the specific heat itself or
some higher temperature derivative of the specific heat will exhibit a divergence at these points in the
two-dimensional limit. Figure 2.20 shows quite convincingly that any of the behaviour associated with
the upper peak in the clock model should be identical in the planar rotator model. One can therefore

target the peak in the specific heat of the planar rotator model by examining a clock model calculation.
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Figure 2.20: The data of figure 2.19, but plotted as the ratio of the specific heat of the Ji-J5 g-state
clock model to that of the J;-J5 planar rotator for ¢ = 5 (red line), ¢ = 6 (blue line) and ¢ = 7 (green
line). The clock model calculations were provided by A. M. Cave.

The desire to calculate the thermodynamics of the pure planar rotator model to a high accuracy
limits the scope of the calculations in the present investigation to smaller values of N than in A. M.
Cave’s work. Concerning the style of phase transition which occurs in the planar rotator model, the
clock model calculations therefore constitute the best evidence on this matter which can be provided
using the one-to-two dimensional crossover technique. However, in order to establish the relationship
between the two models it has been necessary to calculate the thermodynamics of the pure planar
rotator model to a high accuracy, and this has led to the investigations reported in the present thesis.
It is also arguably worthwhile to be able to present the evidence for the nature of the phase transition
in the planar rotator model which is apparent in the bare thermodynamics of this model, without the
need to consider the smooth additions to the thermodynamics which occur in clock model calculations.

Both the clock model investigations and the present planar rotator investigations provide consistent
evidence that the phase transition in the square lattice planar rotator model is a regular phase transition
with ordinary critical exponents. This is a very different picture to the widely-held view that the model
should exhibit a Kosterlitz-Thouless transition which does not show up in the thermodynamics. The

evidence in the pure planar rotator calculations is cleaner and therefore easier to interpret, but is
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limited to smaller values of the scaling parameter N. The evidence provided in the clock model
calculations is less clean because of the smooth additions to the planar rotator thermodynamics, but
it is stronger evidence because one has access to larger values of N.

We begin, in section 2.4.2, by describing how the transfer operator for the planar rotator model
is represented in terms of Fourier series; one finds that in this representation the transfer operator is
cast as a matrix whose elements are products of Bessel functions. We devote some space to discussing
the properties of these functions, in order to justify the truncation of the Fourier indices which we
make for the purposes of computation. In section 2.4.3 we then describe a symmetry of the planar
rotator model, namely with respect to the angle with respect to which the spin-angles are measured.
We extract this symmetry in order to divide the N-dimensional space of the transfer operator into a
discrete, independent set of (N — 1)-dimensional subspaces which are labelled by a single index m. In
terms of the computational expense of the one-to-dimensional crossover, this reduction in the size of
the transfer operator increases by one the largest value of IV for which we may perform the calculations.

In the subsequent sections we shall discuss a number of specific calculations of different quantities.
The first set of quantities are the specific heat and higher temperature derivatives of the entropy, and
these are dealt with in section 2.4.4. These calculations are both the most straightforward application
of the one-to-two dimensional crossover technique and those whose results are easiest to understand.
Ultimately one finds smooth curves for these quantities which show increasingly violent behaviour as
N is increased, suggestive that a divergence will occur in one of the derivatives in the limit N — oc.

We shall then discuss the correlation length, the magnetic susceptibility and the helical stiffness
in sections 2.4.5, 2.4.6 and 2.4.7 respectively. Each of these calculations requires some additional
mathematical formalism, and the calculations of the magnetic susceptibility and the helical stiffness
require one to modify the Hamiltonian. We shall present detailed discussions of each of the quantities
in turn, in which we shall introduce whatever additional mathematics is pertinent to that particular
calculation. In particular, the correlation length is closely associated with the eigenvalue spectrum
of the transfer operator, and in section 2.4.5 we will also discuss a number of calculations of other
eigenvalues in addition to the largest eigenvalue. The correlation length and magnetic susceptibility
calculations allow some estimation of the relevant critical exponents for those quantities, and probably

constitute the most striking indication of a regular phase transition in the square lattice model.
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2.4.2 Fourier space representation

The equation 2.8, which defines the transfer operator, for the planar rotator model takes the form,

(2£) (61,60, usom) = [ G009 00,61,y -). (2152)

_p 27

Throughout this section, we shall assume that the transfer operator has been chosen to be self-adjoint,
in the sense described in section 2.1.1, that is that the exponent K (¢g, ¢1,...) is symmetric under the

operation of reversing the order of its arguments,

K(¢0>¢17"'7¢N) :K(¢N7¢N71a~--7¢0)- (2153)

As indicated above, we adopt the mathematically natural discretisation scheme of Fourier series;

we write for a general state,

f(ébl, ---7¢N) _ Z Z Z fm17m2,m7mN6i(m1¢1+m2¢2+.‘.+mN¢N)_ (2.154)

mp=—00 Ma=—00 my=—00

This is equivalent to representing the underlying vector |f) using the basis states |my, ...,my), where
(DN ooy P1|ML, ooy iy ) = ei(mS1Fm2detodmadn) (2.155)

and these states have the orthogonality property,
N
(ma, ..., my|mi,...my) = H(Smj+m§V+1—j. (2.156)
j=1

The Fourier coefficients of the function f(¢1,...,¢n) are the components of |f) in this basis, and are
given explicitly by

frmyma,omy = (=MN, —MN—1, o0y =M1 [f). (2.157)

To find the Fourier-space form of the transfer operator, we must write down the Fourier coeffi-
cients of the function e#K(%0:@1.¢N) in equation 2.152. Whatever choice is made for the function

K(¢g, ¢1, ..., 6n), it is always a sum of cosine angles of the spin functions. We must therefore consider
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the expansion,
o0

e = N I (x)e", (2.158)

S=—00

where I,(z) is the modified Bessel function of the first kind of order s. The Fourier components of e#¥
and therefore the matrix elements of the transfer operator in the Fourier basis, are given by products
of these functions.

Given the utmost importance of the functions I(x) in the calculations, we now briefly discuss their
properties. Equation 2.158 can be regarded as a definition of these functions, and from this definition
one can immediately deduce the integral representation,

T do

L(z) = [ ——eifercos? 2.159

=[5 (2159)

By replacing the factor €*°%? in the integrand by its power series in the variable z, and integrating

out the variable 6 term by term, one obtains the following series representation for Is(x),

2n+|s|
“’”) (2.160)

= 1
I(z) = Z (sl +n)inl (5
n=0
The series in equation 2.160 converges extremely rapidly, and can consequently be used to calculate
the functions Is(z) to a high accuracy for all values of z. It is this series representation which we have
used to calculate the functions using the computer.
In the limit that x is small, the functions are given by the first term of the power series 2.160,

providing the small-z limit of

I,(z) ~ ﬁ (g)lsl . (2.161)

The zeroth order function I(x) takes the value one at = 0, and all the higher order functions take
the value zero at © = 0. This limit of small x corresponds to the limit where the temperature is large.

The large-x limit, which corresponds to the case of low temperature, may be obtained from the
integral representation in equation 2.159. In this limit the integrand in equation 2.159 is extremely
large in the vicinity of # = 0, and this region dominates the integral. One can therefore replace the
integral in this limit by

I(z) ~ i/ij cist o= (1), (2.162)

21 J_ o
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and evaluating the Gaussian integral provides the large = limit to be

exfsz/Zm

All of the functions ultimately increase without bound as z is increased.

All of the coefficients in the power series 2.160 are positive, and consequently in the domain 0 < z <
00, these functions are monotonically increasing functions of z. The functions also have the property
that, excluding the points x = 0 and x = oo, the higher-order functions are always smaller for the
same value of x:

Ij(z) < Iy (z) if |s| > s (2.164)

In addition, for any finite value of x, the sufficiently high-order functions become exponentially small.
The ratio of the second to the first term in the power series 2.160 is equal to \SI% (%)2 If this number
is taken to be small, then to a good approximation I;(z) is given by only the first term in the series.
This is the case if = is taken to be small, and this is of course precisely the small-z limit in 2.161. This

is also the case if the order |s| is very large. Precisely, if |s| > (%)2 then we may approximate I,(x)

by the first term. In addition, if |s| > 1 we may employ the Stirling limit,

Is]
[s|! ~ +/27|s] <|S|> ,
e

to replace the factorial in the first term, so that for sufficiently high orders we find the asymptotic

() ~ — ( ex )lSI . (2.165)

27|s| 2|s|

form,

The implication of the exponential decay of the larger-order functions, described by the relation
2.165, is that, at any finite temperature, the transfer matrix can always be truncated to be finite,
and the error resulting from the truncation can be made arbitrarily small by enlarging the truncated
matrix. The size of the matrix that is required to provide the largest eigenvalue to a given accuracy is
larger at lower temperatures, and this corresponds to a computationally more expensive calculation.
The low temperature limit therefore presents an inherent difficulty in these calculations.

We truncate the transfer matrix by truncating the Fourier indices, mj, mo, ..., my, which we let
take integer values in the range,

-M <m; <+M
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for some positive integer M, which we regard as an active parameter that describes the truncation.
The number of degrees of freedom, per spin-variable, is therefore given by p = 2M + 1. The eigenvector

is represented by p” numbers, and this effectively changes as a function of temperature.

2.4.3 Rotational symmetry

In the absence of an additional term such as a magnetic field, the Hamiltonian 2.151 depends only on
the differences in the spin-angles for different sites, and is therefore symmetric with respect to a global
rotation of the axis with respect to which the spins are measured. This symmetry is also present in the
transfer operator, and can be extracted to effectively reduce the number of degrees of freedom in the
eigenvalue problem from N to N — 1. In quantum mechanical problems, a symmetry can be associated
with some operator which commutes with the Hamiltonian, and consequently the eigenstates of the
Hamiltonian can be chosen to be eigenstates of this operator also, which has the effect of splitting the
problem into a number of independent subspaces. In the context of one-to-two dimensional crossover,
a symmetry corresponds to an operator which commutes with the transfer operator T'. The rotational
symmetry of the spin-variables is described by the operator Ry, which we define to rotate each of the

spin-variables through an angle «,

(Raf)(¢17¢27 7¢N) = f(¢1 + Oé7¢2 + «, 7¢N + CY). (2166)

This operator has the matrix elements,
N
(ONs s 01| Raldh, s ) = [ 270(05 — 0 — o), (2.167)
j=1

and it is straightforward to formally prove that R, commutes with the transfer operator T.

Any exponential function of the spin-angles is an eigenfunction of the operator R,. The Fourier
states |my,...,my) are a complete basis of such states, with corresponding eigenvalues given by
etlmitmat..+tmy)e  The Fourier states with distinct values for this eigenvalue therefore comprise
independent subspaces. Each subspace is spanned by all the Fourier modes where the sum of the

Fourier indices has a certain value,

mi+mo+...+my =m, (2.168)
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and the integer values of the variable m label the subspaces. This equation effectively acts as a
constraint on the N Fourier indices, so that the number of degrees of freedom required to describe one
of the subspaces is reduced to N — 1. We may define a projection operator P, which acts to project

a state onto the m-subspace,

Pm = Z |m1,m2,...,mN><—mN,—mN_1,...,—m1 5 (2169)

mi+ma+...+my
=m

and in general any state can be split up into its components in the different subspaces,

o

fy=>_ 1), (2.170)

m=—0o0

where

[F0™)) = Pl f)- (2.171)

We shall consistently use the notation that a superscript in brackets indicates that a state lies entirely
within the corresponding subspace.

We shall take advantage of this symmetry to reduce the size of the transfer matrix. There remains
a large amount of choice in how we choose to parameterise the states in the m-subspace. The fact
that the interactions in the Hamiltonian depend only on the differences in spin-angles suggests that

the floating variables

"Ll)j = d)j — ¢j+17 for j = 1,2, ) (N - 1) (2172)

are a natural parameterisation, and we may regard the function K(¢1,...) as a function of these
variables:

K(p1,...,0n) = K(p1 — ¢2, ..., oN—1 — ON)-

The Fourier state can be written as

eilmidit..+mnon) _ gime: ei("l(¢71*¢2)+n2(¢2*¢3)+~~+"N*1(¢N*17¢N)), (2.173)
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where the newly introduced indices are implicitly given by the equations,

mi =m+ nq, (2.174)
mo = ng — Ny,

m3 =mn3 — Nz,

mN—-1=MNN-1—NN-2,

myNy = —MNnN—1.

Within the m-subspace, these equations effectively relate the Fourier components of the function of
N variables f(™) (¢, ...,¢n) to the Fourier components of a function of the N — 1 floating variables,

F(m)(lﬂl, ...,’(/JN,1)7 where
F (b1, ey ) = MO F (1 — o, o — B3,y N1 — ). (2.175)

We shall throughout indicate the functions of the floating variables with the capital of the symbol
used for the corresponding function of the original spin-angles. Expressed in this way, one is effectively
making a change of variables from the IV original spin-angles ¢; to a parameterisation in terms of the
N — 1 floating variables plus one of the original angles, in this case ¢1, which provides the axis with
respect to which the other degrees of freedom are measured. For a function which may span the entire

N-dimensional space, one has in general,

F@1, o) = Y €MFEM () — ¢y, b1 — ), (2.176)

m=—0o0

and the functions of the floating variables are the resulting coefficients of writing the full function f
as a Fourier series in ¢;.

We may completely describe a state in the m-subspace entirely using the function F(") (Y1, .y ON_1)-
To connect this description with the underlying vector-formalism, we introduce the states |m; 1, ..., ¥n_1),

where

N-1
(DN, S1lm; 1, oy 1) = €™ T 270(05 — &5 + i41)- (2.177)
j=1
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From this definition, it follows that these states obey the orthogonality condition,

N—-1
(504 s Wy |30, oo y) = @MWty g T 2mS(y 4 ), (2178)

j=1
and the completeness condition for these states takes the form,

o0

N-1
™ d . X ~
Z H %6_’7”(%4'1/’2"'“’"1/’”*1)|m; wl,...,l/}]v,1><—m; —wal,..”—’lbl =1. (2179)
™

m=—oco j=1"Y"T

This basis relates to the description in terms of the floating angles according to,
FO (hy, yhy—) = e mWitate bON ) (e by g =1 [ f). (2.180)
The matrix elements of the transfer operator in this basis are given by,

N—1
(15— s G T 6 oy ) = PR i) il ot tomlg, T 28—,
=2
(2.181)
There is no nonzero matrix element connecting distinct m-subspaces, as we expect. The transformation

of the function F(™) (1)1, ...) by the transfer operator is described by,

) . T d .
emimWatAUN) (g —z/JN,...,—¢2|T|f>:/ —;16“7”/’1eﬁK(wl’wQ"“’wN)F(m)(1/}1,...,1/11\7,1). (2.182)
s

—T

This provides an integral representation for the transfer operator in the m-subspace. This expression
is extremely similar to the representation of the full transfer operator in the original spin-variables,
equation 2.152, but with the addition of the Fourier factor e¢!™¥1. We introduce the notation that T,

denotes the part of the transfer operator which acts on this subspace,

T, = B,TP,,. (2.183)

In practice, equation 2.182 is the starting point for our calculations, with the exception of the cal-
culations of the magnetic susceptibility for which the rotational symmetry must be broken and one
cannot employ the floating basis. One can apply the power method on each of the operators T, to
obtain its own eigenvalues and eigenvectors. It is found that the largest eigenvalue of the full transfer

operator, the partition function, is always found in the m = 0 subspace. Consequently, the one-to-two
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dimensional crossover theory for most quantities, apart from those relating to the response to a mag-
netic field and certain correlation functions, can be carried out by simply working with Ty in place of
the full transfer operator T. For the most part we have proceeded in this way. The calculations of
the correlation functions require the inclusion of eigenvalues of other subspaces in addition to m = 0,
and the calculations of quantities related to the magnetic susceptibility cannot be performed using the
floating basis.

For representing the transfer operator on the computer, we work in Fourier space and parameterise
the eigenfunction F(™ with the Fourier indices nq, ..., ny_1 in equation 2.173, and write,

F(m)(wla-“ﬂprl): Z Z F(m) ei(nl1/J1+n2¢2+..4+nN71¢N71). (2.184)

m1,M2,...;NN—-1
nyg=—oo NnNN—-1=——00

We use a variety of representations for the transfer function which follow from different choices of the
function K (11,2, ...,%n). The simplest choice for which the transfer function is self-adjoint for any
N is

K1, 2, ... 0N) = %COS% +cos (Y1 + 2 + .. +PN_1 +PN) + %COSlﬁN (2.185)

for which the explicit eigenvalue equation which we solve is,

SN Lt B LB g (B o s = 2SWEM (2.186)

T=—00 §=—00

The transfer matrix is truncated to be finite by truncating the Fourier indices in exactly the manner
previously explained. The size of the eigenvector is then (2M + 1)V =1 where M is the highest Fourier
mode included.

As an extremely important aside, we note that in taking the approach of representing the transfer
matrix with the floating basis, and regarding the function F(™ as the object of primary importance,
the inner product is in fact nontrivial expressed in this representation; one has the addition of a Fourier

factor in the integral representation of the inner product,

/ NS or g
(g™ = G [ [ / TJG(fm)(—dJN—l,—1/JN—2,---7—¢1)F(m)(7/11,¢2,---,Z/JN—l)
je1 = 2T

« etfmW1tiet. PN 1) (2.187)

Finally, we note that there is a second, independent symmetry of the transfer operator, which
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corresponds to changing the sign of all of the floating variables:

F (41, by, ooy hnv 1) = FU (=tpy, —ha, oo, —hn_1).

In terms of the spin-state described by the floating variables, this operation is a reversal of the chirality
of the spins: the first spin ¢; is not changed, but the spiralling of the following spins up to ¢y is

inverted. All of the eigenfunctions of the reduced transfer operator T,, are either chiral-symmetric,

F(m)(¢17¢27 °"7¢N71) - F(m)(_¢17 _1/}27 vy _wal)u

or chiral-antisymmetric,

F (g g, oy thy_1) = —FU (=g, —tha, ..., =0 _1).

It is found that the eigenfunction belonging to the largest eigenvector in each of the m-subspaces is

always symmetric.

2.4.4 Thermal derivatives of the entropy

We now come to the first set of calculations which we have to discuss. These quantities are the

derivatives of the entropy S of the system with respect to the logarithm of temperature,

a n
(TaT) 5

the first of these derivatives being the specific heat C. To obtain these quantities, we have calculated
the largest eigenvalue and corresponding eigenvector of the operator Ty using the power method,
and from these determined the internal energy according to the formula 2.128. The specific heat and
higher temperature derivatives of the entropy up to the third order have been calculated by numerically
differentiating the internal energy using the difference formulae 2.133.

The calculations of the specific heat of the J;-Jy planar rotator model are depicted in figure 2.21.
The specific heat exhibits a clear peak, which becomes more pronounced as the scaling parameter N
is increased. This is quantitatively very much like the specific heat of the Ji-Jy Ising model shown

in figure 2.7. By comparison with the Ising case, this data alone would appear to be suggestive of a
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second order phase transition in the two-dimensional limit, where the position of the peak marks the

transition temperature.

1.8

L6l ]

0.8
0.6
0.4

0.2 +

Figure 2.21: The specific heat of the J;-Jy planar rotator model for N = 2-7 (solid lines), with a
polynomial extrapolation to the case of N = oo (blue dotted line). The vertical dotted line indicates
the estimated Kosterlitz-Thouless transition temperature, 7' = 0.89.

If a second order phase transition did occur in the square lattice planar rotator model, the peak
in the specific heat would be expected to grow as N is increased and ultimately become a divergence
in the limit N — oco. In the Kosterlitz-Thouless transition the specific heat exhibits a large finite
peak at some temperature higher than the transition temperature(19). Since we have only calculated
the specific heat for finite values of the scaling parameter N, we cannot definitively conclude that the
peak in the specific heat does not converge to be finite in the two-dimensional limit. However, the
calculations for the Ji-Jy planar rotator model indicate that such a convergence does not occur up to
the value N = 7. In addition, the calculations presented in the thesis of A. M. Cave with clock models
show that this peak does not converge up to the value N = 12(29).

A better indication of whether the specific heat is converging to have a finite peak can be obtained
from the higher derivatives of the entropy with respect to the logarithm of temperature. The second,
third and fourth derivatives are depicted in figures 2.22, 2.23 and 2.24. In the vicinity of the peak in

the specific heat, the derivatives of the specific heat take large values, are seen to increase as the scaling
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parameter N is increased, and the rate of this increase is greater in the higher derivatives. It is clear
from these calculations that none of these derivatives are converging up to the value N = 7. In addition,
A. M. Cave has shown that the same quantities are not converging up to the value N = 12(29). Given
that each successive derivative appears to be diverging at a faster rate, this is suggestive that one
of the derivatives, or a higher derivative which we have not calculated, will be divergent in the two-
dimensional limit. The calculations therefore suggest that, even if the specific heat does converge to
exhibit a finite peak, one of the higher derivatives of the entropy is still likely to exhibit a divergence,
corresponding to a higher order regular phase transition. It is important to note that a divergence in
any derivative of the entropy is in complete contradiction with the picture of the Kosterlitz-Thouless
transition, which predicts that there should be no divergences in any thermodynamic quantity.

We conclude our discussion of these quantities by briefly touching upon the value of the critical
temperature of the phase transition. In the interpretation that the peak in the specific heat becomes
a divergence in the two-dimensional limit, then the position of the divergence in this limit marks the
transition temperature, and the position of the peak in the specific heat in our calculations must
converge to sit at the transition temperature as the peak diverges. The estimated transition tempera-
ture of the Kosterlitz-Thouless transition, Tk = 0.89.J, is marked in figure 2.21, and is always fairly
well-separated from the position of the peak. This is consistent with the picture that the specific heat
converges to a finite peak where the peak is at a higher temperature than the Kosterlitz-Thouless
transition, but conversely, assuming a second order phase transition, the calculations strongly suggest

that the transition temperature does not agree with the estimated value of Tk .
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Figure 2.22: First derivative of specific heat with respect to InT' for N = 2-7.
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Figure 2.23: Second derivative of specific heat with respect to InT for N = 2-7.
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Figure 2.24: Third derivative of specific heat with respect to InT for N = 2-7.

2.4.5 Correlation lengths and eigenvalues

We now come to the second set of quantities to be discussed, which relates to the correlation length &,
which is defined as the length characterising the long-range decay of the spin-spin correlation function.

For the square lattice planar rotator model, in the disordered phase we would write

(cos (¢ — ¢jr)) ~ e "as" /%,

where 7;;/ is the distance between the lattice sites j and j’, and where this expression is understood
to apply in the case that this distance is very large. We consider the correlation (eiQ(¢1_¢1+'”)> as a
function of r, where ¢ is an integer. This essentially corresponds to the correlation above in the case
q = 1. Each of these correlation functions decays exponentially at long range, and therefore has an

associated correlation length, which we denote §,. This quantity is given by the simple formula,

1
e = |20] — In |27, (2.188)

q
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where zg is the largest eigenvalue of the transfer operator, which as detailed above is essentially the

éq) is the largest eigenvalue in the m = ¢ subspace. The correlation length

partition function, and z
is therefore directly related to the separation of these eigenvalues. As discussed in section 2.188, the
eigenvalues are not degenerate for finite N, but their separation decreases as IV is increased. We expect
to see degeneracy occur in the two-dimensional limit N — oo, corresponding to the phase transition
in the square lattice model.

Concerning this limit, there is a subtlety in relating the correlation length which we calculate to
the relevant one for the square lattice model. For the finite IV system, in calculating the correlation
(e’a(#1=914+)) and taking the range r to be very large, we are considering the correlation between
lattice sites which are separated a large distance along the axial direction of the helix depicted in
figure 2.6. In the limit N — oo, this must correspond to the correlation between lattice sites separated
along one of the principal axes of the square lattice, the separation being the number of intermittent
lattice sites along that direction. In our correlation functions for the finite system the distance between
nearest neighbour lattice sites in this direction is measured as IV, and consequently the range r is N
times larger than the physical distance between the two lattice points. One must therefore divide the
correlation length of the finite- N system by N to obtain the quantity which corresponds to the square
lattice correlation length.

We now present a formal derivation of equation 2.188. We shall throughout take the eigenvectors of
the transfer operator to be normalised, ( fém) | fé’")> = 1. From equation 2.149, this can be represented

as

- Y o ©
(e11(@1=1er)) = (m) (fo NV =N #1570, (2.189)

where | féo)> is the eigenvector belonging to the largest eigenvector in the m = 0 subspace, which is
the largest of all the eigenvalues of the transfer operator zy, and where the modified transfer operator

V, is defined by

((Vq)TH_Nf) (Pra2—Ny ooy Pra1)
r+1—-N

r+l1—N
I l " do; iq(p1—d14r) | I BE(¢1—d1415- P14 N-1—F14+N) é &
7 r l L 3oy - d . 2190

j=1 /f'n' 27 ‘ =1 ’ f( o N) ( )

From this definition it follows that the matrix elements of this operator in the basis of the spin-variables
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are

(Drs1y oo ¢r+2—N|(Vq)T+17N\¢1, o ON)

r+1—N r+1—N r+1—N

_ H ¢J eta(é1=¢14r) H / dd)ﬂ H PE(B1=db1i1,sb14 N 1= P14 N)
—T

j=1 - j=N+1

(2.191)

This is the same expression as for the matrix elements of (7)"+!~N with the modification of the extra
factor of e(?1=914r)  The effect of this factor in the matrix element is to move from the m-subspace

to the (m + g)-subspace. This is most cleanly demonstrated in formal terms by considering the matrix

elements in the Fourier basis:

(= ey = [(Ve)™ N |,y mly)
N r+1
T de; d _
I 2 T [ bl Mo nsn)
j=17-T jl=r+2-N"7"T
X A= ooy = Gry2 N5y Grg1) (D15 O MY, M)
N r+1
d d -
ST 5 T1 [ 5t etra sl(T) o)
j=1 j'=r42-N"’"T

% e—i(ml¢r+2—N+---+mN¢r+1)ei(ml1¢1+---+m§\;¢N). (2.192)

The factor €'4(¢1=#14r) in the matrix element of (Vq)""’l_N may be absorbed into the other Fourier

factors to obtain,

<_mN7"'7_m1|(vq)r+17N|mll,... m/
N r+1 ’
apry ds} )
:H/ 27: H / (Drits oens D2 N | (D) TN |1, oy )
=177 j'=r+2-N"V T

% e_i(ml¢r+2—N+-~~+(7nN+q)¢r+1)ei((m,1+q)¢1+--~+m§v¢N)

N 741 de
jljl/_ﬂ d;frj H /_Tr % (Brats s DN |(T) N1, o dv)

j'=r+2—
X (=(mn +q),—mN_1, ..., —M1|Pri2-N, ., Prs1)
X A1, ey ON (MY + @), mby, ..y my)

= <7(mN +Q)77mN—~la ey T |( )T+1 N|(m/1 +q)am/27-“7m§\f>' (2193)
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Now, this matrix element is only finite between states in the same subspace, for which the index must
be (m + ¢) if m is equal to the sum of the indices my,...,my. In this case the matrix element can be

expanded in terms of the eigenvalues of the transfer operator in this subspace, | fc(f”ﬂ)>, to obtain,

(=(my +q)y =mn—1, oo, —ma (D) TN (mh + q), mly, ..comy)

=3NS (m @), ey~ | O FEFO (DY N OV D | (0] + ), i)

X 57n1+...+m1v:’m'1+...+7rL’N:m
r+1—-N
=S () (O @)y = TN (), )

e}

X 5m1+...+mN:m/1+...+m’N:m- (2194)

Therefore expanding the quantity ( fé0)|(%)T+1_N | féo)) in the Fourier basis provides,

PNV N = 30 3 e ma) (s i )

m1+_...6&-mzv mi+...+mly
= 0

X (—(my +q), =mN—1, o, —ma [(T)" TN (M) + q),mb, ..., mly)
r+1-N
=5 (=) S ) (= + @)= £9)
@ m1+7...5rmN

ST iy~ SOV DN+ @), emly). (2.195)

If we now consider the long-range limit r — oo, we may simplify this expression using the same
argument as we have employed previously, that the sum over the eigenstates is exponentially dominated
by the largest eigenvalue, which we indicate with the label o having the value zero. We therefore find

in this limit,

r+1-N
(o)) o () D0 ) (= (i + ),y =] f57)

20

<3 el e, —mA SOV (] + @),y (2.196)

’ !
mi+...+mpyy

This expression is made up of an exponential decay with an associated decay length given by equation

2.188, together with multiplicative factors which do not depend upon the range.
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In the finite NV system, the eigenvalues zy and z(()q) are always non-degenerate, but they may

become degenerate in the two-dimensional limit N — co. As indicated in section 2.3, this emerging
degeneracy is associated with a critical point in the square lattice model. It is known that below the
phase transition in the square lattice planar rotator model the long-range correlations have a power
law form, corresponding to an infinite correlation length. In terms of the eigenvalues, this indicates

that the eigenvalues zg and 25" become degenerate at the phase transition and remain degenerate at

((Jq)
all temperatures below the phase transition.

The reciprocal of the correlation lengths have been calculated using the formula 2.188, the eigen-
vector z((f) being obtained by applying the power method to Tq. The calculations of the reciprocal of
the regular correlation length (the case ¢ = 1) are shown in figure 2.25, together with a polynomial
extrapolation to the case of N = co. The extrapolated correlation length exhibits the features that
we would expect for the two-dimensional system, where the correlation length is infinite below the
phase transition. The extrapolation predicts the value zero for the reciprocal correlation length to
several decimal places for the reciprocal of the correlation length for a large low temperature region,
apparently down to zero-temperature. It is rather striking that the extrapolation so strongly predicts
the value zero at temperatures where the values of 1/ for the finite systems are relatively large and
have clearly not converged to any limit. This agreement with the behaviour which is known for the

two-dimensional system provides strong evidence that the limit N — oo does indeed provide the square

lattice model.
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Figure 2.25: The inverse correlation length of the J1-Jx planar rotator model for N = 2-7 (solid lines),
with a polynomial extrapolation to the case of N = co(blue dotted line). The N = 7 calculation has
not been completed at low temperature; the extrapolation is obtained from just the N =2 to N =6
curves. The upturn in the extrapolation close to the origin can be attributed to the reduced accuracy
of the calculations close to T' = 0. The vertical dotted line indicates the estimated Kosterlitz-Thouless
transition temperature, 7' = 0.89.

The predicted critical temperature of the Kosterlitz-Thouless transition is also indicated in figure
2.25. In the Kosterlitz-Thouless picture, the reciprocal of the correlation length would be expected to
vanish at this temperature. A stronger prediction than the place at which the quantity should vanish

is the form of the function close to this point, which is predicted to be,

1 ~ e—a/\/T—TKT
5 )

which is smooth and infinitely differentiable. The extrapolated correlation length is in good agreement
with the Kosterlitz-Thouless picture. However, the polynomial extrapolation of a series of smooth
functions will always itself be a smooth function, and for this reason this quantity cannot by itself
be used to exclude the possibility of the non-analytic power law behaviour which would accompany a
regular phase transition,

1
S~ (T-Ta).
¢ ( o)
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We have investigated the functional form of the correlation length by calculating the thermal
derivatives of 1/£. These derivatives have been calculated numerically from the values of the correlation
length, which have been calculated to machine accuracy, in exactly the same way that the derivatives
of the entropy are obtained by numerically differentiating the internal energy as previously discussed.
The first derivative of 1/£ is shown in figure 2.26 and the second derivative is shown in figure 2.27.
If one has the power law behaviour, each successive derivative of 1/£ in the vicinity of the transition
will also have a power law behaviour, where the exponent is reduced by one. After a certain number
of differentiations, the resulting quantity will be divergent at the transition temperature, when the
exponent becomes negative. If one finds that one of the derivatives of 1/£ appears to be divergent, this
indicates that the critical behaviour of the correlation length is a power law. In addition the number of
derivatives required to produce this divergence provides a range, from this number to the next smallest
integer, within which the critical exponent v must lie.

The first derivative of the inverse correlation length shows an abrupt, step-like feature in the vicinity
of the transition temperature. The features are qualitatively similar to the calculation for the Ising
model discussed in the previous section (figure 2.12), for which in the two-dimensional limit the form
is known to be a theta-function in the vicinity of the phase transition. The second derivative exhibits a
sharp peak, which grows as the scaling parameter N is increased. It certainly appears that this quantity
is diverging. Again, the features are qualitatively similar to the Ising model calculation (figure 2.13),
which is known to be a delta-function singularity in the two-dimensional limit. A divergence in this
quantity for the planar rotator model, or any higher temperature derivative of 1/¢, is in complete
contradiction with the Kosterlitz-Thouless picture. These calculations indicate that the temperature
dependence of the correlation length is of the power-law type close to the transition, with a critical
exponent v which lies somewhere between the values 1 and 2.

If the second derivative of 1/¢ is indeed divergent in the two-dimensional limit, the position of the
divergence marks the critical temperature of the phase transition. The estimated Kosterlitz-Thouless
transition temperature is indicated in figure 2.27. The peak in the second derivative of 1/¢ appears
to be converging to a position which is well-separated from the estimated value of Tk, suggesting a
different critical temperature. The position of the peak for N = 7 is in close proximity to the position
of the peak in the specific heat (figure 2.21). The calculations of the specific heat and the correlation
length are both suggestive of a regular phase transition, and suggest a consistent approximate value

for the transition temperature, which is not the same as the estimated critical temperature of the
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Kosterlitz-Thouless transition temperature.
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Figure 2.26: First derivative of the reciprocal correlation length with respect to T for N = 2-7.
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Figure 2.27: Second derivative of the reciprocal correlation length with respect to 7" for N = 2-7.
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We have also calculated the correlation lengths associated with the correlation functions for ¢ = 2
and ¢ = 3 in equation 2.188. These calculations are exhibited in figures 2.28 and 2.29, together with
polynomial extrapolations to the case N = co. The temperature dependence is qualitatively similar to
that of the regular correlation length, but the scale is altered as the correlation functions with higher
q decay more rapidly. In terms of the eigenvalues, this corresponds to the largest eigenvalue |zéq)|
in each subspace decreasing with increasing ¢. In the square lattice model, the reciprocal of each of
the correlation lengths must be equal to zero in the power-law correlated phase. For both the ¢ = 2

and ¢ = 3 cases the polynomial extrapolation predicts this behvaviour. It appears that all of the

eigenvalues z(()q) become degenerate below the phase transition in the two-dimensional limit N — oo.

_0.5 1 1

Figure 2.28: Reciprocal correlation length corresponding to ¢ = 2 for N = 2-6 (solid lines) together
with an extrapolation to N = co. The upturn in the extrapolation close to the origin can be attributed
to the reduced accuracy of the calculations close to T' = 0.
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Figure 2.29: Reciprocal correlation length corresponding to ¢ = 3 for N = 2-6 (solid lines) together
with an extrapolation to N = co. The upturn in the extrapolation close to the origin can be attributed
to the reduced accuracy of the calculations close to T' = 0.

In the scaling hypothesis, it is assumed that close to the phase transition there is only a single
length scale, the correlation length £(4). We therefore expect that in the square lattice model all of the
correlation lengths £, have the same critical behaviour. The derivatives of 1/¢5 and 1/&3 with respect
to temperature are exhibited in figures 2.30 to 2.33. The temperature dependence is qualitatively
similar to that found in the derivatives of the ordinary correlaton length; although any emergence of
a sharp step in the first derivative is certainly far less apparent, particularly in the ¢ = 3 case, the
second derivative shows a pronouced peak in both the ¢ = 2 and ¢ = 3 cases. The data is indicative
that the correlation lengths for higher ¢ have a power law form close to the phase transition; the ¢ = 2
and g = 3 cases appear to have critical exponents which are either the same as or close to the value of
the exponent for the ordinary correlation length indicated by the calculations in figures 2.25 to 2.27,

in agreement with the scaling hypothesis.
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Figure 2.30: First derivative of the ¢ = 2 reciprocal correlation length with respect to T" for N = 2-6.
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Figure 2.31: First derivative of the ¢ = 3 reciprocal correlation length with respect to T' for N = 2-6.
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Figure 2.33: Second derivative of the ¢ = 3 reciprocal correlation length with respect to T for N = 2-6.

Of course, one can associate an analogue of the correlation lengths &, with any eigenvalue of the
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transfer operator. We have calculated this quantity for the two next largest-modulus eigenvalues in
the m = 0 subspace; these calculations are exhibited in figure 2.34. Of these two eigenvalues, one is
symmetric and the other antisymmetric with respect to reversing the chirality of the spins, and in the
finite NV system these eigenvalues cross each other at an N-dependent temperature.

We have calculated polynomial extrapolations to the case N = oo of the correlation length for the
chiral-symmetric and chiral-antisymmetric eigenvalues independently; the results of the extrapolations
are shown in 2.35. The extrapolations suggest that both of these correlation lengths are zero in the
low temperature region below the phase transition, and therefore that the eigenvalues |z§0)| and |z§0)|
become degenerate with zg in this phase.

N (log 20 — log |z((y0)|)

4 ‘

Figure 2.34: The correlation length corresponding to the second and third largest-modulus eigenvalues
in the m = 0 subspace, for N = 2-6. Of these two eigenvalues, one is chiral-symmetric (solid lines)
and the other is chiral-antisymmetric (dotted lines).
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Figure 2.35: The polynomial extrapolations of the correlation length corresponding to the chiral-
symmetric eigenvalue (solid line) and the chiral-antisymmetric eigenvalue (dotted line) obtained from
the N =2 to n = 5 calculations.

2.4.6 Magnetic susceptibility

We now come to the calculations of the magnetic susceptibility, xy. To obtain this quantity we must
consider the situation where a magnetic field is applied to the system. We therefore consider the

Hamiltonian,

H=—=J) [cos(¢; — dj11) +cos(¢; — djyn)] — B Y cos ;. (2.197)
i i

The addition of the magnetic field term to the Hamiltonian breaks the rotation symmetry of the model,
and consequently we can no longer extract this symmetry and represent the transfer operator in the
floating basis. This has the effect that the transfer matrix is significantly larger for the calculations of
the magnetisation than in other calculations. Because the use of the floating basis effectively reduces
the number of spin-parameters by one, the size of the matrix in the calculation for the finite-field
system of size IV is essentially the same as that for the zero-field system of size N + 1. This alone
effectively restricts us to performing calculations to systems which are one smaller than for the previ-
ously discussed calculations, which in practice means that we have only performed calculations of the

magnetic susceptibility up to the value N = 6. In addition, it is found that the power method requires
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a large number of iterations to converge for the small values of the magnetic field which are necessary
in order to calculate the susceptibility accurately; this is an indpendent source of computational ex-
pense in comparison to the previous calculations, which has in practice limited us to calculations of
the magnetic susceptibility for up to N = 5, and even these calculations have not been completed at
low temperatures.

We use the power method to obtain the largest eigenvalue and corresponding eigenvector for par-
ticular values of the temperature and magnetic field, and these provide the magnetisation to machine
accuracy via the formula,

L (fol g5 T1fo)

= 5w (folfo) (2.198)

The magnetic susceptibility is calculated as the derivative of the magnetisation with respect to the

applied field,

X = 9B’
evaluated at zero-field. We calculate this derivative using similar difference formulae to those which
we have used to calculate the derivatives of the entropy or the derivatives of the inverse correlation

length. We calculate the magnetisation at the three values of the applied field B = h, B = 2h and

B = 3h, where h is a small number. The taylor expansion of the magnetisation about B = 0 provides,

12 1 3
M(h) oSkt N
4 9
2h  2h% —h3 9x
M | _ . o
M(3h) s 2p2 Ips| | @x
2 2 OB2

from which we can deduce the approximate formula for the susceptibility,
1 3 1
X & 7 3M(h) — §M(2h) + gM(?)h) . (2.199)

The calculation of the reciprocal of the magnetic susceptibility is shown in figure 2.36, together

with the polynomial extrapolation to the limit of N = co.

134



-0.5 | | | | |
0 0.5 1 1.5 2 2.5 3

T

Figure 2.36: The inverse magnetic susceptibility of the J;-Jy planar rotator model for N = 2-5 (solid
lines), with a polynomial extrapolation to the case of N = oo(blue dotted line). The vertical dotted
line indicates the estimated Kosterlitz-Thouless transition temperature, 7' = 0.89.

Much like with the correlation length, we can attempt to answer the question of whether the
magnetic susceptibility in the square lattice model exhibits the critical behaviour associated with a
regular phase transition,

1
=~ (T-Te),
N ( )

by calculating its temperature derivatives. The first and second derivatives of 1/x with respect to
temperature are shown in figures 2.37 and 2.38. The data are qualitatively similar to the first and
second temperature derivatives of 1/¢ (figures 2.26 and 2.27). The first derivative of 1/x shows a steep
rise close to the transition temperature, and the second derivative exhibits a peak which grows as N
is increased. As in the case of the correlation length, this is evidence for the susceptibility having
the power law form close to the transition, with the critical exponent lying somewhere in the range
1 < < 2. Again, the peak appears to be well-separated from the estimated value of the Kosterlitz-
Thouless transition temperature Tk, but is in close proximity to the peak in the second derivative
of 1/¢, and both of these quantities, together with the derivatives of the entropy, suggest a consistent

picture of a regular phase transition.
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Figure 2.37: First derivative of the reciprocal magnetic susceptibility with respect to T for N = 2-5.
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Figure 2.38: Second derivative of the reciprocal magnetic susceptibility with respect to T" for N = 2-5.
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2.4.7 Helical stiffness

We now come to the calculations of the helical stiffness. This quantity is the free energy cost incurred
by imposing an infinitesimal twisting of the spin-variables in the model. For the helical geometry which
we work with, we may impose a phase-twist in both the nearest-neighbour and Nth-nearest-neighbour

bonds, and we must consider the Hamiltonian,

H=—J) [cos(¢; = djs1 — x1) + 08 (¢; — djpn — Xn)] - (2200
J
The helical stiffness tensor is
0°F 0’F
Ixi  Oxidxn
Y=1 s2r 2r | (2.201)

Ox10xN XA

where all of the derivatives are evaluated for y; =0 = xn-.
There is a gauge symmetry in the J;-Jy planar rotator model which reduces the helical stiffness
tensor to a single scalar. By making the gauge transformation ¢; — ¢; —jx1 in the Hamiltonian 2.200,

one arrives at the Hamiltonian,
H=-7) [cos(¢; — dj11) + cos (¢; — djyn + Nx1— xn)]- (2.202)
J

From this form, one can immediately observe that the case Nx;1 = xn provides the original Hamil-
tonian without any phase-twisting; this combination of phase-twisting is a gauge symmetry of the
Hamiltonian and the corresponding helical stiffness is equal to zero in this instance. Moreover, it is

clear that

0*F 1 8°F
73)(?\/ = miﬁx% , (2.203)
7821? = —i—aQF (2.204)
Ix10xny N oy}’ ‘
and therefore the helical stiffness tensor is effectively reduced to Y = ‘gjff :
1
1 _
N
Y= 1 1 Y. (2.205)
"N N2



The eigenvalues of the helical stiffness are Y = 0, which corresponds to the gauge symmetry for
Nx1 = xn, and the non-trivial Y, = (1 + #)Y In the two-dimensional limit N — oo, Y, =Y, the
meaning of which is that the eigenvalue of the helical stiffness corresponds to imposing a phase-twist
along one of the principal directions of the square lattice.

The calculations of the helical stiffness eigenvalue Y, are shown in figure 2.39. At zero temperature,
the spin-configuration of lowest energy is to have the spins spiral, where the pitch of the spiral, or the

angle between neighbouring spins, is given by,

X

_ ) 2.206
1= N2 11 ( )

This corresponds to the eigenvalue Y, taking the value one. It can be seen that the transfer matrix
calculations of Y| are all aiming at the value one at low temperature. The curves are not continued
to the point 7' = 0 because the calculations cannot be performed using the transfer matrix method at
low temperature.

The helical stiffness has a steep drop in the vicinity of the phase transition, and this feature
becomes more abrupt as N is increased. In the picture of the Kosterlitz-Thouless transition, the
helical stiffness is predicted to discontinuously drop from the finite value 2JTkr /7, where Tk is
the Kosterlitz-Thouless transition temperature, to zero at the phase transition. In a regular phase
transition, a quantity which is identified as an order parameter continuously goes to zero at the critical
temperature with a power law temperature dependence.

The derivative of the helical stiffness eigenvalue Y| with respect to temperature is shown in figure
2.40. If the helical stiffness jumps discontinuously to zero, then the derivative of the helical stiffness
with respect to temperature must exhibit a delta-function divergence at the point of the jump. For
finite IV, the derivative shows a sharp trough in the vicinity of the phase transition which becomes more
pronounced with increasing V. The position of the trough in the derivative is always at a substantially
higher temperature than the estimated Tkr, and for the values of N for which the calculation has
been performed the peak moves to still higher temperatures as IV is increased. In the picture of the
Kosterlitz-Thouless transition, the position of the peak is expected to converge to sit on top of the
estimated value of Txr.

The posititon of the peak in % for the largest value of N for which the calculation has been
performed is similar to the positions of the peaks in the second derivative of 1/¢ and the second

derivative of 1/x; if one were to interpret the calculations as indicating a regular phase transition,
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these quantities are broadly consistent in indicating the corresponding critical temperature.
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Figure 2.39: The helical stiffness of the Ji-Jy planar rotator model for N = 2-6 (solid lines), with a
polynomial extrapolation to the case of N = oo (blue dotted line). The vertical dotted line indicates
the estimated Kosterlitz-Thouless transition temperature, T' = 0.89.
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Figure 2.40: The temperature derivative of the helical stiffness of the J;-Jy planar rotator model for
N = 2-6 (solid lines), with a polynomial extrapolation to the case of N = oco(blue dotted line). The
vertical dotted line indicates the estimated Kosterlitz-Thouless transition temperature, T = 0.89.

2.4.8 Summary and Discussion

We have investigated the square lattice planar rotator model using the one-to-two dimensional crossover
technique. We have calculated the specific heat and the correlation length of the J;-Jx planar rotator
model up to N = 7, the helical stiffness for up to N = 6 and the magnetic susceptibility for up to
N = 5. Although we have only calculated the thermodynamics for finite systems, the trends in the
data as the scaling parameter is increased consistently indicate that a regular phase transition will
occur in the square lattice model.

The features in the specific heat close to the transition become sharper with increasing IV, and this
is seen much more dramatically in the derivatives of the specific heat with respect to temperature;
the data certainly indicate that some temperature derivative of the specific heat will become divergent
in the limit N — oo. The strongest evidence for a regular phase transition with ordinary critical
exponents is found in the calculations of the correlation length and the magnetic susceptibility. The
first few derivatives of these quantities with respect to temperature very much appear to be tending

towards the form that would be associated with power law critical behaviour. From this viewpoint,
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the lowest order derivative of 1/£ or 1/x at which a strong peak is observed in the data provides a
bound on the associated critical exponents, and these are found to be 1 < v <2 and 1 <~y < 2. The
calculations of the specific heat, the correlation length and the magnetic susceptibility all suggest a
consistent picture of a regular phase transition with a transition temperature slightly higher than J.
The Kosterlitz-Thouless transition is predicted to occur at the lower temperature 0.89.J.

The helical stiffness is predicted to exhibit a discontinuous jump from the value 2JTkr /7 to zero
at the Kosterlitz-Thouless transition. Our calculations show that the helical stiffness does exhibit an
abrupt drop in this vicinity, but we are not able to ascertain whether this is a discontinuity or the
smooth change associated with a regular order parameter. The derivative of the helical stiffness with
respect to temperature appears to show that the decrease in the helical stiffness coincides with the
sharp features in the thermodynamics and not the Kosterlitz-Thouless transition temperature.

We have performed polynomial extrapolations of the data to attempt to estimate the two-dimensional
solution. At temperatures removed from the phase transition, this produces the behaviour we expect
of the square lattice model; this is most evident in the low-temperature extrapolation of the correla-
tion length. In the vicinity of the transition however the extrapolation fails and this failure is most
emphatic in the case of the specific heat, which shows features that are surely unphysical.

This work is complementary to the investigations of the clock models reported in A. M. Cave’s
thesis(29). The results of his calculations are entirely consistent with the present planar rotator
calculations regarding the nature of the planar rotator phase transition; furthermore his work actually
constitutes stronger evidence for the same conclusion, as the calculations have been performed for
larger systems, up to N = 11.

The only aspect of the one-to-two dimensional crossover technique that is not under control is the
extrapolation to the two-dimensional limit. It is possible that there is some large value of N which we
cannot reach with the computing power currently available to us at which the trends in the quantities
we have calculated change and the thermodynamics do not diverge in the two-dimensional limit. In this
scenario, if we could perform the calculation at this value of N we would see the Kosterlitz-Thouless
transition emerge in the calculations. This of course raises the question of how big this value of N
would have to be, and at present we have no ideas regarding how to guess this.

We are of course aware of the degree of consensus that the square lattice planar rotator model
exhibits a Kosterlitz-Thouless transition and the fact that our calculations show evidence of a quite

different picture puts us in a rather difficult position. To exacerbate this, the literature which deals
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with the lattice model itself, rather than related continuum models, is actually rather limited and in
many cases these works are consistent with either a Kosterlitz-Thouless transition or a regular phase
transition(28; 26).

Even if the implications of our work were to be taken at face value, we do not regard this as con-
tradictory to Kosterlitz-Thouless per se. The implication would be that the thermodynamic functions
in the square lattice model simply have an ordinary singularity, with an associated set of ordinary
critical exponents, and that this supercedes the Kosterlitz-Thouless mechanism which would control
the physics in the absence of this singularity, as it does in the Gaussian model which is obtained as
the continuum limit. One could say that Kosterlitz-Thouless is simply not relevant to this particular
model.

The implication of our interpretation that a regular phase transition occurs in the model is that
ordinary power law singularities can occur in systems in which long range order is forbidden by the
Mermin-Wagner theorem. We briefly mention some physical ideas by M. W. Long concerning this.
He suggests that the question that should be asked of a spin system is whether the number of spins

parallel to a given spin j on average,

> (8- S5,

j/

is divergent. This may be approximated by

Z<§J . §j,> ~ /R rKC(r)dr

J’ o
where KC(r) is the asymptotic form of the spin-spin correlation function at long range and R is the
system size, and this is understood to be in the limit R — oco. 1y is some nonzero length that is
included to prevent the integral diverging at the lower limit. For exponential correlations K(r) = e /¢
the integral is always finite, for any finite nonzero correlation length . Conversely, for power law
correlations IC(r) = r~" the integral diverges in the limit R — oo for n < 2. M. W. Long suggests
therefore, that there is in fact a spontaneously broken symmetry in the power-law phase of the planar
rotator model, and there are a divergent number of spins pointing in the symmetry-broken direction
on average. The physical suggestion then is that there can be spontaneously broken symmetry, and
corresponding to this an ordinary phase transition, associated with the behaviour of a divergent number

of spins across the entire system, even in the absence of a finite magnetisation.
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Appendix A

Supplementary remarks on the

Ising model exact solution

In this appendix we provide some discussion of the inequality 2.111,

H(\/1+W|| fWLcosk++\/lfWH lecosk:Jr)
ko

>£[(\/1+W —WJ_cosk,—&—\/l—WH —WJ_cosk,).

We believe this equality to always hold, although we are only aware of how to prove this mathematically
for the special case J; = J, = J. Here we present numerical calculations of the ratio of the two terms
in the inequality, and we give the mathematical proof of the inequality for Jy = J, = J.

Figure A.1 shows some examples of the ratio of the two terms in the inequality evaluated on the
computer. In these calculations, one never finds the product over k_ to be larger than the product
over k4, but frequently the two quantities are found to be equal to machine accuracy. We conjecture
that in such cases the separation of the two quantities is extremely small but still finite, and that the

inequality always holds.
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Figure A.1: The ratio of the right hand side of the inequality 2.111 to the left hand side, as a function
of temperature (in units of .J)) for N = 20, for the cases J /Jj = 1 (red line), J, /.J = 2 (blue line)

and J /J = 1/2 (green line).

We have constructed a proof of the inequality 2.111 in the particular case that Jy = J, = J. In

this instance, we consider the quantity,

[T, (V1+W —Wcosk_++/1—W —Wcosk_)
- [k, (VI+W =Wecosky ++/1—-W —Wecosky)'

R(W) (A1)

where
_ sinh23J
cosh?28.J’
and we seek to prove that this quantity is less than unity for finite temperatures, which corresponds
to the parameter W lying in the range 0 < W < 1/2. The lower limit W = 0 corresponds either to
the case of zero or infinite temperature, and the upper limit W = 1/2 corresponds to the transition

temperature. We shall show that the derivative of R with respect to W is always less than zero; in

conjunction with the clear result that R is equal to one for W = 0, this completes the proof.
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It is most convenient to describe the derivative of R with respect to W in terms of the logarithm

of R: one finds the rather simple formula,

0 1
—1 =— (T -T_ A2
where
1
Iy = . A3
* %\/lJerWcoski\/lfoWcoski (4-3)

We shall represent the various factors in the summands as expansions in the variable e?*+, so that the

sums over the sets of wavenumbers can then be evaluated using the property,

rT=—00

> e =N Y (F) Gmen (A.4)
k4

Now, the two factors in the denominator of the summand in the expression A.3 can be written as,

1+W —Wcosk = QE(I — &) (1 — e,
mﬁ (A.5)
1—W — Wecosk = 2—(1 —nett) (1 — e ),
U

where the variables ¢ and 7 satisfy the quadratic equations,

62—2(Vlv+1)5+1=0,

2 oL 4 +1=0
U i n+1=0.

For 0 < W < 1/2, both of these equations always have a solution which lies between zero and unity,

(A.6)

except for the upper limit at which the latter quadratic has the repeated root of unity. For all points
other than at the phase transition, therefore, we may safely assume that the variables £ and 7 have
values which are between zero and unity, and consequently we are permitted to expand the factors in

the denominator as infinite power series, employing the result,

oo

11_ - = > (ﬁ%tm for |t| < 1. (A7)

m=0

However, it is found that the mathematics is greatly simplified by instead first removing the square
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root entirely by making use of the identity,

" do 1 B 1
[w 2 <1 — tcos? qS) VA (A.8)

If one now expands the integrand in this expression in powers of ¢, one obtains the result,

/_Tr Z (t cos® qb (A.9)

Writing the factors in the summand in equation A.3 in this way, one can perform the summation over
the set of wavenumbers, and one can then proceed to re-sum the resulting expression. The utility of
making use of the expansion A.9 is that all of the terms that shall occur are geometric series, allowing
the resummation to be performed trivially. Applying the factorisations A.5 and the expansion A.9,

one obtains the expansion of the denominator to be,

1
\/(1+W—Wcoski)(1 — W —Wecosky)

S G TS I %> Z{

m=0n=0m'=0n’

(f cos? ¢) " (§ cos? 0) (77 cos® ¢ ) (77 cos? ' ) eilmtm’=n-n )ki}

(A.10)

It is useful to introduce the new summation indices I = m + m’ and I’ = n +n’ in place of the indices
m’ and n’. Performing the summation over the wavenumbers using the result A.4, one then obtains

the result,

_2N e [T Ao [T [T g [T
S AT E T T RO

(& cos® ¢>)m (& cos? 0)" (1 cos? qb’)l_m (1 cos® 0’)ll_n Z (F1)" 8_1rarn-

r=—00

(A.11)
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Using the delta function in this expression to eliminate the summation over I’ provides,

ON Tdg [T do [T de [T dY °° . ey
el g wl [ w X w z >y
- - - r=— l=max(0,—rN) m=0 n=0
(¢ cos® o)™ (& cos® 9)“ (1 cos? ¢’)l7m (n cos® Gl)l”an , (A.12)
which we may re-write in the form,
_ 2N Tdg [T do [T def ‘L’OO §cos® ¢ 2 N 2
el v s 22 0(n6082¢’> (neos”9) neos’d)

~ i M n+2§:( )" ( Coszal)TNl—i”V M ! (A.13)
— 1 cos? 6/ — + L . 1 cos? 6/ ' ’

n=

It is now trivial to evaluate each of the geometric sums in this expression to provide,

2N — (T d¢ [T dO [T d¢' [T dO’ 1
W gn/_ﬁ% _Wﬂ/_ﬂﬁ/ﬂ,gncos?@’f&coﬁe

" { ncos? ¢’ 1 ¥ (ncos? )N
(1 —n?cos? ¢’ cos?0')(1 — Encos? pcos? ') 1+ (ncos? &)V
3 &cos? liF(ﬁcosge)N} (A14)
(1 —¢&ncos? ¢ cos?0)(1 — E2cos? pcos? ) 1+ (Ecos? )N '

The integrals over ¢ and ¢’ can be performed using the identity A.8 to obtain the form,

2N d9’ Fi(€cos®0) — Fy(ncos® 6

£cos? 6 — ncos? b

where N
Fu(z) = mii; (A.16)
Finally, we obtain,
% R = N Ve [ / wr 5;22;92 = U(EZS(;OQS,Z ), (A.17)
where
F(2) = Fy(2) = F_(2) = — m : fZ;N. (A.18)

The integrand in the double integral in equation A.17 is always equal to the derivative of the functon
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F(2) evaluated for some value of z in the range 0 < z < max(§,n), and is therefore always less than
or equal to zero because F'(z) is a monotonic decreasing function in the range 0 < z < 1. Therefore
the integral itself is always less than zero, and consequently the derivative of the quantity R is always

less than zero. This completes the proof of the inequality 2.111 for the particular case of J, = J.
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Part 11

Metamagnetism in Bilayer

Strontium Ruthenate Sr3Rus0Or7
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We have investigated the metallic compound Sr3RusO7 using mean field theory. This compound
is a paramagnetic metal on the edge of a ferromagnetic instability, and the system can be driven
to itinerant ferromagnetism with the application of a magnetic field. This transition takes the form
of metamagnetism, an abrupt jump in the curve of magnetisation versus field. The ferromagnetic
instability is an example of a quantum critical point, and SrgRuzO7 has received a great deal of
interest because it provides an experimental realisation of quantum criticality. In particular, it is
one of the archetypal exhibitions of the formation of a novel electronic phase in the vicinity of a
quantum critical point. In the region of the metamagnetic transition, there occurs an electron nematic
phase characterised by large anisotropy in the electronic transport, and this is accompanied by an
incommensurate spin density wave ordering.

We have constructed a Hubbard-type model for the Ru conduction electrons, and we have shown
that a Hartree-Fock mean field theory solution of this model produces a metamagnetic transition
which agrees quantitatively with what is observed in the real material. The electronic structure of
the material consists of both two-dimensional and one-dimensional Fermi surfaces. Our work points
to the conclusion that the metamagnetic transition is associated with the disappearance of one of the
one-dimensional Fermi surfaces. This is in contrast to some existing literature which puts forth the
view that the transition is associated with the logarithmic singularity in the density of states in the
two-dimensional band-structure. In the near-vicinity of the transition, the mean field theory predicts
that the system will phase-separate into low-magnetisation regions, where all of the Fermi surfaces are
present, and high-magnetisation regions where one of the one-dimensional Fermi surfaces has vanished.

We suggest that this phase separation corresponds to the nematic phase.
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Chapter 3

Background

This part of the thesis concerns work on modelling the metamagnetism that occurs in the metallic
perovskite ruthenate SrsRusO7. This compound is a member of the Ruddlesden-Popper series of
layered perovskites Sry,+1Ru, Og,41; the crystal structure of this series consists of stackings of n RuO,
planes interspersed with planes of SrO; this structure is repeated in the c-axis direction with the
neighbouring n-fold stackings separated by two SrO layers. The members of this series to have been
successfully synthesised are the single-layer n = 1, the bilayer n = 2, the triple-layer n = 3 and the ideal
perovskite STRuO3 which corresponds to n = co. The single-layer compound is a metal and exhibits
p-wave superconductivity below about 1K(50; 51), while the the n = 3 and n = co compounds are also
metallic and exhibit itinerant ferromagnetism(52; 53; 54; 55). The bilayer compound is a metal sitting
on the edge of a ferromagnetic instability, and a transition in to the ferromagnetic state can be induced
with the application of a magnetic field. This takes the form of a metamagnetic transition, wherein
the magnetisation exibits an abrupt jump at some critical applied field(56; 57). The metamagnetism
in SrgRuy07 has been the subject of much interest because it occurs in the vicinity of a quantum
critical point: the metamagnetic transition is first order, and the critical point which terminates
the line of metamagnetic transitions in phase space occurs at a temperature close to zero, and is
therefore a quantum critical point(58; 59; 60; 61). This material also exemplifies the phenomenon of
the appearance of a novel electronic phase in the vicinity of a quantum critical point. In the region of
the metamagnetism, there occurs a so-called electronic nematic phase characterised by large anisotropy
in the transport properties in the basal plane, together with the existence of an incommensurate spin

density wave ordering(62; 63).
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The actual modelling will be described in the next chapter. This chapter provides the necessary
background for this work, of which there are three kinds of material: key aspects of SrsRusO7, such
as its crystal structure, which are a pre-requisite to the modelling; the particular experimental results
which we aim to model, namely the metamagnetic jump exhibited in the plot of magnetisation versus
applied magnetic field; and an overview of a whole set of experimental results which have attracted
attention towards SrgRusO7 as an interesting system, which provide the motivation for our work. The
latter includes signatures of quantum criticality in form of deviations in the temperature dependence
of bulk quantities from the Fermi liquid form, and the signatures of the electronic nematic phase, the
most notable of which are dramatic step-like changes in the in-plane resistivity, and large anisotropy
in this quantity when the magnetic field has an in-plane component.

The order of topics to be dealt with is as follows. In section 3.1 we describe the crystal structure of
Sr3RusO7. Section 3.2 covers the Fermi surface and the density of states. The Sr3RusO7 Fermi sur-
face is quasi two-dimensional, but in addition the electronic structure has features which are strongly
one-dimensional. This is discussed by means of exhibiting angle-resolved photoemission spectroscopy,
quantum oscillations experiments, scanning tunnelling microscopy and density functional theory cal-
culations. The electronic structure of the single-layer compound SroRuQOy is also discussed, as this
provides a way of introducing features in the more complicated electronic structure of Sr3RusO; very
clearly. Sections 3.1 and 3.2 both contain essential pre-requisites for our modelling of Sr3RusO7 in the
next chapter.

In section 3.3 we deal with the experiments relating to metamagnetism and quantum criticality.
We begin by exhibiting the magnetisation itself, which shows metamagnetism, which is an abrupt
jump in the magnetisation with field. This plot, of magnetisation versus applied field, is the primary
behaviour that we seek to emulate with our model in the next chapter. Conversely, the remainder
of this section is not directly related to the modelling, as the experiments dealt with concern effects
which we simply do not include in our model, such as the effect of finite temperature. We discuss how
the metamagnetism is related to a quantum critical point, and place SrsRusO7 in the context of a
phase diagram which applies to a variety of systems which exhibit itinerant magnetism. We discuss
the effects of applying pressure to the system and of changing the orientation of the applied magnetic
field, both of which act as tuning parameters which can be used to drive the system towards quantum
criticality. We conclude this section with a series of experiments which show evidence of quantum

criticality in the vicinity of the metamagnetism, which amounts to the apparent divergence of some
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bulk quantity, or a deviation from normal metallic behaviour. We discuss the electrical resistivity, the
nuclear spin relaxation time as measured by nuclear magnetic resonance, the coefficient of thermal
expansion, the specific heat, effective masses measured in quantum oscillations experiments and the
Gruneisen parameter.

In section 3.4 we deal with experiments relating to the nematic phase which occurs in proximity to
the underlying QCP in sufficiently clean Sr3RusO7 samples. We first deal with the signatures of the
nematic phase for magnetic fields applied in the c-axis direction, these being the occurrence of two first
order phase transitions, which mark the boundaries of the nematic phase, and the in-plane electrical
resistivity which shows step-like jumps ~ 50% of its value on entering and leaving the nematic phase.
We then move on to experiments which apply a field at a small angle to the c-axis so as to produce
a small field component along one of the in-plane principal crystal axes. This produces dramatic
anisotropy between the two in-plane directions, which is exhibited in the electrical resistivity and
the thermal expansion. Our modelling will not directly address any of these experiments. However,
the result of our modelling will imply the existence of a phase-separated state in the vicinity of the
metamagnetism, which we postulate to correspond to the nematic phase.

Section 3.5 concerns the incommensurate spin density wave that is observed in the vicinity of the
metamagnetism. We exhibit neutron scattering data which reveals the presence of the spin density
wave and discuss the effect of the direction of the applied magnetic field. For the fields parallel to
the c-axis, spin density waves are found propagating along both of the in-plane principal axes, but
introducing a small field component along one of the in-plane axes eliminates the propagation in the
perpendicular in-plane direction. Again, these experiments do not directly relate to our modelling.

Finally, in section 3.6 we discuss the results of an experiment which dopes the material with
electrons by substituting a small number of Sr atoms with La atoms. The principal experimental
measurements are the specific heat, which is found to be highly sensitive to the doping, and the
electrical resistivity. The effect of doping the system with electrons is something which we have direct

access to in our modelling, and we shall devote some space to discussing this in the next chapter.

3.1 Crystal Structure

The crystal structure of SrgRuyO7 is shown in figure 3.1. This compound is one of the Ruddlesden-
Popper series of layered perovskites Sr;,+1Ru,0s,41. The Ruddlesden-Popper series is a series of

crystal structures found for materials with chemical formulae A,,+1B,,O3,+1, where B is very often
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a transition metal. The leading order crystal structure is composed of stackings of BOy planes and
AO planes which are both structured on underlying square lattices of the same lattice constant. The
BO; plane has B atoms at the lattice points of the underlying square lattice and O atoms sat halfway
between each nearest neighbour pair of B atoms; the AO plane has O atoms at the lattice points of
the underlying square lattice and A atoms at the lattice points of the dual square lattice, which are in
the centre of the squares formed by four closest lattice points. The Ruddlesden-Popper structure has
n BO» planes stacked on top of each other interspersed with AO planes, with the O atoms in the AO
planes lying on top of the B atoms in the adjacent plane, so that there is an O atom lying half-way
between all nearest neighbour pairs of B atoms. The n-fold stackings of BOs planes are bookended
by spacer layers of two AO planes which are out of phase with each other, that is the A atoms in
the top plane sit on top of the O atoms in the bottom plane, following which there is another n-fold
stacking of phase shifted BOs planes and the structure is repeated in the c-direction. As emphasised
in figure 3.1, the B atoms sit in an octahedron of neighbouring O atoms. The n = co member of the
Ruddlesden-Popper series has the simplified chemical formula ABO3 and consists of in-phase stacked
BOs planes with interspersed AO planes repeated up the z-axis; this is known as the ideal perosvskite
crystal structure. SrgRusO7 is the n = 2 member of the Ruddlesden-Popper series, and so has bilayers

of RuO, repeated in the c-axis direction.
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Figure 3.1: Crystal structure of Sr3sRusO~7

In real materials, structural distortions of this simple crystal structure arise in the form of rotations
and deformations of the O octahedra. In SrgsRusO7, the octahedra are rotated about the c-axis through
an angle of approximately 6.8 degrees, with the sense of rotation of each octahedra being opposite to
that of all its neighbouring octahedra(64). The structure of the RuOy planes resulting from this

distortion is shown in figure 3.2.

Figure 3.2: Illustration of the 6.8 degrees rotation of the O octahedra in one of the RuOs planes.
(Taken from reference (65)).
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3.2 Fermi Surface and Density of States

The neighbouring n-fold stackings of RuO; layers in the crystal structure Sr,11Ru,,Ogs,41 are largely
isolated from each other due to the intermediate SrO spacer layer and because the positioning of the
neighbouring stackings is out of phase. The electronic structure of the low-n members of the series
is therefore strongly two-dimensional. We regard the Sr3RusO; Fermi surface as a two-dimensional
object throughout this thesis.

In addition, the electronic structure also has strongly one-dimensional characteristics due to weak
hybridisation of the relevant Ru orbital states in certain crystallographic directions. We discuss this
in more detail in the context of building a model for Sr3RusO7 in the next chapter in section 4.3,
but for the present we wish to focus on the experiments and so merely state the important points.
The relevant electron states are the ¢y, cubic harmonic wavefunctions, d,,, dy. and d.,, which are
three mutually perpendicular orientations of the same orbital aligned with the three crystallographic
directions. The symmetry of the wavefunctions is such that hybridisation between neighbouring Ru
sites in one of the three crystallographic directions is strongly suppressed; the d;, electrons are mobile
in the z and y directions but not in the z direction, and so on. The d,, and d,. electrons are only
mobile in one of the in-plane directions and therefore are essentially one-dimensional.

We introduce the SrsRusO7 Fermi surface by way of the Fermi surface for the single-layer compound
SroRu04(66). Observe figure 3.3 which shows a measurement of the SroRuO4 Fermi surface obtained
using Angle Resolved Photoemission Spectroscopy (ARPES). To leading order, the image shows lines
of Fermi surface intersecting the k, and k, axes at (£k*,0) and (0, £k*), which are the d,, and d.,
Fermi surfaces, and a quasi-circular Fermi surface associated with the d, orbital; there is a qualitative
correction to this simple picture in the form of band reconstruction where these Fermi surfaces cross,
close to the four corners in figure 3.3. To get from this picture to the SrgRusO7 Fermi surface there
are primarily two modifications. Firstly the mobility of the d,, and d., electrons between the upper
and lower RuOs layers results in each of their Fermi surfaces being split - this is often referred to as
bilayer splitting(66) - so that there are twice as many horizontal and vertical Fermi surface sheets.
Secondly, the twisting of the O-octahedra discussed above has the effect of doubling the size of the
unit cell in the RuOs plane, and corresponding to this there is a backfolding of the Fermi surface, in
the form of a reflection in the diagonal lines connecting the points (4,0), (0,47). This provides a
decent description of the Sr3RusOr Fermi surface; an ARPES measurement of the Fermi surface is

shown in figure 3.4.
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The experimental Fermi surface is one of the most relevant ingredients for our modelling of
Sr3RusO7, and in the next chapter much attention is given to how to make the Fermi surface in
our model agree qualitatively with the experiments. We will not include the effect of the twisting of
the octahedra and the associated Fermi surface reconstruction, but apart from this facet our model

does provide a Fermi surface much like the real material.

(<}

Figure 3.3: ARPES image of the single layer compound SroRuQy4 Fermi surface. (Taken from reference

(67)).

Figure 3.4: Angle-resolved photon emission spectrography image of the Fermi surface of Sr3RusO7.
(Taken from reference (65)).

A great deal of information regarding the Fermi surface is obtained in quantum oscillation experi-
ments. There have been a number of quantum oscillations studies of Sr3RusO7(68; 66); there are five
distinct Fermi surface sheets observed in SrsRusO7 associated with the Ru o, orbitals(66), but the
effect of backfolding due to the lattice distortion and the reconnections that occur at the crossing points
of distinct Fermi surfaces has the effect of making it difficult to associate the sheets seen in quantum
oscillation experiments with the individual bands which we deal with at the level of our modelling.
These issues are far less severe if one examines the single layer compound SroRuO4. Here quantum
oscillations finds just three distinct Fermi surface sheets, two of which are essentially mixtures of the

dy. and d, orbitals, and the third of which is attributed almost entirely to the d,, orbitals(69). The
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most significant observation from the point of view of our modelling is that the effective mass deduced
for the d,,-associated Fermi surface sheet is approximately double the size of that for the d,./d..
bands (see figure 3.5). It is a straightforward matter to incorporate the d,, particles having a larger
effective mass than the the d,, and d., particles into our modelling, and section 4.6.4 in the next
chapter is devoted to investigating this.

20

15

m/m

O 1
15 20 25 30 35
Magnetic Field (Tesla)

Figure 3.5: Left: The effective masses associated with each of the three distinct Fermi surface sheets
in the single layer compound SroRuQ, as functions of an applied magnetic field.

Right: Illustration of the SroRuO,4 Fermi surface with key to the labelling of the three sheets.

(Both figures taken from reference (69)).

The densities of states of one- and two-dimensional systems exhibit singularities, which are known
as van Hove singularities. There are therefore associated with the quasi-one- and quasi-two-dimensional
character of the dy./d., and d,, bands respectively sharp peaks in the SrsRusO7 density of states. In
particular, measurements of the density of states by both scanning tunnelling microscopy (STM)(70)
(shown in figure 3.6) and ARPES(65) show the presence of peaks within a few meV of the chemical
potential. The presence of a van Hove singularity in proximity to the chemical potential is a well-known
scenario in which a metallic system can be driven to an itinerant ferromagnetic state, this mechanism
famously being known as Stoner ferromagnetism. The implication is that SrgsRusO7 is close to such a
magnetic instability, and this provides a possible explanation for the exhibition of metamagnetism by

this material, which we describe below.
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Figure 3.6: Scanning Tunnelling Microscopy differential conductance as a function of bias voltage; this
quantity is proportional to the electronic density of states where the bias voltage in V' corresponds
to the distance from the Fermi level in eV. The figure clearly shows peaks at —3meV and +4meV.
(Both figures taken from reference (70)).

Another important component of the literature regarding the Fermi surface of SrsRu,O7 is density
functional theory (DFT). The calculations that are the easiest to interpret are the calculations of
the density of states. These calculations support the picture of quasi-one- and quasi-two-dimensional
electronic structure arising from the d,./d., and the d,, orbitals respectively. As in the case of
the experimental Fermi surface, this is seen much more easily in the single layer compound SroRuQOy.
Figure 3.7 shows the density of states associated with individual Ru orbitals for SroRuO4. The d./d.,
density of states has the qualitative from associated with a one-dimensional linear chain with nearest
neighbour hybridisation. The d,, density of states has the qualitative form expected from a tight-

binding model on a square lattice (see appendix B).
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Figure 3.7: Density functional theory calculations of the density of states for the single layer compound
SraRuOy. (Taken from reference (71)).

A DFT calculation of the individual orbital components of the Sr3RusO7 density of states is
shown in figure 3.8. The hybridisation of d,./d., orbitals between the upper and lower part of the
bilayer renders their density of states more complicated, but the d,, density of states is qualitatively
the same as seen in the single layer compound as we would expect. The feature of this calculation
that is particularly relevant to our modelling is that the van Hove singularity in the d., density
of states is found in close proximity to the chemical potential. This is line with the ARPES and
STM experiments which show van Hove singularities close to the chemical potential in Sr3RusO7.
Because this is consistently observed in DFT works(72; 73), it has been suggested by a number of
authors that the metamagnetism in SrzRu,O7 is controlled by the d;, band in a picture of Stoner
ferromagnetism(74; 75; 65). We suggest a picture of a Stoner ferromagnetic instability that is rather
controlled by the d,./d,, bands. This issue of which of these bands is dominant in the metamagnetism

is one of the major issues which we attempt to address in our modelling in the next chapter.
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Figure 3.8: Density of states for different bands in SrsRu,O7 calculated using density functional theory.
The important features for our modelling in the next chapter are the densities of states of associated
with the individual d,,, d,. and d,, in the middle and bottom sections of the figure. The middle and
bottom sections show two different DFT calculations. (Taken from reference (73)).

3.3 Metamagnetism and Quantum Criticality

Measurements of the magnetisation of SrgRusO7 versus applied magnetic field are shown in figure 3.9.
At low temperatures, the magnetisation induced by an externally applied magnetic field exhibits an
abrupt increase at a field of approximately 8 Tesla if the field is applied in the c-axis direction and
approximately 5 Tesla if the field is applied in the in-plane direction. This phenomenon is the main
target of our modelling in the next chapter. Our model can exhibit a metamagnetic jump, where the
increase in the magnetisation matches the experiments quite well, although we shall not be able to
predict the magnetic field at which the metamagnetic jump occurs, or the dependence on the direction

of the applied field.
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Figure 3.9: Measurements of the magnetisation of SrgRusO7 as a function of applied magnetic field
showing the metamagnetism. Main figure: field applied in the in-plane direction. Inset: field applied
in the c-axis direction. The metamagnetism is exhibited in both cases but occurs at a smaller field for
the in-plane field than for the c-axis field. (Taken from reference (56)).

Sr3RusO7 is positioned in the Ruddlesden-Popper series Sr,,+1Ru,, 03,41 between the single layer
compound, which is nonmagnetic, and the ideal perovskite STRuQO3 which is an itinerant ferromagnet.
It therefore seems reasonable that one should think of the metamagnetism as being the manifestation
of Sr3RusO7 being “almost ferromagnetic”: the system is on the edge of the ferromagnetic instability,
and can be pushed ferromagnetic with the application of a magnetic field. The triple layer compound
SryRu3z01¢ also exhibits metamagnetic transitions in response magnetic fields applied in the in-plane
direction, and these occur at lower fields than for the bilayer compound, suggesting a consistent picture
of the whole series with the triple-layer compound lying in even closer proximity to the ferromagnetic
instability. With regard to this last point, it should be noted that the magnetic characteristics of the
triple-layer compound are significantly more complicated than the bilayer system: there is an ordered
ferromagnetic moment in the c-axis direction at zero-field, and the metamagnetic transitions only occur

for in-plane fields(76).
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Figure 3.10: The phase diagram generic to a number of systems which exhibit itinerant ferromagnetism
in the space of temperature (T'), magnetic field (h) and pressure (p). For smaller values of the pressure
p, there is a second order phase transition between paramagnetic (PM) and itinerant ferromagnetic
(FM) states. Increasing p reduces the transition temperature. The line of second order phase transi-
tions bifurcates at the tricritical point (TCP) into two lines of first order transitions. A line of first
order transitions must always end at a critical point; for the case depicted both critical points lie at
zero temperature and are therefore quantum critical points (QCP). (Taken from reference (77)).

Sr3RusO7 is viewed in the context of the phase diagram shown in Figure 3.10. A large number
of materials which exhibit itinerant ferromagnetism are thought to have phase diagrams of this form.
ZrZns, for example, undergoes a second order phase transition, at a transition temperature 28.5 Kelvin,
from a paramagnetic phase to an itinerant ferromagnetic phase(78): this paradigm corresponds to the
left hand side of the phase diagram. By applying pressure to the system, the transition temperature is
reduced, and there is a corresponding line of second order phase transitions in the h = 0 plane on the
phase diagram. At a pressure of 16.5kbar, below the line of second order phase transitions the magnetic
moment is found to disappear discontinuously(79). The line of second order transitions splits, at what
is called the tricritical point, into two lines of critical points which move away from the h = 0 plane.
There are associated surfaces of first order transitions, which are accompanied by metamagnetic jumps

4

in the magnetisation. The surfaces, often described as “wings”, are the surfaces which join the lines of
second order transitions to the ' = 0 plane perpendicular to that plane(77). Any crossing of one of the
wings in the T-p-h space corresponds to a first order transition and a metamagnetic jump(80). It is

to be expected that the system in question has an inversion symmetry along some axis, and therefore
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that provided the magnetic field is applied along this axis, the two wings in the phase diagram are
reflections of each other in the h = 0 plane. At a given fixed pressure, cutting through one of the wings
produces a line of first order transitions in the T-h space which end in a critical point, and this critical
point is pushed to lower temperatures with increasing pressure. In principal the critical point can be
pushed to zero temperature; the behaviour in its vicinity is then governed by quantum fluctuations
rather than thermal fluctuations and it is said to be a quantum critical point (QCP).

The behaviour of SrsRusO7 can be viewed as an example of this same phase diagram, where at
ambient pressure, the system is positioned past the tricritical point and in the vicinity of the QCP. The
situation is slightly different for the cases where the magnetic field is in the c-axis direction or in the
ab-plane. The situation for fields in the c-axis is that is there is a line of first order transitions in the T-
h space which ends at a critical point which lies below 0.05 Kelvin(81), and at a field of approximately
7.9 Tesla. The situation for fields in the ab-plane has the critical endpoint at approximately 1.25
Kelvin(81) and 6.5 Tesla. The angle of the field direction with respect to the c-axis can therefore be
thought of as acting as a tuning parameter, in an analogous fashion to the pressure in figure 3.10. The

tuning of the end-point by the angle of the field, determined from measurements of the ac magnetic

susceptibilty(81), is shown in figure 3.11.
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Figure 3.11: The surface of first order transitions exhibited by a sample of SrgsRusO7 in the phase

space of temperature, magnetic field modulus, and the angle of the field direction to the c-axis. The

positions of the phase transitions were determined by measurements of the ac magnetic susceptibility.
(Taken from reference (81)).

The picture of SrsRusO7 in terms of the phase diagram in figure 3.10 is largely borne out by
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experiments on the result of applying pressure to the system. In the situation of the magnetic field
applied in the ab-plane, measurements of the ac magnetic susceptibility(80) indicate that the endpoint
at 1.25 Kelvin can be tuned to close to zero temperature with the application of hydrostatic pressure.
This is illustrated in figure 3.12. This is also consistent with measurements of the resistivity(59) and
the dc magnetic susceptibility(82) for fields in the ab-plane. It should be noted that the application of
uniaxial pressure in the c-axis direction can actually drive the system ferromagnetic at zero field(83),

which is clearly some other effect which is not to be explained by the picture of figure 3.10.
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Figure 3.12: The pushing of the end-point to zero-temperature by application of pressure, determined
from measurements of the ac magnetic susceptibility. (Taken from reference (80)).

Quantum phase transitions are fundamentally different from classical phase transitions, arising from
the fundamental differences between quantum and classical fluctuations. Field theoretic treatments of
quantum criticality, analogous to the well established field theories of classical criticality, predict that,
even at finite temperature, close to the quantum critical point quantum fluctuations can influence
the physics, and cause the behaviour of the system to deviate from ordinary metallic physics(84; 85).
Therefore quantum criticality is closely associated with exotic electronic behaviour. In addition to this
deviation from Fermi liquid behaviour as the QCP is approached, in real systems the QCP is often
masked on the phase diagram by a small region of some distinct phase, such as superconductivity(86).
In Sr3RusO7 a nematic electronic phase occurs, and this is discussed in the following section.

We now turn our attention to various experiments which show direct evidence that Sr3RusO7 lies
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in proximity to a QCP for fields in the c-axis direction. We begin with the electrical resistivity. In
an ordinary metal, at low temperature the temperature-dependence of the resistivity is given by the
law p = pres + AT? where pres and A do not depend on temperature; quantum criticality is often seen
in the temperature dependence being a power law which deviates from the quadratic. Figure 3.13,
taken from a study by Grigera et al(58), shows the results of fitting measurements of the resistivity to
the function p = pres + AT, where the pys is determined as the zero-temperature resistance for each
applied field, A is calculated as the low-temperature limit of (p — pres)/T? for each applied field, and
the exponent « is allowed to vary with both temperature and field. The colour plot of the exponent is
an example of one of the archetypal plots which shows signatures of quantum criticality: the exponent
is seen to deviate from the value 2 in the vicinity of the metamagnetism. The parameters p.os and A
are shown in the right hand side of the figure. Both exhibit a strong rise and possibly a divergence as
the metamagnetic field is approached; Grigera et al make the comment that this is very good evidence

for quantum criticality(58).
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Figure 3.13: Results of fitting measurements of the electrical resisitvity to the function p = pres + AT?.
Left: Colour plot of the exponent «, which is allowed to vary with both temperature and field.
Right: Plot of the temperature-independent parameters p.os and A as a function of field.

(Taken from reference (58)).

We next mention a Nuclear Magnetic Resonance (NMR) study of SrsRu2O7 by Kitagawa et al(87).
In a Fermi liquid, the NMR relaxation rate is proportional to temperature, and the coefficient of
proportionality is closely related to the parameter A, the coefficient of T2 in the low temperature
expansion of the specific heat. Figure 3.14 overlays measurements of the relaxation rate divided
by temperature as a function of magnetic field for a number of isotherms, together with the very

same measurements of A as in figure 3.13; in the low and high-field regions the relaxation rate over
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temperature is independent of temperature as expected of a Fermi liquid, but in the metamagnetic

region the Fermi liquid behaviour breaks down.
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Figure 3.14: The NMR relaxation rate divided by temperature plotted as a function of magnetic field
for three different temperatures, together with the parameter A plotted in figure 3.13. (Taken from
reference (87)).

Another quantity sensitive to the QCP is the thermal expansion. Figure 3.15 shows the linear

coefficient of thermal expansion in the ¢ axis direction, which is the quantity(88)
d (AL,
d''\ L, )’

where L. is the length of a single crystal of Sr3RusO7 in the c-axis direction and AL, the change in

this length, and the figure plots this quantity divided by the temperature versus magnetic field. This
quantity is expected to change sign near a QCP; this is observed, with the expansion coefficient over
temperature displaying peaks which become more pronounced as the temperature is reduced. The
functional form of this quantity as a function of field matches the field theory prediction for a QCP,

apart from in the close proximity to the QCP itself where the nematic phase occurs.
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Figure 3.15: The coefficient of linear thermal expansion, symbol «., divided by temperature as a
function of field for T = 0.2K (open circles) and 7" = 1.2K (filled squares). The green open circles
indicate T' = 0.2 K measurements for which %2;; # 0, which indicates non-Fermi liquid behaviour. The
red curve is a fit to the field theory prediction of the field-dependence of a./T. (Taken from reference

(88)).

Signatures of quantum criticality can be seen in the specific heat. For a Fermi liquid, at low
temperatures the specific heat is proportional to temperature, and the coefficient of proportionality,
which is often given the symbol -, is linear in the effective mass of the system. A large value of + is
indicative that the system has strong correlations, and -y is predicted to diverge at a quantum critical
point. This parameter is found experimentally as where the curve of the specific heat divided by
temperature versus temperature intercepts the vertical axis. An example of this plot is shown in the
left hand side of figure 3.16, both in the zero-field case and for fields close to the metamagnetism. At
zero field, the ~ value is approximately 100 in units of mJK ™2 per mole of Ru. This value is slightly
more than twice as large as the values seen in SroRuO4 and SrRuO3(89), which is symptomatic of
the bilayer compound lying in proximity to quantum criticality, and places SrgRusO7 as a moderate
strongly correlated system. By comparison, the strongly correlated heavy fermion materials are usually
categorised as such if their gamma value is greater than 400(90). The v value is measured to roughly
double in the vicinity of the metamagnetism. The right hand panel of figure 3.16 plots the specific heat
divided by temperature versus magnetic field for a set of fixed temperatures. Sharp behaviour occurs
as the metamagnetic region is approached, and this becomes more pronounced as the temperature is

reduced. The data for 0.2 Kelvin are certainly broadly suggestive that the ~ value diverges.
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Figure 3.16: The ~-factor of specific heat divided by temperature as an indicator of quantum criticality.
Left: C/T versus T for different fields. (Taken from reference (56)).

Right: C/T versus magnetic field for different isotherms. The solid blue curve is a fit to the field
theory prediction of the asymptotic form of C'//T. (Taken from reference (61)).

The effective mass can also be targeted with quantum oscillations experiments, and one sees essen-
tially the same thing as indicated by the specific heat. Figure 3.17 shows the effective mass associated
with two particular SrgRusO7 Fermi surface sheets obtained from de Haas-van Alphen oscillations.
These quantities appear to diverge in the vicinity of the metamagnetism. This is broadly consistent
with the picture indicated by the specific heat measurements; the effective masses diverge, and this is
a signature of the underlying quantum critical point.

40 T T T T T

354 ® 18KkT| @ 16kT 4
J O 42KT| © 4.0kT J

]
(4]
1l
1

%]
[=]
P
1

59% J
L L - TR

QP mass (m,)
@

=)

1

%
HH

o
M

o

6 7 8 9 10 11 12 13 14
KoH (T)

Figure 3.17: The effective masses associated with two particular Fourier components of de Haas-van
Alphen oscillations as a function of a magnetic field applied in the c-axis direction. The two components
are indicated by filled and unfilled circles respectively. The divergence of the effective masses in the
vicinity of the metamagnetic transition is an indicator of the underlying quantum critical point. (Taken
from reference (91)).
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Finally, we mention measurements of the Gruneisen parameter I', which is given by(92),

__ldM

C dar’
where the quantities on the right hand side are to be evaluated with the magnetic field held constant.
This quantity is predicted to change sign and to diverge close to a QCP(61). Measurements of the
Gruneisen parameter are shown in Figure 3.18; the lefthand panel shows an isotherm of " as a function
of magnetic field which is strongly peaked at the metamagnetic jump. The right hand panel shows a
colour plot of I' as a function of temperature and field, which shows that I" changes sign crossing over

the metamagnetic region.
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Figure 3.18: Left: Main figure: Gruneisen parameter as function of magnetic field for 7' = 0.2 K. Inset:
Reciprocal of the Gruneisen parammeter; the red curve shows a linear fit.

Right Colour plot of the Gruneisen parameter in the phase space of temperature and field. Solid green
symbols indicate features in the Gruneisen parameter and empty green symbols indicate features in
curves of specific heat versus field. (Taken from reference (61)).

3.4 Electron Nematic Phase

For the case of a magnetic field in the c-axis direction, in the vicinity of the metamagnetism there
occurs a variety of exotic behaviour quite unique to this material. This includes sharp changes in
the electron transport as a function of the applied field, large anisotropy in the electron transport for
applied fields with an in-plane component, and the occurrence of spin-density waves. This is usually
interpreted in terms of the formation of some distinct electronic phase which occurs in close proximity

to the QCP in sufficiently clean samples of SrgRuy07 and masks the close approach of the QCP: this is
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a familiar scenario in systems which have a QCP(86). Because this novel phase is chiefly characterised
by strong anisotropy, this phase has been called a nematic phase in analogy to the behaviour of certain
liquid crystals(93).

Our modelling, which is discussed in the next chapter, is not sophisticated enough to reproduce
any of the experimental results which empirically define the nematic phase. However, it does make
a prediction regarding the fundamental nature of this phase. Our model predicts that the system
will exhibit a metamagnetic jump and that in the vicinity of the metamagnetic jump, the system will
adopt a phase separated mixture of low- and high-magnetisation phases. We therefore postulate that
this mixed phase corresponds to the nematic phase observed in Sr3RusO7. This is discussed at great
length in the next chapter.

The occurrence of the nematic phase in SrgRusO7 is manifested in the splitting of the first order
transition associated with that QCP into two first order phase transitions, which mark the boundaries
of the nematic phase. This is illustrated in figure 3.19 which shows the components of magnetic field
in the c-axis and in-plane directions at which first order phase transitions occur, for two samples of
SrsRusO7 with differing levels of disorder. The dirtier sample always undergoes a single first order
transition, but the cleaner sample shows a single transition for the field in the ab-plane, which splits
into two closely positioned transitions as the field is tilted towards the c-axis. Figure 3.20 shows the
corresponding picture of the transitions in the phase space of temperature, field, and the angle of
the field to the c-axis; this is to be compared with figure 3.11 and is a version of that figure for a
cleaner sample of SrsRusO7 which shows two phase transitions and the nematic phase. Figure 3.20
reveals a quite complicated picture: whereas in the case of only a single transition the angle of the field
essentially acts as a tuning parameter which monotonically pushes the endpoint to zero temperature,
the appearance of the second transition in the cleaner system marks a change in the trajectory of the
endpoint, and the angle appears to push the endpoints corresponding to both transitions to higher

temperatures.
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Figure 3.19: The positions of first order phase transitions plotted against the components of the applied
magnetic field in the c-axis direction and in the ab-plane, for two different SrsRusO7 samples, at a
fixed temperature of 0.1 Kelvin. The two samples are labelled by their resistivities, which are given
in the top right of the figure; the high-resistivity (and therefore high-disorder) sample always exhibits
a single transition, but for the low-resistivity (and therefore low-disorder) sample there is a single

transition for the field in the ab-plane which splits into two closely positioned positions as the field is
tilted towards the c-axis direction. (Taken from reference (93)).
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Figure 3.20: Two surfaces of first order transitions observed in a sample of Sr3RusO7 from ac magnetic
susceptibility measurements. Compare with figure 3.11 and see its caption; the present figure applies
to a SrgRupO7 sample with less disorder than the sample in figure 3.11. (Taken from reference (94)).

The dramatic increase in the resistivity in the vicinity of the metamagnetism is exhibited in figure

3.21. The resistivity approximately doubles from a flat value in a step-like change at approximately 7.9
Tesla, and drops to a different flat value in a second step at approximately 8.1 Tesla. The flat resistivity

in the high-magnetisation state is larger than that in the low-magnetisation state. In addition, a curious
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feature of this figure is that the resistivity actually slightly descreases before the first step-like jump.
Figure 3.22 overlays another example of this same plot with plots of the real and imaginary parts
of the AC susceptibility. The susceptibility shows sharp peaks which match up extremely well with
the features in the resistivity. The two peaks in the imaginary part of the susceptibility, which occur
in concord with the two step-like changes in the resistivity, are interpreted as indicating two first
order phase transitions. The additional peak which is exhibited in the real part of the susceptibility

occurs with the small decrease in resistivity to the left of the metamagnetism and is interpreted as a

crossover(60).
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Figure 3.21: Measurements of the in-plane resistivity as a function of a magnetic field applied in the
c-axis direction for temperatures ranging from 1.3K to 0.1K in steps of 0.1K. (Taken from reference

(95)).
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Figure 3.22: The real and imaginary parts of the AC magnetic susceptibility, x’ and x"” respectively, as
a function of a static applied field in the c axis direction, for fields in the vicinity of the metamagnetism,
overlayed with the resistivity p which is to be compared with figure 3.21. These measurements were
made at a fixed temperature of 0.02K. The peaks in the imaginary part x”, which coincide with the
step-like changes in the resistivity, indicate first order phase transitions. The real part x’ also shows
coincident peaks, with an additional peak which coincides with the slight low-field descrease in the
resistivity. (Taken from reference (60)).

The experiment which reveals the anisotropy if the magnetic field has an in-plane component is
illustrated in figure 3.23. The direction of the magnetic field is tilted a small angle away from the c axis
direction to generate a small in-plane component, and the resistivity is separately measured for two
perpendicular in-plane directions, one of which coincides with the in-plane field. If the field coincides
with the c-axis, then the two in-plane directions are equivalent, and both resistivities show the step-like
changes depicted in figure 3.21. Upon tilting the field, the feature is shifted towards lower fields for the
resistivity parallel to the field, which is consistent with the finding that the metamagnetism occurs at
a lower field for in-plane fields (see figure 3.9). The anisotropy is the fact that the abrupt changes are
almost entirely absent in the resistivity perpendicular to the field, which instead shows a much smaller

abrupt shift between the flat low- and high-field values.
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Figure 3.23: Measurements of resistivity showing the anistropy in the vicinity of the metamagnetism.
Left: illustration of the experiment; a magnetic field is applied which as a small angle to the c-
axis to generate a small in-plane component, and the resistivity is separately measured for two in-
plane directions, the field direction and its perpendicular. Top Right: the resistivities in the two
perpendicular in-plane directions as functions of field when the field is parallel to the c-axis; in this
case the two in-plane directions are equivalent and both resistivities show the same step-like features.
Bottom Right: the resistivities parallel and perpendicular to the in-plane field as functions of modulus
of the total applied field when it is made to make an angle of 13 degrees with the c-axis; the step-like
features remain in the resistivity parallel to the field but are absent in the resistivity perpendicular to
the field. (Taken from reference (63)).

The anisotropy in the resistivity is accompanied by lattice distortions which break the symmetry
between the two in-plane principal axes. This is revealed in anisotropy in the in-plane thermal ex-
pansion, which is shown as a function of temperature in figure 3.24. With the magnetic field parallel
to the c-axis, the relative length change caused by an incremental change in temperature is the same

in both the in-plane directions. Giving the field a small component in one of the in-plane directions,
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anisotropy occurs at low temperatures, apparently coinciding precisely with where the anisotropy in
the resistivity occurs (lefthand panel of figure 3.24). The relative length change in the field direction
is smaller than that in the perpendicular direction, and is actually negative close to zero temperature.
Increasing the angle between the magnetic field and the ¢ axis to ~ 10 degrees, one finds that the
relative length changes in the two in-plane directions are of similar magnitude but opposite sign (right

hand panel of figure 3.24).
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Figure 3.24: Anisotropy of the thermal expansion. Both plots show both the relative length change in
the in-plane direction % on the left axis and the corresponding thermal expansion coefficient % (%)
and the right axis.

Left: Relative length changes and thermal expansion coefficients in both principal in-plane directions
for a small tilt of the magnetic field in one of the principal directions.

Right: Relative length changes and thermal expansion coefficients in both principal in-plane directions
for a larger tilt of the magnetic field in one of the principal directions.

(Both plots are taken from reference (96)).

Figure 3.25 shows how the emergence of the nematic phase masks the approach of the underlying
quantum critical point. Compare with figure 3.16 in the previous section, which shows the apparent
divergence of the specific heat gamma factor for fields in the metamagnetic region. Figure 3.25 shows

measurements at lower temperature which reveal that this divergence is cut off, at approximately 1.2
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Kelvin. This corresponds to entering the nematic phase, in which the specific heat has a an asymptotic

form proportional to T2.
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Figure 3.25: The cutoff of the diverging specific heat « factor by the emergence of the nematic phase.
Compare with figure 3.16 which shows data recorded at higher temperatures. The black curve shows
C/T at a fixed field of 7.9 Tesla, which exhibits a jump upon entering the nematic phase; this corre-
sponds to the ceiling of the region indicated in figures 3.26 and 3.27. The blue curve is an extrapolation
to of the data recorded above the ceiling of the nematic phase which is consistent with the measure-
ments exhibited in figure 3.16, showing the divergence of the v factor associated with the underlying
QCP. The red curve is a linear fit to the low temperature data, showing the specific heat is proportional
to T? in the nematic phase. (Taken from reference (97)).

Figure 3.26 shows the quantity 3% (%) in the temperature-field phase space, which shows up the

phase boundaries as sharp features in this quantity; figure 3.27 shows the same phase boundaries
determined from features in the electrical resistivity, the ac magnetic susceptibility and the thermal
expansion measured in a number of works(95). All these experiments consistently indicate that the
left- and righthand boundaries of the nematic phase, beneath the red arrows in figure 3.27, are marked
by first order phase transitions, but that the upper boundary of the phase is marked by a second order
transition. Figure 3.28 shows how the nematic phase moves on this plot as the field is tilted a small

angle away from the c-axis.
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Figure 3.26: Colour plot of the derivative with respect to field of the entropy divided by temperature,
as a function of temperature and field. Features in this quantity mark out a distinct equilibrium phase,
outlined in the figure, which corresponds to the nematic phase. (Taken from reference (97)).
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Figure 3.27: A compilation of the positions, in the phase space of temperature and field, of sharp
features observed in the resistivity and the AC susceptibility. This is to be interpreted as tracing out
the boundaries of the nematic phase. Below the positions marked by the red arrows, the two boundaries
indicate first order phase transitions, while above these points the features indicate crossovers. (Taken
from reference (95)).
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Figure 3.28: The position of the electron nematic phase in the phase space of temperature and magnetic
field strength for different angles of the magnetic field; tilting the magnetic field away from the c-axis
pushes the nematic phase towards smaller fields. (Taken from reference (96)).

The landscape of the specific heat and entropy in the vicinity of the nematic phase has been
thoroughly investigated by Rost et al(97), and their data is exhibited in figure 3.29. These clearly
show the specific heat and the entropy to be peaked in the nematic phase, showing a symmetrical shape
in field. On the basis of this survey of the entropy landscape, the authors report that the nematic
phase is indeed a distinct thermodynamic phase of SrsRu,O7, bordered by first and second order phase
transitions as described above, rather than a metastable state of some kind. This is further indicated
by the lack of observed hysteretic behaviour in the nematic phase(98). Furthermore, the phase diagram

is not seen to show any dependence relating to the crystal size and shape(99).
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Figure 3.29: Measurements showing the entropy landscape in the region of the nematic phase.

Panel A: Entropy divided by temperature as a function of temperature and field.

Panel B: The entropy divided by temperature and specific heat divided by temperature versus field,
overlayed with a fit of the form A/|B — B,|.

Panel C: Contours of constant entropy plotted against temperature and field.

(Taken from reference (97)).

Suggestions regarding the nature of the nematic phase rely on one of two underlying ideas, that
it is related to the formation of domains of low- and high-magnetisation phase associated with Stoner
ferromagnetism(75; 96), or that it is associated with an intrinsic anisotropy in the Fermi surface
itself(100; 101; 102). Our modelling in the next chapter is of the former type. Our work differs from
previous domain-based explanations which have associated the Stoner magnetic instability with the
dgy orbital in that we advocate a magnetic instability associated with the d,. and d., orbitals. The
more sophisticated modelling in references (101) and (102) associate the metamagnetism with the d,.
and d,, orbitals; it is possible that our work is consistent with the findings of those works, and that
the main contribution of our work is a simple picture of the nematic phase which is obfuscated in the
more sophisticated approaches.

The formation of domains in the system is quite an attractive explanation for the nematic phase:
the abrupt increase in the resistivity is interpreted as due to scattering from domain walls, and the

anisotropy in the resistivity for small in-plane fields is then associated with the domains running

186



perpendicular to the field direction, so that only the in-plane current in the field direction is required
to cross domain walls. Moreover, the formation of domains is implied by low-level attempts to model the
metamagnetism with Stoner ferromagnetism. Our modelling in the next chapter is based on precisely
this idea. It must be pointed out that the observed lack of hysteresetic behaviour or dependence on
sample size do not support the existence of domains. We simply suggest that these contradictions can

be resolved if the domains in question are on extremely short length scales.

3.5 Incommensurate Spin Density Wave

In the vicinity of the metamagnetism, Sr3RusO7 shows incommensurate spin density waves (SDWs)
along the two orthogonal principal axes in the ab-plane. Figure 3.30 shows elastic neutron scattering
measurements which show the SDW wave as a peak in the scattering intensity(63). For magnetic fields
applied parallel to the c-axis, peaks are observed at the scattering vectors (+0.233,0,0), (0,40.233,0),
(£0.218,0,0) and (0,40.218,0) at low temperature in the vicinity of the metamagnetism. The region
in which the 0.233 wavevector is oberved appears to roughly coincide with the nematic phase; the
0.218 wavevector occurs at in slightly higher region of applied field, although there is some region of
overlap where both wavelengths are observed (see righthand panel of figure 3.30). The 0.218 wavevector
appears to coincide with a linear feature in the resistivity which borders the second abrupt jump in the
resistivity (see figure 3.30 and the inset showing the resistivity). These two coincident phenomena, the
0.218 wavelength SDW and this feature in the resistivity, characterise a distinct region of the phase
diagram; the situation is illustrated in figure 3.31.

If the applied magnetic field is given a small component along one of the in-plane principal direc-
tions, the SDW in the perpendicular in-plane direction is suppressed(63). This implies that the SDW
is intimately connected with the dramatic features in the resistivity discussed above in connection with

the nematic phase.
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Figure 3.30: Neutron scattering measurements of the SDW.

Left: Scan of intensity observed for scattering vectors (h,0,0).

Right: SDW intensities measured at the centre of the observed scattering peaks plotted against both
magnetic field and temperature.

(Taken from reference (63)).
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Figure 3.31: Depiction of the regions of SDW phases on the temperature-field phase space. (Taken
from reference (63)).
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3.6 Effect of electron doping

We finally mention a study by by Farrell et al(103) on the effect of electron-doping Sr3RusO7. These
authors investigated the effect of substituting a small fraction of the Sr atoms with La atoms; they
parameterise the system with a variable y according to Srz_,La,RusO7. Sr has two valence electrons
and La has three valence electrons, so the effect of this substitution is to dope the system with an
additional y electrons per formula unit. Figure 3.32 shows the specific heat divided by temperature for
differenct doping levels (compare with figure 3.16). Electron-doping the system reduces the v value
significantly, implying that the system is becoming less strongly-correlated.

This particular experiment is something that we have direct access to in our modelling: we are
quite able to perform calculations varying the number of electrons in the system as an independent
parameter. A section is devoted to this in the next chapter.

Figure 3.33 shows the in-plane resistivity for different doping levels (compare with figure 3.21).
The disorder that is introduced into the system in substituting a small number of Sr atoms with La
atoms greatly increases the resistivity, and the effect of this additional resistivity is to largely obscure
the distinctive features of the resistivity associated with the nematic phase. However, Farrell et al
argue that the position of the metmagnetic jump can still be identified in the data in figure 3.33 as
the kink of inflexion in the curve of resistivity versus field(103), and with this interpretation the data

show that the effect of the electron-doping is clearly to push the metamagnetism to higher fields.
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Figure 3.32: The specific heat divided by temperature of Sr3_,La,RuyO7 versus temperature for y = 0
(red), y = 0.02 (blue), y = 0.04 (green) and y = 0.06 (black). (Taken from reference (103)).

189



T =100 mK
" B/l ¢

Figure 3.33: The in-plane resistivity of Sr3_,La,RuO7 versus magnetic field, for field parallel to the
c-axis, for y = 0 (red), y = 0.02 (blue), y = 0.04 (green) and y = 0.06 (black). (Taken from reference
(103)).
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Chapter 4

Modelling and Mean Field Theory

In this chapter we model the metamagnetism in Sr3RusO7. We build a 3-band Hubbard type model
for the Ru ty4 orbitals dgy, dy. and d.,, which for notational convenience we shall from now on label
Z, X and Y respectively; our model consists of a hybridisation term with no matrix elements between
different orbital species, and an onsite interaction term. A Hartree-Fock mean field solution to the
model displays a metamagnetic jump which can be made to agree with the experimental magnetisation
curves. The metamagnetism is associated with the X and Y bands, both of whose band structure is
one-dimensional at the level of our modelling, and consists of two non-degenerate bands. The meta-
magnetic jump is associated with the top-lying X /Y band being pushed past the chemical potential,
and corresponding to this the disappearance of one of the Fermi surfaces. In the metamagnetic region
itself, that is the region of steep rise of magnetisation with field, the mean field solution is a phase
separated mixture of a low-magnetisation phase, in which all the X /Y Fermi surfaces are present, and
a high-magnetisation phase where one of the X /Y Fermi surfaces has vanished. We postulate this
mixed phase to correspond to the nematic phase in SrgRusO7.

The connection between the metamagnetism and singularities in the density of states has previously
been considered, from a modelling perspective, by a number of authors. A picture essentially the same
as ours has been proposed(75; 96), including the prediction of phase separation, but with a transition
mediated by the Z bands, which are two-dimensional at the level of our modelling. In this scenario
the metamagnetic jump is associated with the van Hove singularity in the Z band density of states
being pushed past the chemical potential. We can obtain Z-mediated metamagnetism in our own

modelling, but its sensitive dependence on the parameters in the model, particularly the size of the
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second-neighbour hybridisation, suggests that this is unlikely to be the metamagnetism that occurs in
SrgRusO7.

There have also been studies that present a picture of X /Y mediated metamagnetism, but these
have dealt with more sophisticated models which include the spin-orbit interaction, and have in addi-
tion modelled the nematic phase itself as being associated with an anisotropic Fermi surface(101; 102).
Our work uses a much simpler model and does not model any of the experimental features of the
nematic phase itself. However, our own approach provides the picture of the nematic phase as a phase-
separated picture of the low- and high-magnetisation phases; we presume that essentially the same
phase occurs in the more sophisticated modelling, but these more sophisticated approaches, although
they are more powerful, have the effect of obfuscating this simple picture.

The chapter is essentially divided into two halves: sections 4.1 to 4.3 deal with building the model
and introduce some important physical ideas, such as the Stoner criterion for the susceptibility of
metals to ferromagnetism which is covered in section 4.2; sections 4.4 to 4.6 present analysis of the
behaviour of the model.

In the first part of the chapter, the aim is to build our model for Sr3sRu;O7 from the ground up.
In this mindset, section 4.1 acts as an introduction to how one models electrons in crystalline solids in
general, and is very much textbook material. This section introduces the two key concepts of Wannier
orbitals, which are mutually orthogonal single-particle states localised at sites of the crystalline lattice,
and the second quantised representation, which is the use of the Fermi operators CLU to represent the
electron states. At the end of section 4.1 we will have essentially derived the Hubbard model, which
is the famous elementary model of interacting electrons in crystalline solids.

In section 4.2 we discuss Stoner ferromagnetism as applied to the Hubbard model, and we derive the
Stoner criterion. In essence, Stoner ferromagnetism is the idea that, in the mean field approximation,
a large repulsion between particles can drive a metallic system ferromagnetic, but this is strongly
dependent on the properties of the single-particle density of states at the Fermi surface. Systems
are strongly susceptible to ferromagnetism if the Fermi level is in close proximity to large peaks or
singularities in the density of states. This is precisely the case in SrsRuyO7, where the density of states
contains a number of singularities. In addition to introducing the key physical idea that also applies to
our model of Srg3Rus07, the derivation of the Stoner criterion also serves to introduce the tool which
we shall use to tackle that model, namely Hartree-Fock mean field theory.

We build our model of SrgRus0O7 in section 4.3. We begin with discussions which apply to modelling
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transition metal oxides in general, the crystal field interaction and Hund’s rules. We thereby arrive
at the picture that to leading order the energetically relevant Ru degrees of freedom are the three
approximately degenerate o, states, each of which wavefunctions are mutually orthogonal orientations
of the same shape associated with the three principal crystal axes. The model which we are building
will then consist of three bands, or six when a magnetic field is included.

Our model consists of a hybridisation term and an onsite interaction term. The essential physics is
contained in just two energy scales, ¢ which is associated with hybridisation, and U which is associated
with the interaction. The situation of a metal on the verge of a ferromagnetic instability in a mean field
picture is that ¢ is the largest energy scale, but not greatly so, that is zt is slightly larger than U, where
z is the co-ordination number. We begin with the hybridisation term, and we show how effective Ru-Ru
hopping arises perturbatively from miscroscopic calculations in which the intervening O is occupied
in a virtual state. We then discuss the on-site interaction term. We calculate the complete on-site
Coulomb interaction between electrons in the ¢y, states, which can be parameterised with two energy
scales U and J. This then provides the model which we shall study in the remainder of the chapter.
We give some discussion to rather important effects which we do not include in the model, which we
regard as vital to an attempt to model the details of the nematic phase in SrgRusO7, the long-range
Coulomb interaction and the spin-orbit interaction. We finally conclude section 4.3 with some remarks
concerning how the mean field solution of our model actually relates to the microscopic physics of the
real material; our viewpoint is that, since SrsRusO7 is an itinerant ferromagnet, and this is precisely
the kind of state that mean field theory predicts, it is valid to model the material in this way, despite
the limitations of mean field theory.

In the latter half of the chapter, we exhibit calculations using the model which we have built.
In section 4.4, we consider only the pure tight binding model which does not include the interaction
term. The tight binding Fermi surface can be made to qualitatively agree with the experimental Fermi
surface. In addition, the tight binding theory provides much of the framework for later calculations.
Applying a magnetic field raises the energy of the spin-| particles and lowers the energy of the spin-1
particles, and at some field the top-lying spin-] X /Y band is pushed past the chemical potential. The
transition from the full 6-band state to the state where the top-lying spin-/ X /Y band is missing
occurs with a kink in the curve of magnetisation versus field, but when interactions are included this
kink can be made to be a steep jump: metamagnetism.

We then finally come to dealing with our full model including onsite interactions. We solve the
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model approximately using Hartree Fock mean field theory. In section 4.5 we provide the formalism of
the theory and describe how the mean field calculations are actually performed. The calculations are
then exhibited in section 4.6. These calculations show that, if large enough interactions are included,
the magnetisation exhibits a metamagnetic jump between the 6-band state and the 5-band state where
the top-lying spin-] X /Y band is absent, and the size of this jump can be made to agree quantitatively
with the experiments. In the region of the jump, the lowest energy mean field solution is a phase
separated mixture of 6-band and 5-band solutions, which we postulate to correspond to the nematic
phase in SrzgRusO7.

In the remainder of section 4.6 we provide more mean field calculations in which we make various
alterations to the model. A large number of these calculations are related to the possibility of the Z
bands playing a role in the Sr3RusO7 metamagnetism. We alter the model in the following ways that
might be expected to result in the Z bands playing a role: we tune the value of the second neighbour
hopping in order to place the Z band van Hove singularity close to the Fermi surface at zero field; we
increase the Z density of states while leaving the X /Y density of states unaltered; we include a crystal
field splitting which reduces the energy of the Z bands relative to the X /Y bands. The former two
alterations can force Z metamagnetism to occur, but in the case of changing the second neighbour
hopping fine tuning of this parameter is required and the size of the magnetisation jump is smaller
than the one in Sr3RusO7, and in the case of reducing the Z bandwidth the size of the magnetisation
jump is much larger than the one in SrsRusO7. Imposing the crystal field splitting does not promote
Z metamagnetism and the X /Y bands remain dominant. The final calculations deal with the effect of
doping the system by a small amount. Electron-doping reduces, and hole doping increases, the field at

which the X /Y metamagnetism occurs; puzzlingly the relevant experiments reveal the opposite trend.

4.1 Fundamentals

In this section we introduce some of the underlying concepts of modelling condensed matter systems.
We firstly introduce the framework of modelling electrons moving in a crystal lattice. We show how
one can build a picture of the electron as sitting on one of the lattice sites; one can construct a localised
wavefunction centred on one of the lattice sites, such that this state is orthogonal to the wavefunction
centred on any other lattice site. We describe separately the second quantised representation of many-
body systems. This description naturally incorporates both the requirement that systems of identical

fermions exhibit antisymmetry under the exchange of two particles, and the possibility of fluctuations
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in the number of particles.

4.1.1 Single-particle states on a lattice: Wannier orbitals

In this section we introduce how one describes the wavefunction of a single particle in a crystalline
solid. The physical picture is that of a metal, in which the electron moves about a lattice of positive
ions. We consider a single electron which is moving in a periodic potential which is formed by the
underlying positive ions. Let the potential due to a single ion be placed at the origin of the co-ordinate

system be —V (|7]). For the hydrogen atom, one would take this to be the bare Coulomb interaction,

62

V(Irl) = 7

while for larger atoms one typically regards the nucleus and the core electrons as a point charge
which provides a field for the valence electrons, and so one still considers the Coulomb potential. The

Hamiltonian of an electron in this field is

D

— -V . 4.1
— V(i) (41)

Let ¢(7) be the groundstate wavefunction of this system, and let Ey be the groundstate energy:

2 VD] w0 = B (1.2

We now consider a regular A -site lattice, with periodic boundary conditions, of these ions, for which

the single-electron Hamiltonian is

A2

=Y V(IF - R, (43)

:2m -
J

where the index j labels the lattice sites and Ej is the position of the site j. Now, if ions are infinitely
far apart, the electron is simply bound around one of the sites in the state 1; there are therefore N

degenerate states which have the particle localised around each of the sites,
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As the ions are made to approach each other, the degeneracy is lifted and for A/ >> 1 the non-degenerate
eigenstates states can be regarded as a continuous band of states. The width of the band increases
as the ions are brought closer together, this being effectively the energy that is gained in having the
particle move around the lattice. The states on each of the individual atoms are said to hybridise with
one another to produce the delocalised states.

A difficulty in describing this problem is that the states ¢; on different lattice sites are not orthog-

onal to one another, but have a finite overlap which is a function of the separation of the sites,

—

(W;lvy) = O(|R; — Ry )). (4.5)

However, one can always construct a wavefunction such that states on different sites are orthogonal.
The states that result from this construction are called Wannier orbitals, and we shall now indicate

how they should be constructed out of the states 1;. One introduces the states,
1 -
) = e Bl 4.6

where the so-called Bloch wavevector k takes A values which are the dual set to the vectors ﬁj.
The expression 4.6 is the Bloch transform of the state |¢;). It is easily verified that these states are

orthogonal, and we have,

(Wglvr) = 6z 2 Oz (4.7)

where

0; =Y e HO(R)) =Y e / G (P (7 — B,)dr. (4.8)
J J
Now we define
1

VOr

to obtain an orthonormal basis. The Wannier states |1/);/V> are then obtained by performing the inverse

) = lvbg) (4.9)

Bloch transform to return to a real-space description,

1 kB
|¢;/V> _ 7./\/’ ;6 k-R;

1

\/@

[V5)- (4.10)

It is easily verified directly that the Wannier states are orthonormal. They are given in terms of the
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original states |¢;) by

[l u(R; — Rjr)wy), (4.11)

j l
where

—

S 1 _ik(B.—B . 1
lfy Ry = o SR L (412
K

O-

=

The wavefunction of the Wannier state, centered on the origin, is given by

V() = D ulBe(r - Ry). (4.13)

J

—

The amplitude u(R;) is largest for the onsite orbital ¢(7), and decreases with range. The Wannier or-
bital is approximately the original onsite wavefunction, with corrections from the offsite wavefunctions
which become increasingly small at long range.

The eigenstates of the system are precisely the states |wg‘/> which are obtained as the Bloch trans-
form of the Wannier states. The Bloch tranform in general provides the eigenstates for periodic
Hamiltonians at the single particle level. The Bloch states are the eigenstates of precisely the transla-
tions under which the Hamiltonian is symmetric. The formalism which underpins this is that, for an

operator S which commutes with the Hamiltonian,
[S,H] =0, (4.14)

there can be no nonzero matrix elements of H between eigenstates of S belonging to different eigenval-
ues, and therefore the eigenstates of S break up the full Hilbert space of H into a set of disconnected
subspaces which can be separately diagonalised. The Bloch transform, in the context we have described,
breaks the problem into N disconnected subspaces which are labelled by the Bloch wavevectors k. In
general the dimension of the k subspace is precisely the number of degrees of freedom per lattice site
of the Hamiltonian. In the above we have chosen to include only a single degree of freedom per lattice

site, the orbital ;.

4.1.2 Second quantised description of many-body systems

A system of many particles can be described by a wavefunction which depends upon the co-ordinates

of each of the particles, U (7,75, ...). In general this wavefunction can be written in terms of single
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particle states. Let 1, (7) be some complete linearly independent set of single particle states. The

general N-particle wavefunction can then be written as

\II(FLFQ’ ""FN) = Z a’Yl7'Y2a-<~7'YNw’Yl (Fl) X ¢"/2(F2) X ... X ¢"/N (FN) (415)

V15725 VN

The indistinguishability of identical particles places some restrictions on the coeflicients a., ,,....yy i
this expansion. For describing a system of fermions, the wavefunction must be antisymmetric with

respect to the exchange of any pair of particles. For two particles, this leads to the general form,

U, 72) =Y by [Py (P15, (Fa) = s (72) b, (7)) (4.16)

Y1#Y2

The general antisymmetric form becomes increasingly complicated for larger and larger numbers of
particles. Note that the property of antisymmetry under the exchange of any pair of particles forbids
wavefunctions which have more than one particle in the same single-particle state, which is the principle
of Pauli exclusion.

The complicated structure which is demanded by the antisymmetry makes the wavefunction a
rather unwieldy description of a many-particle state. In addition, the many-body wavefunction is not
well-constructed for systems for which the number of particles is not fixed. In regard to both of these
concerns, a more convenient description of many-body systems is the second-quantised form. One
introduces the vaccuum state |0) which corresponds to there being no particles in the system. One
associates with each of the single-particle states 1, a so-called creation operator cL, the operation
of which is defined to provide a particle in the state 1,. So, the state cL|O> corresponds to the
single-particle state 1., (7). A many body state is created by acting multiple creation operators on
the vaccuum. The antisymmetry with respect to the exchange of any pair of particles is incorporated
into the definition of the creation operators, in the additional enforced condition that any two creation

operators anticommute with each other,
{cl,cl}=0. (4.17)

The states ¢l ¢l ..cl |0) form a basis set, with the proviso that, as a consequence of the anticom-
mutability, a consistent ordering of the creation operators must be used in the basis states, for example

the order that operators with a smaller index always appear to the left of operators with a larger index
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v1 < v2 < ... < yn. Note that putting v/ = v in expression 4.17 implies
() =0, (4.18)

which expresses Pauli exclusion because acting cfy on any state which already has a particle in the
state 1), gives zero. The Hermitian conjugate operators c, are called annihilation operators because
they have the effect of removing a particle in the state 1),. The annihilation operators produce zero
acting on the vaccuum,

|0y = 0. (4.19)

The final part of the description is the anticommutation relation between the annihilation operators
and the creation operators, the anticommutator being given by the overlap of the corresponding single

particle states [t ),
{cy, cjry,} = (Pylihyr). (4.20)

If the single particle states are orthogonal, then the creation and annihilation operators for different
states anticommute; as an aside, note that it follows from this that c, acting on any state which does
not have a particle in the state 1, and not only the vaccuum, gives zero. Throughout this chapter,
it will be assumed that one is working with the Wannier states which are orthonormal, so that this

condition is simplified to,

{ey,ch } =6, (4.21)

We are now in a position to write down a many-particle Hamiltonian in the second quantised form.
We begin with the non-interacting Hamiltonian; consider the periodic lattice of ions described in the

previous section, but where we now allow more than one particle in the system:
N 52 N
- i 7R
H= Zl o le V(7 — R;). (4.22)
1= 1= 7

Let the c;r. be the creation operator for a Wannier state () on the site j. In this representation the

non-interacting Hamiltonian is written as

H = —th’jfc}cj/, (423)
3.
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where

H )
tig = / &3 (7) ;’—m STV By | by (7). (4.24)
J

The terms in the Hamiltonian with j # j' are often referred to as “hopping” terms, in that they move

the particle from the site j’ to the site j. This Hamiltonian is diagonalised by the Bloch transform,

1 P
T ik-R; .t

clL=— E e el 4.25
k /N r J ( )

and the band structure is given by

=ttt (4.26)
J

The lowest energy state with N particles in the system is to occupy the N k-states with the lowest
energy; one therefore has in the thermodynamic limit a continuous region of E—space which is occupied,
up to some level €;; = ex which is called the Fermi surface. If the number of particles is not fixed, one
introduces the chemical potential p and one instead minimises H — u/N at constant p; this produces
a Fermi surface ep = p.

This touches on an important point regarding the calculations to follow in this chapter, which is
that in most instances we wish to perform calculations at constant particle number N, but we instead
have access to calculations at constant chemical potential p. This leads to a scheme where one uses
the chemical potential as the independent variable and calculates the particle number as a function of
i, and then one adjusts the input p to obtain the desired value of V.

Of course, all of the interesting physics in condensed matter systems arises out of the interactions
between electrons. The many-particle Hamiltonian with the same pairwise interaction between all

pairs of particles,

N ﬁQ N . N N
HZ_Zlg;n—;;V(ﬁ—RjH S S UG -, (4.27)

i=i'414'=1
in the second quantised form gives again the hopping terms with additional two-particle terms which

describe the interactions,

Zt“/c cjr + Z Ujmmlj2 i chjécji' (4.28)

7,3’ J17J27J1»12
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The interaction parameters are given by,

- -
/ /

Upsiuitos = [ & [ 05, (0003, 0000( = 7 (7)o (5 (4.29)
The electron spin degree of freedom can be included by using the creation operators,

i i
Cj = Cjy

where o labels the two spin-states. Neither the hybridisation nor the Coulomb interaction (which
we are treating as a classical field) can act to change the electron spin, and so the Hamiltonian 4.28

including spin becomes,

t]] joC] o + ]1,12,]1]2 jlochQ(rgCJéUzCJ{UN (430)

J1,92,31,J5 91,02

where t; ;; and U,

j1.4234., are as previously defined.

The largest conributions are those which involve orbitals on neighbouring sites; a first approxima-

tion is therefore to include only the onsite parameters, in which case one obtains,
H=—t Z c;»gcjlg + UZC;TCjTC;J,Cﬂ’ (4.31)
(45"e J

which is the Hubbard model. We have written the interaction term explicitly in terms of the operators
c}acja which correspond to the number of spin-o particles on site j; this makes clear the physical

meaning of this term, which is to impose an energy penalty +U if there are two particles on the site

j.
4.2 Mean field theory of the Hubbard model: Stoner ferro-

magnetism

The purpose of this section is to show how the itinerant ferromagnetic state, which is the style of state
we intend to model in SrgRusO7, arises in the mean field solution of an interacting model. To this
end, we consider the simplest interacting model, the Hubbard model. We apply Hartree-Fock mean

field theory to the Hubbard model, and investigate the susceptibility to magnetism by attempting to
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minimise the mean field energy written as a power series in the magnetisation. The coefficients of
the series are functions of the single-particle density of states and its derivatives; consideration of the
properties of these coefficients for which a finite magnetisation minimises the energy provide criteria
in terms of the density of states for when the system is predicted to be ferromagnetic, and whether
the transition to ferromagnetism is first or second order.

This mean field picture of itinerant ferromagnetism arising from the repulsive interaction between
particles is referred to as Stoner ferromagnetism(104). It is important to discuss this because in
our modelling of Sr3RusO7 we shall obtain metamagnetism arising from this very same physics, and
therefore the content of this section effectively underpins our work on SrgRusO7. In addition to the
physical arguments, we also make use of this section to describe the Hartree-Fock mean field method,
which is the method we shall apply to our Hubbard-type model for Sr3RusO7.

The Hubbard model is given by,

H=-t Z c;r-gcjrg + UZC;TCJTCLCN- (4.32)

(43")o J

In the non-interacting case U = 0, the Hamiltonian is diagonalised by the Bloch transform

o =

1
Fo W;e

mR (4.33)

providing the single-particle spectrum

€r = 7752’}/];, (434)

where z is the number of nearest neighbour sites on the lattice and 73 is the structure factor,
1 ik-7
Yo == Z e, (4.35)

where 7 is the displacement vector from a lattice site to one of its nearest neighbours. The density of
states per spin-species is given by

ple) = 35 3 dle — ), (4.36)
E
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providing the number of particles as

n= [ depterfte = = 3 3 fleg — ) (437)

where f(z) is the Fermi function,
1

fz) = m7 (4.38)

where T is the temperature. The groundstate has the particles occupying the lowest-energy states
possible, so that all of the single-particle states for which e; < u are occupied and all of the higher-

lying states are empty. The occupancy in reciprocal space is described by the Fermi surface,
€ = [ (4.39)

We apply the well-known Hartree-Fock mean field theory, which is a prescription for obtaining
the variationally optimised non-interacting state for approximating the ground state of a many-body
system. Explicitly, one calculates the so-called mean field energy E™/ = (H), which for a non-
interacting state can be expressed entirely in terms of single-particle correlations (this is essentially the
content of Wick’s theorem(105)). From this, the Hartree-Fock mean field Hamiltonian is constructed
in terms of a set of single particle operators 7, and the corresponding correlations 1, = (f,) according

t0(106),

aEmf . 8Emf
H™ =3 =i =) —5—a + E™. (4.40)
@ «

The groundstate of this single-particle Hamiltonian provides precisely the variationally optimised non-
interacting approximation to the real groundstate(106). The physical picture is that the interactions
are being approximated by coupling the particles to the mean fields OE™/ /On,, which describe the
effect of the interactions on average.

For a non-interacting state, we have,
(chregrel o) = (hpeel en) = (ehei el ) + (el D ejien). (4.41)

We make the assumption that there are no pairing correlations, <C§Tc;r¢> = 0 = (cjy¢jt), and so the

last term in this expression vanishes. Furthermore, we can express this expectation value in terms of

203



the average number of particles on the site,

nj = <C;¢CjT + CLCM, (4.42)

and the onsite magnetisation Mj, whose components are simply related to the single-particle correla-

tions by,

My = <cic¢ + cjcﬁ, (4.43)

M} = i(cIcT - c$c¢>, (4.44)

M; = <cic¢ - cic@. (4.45)
We find,

(chejrelein) = (chieip) (el eiy) = (ehiesi) (el ejn)
1 — —
= 7 ((ny)? = ;- 1), (4.46)

According to the Hartree-Fock prescription, the interaction term is replaced in the mean field Hamil-

tonian with,
el T T T T
UZCJTC]TC.]J,C]Jr - UZ [ €16 jTCJT + (e jTCJT> 6L — (e eiieiyciy — (ejpcieg ey | (4.47)
- UZ [ el e ehieir) — ¢ L%’MC%%)} :

We assume that the noninteracting state has the same translational symmetry as the original Hamil-

tonian, and therefore that the correlations are the same for every lattice site,

n; =n, (4.48)

, (4.49)
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and therefore the interaction term becomes,

U
Uy, C;TCJ'TCL% ) > [(n - MZ)C;‘chT + (n+ Mz)c;im (4.50)
J J

+ (M, = iMy)el ey + (Mg +iM,)el epr

— —

—%N(’I’LQ—M~M).

The full mean field Hamiltonian is therefore,

L [
— Kt kL

1 U — U — =
z Y (M, + M) —tzyp + S (n+ M) Ry

(4.51)

SN (w0,
where we have utilised the Bloch transform.

The spectrum is given by the eigenvalues of the 2 by 2 matrix in equation 4.51, which are given by

f_

m n U, -
€ ——tz’y,g+fj:§|M|. (4.52)

2

The magnetisation M provides an effective magnetic field which couples to the spin of the particles;
the two single-particle eigenstates are precisely the two spin-species resolved in the direction of the
magnetisation. We can, without loss of generality, take the symmetry-broken direction to be the z-
axis; there are then only two independent non-zero onsite correlations, ny = (c;chﬁ and ny = <cj 16 1)

which provide the number of particles and magnetisation per site as

n=ns+ny, (4.53)

M= ny —ny. (454)
The dispersion is given by

U
eg;f = —tzyg + 5 (n—oM)

—tzyp + Ung. (4.55)
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and the mean field can be written in the form,
H™ — N = Z (—tzvz + Uns — p) c%gc,;g — NUnyny (4.56)
ko
One can consider a mean field density of states for each spin-species,
1 ,
P (€) = v D d(e—end). (4.57)
This provides the following self-consistent equations for the two occupation numbers,

no = [depp @t — ) = 5 XS~ ) (4.58)
K

Because one has a term in nz in the mean field spectrum e%nf , the equations for n4 and n| are
{og

coupled. However, in the case that the total particle number n is constant, the constraint
n+n,=n (4.59)

reduces the theory to a single self-consistent equation. Even in the case that the particle number is
not fixed, the self-consistent equations can still be rendered independent from each other by redefining

the chemical potential. The mean field dispersion can be written as

egjf = —tzyg +Un—Un,. (4.60)

Now, the term Un can be absorbed into the chemical potential. We define an internal chemical
potential i by
p=pu—Un, (4.61)

so that we can write the mean field Hamiltonian in the form

H™ — N = Z (—tzvz — Uny — f2) C%UCEU — NUnny (4.62)
ko
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and we redefine the mean field dispersion to be

eg;f = —tzyp — Ung. (4.63)

One can simply consider this newly defined dispersion whose occupancy is controlled by fi:
(eh i) = S~ ) (4.64
With these definitions, the self-consistent equations become
ng =17 > fle =), (4.65)

We will use this idea in the mean field calculations which are to follow in this thesis. In practice,
we shall make use of it even in the cases where we are working at fixed particle number, since this is
found to lead to more straightforward computation in models which involve particles of more than one
orbital species.

The energy of the system per site is given by,

1 m m - U
E= = Zelggff(elgaf —f) — Z(nQ - M?) (4.66)

ko
=3 [ @t = e S - ar%), (4.67)

Now, with the current definition of egaf , the mean-field density of states is related to the non-interacting

density of states p(e) of the pure tight binding model by
Pl (e) = ple + Uny). (4.68)
In the low-temperature limit, we have f(e — i) — ©(f1 — €), and consequently,
g U
E:Z/ ep(e+ S(n+oM)) de—z(nz—Mz). (4.69)
o — 0o

We regard M as a small quantity and write the energy as an expansion in M. The coefficients of

the expansion are written in terms of the density of states and its derivatives evaluated at the Fermi
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surface.

Let fip be the value of i where the magnetisation is zero, and write,
fi = fio + Ofi. (4.70)

Now, expanding the expression for the energy about the point i = fig, M = 0 we have,

fio <1 o 1 (UM
E= / EP(6+%)dE+2§ @)t {Mop(m 1)(M0+%)_P(2l 2)(#0+%)} (2 >
=1 )

o0

[SSINeS) 1 3 - 3 . B 3 . UM 21 o
i zzkz K1(21)! (0P 5D g + G2) + (k = 1)p 52 (g + 2] (2) ()
=0 k=1

(4.71)

- S - a)

The dependence of the chemical potential on the magnetisation can be deduced from the constraint
on the number of particles. Written in terms of the density of states, the sum of the spin-1 and spin-|
particle numbers is

I
n= [ lotet B B - plet B — 1] de (.72

By repeatedly differentiating this equation with respect to M at constant n, we obtain a set of equations
which relate the derivatives of the chemical potential i to the density of states and its derivatives.

This provides the expansion of §ji in M to be

sao L (UMN® 1 pm (0Nl (UM
o= 2! p 2 p P2 2

v 7\ © N2 / 7\ 2
p+45(”> +60(”> P g0 (”)
p p p) p p\p

ANCEN, "o i 6
v UM
~150 <’;> —pp _ 12 TP < : ) ¥ (4.73)

2

where all terms in the density of states and its derivatives are evaluated with the argument fig + %
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This provides the expansion of the energy in M at constant n, up to the sixth order, to be,

z Un? U 1 (U\* o 2 o’
E =2 — 0 Un T |y 2, - (= ) 2 4
[ (e — p)p(e+ F2)de T T 1—Up|M*+ 12 <2) p l3 (p) M

1 61 7\ 4 ’ o N2 o v
+<U) = 15(”) + 1528 —45(p> r_r
360 \2/ p p P p) p P

Note that it comes as no surpise that this expansion includes only even powers of M, as this reflects

M+ .., (4.74)

the symmetry of the underlying Hamiltonian with respect to the direction of magnetisation.

The magnetisation is predicted to be such as to minimise the energy. Now, the absence of a linear
term in the expansion indicates that the state with no magnetisation, M = 0, always corresponds to
a stationary point of E. In the simplest scenario, if the coefficient of the quadratic term is negative,
this indicates that the stationary point at M = 0 is unstable and the system should go magnetic, the
magnetic state corresponding to a minimum in the energy at finite M. The coefficient of the quadratic
term is negative if

Upljio + 42) > 1, (4.75)

which is known as the Stoner criterion. If one envisages varying the Coulomb energy U from zero,
the mean field theory predicts that the system will go ferromagnetic at the point Up = 1, and that
this will be a second order phase transition. Alternatively, if the coefficient of the quadratic term is

positive, but the coefficient of the quartic term is negative, for which the criterion is(104),

p// p/ 2
LA () , (4.76)
P P

there must be two local minima in the free energy, one located at M = 0 and one at a finite M.
This corresponds to the transition to ferromagnetism being first order: for Up < 1 there is a unique
free energy minimum at M = 0; for Up > 1 the M = 0 point remains a minimum but there occurs
a second minimum which provides a lower energy. In summary, the Stoner criterion 4.75 indicates
whether ferromagnetism is predicted in the system, and the condition 4.76 indicates whether this
transition is first or second order.

Let the density of states have a singularity at € = ¢y such that in the vicinity of the singularity it

has the form,
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Substituting this expression into 4.76 provides,

" (€) L (pl(€)>2 _ K(1-2K) (4.77)

p(e) ple) (e — €0)’
and the inequality 4.76 is satisfied provided 0 < K < 1/2. The upper and lower limits of this range
correspond to the square-root and logarithmic van Hove singularities that are found in one-dimensional
and two-dimensional band structures respectively. This indicates that first order ferromagnetic tran-
sitions can be expected to occur in systems with either one- or two-dimensional electronic structure if
the chemical potential lies in the vicinity of an associated van Hove singularity.

Because the electronic structure of SrgsRu;O7 contains both quasi-one-dimensional and quasi-two-
dimensional features, the Stoner argument provides a picture to apply to the SrgsRusO7 metamag-
netism. It has been suggested that the metamagnetism is associated with a logarithmic van Hove
singularity(96); in this work we argue that it is associated with a different feature in the electronic

structure, a square-root singularity arising from a quasi-one-dimensional band.

4.3 Building a model of the Ruthenate system

In this section we shall describe in detail how one builds a second quantised model for the Ruthenate
system. We first deal with two topics that are germane to the modelling of the transition metal oxide
materials in general, the topics of the crystal field interaction and Hund’s rules. The crystal field
interaction is the external potential in which the Ru ion sits in the material; the effect of the crystal
field interaction is to lift the five-fold degeneracy of the Ru 4d-shell into a high energy doublet and a low
energy triplet; the energy of this splitting is such that only the three low-energy states are relevant.
Hund’s rules are concerned with how the electron-electron interaction affects the collective onsite
magnetic moment of the Ru valence electrons. The key piece of physics is the exchange interaction,
which provides an effective ferromagnetic interaction between electrons on the same site. This acts as a
more aggressive promotion of an initinerant ferromagnetic state in concert with the Stoner magnetism
we have discussed above.

We then move on to building a model for the Ru electrons. Our model consists of a hybridisation
term and an onsite interaction term. Because SrgRu,O7 is a paramagnetic metal, the hybridisation
is the dominant term, although the proximity of a ferromagnetic instability is modelled by the energy

scale for the interactions being comparable to the hybridisation. We begin with the hopping terms.
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Hybridisation between pairs of Ru sites occurs, where the underlying process sees the Ru electron hop
onto the neighbouring O, briefly occupying the onsite p orbital and then hopping onwards onto the next
Ru. We show from first principles how the effective hopping arises from perturbation theory, although
the precise hybrisation terms we include are arrived at by attempting to match the experimental Fermi
surface and density functional theory calculations discussed in the previous chapter. The interaction
term which we use is the general onsite Coulomb interaction for the t9, orbitals, which we derive. This
interaction term is parameterised by the two parameters U, which corresponds to the Coulomb energy
in the Hubbard model, and J which is closely associated with the first Hund rule.

This reaches the level to which we are going to model SrgRusO7. In the remainder of this section,
we shall describe caveats to this level of description in the form of other effects which have not so far
been included. There are two effects which would have to be included in order to model the behaviour
of the nematic phase in Sr3RusO7. The first of these is the long-range Coulomb interaction, which will
control the arrangement of the charged domains in the phase-separated solution which is predicted by
our mean field theory. The second is the spin-orbit interaction, which is the lowest-level microscopic
interaction which provides a dependence on the direction of the magnetic field and we regard this as
being primarily responsible for the dependence on the field direction in SrgRusO7.

Finally, we frame the modelling of the material from the viewpoint of strongly-correlated physics;
from this viewpoint, the hybridisation energies and onsite Coulomb repulsions are merely effective
parameters which describe the collective behaviour of the system, which is governed by the correlated
physics of all the electrons in the system, and the effective parameters are not directly related to any

single-particle or two-particle energy scales that exist in the material.

4.3.1 Crystal Field splitting

The chemistry of the transition metal oxide compounds is dominated by the large electronegativity
of Oxygen. The neutral O atom has two holes in the 2p shell, and in molecules the O atoms almost
always acquire extra electrons to form the ion O%~ with the 2p shell full. In transition metal oxides,
therefore, the O sites are centres of negative charge. The Coulomb interaction due to these charge
centres on the transition metal valence electrons is called a crystal field, and has the effect of altering
the atomic states of the valence electrons from those of a transition metal ion in free space.

Now, for the ion in free space the relevant wavefunctions are the spherical harmonics Y} (6, ¢),

which are labelled by the orbital angular momentum quantum number [ which is an integer, and the
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quantum number m which takes the integer values from —I to 4! and provides the component of
orbital angular momentum along the z-axis of the co-ordinate system. In transition metals the valence

electrons are in the d-shell which has [ = 2; disregarding normalisation, we have

Y7 = sin? fe??

Y2 = sin 6 cos fe™®

Y7 =3cos’ — 1 (4.78)
Y2, = sinfcosfe ¢

Y2, = sin? fe2¢

The crystal field potential is usually cubic symmetric to a good approximation, that is, it is mapped
onto itself by the transformations of the cubic symmetry group. The effect of the crystal field is to
split the degeneracy of the d-shell according to the subspaces which are closed under this same set of

operations. There are two closed subspaces, the three states,

Ay = x—zy = sin? @sin pcos ¢ x i(Y — Y2,
r

dy. = y—j = sinf cosfsin ¢ ox —i(YZ + Y?)) (4.79)
r
k2 . 2 2

dyw = 2= sinfcosfcosp x —(Y" —YZ2))

which is called the t3, subspace, and the two states

dsz2_1 Y02 (4.80)

dpz_y2 < Y3 + Y2,

which is called the e, subspace. In the ideal Ruddlesden-Popper structure for Sr,,+1Ru,O3y,41, and for
a large number of transition metal oxides, the transition metal ion sits in an octahedral cage of O ions.
For this crystal field, the e, states have a higher energy than the to, states: the d-shell is split into a
low energy triplet and a high energy doublet. In characterising the electronic states of transition metal
oxide compounds, one pictures filling up the crystal field-split d-shell with the number of particles that
are indicated by the valency of the transition metal ion: in the case of SrgRusO7 the valency is Ru*™,

corresponding to four electrons in the 4d shell. The nature of the groundstate configuration of the
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tog orbitals:

. 56
dy,

zX dxy

Figure 4.1: Cartoon of the to, orbitals. The three orbitals are three mutually perpendicular orientations
of the same shape.

crystal field-split d-shell requires the consideration of Hund’s rules which are discussed below, but it is
found that to a good approximation in Sr3RusO7 the e, states can be ignored so that the ¢, orbitals
are the only relevant degrees of freedom.

The t94 orbitals are depicted in Figure 4.1. These orbitals are three mutually perpendicular rota-
tions of the same shape, the orientations characterised by the three mutually perpendicular axes along
which the wavefunction vanishes coinciding with the directions of the nearest neighbour O sites. Two
of these directions are equivalent, and it shall be shown below that hybridisation occurs in these two
directions, while no hybridisation occurs in the third direction. Because the Ru valence electrons are
to a good approximation only mobile on the two-dimensional geometry of the bilayer, this results in
strongly one-dimensional characteristics in the electronic structure.

Note that all the 5, and e, states have zero orbital angular momentum: the angular momentum
is said to be quenched by the crystal field. With regard to our modelling, we therefore regard the
magnetisation as being entirely due to electron spin and not orbital angular momentum, and we shall
calculate the magnetisation as the difference in the number of spin-1 and spin-] holes per Ru site.
However, an orbital angular momentum can be generated in the the ty, subspace through the states
dy. +id., and d,, — id,, which are eigenstates of orbital angular momentum; as we discuss in section
4.3.6 this is the state that is relevant in the spin-orbit interaction, which we do not incorporate into

our modelling but which we do regard as highly relevant to the nematic phase in SrgRu2O7.

4.3.2 Hund’s rules

Hund’s rules concern the effects of spin- and orbital-angular momentum on the electronic state of ions.
The first Hund’s rule is the largest effect and concerns the exchange interaction. This interaction
arises out of the fundamental property that the fermion many-body state be antisymmetric with
respect to the exchange of two indistinguishable particles. The effect can be explained at the level of

two particles. The full wavefunction of two indistinguishable spin—% fermions constists of both their
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spatial wavefunction and their spin wavefunction; a basis for the spin wavefunction is given by the

antisymmetric singlet,
1

\0102> = \/5 (| N> - | ¢T>)

which corresponds to the spins of the particles being antiparallel, and the symmetric triplet

lo102) = [ 1)

1
lo102) = 7 (1) +14M)
lo102) = | 1)

which constitutes a spin-1 state, with the spins of the particles being parallel. The requirement that
the full wavefunction be antisymmetric with respect to the exchange of the particles means that if
the spin wavefunction is symmetric then the spatial wavefunction must be antisymmetric and vice
versa. It is found that the Coulomb interaction between the two electrons leads to an antisymmetric
spatial wavefunction, and therefore the parallel spin state, being energetically preferred. This can
be intuitively guessed by examining the Coulomb energy for a two-particle state with the spatial

wavefunction (7, 72), which is given by

/dT‘]/d’I‘QI‘I’(Fl,FQ)FU(’Fl —FQ)

where U (7] —73) is the electron-electron interaction, which is the Coulomb interaction. The interaction
is largest when the electrons are in close proximity to one another, and this conincides with a node
in the antisymmetric wavefunction, since an antisymmetric function must vanish at 7 = 7. This
integral is therefore smaller for the antisymmetric spatial wavefunction.

A similar effect which takes place on a smaller energy scale concerns the orbital angular momentum.
States which find the particles with a large z-component of orbital angular momentum, and with the
orbital angular momentum of multiple particles parallel, are energetically preferred due to the electron-
electron interaction. This can also be understood on an intuitive level by a picture of the electrons as
particles in classical orbits; in configurations which have the particles orbiting in the same sense and
with large angular momentum, the particles spend less time in close proximity to one another and so
the interaction energy is reduced on average. This is encompassed in Hund’s second rule, which states

that the valence electron states are occupied so as to maximise the total orbital angular momentum in
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the z-direction, except where this is in conflict with Hund’s first rule. In transition metal oxides, the
second Hund’s rule is rendered moot by the crystal field interaction, which enforces that the valence
electron states have zero net angular momentum. On a yet smaller energy scale is the spin-orbit
coupling effect, which is often dealt with in the form of a third Hund’s rule, but we will discuss spin
orbit coupling separately below.

In dictating the electronic state of the transition metal ion, the first Hund rule is in direct conflict
with the crystal field interaction. For up to three d-electrons, the ¢y, states are occupied and the
electrons have their spins parallel in accord with the Hund rule. When occupying with the fourth
electron the Hund rule suggests that the e, level is occupied and the spin be parallel to the first three
electrons, but this configuration must pay the crystal field splitting as a penalty. If the crystal field
splitting is larger than the energy to be gained from the Hund coupling, then the fourth electron goes
into the t54 band, with its spin antiparallel to the other electrons. It is found that for ions of transition
metals which lie before Cobalt in the periodic table, the Hund coupling is the larger energy scale, while
for elements past Cobalt the crystal field energy is dominant. Ru is a case of the latter, and so to

leading order only the to4 states are regarded as relevant.

4.3.3 Effective hybridisation mediated by O sites

We here consider the single particle Hamiltonian for the Ruthenate system. We will argue for a tight
binding model involving only the Ru electron states, which includes nearest neighbour and second
nearest neighbour hopping between Ru sites. We describe how this arises as an effective model starting
from a model which includes the O electron states. We then determine the precise hybridisation terms
which we include in our model, and the size of the energy-scales, by comparison with the experimental
Fermi surfaces and the density functional theory calculations discussed in the previous chapter.

In our remarks on crystal field effects, we have indicated that the chemistry of the system forces
the picture that only the Sr*™ and 02~ ions occur in the material. These ions correspond to entirely
closed orbital shells. This leaves the Ru-4d shell partially occupied, with four 4d electrons per site
on average, which occupy only the to, states. This is illustrated in figure 4.2. The natural choice
of a vaccuum state is that which finds the ¢, states empty. However, we choose to use as degrees
of freedom holes instead of particles. Because the ¢, level can accomodate up to six electrons, the
average of four electrons per site is equivalent to two holes per site. With this picture, we take the

filled tay band as the vaccuum, and we shall fill up the t54 levels with holes to achieve two per site on
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Q)
Q

? tag

Figure 4.2: Cartoon showing the onsite occupancy of the crystal-field-split Ru 4d-shell. Four electrons
are found in the t4 level. In our modelling we regard the filled ¢34 level as the vaccuum state; the
onsite configuration therefore has two holes in the t34. The e, level is not included in our modelling.

]

In building a noninteracting Hamiltonian of the generic form 4.23 to describe the hybridisation,
one must include the relevant orbitals for the both the Ru and the O sites. The relevant Ru orbitals
are the three ty, states, the Z, X and Y. The relevant O orbitals are the three states in the 2p
shell, which we label p,, p, and p.. These are clearly the relevant states, because moving a hole from
a Ru atom onto a neighbouring O ion is equivalent to removing an electron from the O, and this
electron must come from the 2p shell which is filled for the ion O?~. In principle one can proceed
to calculate all of the matrix elements between these orbitals on different sites. We do not perform
any such calculations; we are simply working towards a form for an effective model for the Ru degrees
of freedom, and the parameters in this model will then be deduced from comparison with density
functional theory calculations and experiments.

Recall that there is a O site intermediate between each nearest pair of Ru sites. We immediately
neglect all matrix elements between states on sites farther separated than the next-nearest neighbours.
Of the offsite matrix elements, this leaves the matrix elements between the Ru states and the O states
on neighbouring sites, and the matrix elements between states on nearest pairs of O atoms. Now,
consideration of the symmetry of these orbitals under the inversion of one of the coordinate axes shows
that the majority of these matrix elements are identically zero. The nonzero Ru-O hybridisations are
indicated in figure 4.3. The Ru states only hybridise with the neighbours in two of the three Cartesian
directions, and only with one of the 2p orbitals; all of these matrix elements have the same value which
we label u. There are several nonzero matrix elements between nearest pairs of O sites and these are
indicated in figure 4.4.

The large electronegativity of Oxygen, which demands the closed shell O?~ ion, corresponds to a

large onsite energy A for a hole occupying the 2p states. We can regard the off-site matrix elements
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as perturbations to the case where A is the only energy scale. If we measure the energy relative to the

onsite Ru energy, we can regard the Hamiltonian in the form
H=Hy+d6H (4.81)

where

Hy=A ijagpiaav (482)

iag
where the i labels the O sites in the lattice, « labels the three 2p species and pjag is the creation
operator for a spin-o hole in the corresponding state, and § H contains all of the hybridisation matrix
elements indicated in figures 4.3 and 4.4. The unperturbed system H = Hj has the onsite Ru ta
orbitals as a triply degenerate groundstate.
The standard theory of degenerate perturbation theory prescribes that the effect of including 6 H

is given order by order by an effective Hamiltonian of the form,
1-P

PSHP + PéH i

SHP + ... (4.83)

where P is the projection operator which projects onto the ty, states. We have not determined the

third order term, but we expect it to involve the operator,
1-P__1-P

oH
0 0

P6H JHP.

The first order term in the expression 4.83 vanishes. The second order term gives an effective hybridi-
sation between nearest pairs of Ru sites. Because each of the to, states have nonzero matrix elements
with neighbouring O sites in only two directions, the effective Ru-Ru hybridisation is also in only two

directions. The effective Hamiltonian at second order is given by,

2 2
2 u u
HE = =% N (2210 + 20, 2vs) =5 > (ViYie + YY)
3o (53" Y e
u2
-3 (X1, %50 + X[, X500 (4.84)
37

where j labels the Ru sites, and the notation (jj').. indicates nearest neighbour pairs of Ru sites in the

indicated directions. There occur both onsite terms and hopping terms; these correspond to processes
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where the hole hops from a Ru site onto a neighbouring O site, and then hops either back to the

original Ru site or on to the neighbouring Ru site.

O—ps
OO

uIRu—dxy 0-p,

v e

xT

Figure 4.3: Nonzero matrix elements between the Ru d,, orbital and the 2p orbitals on neighbouring
O sites in the z- and y-directions. There is no hybridisation with any of the 2p states on neighbouring
O sites in the z-direction. The matrix elements between the d,, and d,, states and the 2p states on
neighbours in the z-, y- and 2-directions are obtained from these by cyclic permutation.

O - Pz

O —-p, O —py,
00O X 00O
x O—py X O —ps X‘ O—ps
Y Ru Y Ru DO Y Ru DO

T T T
Ofpz

gopy
X O —py }\‘ O —p.
Y Ru Y Ru @
T T

Figure 4.4: The nonzero matrix elements between 2p states on neighbouring pairs of O atoms in the
x-y plane. The position of the nearest Ru ion is indicated. The matrix elements between neighbouring
O atoms in the y-z and z-z planes are obtained from these by cyclic permutation.

Carrying the perturbation theory to third order, the matrix elements between O states become
relevant, and there occur both corrections to the onsite energies and nearest neighbour hopping,

with an energy scale u?v/A?, but also more complicated physics. Most importantly there occurs a
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hybridisation between second nearest neighbour Ru sites via the matrix element v with energy scale
u?v/A2%. Secondly, there occurs at this order terms such as ZJTUYJ-U and Z]TUYj/U which move the hole
between the ¢y, states either onsite or on nearest neighbour or next nearest neighbour Ru sites, via
the matrix element v"’ with energy scale u?v"” /A2

Now, certainly both the non-interacting model, and the mean field theory which we shall deal
with when interactions are included, are much easier to solve when the terms which hybridise the
different to, states are absent, as the occupation numbers for the different ¢54 orbitals can be calculated
independently for a given chemical potential. One might hope to circumvent the complications that
arrive in the the third order effective model H, é?f) by working only with the second order corrections
H e(?f). However, when we come to explicitly describe the implications of a tight binding description
for the bilayer ruthenate system, attempting to obtain a Fermi surface that agrees with experiment
forces us to include a sizeable second-nearest neighbour Ru-Ru hopping, which we have argued is an
effect that only occurs as a third order perturbation. In this light it seems appropriate to work with
the full third order effective hopping Hamiltonian H, e(ff) + H e(ff) However, we will only include the
second-nearest-neighbour hopping which preserves the orbital species. There is some justification in
this: the terms which change the orbital species almost certainly occur on a somewhat smaller energy
scale, based on the intuition that |v| > [v"|.

We have attempted to justify the hybridisation term which we shall use in our model using micro-
scopic calculations. In practice, however, rather than having been devised from first principles, the
hybridisation term in our model was arrived at purely by attempting to reproduce the experimental
Fermi surface and the DFT calculations of the density of states disussed in the previous chapter in
section 3.2. The strong one-dimensional and two-dimensional character of the X /Y and Z bands
respectively is evident in the experimental Fermi surface, and particularly in the DFT calculations of
the density of states of the single layer compound SroRuOy4. The inclusion of the second neighbour
hopping is required to obtain a Z Fermi surface which matches that seen in SrsRusO7; we use the
value to = 0.4t as this is approximately the smallest value of t; which provides the correct topology
of the Z Fermi surface for which the occupancies of the three to, bands are equal. The energy scale ¢
is set by comparing with the DFT calculations. Observe the DFT calculation of the X /Y density of
states in figure 3.8, which has bandwidth of approximately 2eV; in the tight-binding description the
bandwidth is given by 6t (see appendix B and in particular the calculations of the X /Y density of

states in figure B.4), from which we deduce the value ¢ = 0.35eV.
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4.3.4 Onsite Coulomb interaction in the ¢,, subspace

Here we consider the Coulomb interaction between particles (or holes) lying in ¢o, orbitals on the same

Ru site. The onsite interaction is given by,

bt
S Usipap 580, ChaeaCoyoaCaro (4.85)
0102 31,B2,81,84

where the labels 81, B2, f3 and (4 run over the three o, orbitals X, ¥ and Z. By considering the
symmetry properties of the ¢o, wavefunctions it can be shown that all of the matrix elements in this

expression can be written in terms of just two energy scales. The onsite matrix elements are given by,

Us, s og = [ @7 [ a5, (905,707 = 7 Doy (g (7

Each of the the ty, wavefunctions is symmetric with respect to the inversion of one of the three
co-ordinate axes and antisymmetric with respect to the inversion of the other two. Consider the

implications of the following changes of integration variables:

x— —z, 2 — —2';
’ /.
yﬁ*ya Yy — =Y

2= -z, 2= -2

Because the two-body interaction potential U (|7 — 7' |) is symmetric under each of these transforma-
tions, one finds that the integral must vanish except in the case that there are an even number of

factors of each of the ta4 orbitals in the integrand. The integral is only nonzero for the following cases:

1) v = B = B = By
2) B/ = B # B = B
3) B = B #F B = By
4 Bo= By #F B = B

Now, because the t9, orbitals are perpendicular orientations of the same orbital shape, it is clear that

all of the matrix elements for any one of these cases are the same. We can therefore write the onsite
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Coulomb interaction as

Tt T
U3 ehrchiconcor +Uz D chchycpicn
B B#B

FUAY Y athtsess + UL Y s (450

oo’ B#B’ oo’ B#B!

where Uy, Uy, Us and U, are the matrix elements for the cases 1 to 4 respectively. We can simplify
this expression further by using the symmetry properties of the ¢5, wavefunctions to obtain relations

between these four matrix elements. Now, we can write the ¢o, wavefunctions as

bz(F) = u(r) 3, (4.87)

with the vy and 1 x wavefunctions defined implicitly by cyclic permutation; the factor zy/r? contains
solely the angular dependence of the wavefunction, and wu(r) is the radial dependence which is the

same for all the 4d orbitals. The integrals for the first matrix element for the first case is

/dr/dr lu(r) )|2<x(ii/?;4) ulr— ), (4.88)

and for the second case the integral is

U = /dr/dr Ju(r) )|2xy(” )y4 - 7). (4.89)
rr!

The third case has the integral,

/dr/dr lu(r) )|2($(37/i ;) Ui ), (4.90)

and we can relate Us to U; and Uy by means of a coordinate transformation. Make the change of

variables in the integral Us of a rotation through some angle 6 about the y- and 1’-axes:

T cosf@ 0 sinf x ' cosf@ 0 sinf x’
y| — 0 1 0 y | y | = 0 1 0 y!
z —sinf 0 cos@ z 2 —sinf 0 cosf z
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With this change of variables the integrand in the integral Us becomes,

Ju(r)ur)* U@ — |){ sin? @ cos® 0 [(zya'y')? + (2y2'y')?]

+ cos® O(zyy' )2 + sin® O(zya'y')? — 4sin® 0 cos® Oy 22’y > 2

+ 2sin 0 cos Oy’ [cos2 O(x22'> — 2%2'2") + sin® O(zza’” — z2x/z')] } (4.91)

When this expression is integrated over 7 and 7, the result can be written in terms of Uy, Uy and Us
as

)

Us = 2sin?  cos? QU + (cos* @ + sin 6)Us — 4sin? 6 cos? OU, (4.92)

which for arbitrary values of 8 implies the relation,
Uy —2U; —Us = 0. (4.93)

Finally, we note that the integral for U, is identical to Us owing to the fact that the to, wavefunctions
are all purely real,

Uy = Us. (4.94)

Now let us examine the expression 4.86. Consider the third term, which may be written in the

form,

U.
?3 Z (CLTC[;T + CJ,(ri‘,l,Cﬁl,) (CL,TCﬁ/T + C,Z’/icﬁ’i)' (495)
B#B’

The effect of this term is to impose an energy penalty +Us for each pair of particles on the site
in different orbitals; the similarity in the effect of this term in comparison with the Hubbard onsite
interaction motivates the use of the notation Us = U. Next, consider the fourth term in 4.86, which

can be written as,
T T T T T T
> > (chresrch oy + chrearcl cpry — ClrCBICl CBY — ClygCarCly CBL)- (4.96)
B#B’

The last two terms in this expression give an energy gain of —U, for pairs of particles in different
states which have their spins parallel. This is precisely the physics of Hund’s rules discussed above.

We therefore refer to the matrix element Uy as the Hund coupling and use the symbol Uy = J. The
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full onsite Coulomb interaction written in terms of the two energy scales U and J is,

U J
7 2 2 ChaCaCha e + 5 D D ChoClyaCoarCito

B#B' oo’ B#B' oo’
+ (U +2J) Z CLT%TCEWM +J Z c;TCE¢05/¢0g/T. (4.97)
B B#B

4.3.5 Long-range Coulomb interaction

We have now established the model which we shall study for Sr3RusO7. In this and the following two
sections we discuss some additional effects which are not incorporated in this model.

The most significant of these is the long-range Coulomb interaction. We have excluded all inter-
actions apart from the largest terms, which are those between particles on the same Ru site. The
interaction terms between particles on nearby sites represent a significant correction to the purely
onsite terms(107). As shown in section 4.1.2, one can write down the Coulomb interaction between
particles in a condensed matter system in second-quantised form in a fully general way as a sum of
two-particle operators. The largest contributions of this sum are from those terms involving operators
on the same lattice site as one would expect; the off-site terms represent smaller and smaller corrections
which decay as the inverse of the separation. However, the sum of all of the offsite terms represents
a large correction to the energy, and its omission cannot be justified on the basis that it is a small
correction to the on-site interaction. It is in this sense that the Coulomb interaction is said to be
long-range.

The physical consequence of the long-range Coulomb interaction is an enormous energetic cost to
having mesoscopic regions of the system which are charged, which enforces that the system is charge
neutal over microscopic or mesoscopic length-scales. At the level of two particles, if the system is
charge-neutral over the scale of the separation of two particles, the Coulomb interaction is screened by
the presence of intervening electrons to effectively have a much smaller value. In this scenario one can
therefore treat the Coulomb interaction as being effectively short-range, although the restriction to a
purely onsite interaction still represents a substantial additional approximation to this(107).

As we discuss in section 4.6.2, however, the long-range Coulomb interaction is extremely relevant to
the state which is predicted by our mean field calculations to occur coincident with the metamagnetism,
which is a phase-separated mixture of two charged phases. This style of state must occur as domains of

the two phases, and the length-scale for the domains is set by the long-range Coulomb interaction. In
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our model which contains only onsite interactions, there is nothing to set this length-scale and nothing

to provide any information on the domain structure.

4.3.6 Spin-Orbit interaction

The spin-orbit interaction is the lowest level microscopic interaction which provides the model with
knowledge of the direction of the applied magnetic field. Consequently, we suggest that it is essentially
responsible for the anisotropic behaviour associated with the nematic phase in SrgRusO7; this has been
suggested by others, and more sophisticated models which include the spin-orbit interaction obtain
solutions which exhibit a nematic phase(101; 102). It is therefore one of the most important effects
which we do not incorporate into the modelling.

The spin-orbit interaction arises at the single-particle level from including the effects of special
relativity perturbatively. The spin and orbital angular momentum of a particle are coupled, and the
interaction can be written as,

KL-S=K %(LJFS_ + LSt + L7S*|.
Because the orbital angular momentum is quenched in the ¢, states, one might naively expect the spin-
orbit interaction to be irrelevent for these degrees of freedom; however, referring back to equation 4.79
it will be observed that the linear combinations (dy. + id.,) and (dy. — id,;) are spherical harmonics
and therefore have nonzero orbital angular momentum. Written in the ¢, subspace the spin-orbit

interaction takes the form(108),

ZH(X, —iY)) — Z[(Xy +iYy) + (X] + v 2 — (X] —iv]) 2,

+iX[Y — i) Xy — X[y, +iv]X | (4.98)

The size of the energy scale K in the single-layer compound SroRuOy4 has been estimated as ap-
proximately 0.16 eV(109), and the same value can be taken for the bilayer compound because the
spin-orbit interaction is an onsite, single-particle effect. This is smaller, albeit not greatly so, than
the effect of the second-neighbour hopping, which is to be measured as zts ~ .8eV where z = 4 is the
number of nearest-neighbour Ru sites. However, we shall attempt to fit the experimental magnetisa-

tion curves using values of the Hund coupling J that are smaller than I, and from this perspective
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the spin-orbit interaction is certainly a relevant energy scale and should be included. Our reasons for
not incorporating the spin-orbit interaction are to a great extent to make our calculations easier: the
spin-orbit interaction introduces terms which couple the t,, orbital species and this greatly increases
the complexity of solving the mean field theory. (See section 4.3.3 where we discuss not including
hybridisation terms which couple orbital degrees of freedom.)

Because it contains matrix elements between different t5, species, the spin-orbit interaction will
result in reconstructions where the Fermi surfaces of distinct bands cross in tight binding pictures. The
resulting Fermi surfaces will more closely resemble the experimental Fermi surface. However, similar
effects should in principle also arise purely from the hybridisation energies as we have discussed. We do
not anticipate that including the spin-orbit interaction will qualitatively alter the magnetisation curves
which we obtain in the mean field solution, although we anticipate a quantitative change between fields

in the c-axis and in-plane fields.

4.3.7 The theory as an effective description of correlated physics

The model of Sr3RusO7, which involves a large degree of simplification as we have discussed above, is
still far too difficult to solve exactly. We treat the model using mean field theory and in this section
we say something about the inherent limitations of this technique, and how the mean field theory
solution corresponds to the true physical situation in the material. Mean field theory approximates
the behaviour of an interacting system with a non-interacting state; by its very nature this does not
capture the physics of systems in which the correlations between particles play an important role.

In particular, mean field theory vastly over-estimates the tendency of systems to magnetic order.
This is seen in the case of the Hubbard model: as we dealt with in section 4.2, mean field theory
predicts itinerant ferromagnetism in the Hubbard model by the Stoner argument, but it is known that
the Hubbard model is not ferromagnetic in regions of its phase diagram where the Stoner criterion is
met(110). Mean field theory overestimates the susceptibilty of systems to magnetic order. Something
must therefore be said regarding the itinerant ferromagnetism in the Ruthenate model.

The metamagnetism in SrgRu,O7 is associated with an instability to itinerant ferromagnetism. In
modelling the metamagnetism, we therefore seek an itinerant ferromagnetic solution. This is a style
of state which mean field theory can provide and it is possible to tune a mean field theory to match
the experiments relatively well. We operate with a mean field theory in which we target itinerant

ferromagnetism exclusively, and do not investigate other styles of state which could also be sought
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using Hartree-Fock mean field theory, such as antiferromagnetism or superconductivity.

Now, the state of the real material is that of a Fermi liquid, which refers to the idea that the
interactions between electrons in the real material act to produce an effective non-interacting state
of quasi-particles, where the corresponding energy scales have been renormalised(106, pp. 126-132).
The energy scales which are ingredients of the mean field theory, ¢, to, U and J, are reflective of
these renormalised energy scales, and not the bare parameters that would be calculated in microscopic
calculations. Associated with this is the issue of the sizes and the roles of the interaction energies U
and J. The Hund coupling J provides an intrinsic onsite ferromagnetic interaction, and therefore acts
to promote ferromagnetism more aggressively than U; we therefore suggest that J is largely responsible
for the magnetism which we presume to exist in the groundstate of our model and in the real material.
However, including a sizeable value of U with J = 0 is sufficient to produce in the mean field solution,
a metamagnetic jump only slightly smaller than what is seen in the experiments; the addition of a
moderate value of J then results in a metamagnetic jump which matches the experiments quite well.
It is possible that the mean field theory provides the correct answer for the wrong reasons here, in
that the parameter U provides a susceptibility to ferromagnetism in the mean field solution which it
does not in the exact solution, whereas in the exact solution ferromagnetism is due primarily to .J.

Finally, a crucial feature of the magnetisation curves which is not well-predicted by the mean field
theory is the magnetic field at which the metamagnetic jump takes occurs: the mean field theory
predicts magnetic fields which are an order of magnitude larger than what is seen in experiments. This
huge discrepancy is a symptom of the energy scales in the mean field theory being reflective of the
renormalised energies in the Fermi liquid state, rather than the bare microscopic energies. We include

the magnetic field in our model by adding the term,

—-B Z Jc;ﬂocjgc,.
JjBo
In the mean field solution, this term is left unaltered, and the parameter B occurs in the solution as a
bare parameter; we presume that in the exact solution of the model one would find rather an effective
renormalised field. Therefore, in describing the state of the system using mean field theory, the value
of the parameter B ought to be reflective of the renormalised Fermi liquid field, and not the bare value
of the magnetic field that would be applied in an experiment. We make no statement regarding how

to relate the renormalised field to the physical applied field, either in our own model or in the real
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material: this simply lies beyond the scope of our calculations.

4.4 Tight binding theory

In this section we deal with a non-interacting model of the Ru 4d t54 electrons on a bilayer. We include
a hybridisation —t between nearest neighbour Ru sites, and a hybridisation +¢, between second nearest
neighbour sites. The choice of definitions to imply that the first and second neighbour hybridisations
have opposing signs, and indeed the very inclusion of a second neighbour hybridisation, anticipates
the comparison of the tight binding Fermi surface with that of Sr3RusO7 which we make near the end
of this section; this comparison shows that a second-neighbour hybridisation differing in sign to the
nearest-neighbour hybridisation and with magnitude approximately ¢ = 0.4¢ is required to match the
experimental Fermi surface.

We do not include any hybridisation between different ¢y, orbitals and the band structures of
the three orbital species are therefore independent. In addition, as we have discussed in the previous
section, each of the three orbitals hybridises in only two of the three crystal-axis directions. The X and
Y holes are mobile in the y and x directions respectively, and in the z direction so that they can move
between the upper and lower part of the bilayer; the sub-geometry on which they are mobile is therefore
a ladder, where the two rungs of the ladder correspond to the two bilayers. The Z holes are mobile in
both the x and y directions, but cannot move between the bilayers and the corresponding subgeometry
is therefore that of a square lattice. Full calculations of the bandstructures are provided in appendix
B, where the X /Y orbitals and the Z orbitals are dealt with separately as the ¢-¢5 tight-binding model
applied to the geometries of a ladder and a square lattice respectively.

We calculate the magnetisation of the system as a function of an applied magnetic field. The
magnetisation increases essentially linearly with field, but at a certain field the slope abruptly changes.
This point marks where the top-lying spin-/ X /Y band is pushed past the chemical potential and is
emptied of holes, and the corresponding Fermi surface vanishes. When interactions are included into
the model, this will come to cause a jump in the magnetisation - metamagnetism - qualitatively and
quantitatively similar to that seen in SrgRusO7.

The full tight binding model for all three 5, orbital species is, with the inclusion of an externally
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applied magnetic field B, in the basis of Bloch states,

X
€~ Bo 0 0 XE,a,a
H = T T T Y _ . . 4.
Z (X.aa,o YE,a,U Zl;:‘,oqa 0 ega BU 0 Yk,a,o ( 99)
hao 0 0 2 — Bo =
ko k,a,0

The Bloch wavevector k is the dual variable to the z- and y- coordinates of the sites. The index « is

the dual of the z-coordinate, which takes just two values and the Bloch states are symmetric (o = +1)

or antisymmetric (& = —1) combinations of states on the upper and lower parts of the bilayer. As

a result of the property that each of the orbital species only hybridise along two of the three lattice
X

directions, € is independent of k,,

EEXQ = ekXya = —2(t — aty) cos ky, — at, (4.100)
e%/a is independent of k,,
e?{a = efma = —2(t — atg) cos k, — at, (4.101)
and ega is independent of «,
e%a = eg = —2tcosk, — 2t cos ky + 4ta cos k, cos ky. (4.102)

These spectra are derived in appendix B.

The total number of holes per site is

1
n = 2LzLy Z |:<X}aa'XjO¢0> + <}/j—“angjo¢o’> + <Zj—'rom'Zja0'> s (4103)
ja

where L, and L, are the size of the system in the = and y directions respectively. The number of

Z-orbital holes is independent of the index «, and we write,

(28 Zino) = Nz0- (4.104)

jao

The X- and Y-orbitals have the same occupancy:
<X;aUXjOlU> = <}/ng}/}aJ> =NXaos (4105)
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and the total number of X /Y -orbital spin-o holes per site of is given by
1
Nxe = i(TLX,_hg + ’I”LX,_J). (4.106)
The total number of holes per site can therefore be written as,
n=2nxq+2nx, +nzs +nz. (4.107)

The bands are populated up to a chemical potential p which is chosen to provide the correct number

of holes per site, that is to satisfy the constraint
n=2. (4.108)

We shall refer to the constraint as the external equation.

The major difficulty in these tight binding calculations is that one has access to calculations at
constant chemical potential, when what is desired is calculations for a constant number of holes. The
theory provides the occupation numbers of the individual bands as functions of the chemical potential
(see appendix B), from which the total number of holes per site is determined by equation 4.107; one
has to then choose the chemical potential to achieve the physical number of holes, that is to satisfy
equation 4.108. One must implement some iterative procedure on the computer to search for the
correct chemical potential. The same issue must be dealt with in the mean field theory which we
discuss later in the chapter, and in practice the tight binding calculations which we shall exhibit in
this section were performed by applying the same computational procedures as were used for the mean

field calculations, the procedures being provided in the appendix C.
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Figure 4.5: Fermi surface for the tight-binding model for the case of nearest neighbour hopping only
(t2 = 0) Left: hole picture; Right: electron picture. Comparing the right hand picture with ARPES
determinations of the SrgRusO; Fermi surface, the square lattice Fermi surface in the tight binding
model is holelike while that of the material is electronlike.

0 T

X

Figure 4.6: Fermi surface for the tight-binding model including a nearest neighbour hopping ¢ and a
second-nearest-neighbour hopping t5 = 0.4t. Left: hole picture; Right: electron picture. Comparing
the right hand picture with ARPES determinations of the SrgsRusO7 Fermi surface, the square lattice

Fermi surfaces are both electronlike.

The zero-field (B = 0) Fermi surface for the tight-binding model is depicted in figures 4.5 and 4.6,

for the cases of to = 0 and ¢5 = 0.4¢ respectively. Each of the one-dimensional X /Y bands provides two
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lines of Fermi surface at the points in reciprocal space where the band crosses the chemical potential.
There are therefore four lines in both the k.- and k,-directions. The Z band provides a curved Fermi
surface.

The right-hand images in figures 4.5 and 4.6 are to be compared with the picture of the SrgsRusO7
Fermi surface deduced from ARPES experiments in Figure 3.4. The aspect of these pictures to compare
is the square lattice Fermi surface, which is centred on the (7, 7) point in right hand member of figure
4.5, but is centred on the (0, 0) point in the right hand member of 4.6 and in the ARPES data in figure
3.4. This discrepancy between the t5 = 0 theory and the experiment is precisely what motivates the
inclusion of a sizeable second-neighbour hopping into the model.

The topology of the square lattice Fermi surface is associated with whether the Z-van Hove singu-
larity lies above or below the chemical potential, and the position of the singularity in a tight binding
description has a sensitive dependence on the size of the second neighbour hopping energy. In order to
obtain the same topology as the experimental Fermi surface, a large enough second neighbour hopping
must be included to push the van Hove singularity past the chemical potential at zero field; the value
to = 0.4t is, approximately speaking, the minimum value which accomplishes this while keeping the
occupancy of the Z-bands at the approximate experimental value of 1/3, which corresponds to the 2
holes per site being equally distributed amongst the three ¢4 orbitals(66) (see appendix B, figure B.8).

The magnetisation of the system as a function of the applied magnetic field B is depicted in figure
4.7. We have calculated both a 6-band solution, which includes all the occupation numbers we have
discussed, and a 5-band solution, in which the occupancy of the X_| band, which is the highest-lying of
the X-bands, is set explicitly to zero, nx,_ | = 0. The physical meaning of the plot of magnetisation is
that, as the field B is increased, the spin-| bands are pushed up in energy until the X_ band is pushed
past the chemical potential and is emptied of holes. This point is seen on the figure of magnetisation
where the 6-band solution smoothly merges with the 5-band solution and ceases to exist. For fields
below this point, the 5-band solution corresponds to a metastable state where all the holes have been
removed from the X_| band and put into the other bands.

The metastability of the 5-band solution at low fields is seen in the accompanying figure which

shows the energy of the 6- and 5-band solutions as a function of B. The total energy of the system is
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given by,

FE=2Ex+FE; —BM

sin(mn sin(mnx _
=3 [f 2t — w)% — 2t +t2)¥ —tnx 4ot Xy
o

—4tQ (1u + Bo) + 4t2 Qs (1 + Bo)| — BM, (4.109)

where the functions Q;(€) and Qs (€) are as given in appendix B. The figure clearly shows the energy

of the 6-band solution to be lower than that of the 5-band solution for the same field in the low-field

region.
ta=0
0.9 T
0.8 |
0.7 +
0.6
g
.3
h=4 0.5 ]
=2 2
B =
eb 0.4 €3]
<
=
0.3
0.2
0.1
6 Band Solution 6 Band Solution
o 5 Band Solution 45 5 Band Solution
. . . . . h . 45 . . . . . A .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
B B

Figure 4.7: Magnetisation and Energy of the tight-binding model as a function of the applied magnetic
field B. The 6-band solution includes all of the bands, and the 5-band solution excludes the X_ -band.

4.5 Model with onsite Coulomb interactions: Mean field the-
ory

We now come to consider the model which adds the onsite interaction derived in section 4.3.4 to the
tight-binding model of the previous section. We solve this model approximately using Hartree Fock
mean field theory. In this section we deal with the formalism of the theory. The calculations themselves
are exhibited and discussed in section 4.6.

We approximate the interacting Hamiltonian by a mean field Hamiltonian which is obtained by
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the Hartree-Fock prescription which was introduced in section 4.2, where the mean fields which we
include in the theory are the occupation numbers of each of the bands in the system. The values of
the occupation numbers are determined as the solutions of a set of self-consistent equations, which we
term the internal equations, which are transcendental and are solved on the computer. The solving of
the internal equations is made considerably easier by the introduction of two new parameters ji and B,
which are related to the chemical potential p and the magnetic field B respectively, and treating these
as independent variables. The values of /i and B must then be tuned to satisfy two external equations
to provide the correct total number of holes in the system and the correct magnetic field B which is the
physical independent variable. The computational procedures for solving both the internal equations
and the external equations are dealt with in appendix C.

Referring to section 4.3.4, the on-site Coulomb interaction for the ¢y, orbitals is given by

D=8 S dcnnchpcra 3 3 X chochocacne

p#B’ oo’ B#B' o0’
+(U+20)> chiesrelies + 7 chichcaiesn (4.110)
8 BB
We impose
(chocpror) = 0p30oanpa, (chochipr) =0 (4.111)

and consequently the mean field expectation value of the on-site Coulomb interaction term is given by

E¢ <]>> % Z Z NBeNB/ o' — %Z Z NBeNgo + (U + 2.]) Z ngEng, (4.112)

oo’ B#B! o B#EB B
1 2
§(U—J) [nQ — (Zn&,) } +JnTn¢+2Jannm7
Bo B

where n is the total number of holes per site,

n=> ng, (4.113)
Bo

and n, is the total number of spin-o holes per site,
Ny = Znﬁg, (4.114)
B
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Taking the derivative with respect to the fields ng, yields

E
0Fc =U(n—ngs) — J(ne — ngo) + 2Jngs. (4.115)
8n50

We can represent the number of spin-o in terms of the magnetisation M:

M
M=n—n = nU:n—’_TU. (4.116)

This provides

0F¢ J J

=U—--)n——-Mo— (U - o+ 2Jngs. 4.11

s (U 5 n 5 Mo (U — J)ngs +2Jng (4.117)
The interaction V is replaced in the Hartree-Fock mean field theory with the term,
0Ec + OFE¢ J J t
%Cjﬁa_cjﬂg — mnga + EC = Z (U - 5)71 - §MO' - (U - J)nﬁg + 2Jn,36‘ Cjﬁacjﬁg (4118)

jBo

_N{;(U— J) [n2 — (%(;7130)2] +JnTnl+2JZnBTnﬁi}'

B
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The full mean field Hamiltonian is therefore,

Hyp = uN = Y {(e o = Bo — X[ X

X
kao” kac + (6kma — Bo - ’LL)YET

ao kao
kao

+ (eg — Bo — ,u)Z%MZ,;M}

J J
+ Z { ((U - 5)” - §MU> (X;aoXjaU + Y:]Taa)/jaa + Z;aUZjaU)

jao
4 ( —(U-=JInxe+ 2J7”Lx&) (X]Toga'on‘U + Yj@ﬂYjaa)

+ (— (U—-J)nge + 2an&)ZjTaaijf}
- N{;U —J) [nQ - (Znﬁaﬂ +Jnyny + 2Jznmnm}
Bo B

-y {(egfa —Bo—ji— (U - J)nxe + 2Jnxa)X,§MXEM

koo
n (esza “Bo—ji— (U~ J)nxe + 2JnX5)YgMY

kao

+ (eg ~Bo —fi— (U~ J)nzq + QJ"ZB)Z/%MZEM}

_N{;(U —J) {n2 - (Znﬁgﬂ + Jngny + 2J2nmnm}. (4.119)
B 8

where as in section 4.2 we have introduced an internal chemical potential,

fi=p— (U - g) n, (4.120)

and in addition we have have introduced the parameter,
J
B=B+ §M, (4.121)

which we call the internal magnetic field. It is quite useful to work with these two parameters because
for given values of i and B the occupancy of each of the orbital species can be determined independently
of each other as the solutions of pairs of coupled equations, the internal equations, which we describe
explicitly in appendix C. The value of f is set by the constraint that the number holes per site be
fixed, and the value of B is set for a given value of the real magnetic field B by the equation 4.121.

In calculating the magnetisation of the system as a function of B, the methodology is therefore to
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find the correct values i and B for each value of B, that is to solve,

n=2, (4.122)

M, (4.123)

which we refer to as external equations. We find the values of i and B which satisfy the external
equations using a Newton-Raphson procedure which is described in appendix C; each iteration of this
procedure requires the evaluation of the total number of holes n and the magnetisation M which
requires calculating the band occupation numbers by solving the internal equations.

Our computational procedures to solve the external equations and the internal equations converge
to provide a highly accurate solution to the mean field theory provided that these procedures are seeded
with initial estimates that are sufficiently close to the solution. The exception to this is in scenarios
where there are multiple closely positioned solutions to the internal equations, for which the procedures
for the internal equations can fail. If one is attempting to find the solution in close proximity to where
the solution is already known, ie for a small change in the magnetic field, one can use the values of
fi, B and the occupation numbers of that known solution as the inital values for the Newton-Raphson
procedures. This methodology has been applied throughout the mean field calculations: we trace out
the solutions by incrementally increasing the value of B.

In the situations involving multiple closely positioned roots in which the procedures to solve the
internal equations fail, we consequently have not been able to calculate the mean field solutions. In
the plots of the solutions as functions of B which we exhibit in the section 4.6, there are small gaps in
some of the curves, which correspond to regions in which it is difficult or impossible for our numerical
procedures to find the solution. In the majority of these cases, the continuity of the solutions strongly
implies that solutions do indeed exist in these regions, and therefore the gaps in our curves are entirely
a computational issue and have no physical significance. In section 4.6.3 we shall discuss cases in which

our procedures fail to provide solutions where we cannot rule out that the solution does not exist.

4.6 Mean Field Theory Calculations

In this section we exhibit mean field solutions of the model with onsite interactions. The main physical
phenomenon which is reproduced in the mean field theory is the metamagnetic jump seen in the

magnetisation curve. We shall mostly examine the mean field solutions in the form of plots of their
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corresponding magnetisation curves. We shall often obtain multiple mean field solutions at the same

field; in most scenarios the system adopts whichever solution has the lowest energy, which is given by

E=3"[-20- t2)7sm(”’jf’+’”) —2(t + t2>ism(”ff"’“) —tnx o +inx, o

— 4tQ1([IJ+ BO’-F (U — J)nzg — QJTLZ(}) +4t2Q2(ﬂ+ Bd-i- (U — J)TLZJ — 2JTL25)

1 2 2 J 2 2
+5(U =) [n —;(nﬁo) ] + (=M )+2J26:nmnm—BM. (4.124)

An important exception occurs in the vicinity of the metamagnetism, where the lowest energy solution
is a mized phase which is a phase separated mixture of two different mean field solutions. The prediction
of the existence of a phase separation in the vicinity of the metamagnetism is the primary physical
prediction of this work, and we suggest that the phase separated state corresponds to the nematic
phase in SrgRusO7.

Section 4.6.1 contains calculations which exhibit the effects of the two parameters of the onsite
Coulomb interaction U and J. If the interactions are small, the magnetisation is qualitatively the
same as for the pure tight binding model: at a certain field the system crosses over from the 6-band
state to the 5-band state with a kink in the magnetisation. If large enough interactions are included, the
kink is replaced with a steep rise in the magnetisation, which is precisely metamagnetism. Coincident
with this steep rise in the magnetisation the groundstate is a phase separated mixture of 6- and 5-
band solutions. Section 4.6.2 is devoted to a discussion of this mixed phase; we describe how the
mixed solution is calculated, exhibit some calculations which evince the properties of the mixed phase,
and give some discussion of the physical implications for the real material. In particular, the two
subphases are not charge-neutral; the implication is that there must be domains of the two subphases
on a microscopic or mesoscopic scale, and that the size of the domains is largely controlled by the
long-range Coulomb interaction which is entirely absent from our modelling.

We then move on to a set of mean field calculations which make alterations to the model, with
the aim of investigating the possible relevance of the Z-bands to the experimental metamagnetism.
Each of these alterations is related to increasing the Z-band density of states at the Fermi level, and
therefore promote Z-mediated Stoner ferromagnetism. In section 4.6.3 we investigate the effect of
altering the second neighbour hopping energy. Changing the second neighbour hopping moves the
van Hove singularity in the Z band structure. There is a range of second neighbour hopping energies

for which an additional metamagnetic jump occurs, at a field which depends sensitively on the seond
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neighbour hopping. The jump is between states which differ in the topology of one of the Z-band
Fermi surfaces, and the metamagnetic region is associated with a phase separated mixture of the two
phases that is completely analogous to the X /Y metamagnetism. Section 4.6.4 investigates the effect
of reducing the Z-band hopping energies while keeping the X /Y hopping energies fixed, which has the
effect of increasing the Z-band density of states. We find that this can promote a large-moment state
in which the spin-| Z fermi surface has vanished. The associated magnetic moment is significantly
larger than what is observed in SrgRusO7. Then in section 4.6.5 we investigate the effects of a crystal
field splitting of the to, shell, such that the energy of the Z bands is lowered relative to that of the X /Y
bands by an amount A, which is another way of moving the van Hove singularity close to the Fermi
surface at zero field. We find that in this scenario the Z-bands do not become relevant. We argue that
all of these findings suggest that it is unlikely that the metamagnetism in SrgRuyO7 is controlled by
the Z bands: whether Z metamagnetism occurs at all, and whether its effect is too small or much too
large, is dependent on careful tuning of these parameters. By contrast, the X /Y metamagnetism is
comparatively robust: it is always seen provided the interactions are sufficiently large, and the size of
the associated magnetisation jump can quite easily be made to match the experiments.

Finally in section 4.6.6 we exhibit mean field calculations for the system when it is subject to a
small amount of doping. We find that doping alters the field at which the X /Y metamagnetism occurs,
with hole doping pushing the field to higher values and electron doping pushing the field to smaller

values. This is the opposite trend to what is suggested by the electron-doping experiments.

4.6.1 Effect of varying U and J

In this section we exhibit mean field calculations for the model with onsite interactions, and examine
the effect of varying the parameters U and J. For sufficiently large interactions, the crossing over from
the 6-band solution to the 5-band solution as a function of magnetic field occurs with a metamagnetic
jump. There occurs a small range of values of the applied field in which the energetically preferred mean
field solution is a phase separated mixture of 6- and 5-band solutions, which produces an associated
steep increase in the magnetisation with field. Of the two interaction parameters U and J, a large
U alone is sufficient to produce all of the key features of the solution, but to obtain a metamagnetic
jump which is the same size as experiments J must be included.

We begin with calculations which set J = 0. Calculations of the magnetisation as a function of

field are shown for U = 1, U = 2 and U = 3 respectively. The case U = 1 is qualitatively the same as
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the pure tight binding model: the top-lying X /Y band is pushed past the chemical potential by the
application of a sufficient magnetic field, and this occurs at the crossing of the 6- and 5-band solutions.
Like the case of the pure tight binding model, this simply produces a kink in the magnetisation, not

the jump in the magnetisation that constitutes metamagnetism.

U=11t=0 U=1t=0
0.5 T T T T T -2.38 T T T
04 -
é 0.3 -
= >
@ &6
-z =
< =
o =
o -
= 02 F
0.1 F
6 Band Solution 6 Band Solution
5 Band Solution 5 Band Solution
0 . . . . . 952 . . . . .
0 0.05 0.1 0.15 0.2 0.25 0.3 0 0.05 0.1 0.15 0.2 0.25 0.3
B B

Figure 4.8: Mean field solutions, U =t, to =0

The mean field calculations exhibit metamagnetism if strong enough interactions are included. All
of the important features to be discussed in this section are already exhibited in the calculation for
U = 2 (figure 4.9), but they are more visible in the U = 3 calculation in figure 4.10. The magnetisation
jump itself corresponds to a new type of solution which is shown as a green curve in these figures.
This solution is a phase separated mixture of 6- and 5-band solutions. It is found that such a mixed
phase has a lower energy than either a wholly 6- or 5-band solution in the field-region for which it
is plotted. As a function of the increasing magnetic field, the fractional makeup of the mixed phase
smoothly changes to connect up with the purely 6- and 5-band solutions. In the region of the mixed
phase, the magnetisation shows a steep increase with field: this is precisely the behaviour associated
with metamagnetism. Increasing the Coulomb interaction U increases the size of the magnetisation
jump, and pushes the jump towards smaller values of the applied field.

Another feature to emerge with sufficient interactions is the appearance of a second 6-band solution.
Comparing with the original 6-band solution, which occurs in the tight binding model and has zero

magnetisation at zero field, the new solution is characterised by having a larger magnetisation at the
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same field. The magnetisation of this solution is actually decreasing with increasing field to smoothly
connect up with the other 6-band solution, at which point both solutions cease to exist. The new
6-band solution is always higher energy than the original 6-band solution, and has no relevance to the
groundstate of the system.

Figures 4.10 and 4.11 show the calculations for to = 0 and to = 0.4¢ respectively. Although the

to = 0.4t calculation shows a larger magnetisation, the two pictures are qualitatively similar.
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Increasing U even further drives the system ferromagnetic at zero field. In terms of the plots of
magnetisation versus field for the mean field solutions, increasing U pushes the termination point of
the 6-band solution to smaller fields, until the solutions cease to exist entirely. This is illustrated in
figures 4.12 and 4.13. Figure 4.12 has the metamagnetism pushed to smaller fields and and figure 4.13
is certainly ferromagnetic at zero field. In the latter instance we have not calculated a phase separated
solution, but the 5-band solution being lower energy than the 6-band solution at zero-field indicates
the zero-field solution must be either the 5-band solution or a mixture.

The driving of the system ferromagnetic with increasing U can also be viewed in terms of the
magnetic susceptibility associated with the paramagnetic solution, which is exhibited as a function of
U in figure 4.14. This quantity is calculated by calculating the magnetisation of the 6-band solution at
a small field value B = 0.0001, and then obtaining the susceptibility as the magnetisation divided by
the field M/B. The susceptibility appears to diverge at some value of U slightly greater than U = 3,
corresponding to the ferromagnetic instability. The energies of the 6-band and 5-band solutions at
zero field are plotted as a function of U in figure 4.15, showing the crossing of the two energies
with increasing U. We expect that there is a range of values of U, for which the energies of the
two solutions are especially close, for which the groundstate will be a phase separated mixture of
the nonmagnetic 6-band solution and the ferromagnetic 5-band solution, and increasing U smoothly

changes the fractional makeup between the purely 6-band and purely 5-band solutions in an analogous
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fashion to mixed solutions in the magnetisation curves.
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Figure 4.15: Energy of the 6-band and 5-band solutions at zero field as a function of U.

We now come to the effect of including the Hund coupling J. The effect of including a small value
of J on the magnetisation curves is illustrated in figures 4.16 and 4.17, which provide the mean field
solutions for U = 3t, to = 0.4t with J having the values 0.05¢ and 0.1t respectively. The effect of
increasing J is similar to the effect of increasing U: the “loop” of 6-band solutions is pushed to smaller

fields and the size of the metamagnetic jump is increased.
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The magnetic susceptibility as a function of J is indicated in figure 4.18. The susceptibility is
found to diverge, indicating that the Hund coupling is driving the system ferromagnetic at zero field.
Note that only a moderate J is required to drive the system ferromagnetic. The energy of the 6-band
and 5-band solutions at zero field is shown are shown as functions of J in figure 4.19, illustrating that
the 5-band solution becomes becomes energetically preferred at modest values of J. Again, we expect
there to be a range of values of J for which the groundstate is a phase-separated mixture of the 6-band
solution and the 5-band solution, in which the fractional makeup of the mixture is smoothly changed

from the purely 6-band state to the purely 5-band state by increasing J.
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Figure 4.16: Mean field solutions, U = 3t, J = 0.05¢, to = 0.4¢.
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In attempting to tune the parameters to obtain a magnetisation curve that best matches that
observed in Sr3RuyO7, we have obtained the values U = 3t, J = 0.13t provided to = 0.4¢, which is
implied by the experimental Fermi surface. The mean field magnetisation curve for these values of the

parameters is shown in figure 4.20.
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Figure 4.20: Mean field solutions, U = 2.9¢, J = 0.13¢, to = 0.4¢.

These calculations constitute the primary results of our work, and it is worth re-iterating them: for
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sufficiently large interactions, the mean field calculations exhibit metamagnetism, and this is controlled
by the X /Y bands, the low- and high-magnetisation states corresponding to the presence or absence
of the X_ | Fermi surface; the metamagnetic region corresponds to a phase separated mixture of low-
and high-magnetisation states.

By tuning the parameters of the Coulomb interaction the jump in the magnetisation can be made
to match the value of ~ 0.4u5/Ru observed in experiments. By contrast, the prediction for the meta-
magnetic field in this theory is wildly inaccurate. The metamagnetic field in figure 4.20 corresponds
to an energy of 0.01¢, which is 0.004eV using the value t = 0.35eV implied by Density Functional
Theory calculations(73), and this corresponds to a magnetic field of approximately 60 Tesla, which is
almost ten times the experimental value. This is one of the inadequacies of mean field theory we have
discussed in section 4.3.7.

There are substantial disagreements between our theory and experiments concerning the Z bands,
and these are closely associated with each other and also with the choice of the second neighbour
hopping. Srz3RuzO7 has the 2 holes per Ru site approximately equally distributed between the X, Y
and Z orbital species at zero field, but our zero field calculation has a considerable excess of Z holes
and detriment of X /Y holes:

Nxes = 0.26, Ngs = 0.48.

The larger occupancy of the Z bands means that the van Hove singularity in the square lattice density
of states is pushed far below the chemical potential, while experimentally the singularity is observed
to be in close proximity to the chemical potential. The connection with the second neighbour hopping
is that the experimental Fermi surface is holelike and therefore to must be large enough to push the
van Hove singularity past the chemical potential. Our value of o = 0.4¢ is strongly mandated by the
experiments, because it is almost the minimum value required to have both a holelike Fermi surface
and the experimental occupation numbers.

Because of the importance of the proximity of van Hove singularities to the chemical potential
with regard to Stoner magnetism, these discrepancies relate closely to the question of whether the
metamagnetism in SrsRusO7 is associated with the X /Y bands, as we propose, or the Z bands as has
been suggested by some other authors(75). The calculations in sections 4.6.3, 4.6.4 and 4.6.5 seek to
address this, by considering a number of modifications to the model aimed at promoting Z induced
magnetism.

A further major discrepancy in our mean field solution arises when we calculate the density of
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states at the Fermi level as a function of the applied field, which we exhibit in figure 4.21. This
quantity should be proportional to the specific heat ~, which we exhibited in the previous chapter,
in the right panel of figure 3.16 and panel B of figure 3.29. The experimental v value has a strongly
symmetric peak centred on the metamagnetic region. The mean field density of states by contrast
is highly asymmetric. This is inevitable in the picture we are proposing of the vanishing of one of
the one-dimensional Fermi surfaces. However, the experiments much more closely resemble the form
that would be obtained from a metamagnetic jump associated with the Z bands, and this is a further

reason for the further investigations in the following sections.
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Figure 4.21: Density of states at the Fermi level for the mean field solutions of figure 4.20 as a function
of the applied field.

4.6.2 The nature of the mixed phase

One of the main implications of our work is that the mixed phase which occurs with the metamagnetism
in the mean field solution corresponds to the nematic phase in Sr3RusO~7. In this section we discuss the
phase separated mixed phase in some detail. We begin by explaining how the mixed solutions plotted
in the previous section have been calculated. We then give some discussion of the physical properties
of the mixed phase, emphasising the implication that the system will exhibit microscopic or mesoscopic
domains of the two subphases. The two subphases are both charged, so that the domain-sizes must
be governed by long-range Coulomb forces which we have not included in our modelling. We have not

undertaken any modelling of the experimental features which characterise the mixed phase, but we
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give some discussion of how one might seek to explain some of these features within the picture of the
nematic phase which we are suggesting.

The starting point for our calculation of the mixed phase is that the chemical potential p should
be constant throughout the system, and to seek a 6-band and a 5-band solution at the same given
value of p. The calculation of these two solutions is performed as laid out in appendix C, but where
the internal parameters i and B must now be chosen to provide not the correct particle number, but

instead the correct chemical potential y. The external equations are therefore,

o+ <U — g) n=u, (4.125)
~J
B — §M =B. (4.126)

Let the total number of holes per Ru site in the 6- and 5-band solutions for chemical potential y and
magnetic field B be ng and nj respectively. If the fraction of the system in the 5-band phase is A, then
the total number of holes per site in the system is given by (1 — A\)ng + Ans, and there is a unique
mixing fraction which provides the correct occupancy of two holes per site. The energy of the mixed
phase is given by

Enix = (1= MN)Eg+ AE5 (4.127)

where Eg and Fs are the energy of the 6- and 5-band solutions respectively.

The mixing energy is plotted in figure 4.22 for parameters for which the groundstate is the mixed
phase shown in figure 4.20. There is a clear chemical potential x4 and corresponding mixing fraction
A for which the energy is minimum, and this minimum moves to larger values of p and A as the field
is increased. To calculate the mixed solution, the chemical potential which minimises the energy must
be found. In principle, this requires a further iterative procedure in addition to those for solving the
internal and external equations described in appendix C, so that the full calculation would involve
three nested iterative processes. In practice, we start with an approximation of where the minimum
of Epnix(p) should lie, we calculate the energy for just three values of p in the near-vicinity, Epix (),
Epnix(p+6p) and Epix(p+ 261), and we calculate the minimum of the parabola which passes through

the three calculated points,

(20 + 3011) Erixc (1) — (4p0 + 401) Emixc (pr + 0p1) + (200 + 0 ) B (10 + 2012)
Emix(,uf) - 2Emix(ﬂ + 5#) + Emix(lff + 2(5,[1/)

1
framin = 5 . (4.128)
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This provides a good approximation to the correct chemical potential provided that one starts in the

near-vicinity of the correct value, but this can always be ensured by appealing to the continuity of the

mean field solutions and performing the calculations where the parameters are only deviated a small

amount from a previously known solution.
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Figures 4.23 and 4.24 provide some details of the mixed phase from figure 4.20 as functions of the

field. Figure 4.24 makes very clear a very important point, which is that in the mixed phase the two

subphases have unequal numbers of particles and are not charge-neutral: the 6-band phase has an

excess of holes and is therefore positively charged, and the 5-band phase has a detriment of holes and

is therefore negatively charged.
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Figure 4.23: Mixing fraction (left) and chemical potential (right) of the groundstate mixed phase
plotted in figure 4.20 as functions of field.
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Figure 4.24: Number of holes per Ru site for the 6- and 5-band phases in the groundstate mixed phase
plotted in figure 4.20 as functions of field.

The implication of the mixed solution is that some fraction of the material will be in the 6-band
subphase and the remaining fraction in the 5-band subphase. Because the subphases are charged, the
spatial arrangement of domains of the two subphases will be dominantly controlled in the real material

by the long-range Coulomb interaction, which we have not included in our modelling. The Coulomb
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interaction will enforce domains on a microscopic or mesoscopic scale.

We suggest that the mixed phase which occurs in our mean field solution corresponds to the nematic
phase in Sr3RusO7. However, we have not attempted any modelling at a sufficiently sophisticated level
to reproduce any of the experimental features which are associated with the nematic phase, which we
discussed in the previous chapter, section 3.4.

One definitive experimental feature is the step-like changes in the in-plane electrical resistivity
close to the metamagnetism. It has been proposed that the increase in the resistivity is due to the
scattering of conduction electrons off of domain walls in the system(75; 96). Therefore, in the picture
of the nematic phase we are proposing, we tentatively suggest that this is the case, where the domains
are associated with the two subphases in the mixed phase. This suggests that the step-like changes in
the resistivity are associated with the appearance and disappearance of domain walls on entering and
leaving the mixed phase.

As we mentioned in the previous chapter, section 3.4, the nematic phase in SrsRus;O7 does not
exhibit two features which would usually be indicative of the existence of domains: hysteresis and
dependence on sample shape. We tentatively suggest that this discrepancy might be resolved if the
length scale of the domains is extremely short. Given that in our mixed phase this length scale will
be controlled by the long-range Coulomb interaction and that this is a large energy scale we indeed
expect this length scale to be short. However, we have not made any attempts to quantify this.

A second major feature is the anisotropy that occurs when the magnetic field is tilted a small
angle away from the c-axis, where the sharp plateau in the resistivity is absent in the resistivity
perpendicular to the field. In our model, there is no dependence on the direction of the magnetic field.
The lowest-level miscroscopic interaction that would give rise to a dependence on the field direction
is the spin-orbit interaction, and we postulate that the spin-orbit interaction is the primary cause of
the dependence seen in SrsRusO7. With regards to the actual features seen in the resistivity, if the
resistivity plateau is to be attributed to the scattering of electrons off of domain walls, then the absence
of this feature in the resistivity perpendicular to the in-plane field implies domain walls that are in
the perpendicular direction. The domain pattern then would be stripes of the two subphases parallel
to the perpendicular in-plane direction. When there is a nonzero in-plane field, one presumes that the
spin-orbit interaction leads to a splitting of the degeneracy of the X and Y bands, but the connection
between this and the orientation of domains of high- and low-magnetisation subphases is unclear.

These remarks constitute the starting-point for how one would attempt to seek an explanation for
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the features in the in-plane resistivity seen in SrgRusO7 within the picture of the nematic phase which
we are suggesting. We again stress that we have made no attempts to actually model these features.

There is another route by which an anisotropy between the two in-plane directions might be sought
using the same level of modelling as we have undertaken. This is to seek a mean field solution of
our model in which the occupancies of the X and Y bands differ. One can imagine a scenario in
which the Fermi surface associated with one of the in-plane directions vanishes but the other remains:
such a mean field solution would imply a differing electrical conductivity between the two in-plane
directions directly without the need to invoke the role of domain walls, although it is not clear how
the actual features in the resistivity might be reproduced. Regrettably, these styles of mean field
solution have not been investigated in this thesis. Some early calculations by M. W. Long indicated
that these anisotropic solutions were unlikely to ever have a lower energy than the solutions which
preserve the symmetry of the in-plane directions. The solutions which preserve the symmetry have
been prioritised, both for this reason and because they are easier calculations and therefore provide a
more natural starting point for investigations. A thorough investigation of the anisotropic mean field
solutions is an obvious extension to this work which time has not permitted.

Our modelling is entirely at zero-temperature, and so we are not able to model the thermodynamic
properties relating to the appearance of the nematic phase in SrgRusO7 in any detail. We suggest
that the transition of the system into and out of the mixed phase will show up at low-temperature as
two first order transitions at the appearance and disappearance of the mixed phase, in accord with
the two first order transitions seen in SrgsRusO7. The mixed phase is found as the lowest energy mean
field solution and is the true groundstate rather than a metastable state. This is consistent with the

nematic phase in SrgRusO7 being an equilibrium phase.

4.6.3 Effect of varying %

In this section we show mean field calculations exhibiting the effect of varying the second neighbour
hopping t2. The most important effect of changing this parameter is that it moves the position of
the van Hove singularity in the Z band structure. We have already argued that a sizeable ¢ must be
included in order that the zero-field Fermi surface matches the experimental SrgRusO7; Fermi surface;
changing from t5 = 0 to to = 0.4t moves the singularity, in the hole picture, from well above the
chemical potential to well below the chemical potential, and therefore alters the topology of the Z

Fermi surface. In this section we show the effect of gradually tuning ¢t5 between these two values.
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In particular, if the van Hove singularity is positioned in close proximity to the chemical potential,
this can lead to more metamagnetic transitions, in addition to the transition associated with the X /Y
bands. The field at which this second metamagnetic jump occurs has extremely sensitive dependence on
ta, and by varying to jumps can be made to occur below, above or on top of the X /Y metamagnetism.
Because t2 must be finely tuned in order for the Z metamagnetism to be observed, we argue that this is
unlikely to be the case in the real material, and that this is additional evidence that the metamagnetism
in Sr3Ruy07 is the X /Y metamagnetism already described.

Figure 4.25 shows the susceptibility associated with the zero-field mean field theory as a function
of to, calculated as M/ B for the small field B = 0.0001¢. The divergence around the value to = 0.225¢
corresponds to the system being driven ferromagnetic in this region by the Z band van Hove singularity
being positioned extremely close to the chemical potential, so that the Stoner criterion is fulfilled. For
values of t5 below the peak, the zero field Fermi surface has the form of figure 4.5, and for values
above the peak the zero field Fermi surface has the form of figure 4.6 which is the topology seen in the
experimental Sr3RusO7 Fermi surface.

Figure 4.26, which plots the energies of paramagnetic and ferromagnetic 6-band solutions at zero
field as a function of ¢y in the vicinity of the FM instability, shows explicitly that ferromagnetism
is energetically preferred at zero field close to where the susceptibility diverges. The paramagnetic
solutions are the same as the ones calculated in figure 4.25 except the field is set to zero, so that
they have both the Z Fermi surfaces the same topology, and the ferromagnetic solution has the Z;
Fermi surface electronlike and the Z| Fermi surface holelike. Sufficiently close to the FM instability
the ferromagnetic solution is energetically preferred, and on even closer approach to the instability
the paramagnetic solutions apparently cease to exist. We expect the true groundstate to be a phase

separated mixture of paramagnetic and feromagnetic solutions for some values of ¢y in this region.
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Figure 4.25: Magnetic susceptibility as a function of 5.
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Figure 4.26: Energy of paramagnetic and ferromagnetic 6-band solutions at B = 0 as a function of ¢,
in the vicinity of the FM instability.

The changes to the Fermi surface with the application of a magnetic field are indicated, for to
below the FM instability and t2 above the FM instability, in figures 4.27 and 4.28 respectively. In
both figures, the lefthand member shows the zero-field Fermi surface and the righthand member shows
the high-field Fermi surface, where both the X /Y metamagnetic jump and the Z metamagnetic jump

have already occurred. The change associated with the X /Y-metamagnetism is that the lines of
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Fermi surface associated with the top-lying spin-| X /Y bands have vanished, corresponding to the
bands in question having been pushed past the chemical potential. The change associated with the Z
metamagnetism is that one of the Z Fermi surfaces has changed from being holelike to electronlike or
vice versa corresponding to the van Hove singularity in the corresponding band having been moved

past the chemical potential.
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Figure 4.27: Fermi surfaces for U = 3, t5 = 0.14. Left: B = 0; Right: B = 0.08
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Figure 4.28: Fermi surfaces for U = 3, to = 0.24. Left: B = 0; Right: B = 0.08
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Figures 4.29 to 4.32 show the magnetisation curves for the mean field solutions for values of to
which move incrementally past the FM instability. The to = 0.14¢ and t5 = 0.21¢ cases, figures 4.29
and 4.30, have t5 below the FM instability, and so involve the Fermi surface forms indicated in figure
4.27. ty = 0.14¢ has the square lattice far enough below the chemical potential at zero field that
the Z metamagnetism occurs at a substantially higher applied field than the X /Y metamagnetism.
to = 0.21t has the van Hove singularity close to the chemical potential at zero field, such that the
Z metamagnetism occurs at a substantialy smaller field than than the X /Y metamagnetism. The
to = 0.232t and ty = 0.24¢ cases, figures 4.31 and 4.32, have ¢ above the FM instability, and so the
picture of both metamagnetic jumps in terms of the Fermi surface is that of figure 4.28. t; = 0.232¢ has
the square lattice van Hove singularity slightly above the chemical potential at zero field so that the
Z metamagnetism occurs below the X /Y metamagnetism; to = 0.24¢ has the van Hove singularity far
enough above the chemical potential at zero field that the Z metamagnetism occurs at substantially

higher field than the X /Y metamagnetism.
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Figure 4.29: Mean field solutions for U = 3t, to = 0.14¢, J = 0.
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Figure 4.30: Mean field solutions for U = 3t, to = 0.21¢, J = 0.
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Figure 4.31: Mean field solutions for U = 3t, t5 = 0.232¢, J = 0.
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Figure 4.32: Mean field solutions for U = 3t, to = 0.24¢, J = 0.

Note that the magnetisation for the to = 0.232t case exhibits three metamagnetic jumps. Increasing
the magnetic field from zero, there is first a Z band mediated jump in which the Fermi surface associated
with the spin-] Z holes becomes electronlike. At a higher field, the X /Y metamagnetism occurs, and
the system transitions into a state where the top-lying spin-| X /Y-Fermi surface vanishes, but where
both Z Fermi surfaces are again holelike. Increasing the field still further, the Z metamagnetism occurs
“again”, with the third jump in the magnetisation.

In the vicinity of the Z transition, there occur three mean field solutions at the same field, in the
form of an “S” shaped feature in the magnetisation curve (see figures 4.29 to 4.32); the same analytic
structure was obtained in relation to the Z band metamagnetism in calculations by Binz et al(75). The
lower and upper solutions have the Fermi surface form of the low- and high-field regions respectively.
The middle solution moves smoothly between the two forms and joins up with the upper and lower
solutions; this is a high energy metastable solution which we do not think is physically relevant to the
groundstate of the system. This solution is analogous to the upper branch 6-band solution discussed
in section 4.6.1.

For the cases to = 0.21t and t5 = 0.232t, the low-field Z transition occurs with the adoption of a
phase-separated mixture of the upper and lower solutions, in a similar manner to the phase separation
associated with the X /Y metamagnetism. These mixed solutions are shown on figures 4.30 and 4.31.

We have not been able to find such mixed solutions in proximity to the Z transitions that occur
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at higher fields than the X /Y transition. The analytic structures of the mean field solutions in the
vicinity of the Z transition whether this be below or above the X /Y transition are perfect analogues,
which suggests that the high-field Z transition should be associated with a phase separation analogous
to the low-field case. A mixed solution requires that there exist solutions of both types at the same
chemical potential. We have attempted to find a range of chemical potentials for which both solutions
exist by incrementally altering the chemical potentials of both solutions from the n = 2 solutions,
but we do not find any chemical potential for which both solutions appear to exist. In the vicinity
of where the solutions could co-exist at the same chemical potential, we find that the self-consistent
equations for the Z band have two very closely positioned solutions. In this scenario our Newton-
Raphson procedures can fail, as we have already discussed. We therefore believe that a mixed phase
does exist in these regions, and that our computational procedures are not sophisticated enough to
find the corresponding solutions to the self-consistent equations. However we cannot rule out that the
possibility that the mixed solution does not exist, which would imply that these Z transitions occur

with a discontinuous jump between the lower and upper solutions when their energies cross.

4.6.4 Effect of changing the Z band hopping energy

We now come to the effect of altering the Z band hopping energies. Changing the hopping energy
by multiplying by the factor r < 1 increases the Z density of states by a factor 1/r and this acts
as an aggressive promoter of Z-associated Stoner ferromagnetism. We have performed calculations
where we reduce the Z hopping energies but keep the X /Y hopping energies fixed. We are motivated
to investigate this effect in an effort to force the Z-mediated metamagnetism for the physical value
of the second neighbour hopping, to = 0.4¢. In addition, it is an attempt to address the issue in
our calculations in section 4.6.1 that there is an excess of Z holes, and a detriment of X /Y holes, in
comparison with experiments.

The alteration we make to the model is to multiply the Z band hopping by a factor r which is
less than one, while leaving the X /Y hopping energies unchanged, so that tz/tx,y = r. This is
easily incorporated into the mean field calculations with the modification that the effective chemical

potentials for the Z bands defined in equation C.20 are rescaled as u$l — pSt /r, and that the Z band
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energy and density of states are rescaled as,

Ez(ugh) = rEz(ust /) (4.129)

1
pz(1%y) = ;pz(uezfﬂ/T)~ (4.130)

We include a second neighbour hopping of the same relative size of 0.4 for both the Z and X /Y bands.

The energy of various mean field solutions at zero field is shown as a function of the reduction in
the Z band hopping energies in figure 4.33. These include the two states which are relevant to the
X /Y metamagnetism shown in section 4.6.1, the 6-band solution (which has no magnetic moment
at zero field), and the 5-band solution in which the X_ | is absent. We also include a number of
large-moment solutions which we have not hitherto considered, the solution which has the Z, band
completely absent, the solution which has both the X_ | and the Z| bands absent, and the solution
which has both the X_ | and the X | bands absent. In addition, there is a 6-band solution with Z-
induced ferromagnetism; this state is analogous to the high magnetisation state in the Z metamagnetic
transitions in section 4.6.3.

Figure 4.33 shows that reducing the Z band hopping energy drives the system into the highly
magnetised state where the Z| Fermi surface has vanished. Note that the 6-band Z-mediated ferro-
magnetism never comes into play: the topology of the Z| Fermi surface does not change as the system
is driven ferromagnetic, but vanishes. It is striking that the system is pushed into a state with such a

large magnetic moment for a modest change in the hopping energies.
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Figure 4.33: Mean field solutions at zero field as a function of changing the Z band hopping energy.

We have also calculated the high moment solutions as a function of field for ¢z /tx,y = 1 in one
of the scenarios of X /Y metamagnetism we have already exhibited in section 4.6.1, in order to assess
the energetics of these solutions and in particular any possibility of the high-moment Z-ferromagnetic
state being relevant for the cases discussed in section 4.6.1. Magnetisation curves and energies of all of
the high moment solutions are shown in figure 4.34, together with the same curves displayed in figure
4.11, section 4.6.1. The energetics show that the Z-driven highly magnetised state (where the Z| Fermi
surface has disappeared) is completely irrelevant. If the field is pushed past the X /Y metamagnetic

jump, the system chooses to evacuate the next X /Y band before the Z band.
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Figure 4.34: The mean field solutions shown in figure 4.11 (here labelled as 6-band solution and 5-band
solution) together with the highly-magnetised states in which more components of the Fermi surface
have vanished.

4.6.5 Effect of crystal field splitting of the ¢, shell

Here we exhibit calculations where we impose a crystal field splitting which lowers the energy of the Z
bands relative to the X /Y bands by an amount A. This is another alteration to the model intended
to promote Z-induced metamagnetism, and to bring the distribution of particles between the orbital
species more in line with experiment. In shifting the Z bands down, their occupancy is expected to
increase, and in addition, the Z band van Hove singularity is moved closer to the zero field chemical
potential which we anticipate to promote Z band Stoner ferromagnetism.

The modification we make to the model is the addition of the term,
—AY 775, (4.131)
jo

and the change in the calculations to incorporate this is to shift the Z band effective chemical potentials
defined in equation C.20, ugf — p$f — A, and to add onto the mean field energy the term —A(nzs +
nzy).

The energy of the various zero field mean field solutions are plotted versus A in figure 4.35; these
include the large-moment solutions from section 4.6.4. The system is driven ferromagnetic by the

band-shift, but it is the X /Y-mediated ferromagnetism. The system is first driven into the same
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magnetic instability associated with the X /Y metamagnetism, and adopts the 5-band state where the
X_ | Fermi surface is absent, and subsequently into a second X /Y associated magnetic instability
where the X | Fermi surface vanishes. These are the same magnetic instabilities that occur with
field in figure 4.34. The Z-mediated large moment ferromagnetic state where the Z; Fermi surface has

vanished is not energetically relevant.
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Figure 4.35: Mean field solutions at zero field as a function of crystal field splitting A.

Some insight is gained from plotting the effective chemical potential ,ueri and the occupation number
for the Z; for these mean field solutions. See figure 4.36. Firstly, the system is pushed into the X /Y
magnetic instability before the Z instability is reached; this is seen in the fact that at the value
A ~ 0.075¢ of the first X /Y instability uezfi is far removed from the position of the square lattice
singularity —4ts. One telltale sign of the square lattice singularity in the mean field calculations is
in the appearance of the second 6-band solution with Z-induced ferromagnetism, where the Z| Fermi
surface is holelike; this solution only appears at A ~ 0.25¢ which is considerably higher than the X /Y
instability at A ~ 0.075¢. Secondly, in the X /Y mediated jumps which evacuate the X_ |-band and
then the X |-band, the occupancy of the Z; band is increased and the singularity is shifted further
from the chemical potential. This is another example of what is seen in the calculations which vary
to in section 4.6.3, that the Z bands effectively act as a reservoir of holes for the X /Y transitions,
filling up as required when the X /Y bands are evacuated. The system pays energy in increasing the

Z, occupancy because there is a considerably greater energy to be gained in the X /Y jumps.

264



U=3,J=0,t=04 U=3,J=0,1=04

Paramagnetic 6-band |
5-band
X_ band and X | band missing
Ferromagnetic (driven by Z-orbitals) 6-band

-0.5
0.8

0.6 |

\ |
AN
\

ett
Kz
nz|

S 02

Paramagnetic 6-band
5-band
X_ | band and X | band missing

band missing ------
Ferromagnetic (driven by Z-orbitals) 6-band

. . 0 . . .
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0 0.05 0.1 0.15 0.

A A

0.25 0.3 0.35 0.4

o

Figure 4.36: Z, effective chemical potential and occupancy as function of A.

Left: Effective chemical potential uezfi. The two horizontal black dashed lines mark the position of the
van Hove singularity ; = —4t¢s and the bottom of the square lattice band u = —4t + 4ty for to = 0.4¢.
Right: The occupation number of the Z|-band. The horizontal black dashed line marks the occupancy
corresponding to the van Hove singularity.

4.6.6 Effect of electron doping

In this section we exhibit some calculations which model the experiment discussed in section 3.6 on
the electron-doping of SrsRusO7. Those authors considered the compound Sr3_,La,RusO7 for small
values of y, one effect of which is to electron-dope SrgRuyO7 in the amount of y/2 electrons per Ru
site. It is extremely straightforward to incorporate doping into the mean field theory, as this simply

changes the number of particles from the 2 holes per site of the reference compound,

242—%, (4.132)

and so the only modification to the mean field theory is that the external equations become,

n:Q—g, (4.133)
o
B=B-5M. (4.134)

Positive values of y correspond to electron doping, but we are equally able to explore the effect of hole

doping by making y take negative values.
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In figure 4.37 we exhibit the magnetic susceptibility as a function of y for both hole doping and
electron doping. The susceptibility is made larger with electron doping, and diverges at a modest value
of y, while it is descreased for hole doping. This is entirely what would be naively expected: adding
electrons to the system decreases the number of holes, and therefore in the hole picture the chemical
potential is lowered, towards the bottom of the top-lying X /Y -band. Electron doping therefore pushes
the system towards the X /Y magnetic instability. This is seen in figure 4.38 which plots the energies of
the zero-field 6-band and 5-band solutions as a function of y: for sufficent electron doping y ~ +0.1 the
energies cross and the 5-band solution becomes the lowest energy, indicating that the system adopts
the 5-band solution, or a mixed state of 6- and 5-band solutions, and is therefore ferromagnetic, at

zero field.
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Figure 4.37: Magnetic susceptibility associated with the paramagnetic 6-band solution as a function
of doping.
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Figure 4.38: Energy 6- and 5-band solutions as a function of doping.

Figures 4.39 and 4.40 show examples of magnetisation curves for electron-doped and hole-doped
cases respectively. These figures are for the same parameters U = 2.9¢, J = 0.13t, to = 0.4¢ as in
the calculations in figure 4.20, and should be compared with that figure. The electron-doped case,
corresponding to the system being driven towards ferromagnetism, has the metamagnetic transition
pushed to lower fields. Conversely, the hole-doped case has the metamagnetic transition pushed to

larger fields.
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Figure 4.39: Mean field solutions for small electron doping, y = 0.06.
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Figure 4.40: Mean field solutions for small hole doping, y = —0.06.

All of the mean field calculations are entirely consistent with one’s expectations regarding the
effects of doping. However, they are the complete converse of what is seen in the experiment on
Sr3_yLayRus07(103). (see section 3.6) where electron-doping is found to push the system away from
the magnetic instability.

Clearly the substitution of La for Sr has some other effect on the system that acts to make it less
susceptible to ferromagnetism. One might argue that large effects are to be expected, as if one compares
members of the strontium ruthenate series Sry,1Ru,0O3,.1 with the corresponding members of the
calcium ruthenate series Ca,,41Ru, 03,41, for which the valency of the Ru ion is the same, one sees
quite different groundstates, that is a sensitive dependence of the physical properties on the differing
sizes of the Sr and Ca ions(111). For example, in stark contrast to SrsRusO7, the groundstate of
CazRuy07 is insulating, and exhibits bilayer ferromagnetic order, with antiferromagnetic coupling
between bilayers(112). The possible effects of substituting another atom for Sr in SrgRuyO7, besides
moving the chemical potential, are the altering of the crystal structure in the form of twisting and tilting
of the RuOg octahedra, and the splitting of the ¢, orbitals related to a Jahn-Teller distortion of the
RuOg octahedra(111). The twisting and tilting of the octahedra affects the hybridisation energies, and
therefore the density of states, because it effects the overlap between wavefunctions on neighbouring Ru
sites. Naively one would expect the hopping energy to be lowered and the density of states increased,

and this clearly does not explain the experiments. Jahn-Teller distortion affects the occupancy of the
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a4 orbitals and in many oxide compounds is associated with transitions from metallic to insulating
states(113); one might naively expect the change in the to, occupancies might result in the system
being moved away from Stoner ferromagnetism. Although it must be noted that the experimenters
suggest that La produces a milder lattice distortion than substituting Ca for Sr, we suggest that the

effects we have desribed must be in some way responsible for the experimental findings.

4.7 Summary and Discussion

We have built a 3-band Hubbard-type model for the correlated paramagnetic metal Sr3RusO7, and
calculated Hartee-Fock mean field theory solutions. The mean field solution exhibits metamagnetism,
an abrupt increase in the curve of magnetisation versus field, and the size of the magnetic jump
can be made to match that seen in SrsRusO7. The metamagnetic jump is associated with a van
Hove singularity in the X /Y bands which are one-dimensional at the level of our modelling; the high
magnetisation state corresponds to one of the X /Y bands having been pushed past the chemical
potential by the magnetic field, with the disappearance of the corresponding Fermi surface. In the
region where the magnetisation rises steeply with field the mean field solution is a phase separated
mixture of a state in which all of the X /Y Fermi surfaces are present and a state in which one of the
X /Y Fermi surfaces has vanished. The implication of our calculations is that the metamagnetism in
SrsRusO7 is associated with the X /Y bands and close to the metamagnetic transitions the material
will undergo a phase separation in the manner of our mean field solution. We postulate that this phase
separated solution is precisely the electronic nematic phase which occurs in SrgRusO7 close to the
metamagnetism. This simple interpretation of the nematic phase is the main contribution of our work
over previous works on X /Y mediated metamagnetism using more sophisticated models(101; 102).
We have not attempted modelling at an advanced enough level to reproduce any of the features
which characterise the nematic phase in Sr3RusO7;. We postulate the dependence on the direction
of the applied magnetic field to be in the main due to the spin-orbit interaction, which we have not
included in our modelling. With regard to the anisotropy of the nematic phase, it should be stressed
that throughout all of the calculations in this thesis the two principal in-plane directions have been
kept completely equivalent. Therefore, any potential explanation of the anisotropy of the nematic
phase within the picture we are proposing would have to be sought as being due to the orientation
of the low- and high-magnetisation domains while the system is phase-separated. Any modelling of

this would require the inclusion of the long-range Coulomb interaction, which has also been entirely
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neglected in this work. Another route to anisotropy within the framework of our mean field approach
is to seek a mean field solution with an anisotropy between the two in-plane directions in the form of
imposing different occupancies of the X and Y bands. Although early calculations by M. W. Long
indicated that such solutions were unlikely to be the groundstate, it is the author’s view that this
is deserving of a more thorough investigation and that this should be the immediate target for any
continuation of this work.

The picture of the nematic phase as a phase-separated mixture of low- and high-magnetisation
phases which we are offering in this thesis is to be contrasted with previous suggestions of essentially
the same picture, but with a ferromagnetic instability which is associated with the two-dimensional
features, rather than the one-dimensional features, of the electronic structure(75). At the level of our
modelling, this would imply that the metamagnetism is associated with the van Hove singularity in the
Z band being pushed past the chemical potential. This is an attractive picture because experiments
show that in SrgRu;O7 the relevant van Hove singularity is in the near-vicinity of the chemical potential
at zero field(70; 65). We have investigated the possibility of a Z band instability by making a number
of alterations to the model, and we have made two alterations which result in the mean field solution
exhibiting Z-mediated metamagnetism. The first of these is to alter the size of the second neighbour
hopping to. There is a range of values of ¢t for which Z associated magnetisation jumps occur, at
fields which depend sensitively on 5. In these solutions one sees precisely the styles of state that have
been proposed to be relevant in Sr3RuyO7(75), with low- and high-magnetisation phases differing in
the Z Fermi surface topology. However, these changes to the Z Fermi surface are undone by the X /Y
metamagnetism, which also occurs in these solutions at a field which is comparatively robust as to
is varied. The Z bands act largely as a particle reservoir, whose occupancy is dictated by the X /Y
magnetic instability which is the dominant effect in the mean field solution.

The second alteration to the model we have made which gives rise to Z-mediated metamagnetism is
to reduce the Z band hopping energies while keeping the X /Y hopping energies fixed. This promotes
the Z-associated magnetic instability so aggressively that a high-magnetisation state emerges in which
the Z Fermi surface for one of the spin components has vanished. The corresponding magnetic jump
is considerably larger than what is seen experimentally.

The position of the van Hove singularity in the Z density of states depends sensitively on the
value that is chosen for ¢5. The situation implied by quantum oscillations, photoemission and density

functional theory calculations - that the holes are distributed approximately equally between the X,
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Y and Z orbitals and that the Z Fermi surface is electronlike with the Z van Hove singularity situated
within a few meV of the chemical potential - strongly implies the value t = 0.4¢. However, one
finds that the mean field solution for ¢ = 0.4t opts to have a larger occupancy of Z holes, with
the Z van Hove singularity shifted to be far removed from the chemical potential. In an attempt to
alleviate this large discrepancy between our mean field solution and the situation in SrgRusO7, we have
investigated the effect of shifting the energy of the Z bands relative to the X /Y bands by an amount
A. This is found to make the mean field solution more susceptible to the X /Y metamagnetism, and
ferromagnetism occurs at zero-field before the experimental electronic structure is arrived at.

All of these issues relating to the Z bands are closely interrelated. We do not rule out that some
combination of the parameters we have investigated will more closely match the experiments at zero-
field, and will exhibit a Z-mediated metamagnetic jump that matches that seen in Sr3Ru,O7. However,
we hope to have convinced the reader that this would require the model to be quite finely tuned, and
the Z magnetic instability can also not come into play at all, have an effect which is subservient to the
X /Y metamagnetism or result in a state where one of the Z Fermi surfaces has vanished for which
the magnetisation is much larger than what is seen in SrsRusO7. By contrast, magnetisation curves
which match the experiments are much more easily obtained with X /Y metamagnetism.

The picture of metamagnetic transition we have given in this thesis, that of arising through a mean
field description with the occurrence of a phase-separated mixture, is actually quite general, and could
arise in mean field treatments on a great variety of Hubbard-type models. One requires large peaks or
divergences in the density of states in proximity to the chemical potential. In the case of Z-mediated
metamagnetism in our own mean field solution, this requires parameters in the model to be carefully
tuned. In contrast, the van Hove singularity associated with one of the X /Y bands is naturally placed
close to the chemical potential as a result of the bilayer splitting. This is why the X /Y metamagnetism
is comparatively robust in the mean field solution.

Finally we have investigated the effect of doping the material. In the mean field solution the
effect of removing holes is to push the system towards the X /Y magnetic instability and push the
X /Y metamagnetism towards smaller fields, but the experiments on substituting Sr with La show
the opposite trend(103). We have speculated that, in addition to moving the chemical potential, the
atomic substitution could result in either the twisting and tilting of the RuOg octahedra, or a Jahn-
Teller distortion, either of which could have a large affect on the electronic structure, and that this

might provide an explanation for the experiments.
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Appendix B

Tight binding calculations

We here provide in full detail the calculations relating to the bandstructure of the X /Y and Z orbitals.
This is simply to solve a tight-binding model on a ladder geometry for the X /Y orbitals, and on a
square lattice for the Z orbitals. We include a hybridisation between nearest neighbour lattice sites,
with a matrix element —¢, and a hybrisation between next nearest neighbour lattice sites, with a matrix

element +t5.

B.1 X/Y orbital band-structure

e—0—e—0—e—0—@e—0—e
\ \ \ \ \
o o o o o
\ \ \ \ \
e—0—e—0—e—0—@e—0—e

Figure B.1: Tllustration of the ladder geometry for the X /Y holes. The filled circles correspond to
Ru sites and the open circles to O sites.

Consider a ladder geometry as pictured in figure B.1. This geometry is effectively a linear chain with
two atoms per unit cell, corresponding to the lower and upper rung of the ladder; let j label the sites on
the linear chain, and let the total length of the chain be L,. We assume periodic boundary conditions.

Let X}Uﬁ and X! be creation operators for holes on the upper and lower rungs respectively at

JL,o
position j.

We immediately make the Bloch transform, In terms of the Bloch states,

1 - 1 -
Xk’U’U = \/Z zj:em Xj,U,(f and Xk:,L,a = \/Z Zj:em Xj,L,a’
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the tight-binding model with first and second-nearest neighbour hopping is

—2tcosk —t + 2ty cosk XiU,o
HX :Z (XgUo' X]ZLO’) : (Bl)
ko ” o —t 4 2tacosk —2tcosk XkL.o
This Hamiltonian is diagonalised by the states
Xt = Lxi. axi B.2
F==N- ﬁ( k,U,o k},L70’)' ( : )

We introduce the label o = +1 for the eigenstates, which we indicate by X},a,a‘; the corresponding

band-structure is given by,

e, = —2(t — aty) cosk — at. (B.3)

The band-structure is depicted in Figure B.2. There are two bands which have the cosine form expected
of a linear chain, the low-lying symmetric band labelled by o = +1, and the high-lying antisymmetric
band labelled by a = —1.

Ladder bands, to = 0

Ladder bands, to = 0.4¢

Figure B.2: Band structure of the t,t> model on the ladder.

The occupation of the bands as a function of the chemical potential and the energy are provided by

the correlations (X]T’a’an/,a/’o) These are easily calculated by writing the in terms of the correlations
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in the eigenstates which are diagonal
1 o
<X;,oc,0'Xj/701'70> = E Z e’ )kaa,a/ <X11,a,ng,a,a>- (B-4)
k

The occupancy of the eigenstates is given by the Fermi function and at zero temperature they are all
fully occupied below the chemical potential and equal to zero above the chemical potential, providing

the real space correlations as

(X Xy =0 / o dk (B.5)
. i alo) = Oa.a/ —c .
J,o,0* )00, B K., 21
where the wavenumber K, provides the Fermi surface,
—2(t —aty)cos Koo —at = (B.6)
This immediately provides the occupation number of the two bands as
KQO'
NXaoc = <X;7070Xj,a,o'> = - (B?)
and the off-site correlations as
sin (M x aem
<X;,a,oXj+maa70> = ‘( =7 ) . (B.8)

mm
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Occupation, ty = 0 Occupation, to = 0.4t
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Figure B.3: The total number of holes per site of the band-structure indicated in figure B.2 as a

function of the chemical potential.

The total spin-o occupation per site nx, = %(nx’%g + nx,_ ) as a function of the chemical
potential is depicted in Figure B.3. There are three distinct regions. For —3t+2t; < pu < —t — 2t9, the
chemical potential is below the bottom of the antisymmetric band, so that only the symmetric band

is active. The occupation numbers are then given by

2(t —t2)cos (mnx +.0) +t+pu = 0,
(t —t2) cos (mnx +,0) (B.9)
nx —o = 07
and as a result
Nxe = S arccos ton (B.10)
X" on 2t —ty) ) '

In the region —t — 2t5 < p <t — 2t5 both the symmetric and antisymmetric bands are active, and we

have
2(t —t2)cos (mnx +.0) +t+pu = 0,
(t —t2) cos (Tnx 1.0) (B.11)
2(t+to)cos(mnx,_o)—t+u = 0,
and the total number of holes is given by,
1 —t—pu 1 t—pu
, = — . _ s ——— ). B.12
nx 5 arccos<2(t_t2)> + 5 arccos<2(t+t2)> ( )

Finally, in the region t—2t5 < p < 3t+2t9, the symmetric band is fully occupied, only the antisymmetric
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band is active and we have

n s = 1,
o (B.13)
2(t+to)cos(mnx,_ o) —t+p = 0.
It follows that the occupation is given by
1 1 t—pu
c ==+ — — . B.14
nx 2+27r arccos(Q(t+t2)> ( )

Density of States, to =0 Density of States, to = 0.4t

—~ —~

w w
~ 1 ~ 1

QU QU
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€ €

Figure B.4: X-band density of states px(€).

The density of states is depicted in B.4. This is simply the sum of contributions from the symmetric

and antisymmetric bands:

px(€) = 2; > [8(e +2(t — ta) cosk + t) + d(e + 2(t + ta) cosk — )]

Tk
— %/” g[5(6+2(t—t2)COSk+t)+(5(6+2(t+t2)COSk—t)]
C(t—ty) [ dz
= T /_Q(t_t2) (2(t_t2))2 — 2 (5(6+$+t)

M Aitta) dx e
+ T /2(t+t2) (z(t_t2))2—x25( + t)
(t —t2)
BN ) e e R G
(t +t2) O(—2(t+t)+t<e<2t+t)+1). (B.15)

* 7r\/(2(t +19))2 — (e —1t)?
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And so, in the three distinct regions discussed in relation to the occupation, the density of states takes

the form
(t—t2)
F\/<2(t—t2))22—(e+t)2’ SO s st
= (t—t2) (t+t2) 4 _ B.16
px(e) T/ (2(t—t2))2—(e+1)2 * T/ (2(t+t2))2 = (e—1)2’ tm2baspst=2 (B.16)
(t4) t— 2ty < pu < 3t+2ts.

my/((t+82))2 = (e—1)2’

Energy, to =0 Energy, to = 0.4t

02}
04 F
06 |
5
K s
-1
-1.2 F
14 b
3 2 1 0 1 2 3 -3 2 -1 0 1 2 3 |
0 0

Figure B.5: X-band energy Ex as a function of chemical potential

Finally, we depict the energy of the tight-binding model in B.5. It is straightforward to represent

the energy in terms of the occupancies as

(Hx) 1
Ex = oL, = oL, Z<_(t - atQ)(XjTaa'Xj*FlaU + X]Toijflaff) - atX}aanaU>
jao
L 3|2t at ysin(mxas) _ o, (B.17)
== —2(t — aty) ———— — atnxac .
2 — 2 T X
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B.2 7 orbital band-structure
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\
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Figure B.6: Illustration of the square lattice geometry for the Z holes. The filled circles correspond to

Ru sites and the open circles to O sites.
The tight-binding Hamiltonian on the square lattice is given by

Hy = Z (—2tcosky — 2t cos ky + 4ta cos kg cos ky) Z%UZ

ko

koo

where the operators Z ;0 correspond to the usual Bloch states,

P! iF-Ry

L= :
ko LzLy . Jo

(B.18)

where the index j labels the sites on the square lattice, and L, and L, are the dimensions of the

system. We have assumed periodic boundary conditions in both of the principal directions of the

square lattice. The band-structure,
eg = 2tcos k; — 2t cos ky + 4t5 cos ky cos ky,

is depicted in figure B.7.
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Band structure, t9 = 0 Band structure, t9 = 0.4¢
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Figure B.7: Band structure of the ¢,ts model on the square lattice.

The density of states is given by

dk
e):ZcS(efeg):/ / y§(e+2tcosk + 2t cos ky, — 4to cos kg cos ky)

1 [t T ! dy
= — O(e + 2tx + 2ty — 4dtsxy), B.20
ﬁ/lﬂ_xg/lw_ﬁ( y — dtsy) (B.20)

and the single-particle correlations are given by

1 )
<Z;0-Zj+m1i+m2@o'> = LzL Zel(m1kz+m2ky)<Z;LUZko_>

dk
:/ / —Ygilmikatmaky) (9t cos k, — 2t cos ky + 4ta cos ky cos ky, — 1)

= 7'('2 / \/1 = m2 / \/1 — m1ym2@(—2t(x + y) =+ 4t21’y — ,U/)7 (B21)

where the theta function ensures that the integration is only taken over the states below the chemical
potential.

The single-particle correlations and the density of states can be represented in the form of elliptic
integrals. Practically speaking, each of these quantities can be represented as a single definite integral
which can easily be calculated using a computer. Such a representation is obtained by performing
one of the two integrals in the expressions B.20 and B.21 analytically. In the following, we will derive

representations for the particle number nz, = AW i), the density of states pz(e¢) and the ener
Jjo<J y P gy
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Ez, which is composed of nearest- and next-nearest-neighbour correlations. We discuss the occupation

number in the most detail, and thereafter apply the same parameterisation to the other quantities.

Occupation, ty =0 Occupation, ty = 0.4¢

0.9
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0.7 -
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-0.5 |
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-1 -0.5 0 0.5 1

X X X

Figure B.9: Tllustrative examples of the regions of integration —2t(x 4 y) + 4toxy — p > 0 (indicated
by the shaded region) of the square lattice integrals, for the three cases —4¢ + 4ty < p < —4ty (left),
1= —4ty (middle) and —4ty < p < 4t + 4ty (right).

The occupation number nz, = (Z jTU Zjs) is shown as a function of the chemical potential in B.8. If

we examine the argument of the theta function in the expression for the correlation, we are required

to integrate over the region where
—u—2tx
> _—
Y 2t — 4t2$

The region of integration corresponding to the occupied states is pictured in B.9 for the three cases

which must be distinguished, —4t 4 4ty < pu < —4to, p = —4ts and —4ty < p < 4t + 4t5. For the case
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—4t + 4ty < p < —4ty the integral is

1 /1 dx ! dy
Nge = — —_ e B.22
L s RV 2
The integration over y can be performed exactly to give,
1! dz . [ —p—2tx
- = — ———cos | —— ] . B.23
"z w2 f—p—2t V1 — 22 o8 (2t—4t21’ ( )

2t—4ig

The case 1 > —4t5 is most conveniently represented in terms of the integral over the unoccupied states.

The fully occupied band of course has n, = 1 and so we may write,

1 (=5 d e

tFdty T t—dtgw
nge=1— —2/ e Y (B.24)
™ J_1 Vi—22 /)4 V1—192

The integral in this expression can be carefully rewritten to obtain a form very similar to that of the

first case
2t—p —p—2tx 2—p 1
1 /2t+4t2 dx 2t—dtyw dy _ 1 / 2t+aty dx dy
w2 -1 \/1*I2 -1 \/1*92 a U -1 v 1—a? 2‘;—+ftt;r V 17y2
1 [ de 1 p+2tx
= — ———cos e T Y
2 1 V1 — 12 2t — 4tsx
1 [t dx ( w— 2tz )
Nge =1— — —cos | —— B.25
Z w2 2 N 2t + 4tqx ( )
In both cases, we must calculate the integral
1 [t dx —2tr +Tp
J(p) =—= ———cos ™ ( B.26
(1) w2 s2s V1—22 2t + 4ttox ( )
where we define
1, Aty < p < 4t 4 4ts
() = . (B.27)
—1, 4t + 4ty < < —4tq
The occupation number is
1—T(p), —dty <p <4t+ 4ty
Nge = (B28)

T (1), At + 4ty < p < —4ty
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We obtain a cleaner representation for 7 (u) by making the change of variable x = cos 6:

1 [ _1 (2t + (2t + 47ty) cosq — 2t cos O
=— [ db !
J(n) w2 /0 o8 < 2t + 47to cos

where,
—2t+Tp

. B.29
2t +471ts ( )

cosq =

For performing the numerical calculations, it is not desirable for the limits of integration be dependant
on the parameters p and t3. We choose to remove this dependence by making the recaling 6 = g¢

which provides

1
T =L | dgcos™ <

2t + (2t + 47to) cos ¢ — 2t cos qcb)
-2
™ Jo

2t + 47t5 cos q

Finally, it is found that the error in a finite element numerical integration is considerably reduced by

making the change of variable ¢ = 1 — u?:

J(w) = 2 /01 wcos™! (1 A+ 27%> €08 q — o8 (q(l _ UQ))> du (B.30)

w2 1+ 27% cos (q(1 — u?))

The occupation number nz, shows a kink at the special point —4¢5 which shows up as a divergence
in the density of states, depicted in figure B.10. Such logarithmic divergences are a generic feature in

two-dimensional band-structures.

Density of States, to =0 Density of States, to = 0.4t

0.5

Figure B.10: Density of states p.(¢) of the ¢,t model on the square lattice.
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The density of states is shown in Figure B.10. This is of course given by

T dk ™ dk
pz(e) = Zd(e—e,—;) :/ 2—7:/ 2—;6(e+2tcoskz+2tcosky — 4ty cos ky cos ky)
z —7 —7

€ + 2tx 4 2ty — 4tsxy)

1/1 dx /1 dy 5(
w2 VT =22 ) /1 =2

1/1 dx 1 /1 dy s +6+2t:10
) Vi @t —atw) ) i YT 2ty

1 /1 dzx 1 1 @( 1<2t1:e<1)
22t 1 V1 — 22 (1—2%,%) 1 (—2tm—e)2 2t—4t2$

2t—4tox

(B.31)

() = — /1 da ! for — 4t + 4ty < e < —dt

€) = or — €< —
Pz 27T2t 2;2—1/4:6 1- x2 t —2tx—e 2 - ’
T (1—=2%z)4/1- <2t—4t2x>
1 2t16 d 1
2t+4ty T
= — for — 4ty < e < 4t + 4t
pz(€) or2t |, -2 . EVERY or 9 < € < 4t + 4ty
(1—=2%z)4/1- <2t—4t2w)
Applying the same parameterisation as for the occupation number, we obtain
1 1 do
pZ(€) = 22t p 3 p 5
0 \/(14—27'7’%:080) —(1+ (1 +27%)cosq — cosb)
_q /1 udu
o2t ), t 2\1) 2 t 2)))2

(1+272cos (q(1 —u?)))” — (1+ (14 272) cosq — cos (q(1 — u?)))

(B.32)
where the latter form is more computationally effective, and where
ot 4 re 1,  —dty < e <4t + 4ty

- - = B.33
O o Aty 4 (B.33)

—1, 4t 44ty < e < —4ty.
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Figure B.11: Energy of the ¢,t5 model on the square lattice as a function of chemical potential.

The energy is shown in Figure B.11. The energy is given in terms of single-particle correlations by

_(H) 1 t t
EZ o Laij B LwLy <7t Z ZjUZj/(T + t2 Z ZjUZj/0>
(4i' o (43’)20

=—4t (<Z}Za‘+m> + <Z,T¢Zj+m>> + 4t ((Z}ZHH@T) + <Z}¢Zj+ae+y¢>) (B.34)
The two correlations which we require, for the case u < —4ts can be written as

2t — 2 | —2te— )
s VI —a® e /1 —y

1 [t dz —2tr — u)2
= — 1l - — B.35
2 /m%u: \/1—;[;2\/ <2t—4t2.’b ( )
1 1

1t dx ! ydy
(2}, Z;150) = = /

xdx ydy

—2t—p _ p2 _2tzr—p a2
s VI —a® ) zzemn /1 —y

1 [t xdx —2tx — 2
_ I ey S e B.36
w2 J—2e—p /1 — 22 \/ <2t — 4t2$> ( )

2t 4ty

1
(2}, Zjriti0) =

For the case p > —4t, we again represent the integral over the occupied states as the fully occupied
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band minus the unoccupied states:

<ZT Zj +yo>

(2}, Z;45450) =

2t+4t2 ;TQZ ydy
772 m W
1/2t+4¢2 dx \/1_ 2txu)2
w2 ), V1-—22 2t — dtox
2tx — 2
w2 /2—3;;5;1 m \/ 2t + 4t2:c> (B-37)
zit; i ydy
772 m m
1/2t+_4,fz xdx \/1 thu)z
I V1—22 2t — 4o
2tz — 2
2 /2_,52::2—“ m\/ 2t + 4t21‘) (B.38)

We process these integrals in exactly the manner as in the calculation of nz,, with the convention

1, Aty < p < At + 4ty
;e 7 (B.39)
—1, 4t+44t; < n < —4to
to obtain the representations
(2}, Zi140) = Qu (), (2}, Zisavg0) = Q) (B.40)
where
2
2q¢ ! 1+ (14 27%2)cosq — cos (q(1 — u?))
] 1— du, B.41
w) w2 /0 “ ( 14275 cos (q(1 — u?)) " ( )
2
2¢ (! 9 1+ (1+27%2) cosq — cos (q(1 — u?))
= —T— 1-— 1-— du. B.42
Q:(00 = =724 [ s (a1~ o)) 1 - (FHH TR w (Ba2)
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Appendix C

Procedures for the mean field

theory calculations

In this appendix we describe the computational procedures which we use to calculate the mean field
solutions. For given values of the internal parameters i and B, the six band occupation numbers
nx+t, Nx|, Nzt and nzy are obtained as the solutions of a set of internal equations; these occupation

numbers determine the total number of holes and the magnetisation as

n=nxt+nxy,+nzgy+nz, (C.1)

ManT—i—nZT—nXL—nZi. (CQ)

The values of i and B must then be tuned to provide the correct number of holes and external magnetic

field, that is to satisfy the external equations,

The solutions of both the internal equations and the external equations are solved using Newton-
Raphson procedures. A full calculation therefore involves two nested Newton-Raphson procedures,
with each iteration of the procedure for the external equations requiring the solving of the internal

equations.
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C.1 Internal equations

The use of the parameters B and /i as independent variables allows the mean field theory to be
parameterised in such a way that the self-consistent equations for the band occupation numbers contain
no terms which couple the occupation numbers of distinct orbital species. One has to deal with pairs
of coupled equations for the spin-1 and spin-| holes of each orbital species. Because we treat the X
and Y orbitals as equivalent, these are governed by the same set of occupation numbers; there are
therefore just two pairs of coupled equations, one pair for the X /Y occupation numbers nx4 and nx,

and one pair for the Z occupation numbers nz¢ and nz,.

C.1.1 X/Y occupation numbers

In the 6-band case, the four occupation numbers nx,, are deteremined by the four self-consistent
equations,

2(t — aty) cos (mnx 4 o) +at + ji+ Bo + (U — J)nxy — 2Jnxs = 0. (C.5)

One can eliminate the occupancies of the individual bands to obtain an equation purely in nx+ and
nx,. We first represent the equations in terms of nx, = %(nXH“U +nx,_ ») and the difference in the
individual band occupancies, wx, = %(nxﬁﬁg —nx,_ ). Taking the sum of the two spin-o cases of

C.5 gives
2t cos (Tnx o) cos (Twxe) + 2ta sin (Tnxe) sin (Twxe) + fi + Bo + (U — J)nxe — 2Jnxs =0 (C.6)
and taking the difference of these two equations gives,
— 2tsin (mnx,) sin (Twx,) — 2te cos (Tnx) cos (Twxy) +t = 0. (C.7)

Taking appropriate linear combinations of equations C.6 and C.7 to eliminate each of the quantities

cos(mnx.) cos(mwx,) and sin(mnx. ) sin(rwy,) we obtain,

2t (1= (2)?) cos (mnx,) cos (Twxy) = —ts — (ﬂ 4+ Bo+ (U= J)nxe — 2JnX;,) , (C.8)

—2t (1 = (2)?) sin (mnx,) sin (rwx,) = —t — 2 (ﬂ +Bo+ (U — J)nx, — 2JnX5) . (C.9)
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We now square both sides of each of these equations, and eliminate the variable sin(rwx,) = 1 —

cos?(Twx,) to finally obtain

N 2 . 2
(tg i+ B+ (U= J)nxe — 2Jnxg,) (t +i (ﬁ Y B4 (U - Dnxy — 2Jnxc—,))
2 cos2 + 2
2 cos?(mnxe) t2 sin”(mnxe)

—4(1- (37" =0 (€.10)

In the 6-band solution, nx+ and nx | therefore satisfy the two coupled equations,

(ta+ o+ B+ (U = Dnxs —2JnX¢)2 . (t+% (p+ B+ U= J)nxs —2JnX¢))2

t2 cos?(mnx+) t2sin?(mnx+)
—4(1-(3) =0 (C.11)
. 2 . 2
(tz +ﬂ - B + (U - J)TLXi - 2JTLXT) (t + %2 (/1 - B + (U - J)”Xi - 2JnXT))
2 cos2 + )
t2 cos?(mnxy) t2sin®(mnx)
—4(1-(2)2)* =0 (C.12)

In the 5-band solution, we exclude the occupation number nx _ | from consideration. The total number
of spin-| holes per site is then nx| = % The equation C.11 still holds and the second equation is

provided by C.5:

(t2+ﬁ+B’+ (U — J)nxs —2JnX¢)2 (t+ L (ﬂ+B+ (U — J)nxr —2JnX¢))2

+
t2 cos?(mnx+) 2 sin®(mnx+)
—4(1—(2)%)* =0 (C.13)
2t — t2) cos (2mnxy) +t+ji— B+ (U — J)nx, —2Jnxs =0 (C.14)

We solve the two coupled equations using a Newton-Raphson procedure. Let

~ 2
(tg +a+B+U—-J)nxy —QJHXL)

nx+, N =
Fxr(nxrnxi) t2 cos?(mnx+)

<t+ L (ﬂ+é+ (U — J)nxs 72JnX¢))2

12 sin®(mnx1)

n —4(1- ()2 (C.15)
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and let

- 2
t2+/1—B+(U—J)nX¢—2JnXT)
t2 cos?(mnx )
o (. = 2
(t+72(M—B+(U—J)71Xi—2jnx1~))

2 sin*(mnx )

fxitnxg,nxy) =

+ —4(1-(2)%)*  (C.16)

in the 6-band case and
in(nXT,nXJ() = Q(t — tg)COS (271"[1){1() +t+ ﬂ - B + (U - J)’HIXL — 2JnX¢ (Cl?)

in the 5-band case. We can converge to the solution fx4+ = 0 = fx| by repeated application of the

mapping,

Ofxy Ofx+
fXTGn;u - anleX‘L

nxt Xt = Ofxt Ofxy _ Ofxt Ofxy’ (C.18)
a’l’LX? anle ani 8”XT
Ofx1 Ofxy
nxy gy — oI XL X (c.19)
X X7 0fxy 9fxy _ Ofxy OFxy '

677/XT 6nx¢ Bn)u BnXT
C.1.2 Z occupation numbers

To obtain the self-consistent equations for the occupation numbers nyz, we apply the formula B.28

substituting the two effective chemical potentials,

ph = fi+ B+ (U — J)ngy — 2Jnz,,

pf =i — B+ (U~ J)ng, —2Jnzy, (C.20)
so that the two self-consistent equations are,

1—J(ps), —dty < pst < 4t + 4ty
nNzy = T T (C21)

T (ush), At + 4ty < pSfh < —4t,

1—J(ps), —dte < pst < 4t + 4ty
nz, = v v (C.22)

T (uh), At 4 4ty < pSft < —4t,
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where

2¢ [* 1 [ 1+ (14 27%) cos g — cos (q(1 — u?))
eff 1 i
% cos du, C.23
VA 2 /0 u < 1+ 27'%2 cos (q(1 —u?)) ’ ( )
—2t + T
off Zo
_ 2T C.24
cos a(4ifh) =~ T2 ©20
1, Aty < pt <4t 4ty
oify) = - .

=1, 4t +4ty < pl < —dty

These equations are solved using the same Newton-Raphson procedure as for the X /Y occupation

numbers. We define

1—TW) —ngy, —dte < pSl <4t + 4ty
fZg(TLZT,TL2¢) = (C26)
T (us) = nzo, 4t + 4ty < pgfl < —4ty

and we repeately apply the mapping,

Ofzy Ofzr
N o fZTanZi - anifzi

Nzt = NZY T 5y 0fz, _ 0fzr Ofzy
8TLZT aTLZi anm GTLZT

Ofzr N Ofzy

ougy I~ Ty (C.28)
Ofztr Ofzy  Ofzt Ofzy ° ’
anZT anz¢ 8’nz¢ anZT

(C.27)

Nz, —»nNz| —

The derivatives are simply represented in terms of the square lattice density of states:

0fzo o
G 210 T N Lo Vo 3] (C.29)

afZO'

8”20

Both the functions fz, and their derivatives are calculated to a high accuracy by evaluating the

appropriate integral numerically using finite element methods.

C.2 External equations

Let F(ji, B) = n(ji, B) —2 and G(ji, B) = B— B+ I M (i, B), so that the external equations are F' = 0

and G = 0. If i* and B* are the values which satisfy these equations, then for values fi and B close
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to these values we can write

(i B) ~ (i = ") g + (B~ B7) 7 (C.30)
Gl B) ~ (i~ i) g + (B~ B) o= (©31)

and these equations can be inverted to provide,
B~ = grac —oraa (C.32)

of &B 8B Ofi

Py poG

~ ~ Ol ol
OF 0G _ OF G * (C.33)

opn 9B OB 9

We therefore can obtain successively better approximations to fg* and B* by the repeated application

of the mapping,

G _ OF iy
A= i~ orsc—orae (C.34)
op oB 9B Of
or oG
PG _ poc
B R op of
B =B - 3rsc —aroa (C.35)

o 9B 9B O
At each iteration the left hand sides are calculated by solving the internal equations. The derivatives

are approximated by first calculating F' and G for the three sets of parameters, (fi, B), (i + 6ji, B)

and ([, B+ 6B) for fixed values of 6fi and 6B which can be regarded as tunable parameters of the

algorithm, and then computing

i 5 (C.36)

and the analogous expressions.
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