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Abstract

Motivated by studies of non-magnetic dopings of pyrochlore spin ice and the experimental real-
ization of the hyperkagome lattice in NayIr3Og(38), this work studies the dipolar ice model on the
hyperkagome lattice. This is a local < 111 > Ising model with classical spins featuring an anti-
ferromagnetic neighbour exchange as well as a long range dipolar interaction, previously studied
on the pyrochlore lattice(18). A hybrid single spin flip/loop algorithm Monte Carlo code has been
developed to address ergodicity issues seen at low temperatures. This algorithm agrees with ana-
lytical results for the smallest system size and has been extended to larger system sizes. A phase
diagram very similar to that of the pyrochlore lattice(19) is found with an antiferromagnetic region
as well as regions with a spin ice crossover and a low temperature ordering transition. An addi-
tional charge-ordered state, similar to that in the recently studied kagome spin ice(11), was also

found.
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Chapter I: Introduction

In this thesis we will be concerned with properties of spin, interactions between spins, and how
these interactions can become frustrated. The field of geometrically frustrated systems has been
around since Pauling’s(1) proposal in 1935 that the structure of cubic water ice allowed for many
equivalent ways of satisfying the ice rules that had been previously defined by Bernal and Fowler(2).
Quantum spin liquids are an extension of this where quantum spins, instead of the hydrogen atoms
from water ice, remain disordered to very low temperature. Quantum spin liquids were described
by Anderson(3) using a resonating-valence-bond theory where pairs of spins become entangled
due to an antiferromagnetic interaction and act as a single entity with O spin. Investigations into
quantum spin liquids continues to be very active and only recently(4) has experimental evidence
for their existence been seen. Until 1986 it was thought that magnetism was detrimental to su-
perconductivity. This was proven incorrect with the discovery of superconductivity in a magnetic
material(S)) which also had a critical temperature much higher than had previously been seen giving
birth to the field of high temperature superconductivity. Anderson extended his resonating-valence-
bond theory to propose an explanation for this phenomenon(6) as dopings in the lattice allowing
the charged, spinless pairs to move and superconduct. These recent findings in the fields of quan-
tum spin liquids and high temperature superconductors have not only invigorated the search for
and research on frustration in quantum systems but also in their classical analogs such as Ising

spin systems, also known as spin ices, as will be presented here.

Spin

Spin is a quantum version of angular momentum which does not have anything to do with actual
spinning. When current is run through a loop of wire or an electrically charged object is spinning
a magnetic field is produced. Macroscopically this magnetic field is identical to that of traditional
bar magnet (Fig. [Th) with the direction of the magnetic moment the same as what the angular

momentum vector would be if the atom was spinning (Fig. [Ib). Spin as used in this sense is an



intrinsic property of the electrons of an atom similar to its charge or mass. Attempts to calculate the
speed if the electrons of the atom were actually spinning using their size, charge, and the magnitude
of the resulting magnetic field leads to speeds greater than that of the speed of light.

These spins can interact with each other through either a ferromagnetic (FM) or antiferromag-
netic (AFM) interaction. A ferromagnetic interaction will cause the spins to favour aligning their
magnetic moment in the same direction as their neighbours. In an antiferromagnetic interaction
the interacting spins’ magnetic moments will favour pointing in opposite directions.

a) b)

Figure 1: a) A bar magnet with the direction of its magnetic moment indicated by an arrow. b)
An atom which has an intrinsic spin displays a magnetic moment similar to (but much smaller
than) that of a bar magnet. Ferromagnetic interactions between atomic spins lead to macroscopic
magnetic moments like those of a bar magnet.

Geometric Frustration

One of the first geometrically frustrated systems to be studied was the cubic form of water ice,
whose hydrogen atoms form slightly distorted tetrahedra around each oxygen atom. In water ice
each oxygen atom is surrounded by four hydrogen atoms. Two of them are close to the oxygen
and form the polar water molecule and two of are further away and belong to neighbouring water
molecules (Fig. [2)). The neighbouring water molecule’s hydrogen atoms form hydrogen bonds
with the first oxygen atom. It was noted by Linus Pauling in 1935 that this configuration would
result in water ice having a non-zero residual entropy(1). The following year Giauque and Stout(7)
published measurements of the heat capacity of water ice down to 13K and used this measurement

along with the Debye function for lower temperatures to compute a residual entropy that was in



close agreement with that estimated by Pauling.

Figure 2: a) Water Ice with two hydrogen atoms sitting closer to the central oxygen atom and two
sitting further away(l)). b) The equivalent spin system to the cubic water ice with magnetic atoms
at the corners of the tetrahedra that have spins pointing either towards the centre of the tetrahedra
or away from it.

Unlike water ice, spin systems don’t have atoms that move further from or closer to the centre of
the tetrahedra. Instead, in some special materials magnetic atoms lying at the corners of tetrahedra
have spins which are restricted to lie in one of two directions. Analogous to the displacement of
the hydrogen atoms of water ice those directions point either towards the centre of the tetrahedra
or directly away from it. This two state model is known as the Ising model.

Pauling’s work was extended by Harris ef al.(8)) to describe an effective FM interaction between
neighbouring spins on the pyrochlore lattice of Ho,Ti»O7 with spins that have an Ising anisotropy
directed along the local < 111 > directions (which point toward or away from the centres of each
corner-shared tetrahedron). In describing their work Harris et al. coined the terminology “spin
ice”. In the pyrochlore lattice instead of having atoms closer or further from the centre of a tetra-
hedron there were spins that either pointed towards the centre of the tetrahedron or away. In the
ground state pyrochlore spin ice is forced to obey similar rules to water ice with two of those spins
oriented away from the centre of the tetrahedron and two oriented towards it as discussed in the
context of geometric frustration.

The ground state of the outer f-electrons of the rare earth atoms is highly anisotropic favouring
two opposing directions. The first group of excited states in spin ice materials lies well above

the ground state. The first excited states of Ho;TioO7 and Dy, Ti;O7(9) occur at 237K and 383K,



respectively. The temperatures discussed in this thesis are well below the temperatures of the
first excited states so those states are considered unreachable in this work. This strong anisotropy
constrains the magnetic moments to behave as Ising spins with their direction aligned with the
local <111 > axis. For the pyrochlore lattice the local <111 > directions connect the centres of
the two tetrahedra that share that spin. Experimentally such axes are formed joining the centres
of neighbouring tetrahedra for the A sites of A;B,0O7 pyrochlore materials because of electrostatic
interactions between the orbitals of the magnetic rare earth atoms and non-magnetic oxygen atoms.
In this study of hyperkagome spin ice as a 1/4-doped pyrochlore spin ice I assume a local < 111>
axis at each magnetic site identical to that of the pyrochlore lattice.

Harris et al. were also able to use Pauling’s work to estimate the residual entropy of pyrochlore
spin ice (specifically Ho,Ti;O7). To do this they first assumed the probabilities of different ground
state occurrences to be uncorrelated. Then, because Ising spins only have two allowed directions
it can be seen that there are 2"V possible configurations of the lattice with N being the number of
spins. Of the 16 different possible configurations of spins around a tetrahedron only 6 of them
satisfy the two-in/two-out rule of spin ice. This causes a reduction in the degeneracy of the ground
state by a factor of (%)NA where N, is the number of tetrahedra in the lattice (%’). This leaves
a ground state degeneracy of 2V (%)NA. Since S = kpInQ with kg = 1 in our unit system and Q
being the degeneracy you get a residual entropy per spin for pyrochlore of 1% =1In % This work
was later extended to include corner-shared triangle based lattices by Wills ef al.(10) who studied
the kagome lattice. In their extension instead of spin ice being a two-in/two-out state it became
either two-in/one-out or one-in/two-out.

Geometric frustration arises in spin systems on tetrahedral and triangular lattices when sym-
metries of the lattice make it impossible to simultaneously minimize the energies of each of the
interactions between all spins. It is entitled frustration because the lattice has many configura-
tions to choose from to minimize its energy. In a local <111 > Ising model the frustration arises
when there is a FM interaction between spins. If the easy axes join the centres of neighbouring

tetrahedra in a corner-shared tetrahedral lattice, this will cause the optimal case to consist of two



spins pointing towards the centre of a tetrahedron and two away from it, which can be realized in 6
unique but energetically equivalent ways per tetrahedron. For corner-shared triangle lattices with
an easy axis pointing either toward the centre of the triangle (kagome(11)) or towards the centre of
the doped tetrahedron (kagome, hyperkagome) the equivalent states contain two spins in and one
out or vice-versa. There are also 6 unique, energetically equivalent ways of accomplishing this per

triangle.

Frustrated Lattices

There are many lattice structures found both in nature and in theoretical studies that exhibit geo-
metric frustration. The most commonly discussed frustrated lattices are the pyrochlore (Fig. [3p)
and kagome (Fig. 3¢ and Fig. [3d right) lattices. A small selection of other lattices include staircase
kagome (a pseudo-3D version of the kagome lattice), trillium (3 corner-shared triangles meet at

each point), garnet, and hyperkagome (Fig. [3b and Fig. [3d left).



Figure 3: a) The pyrochlore lattice with the sites that need to be doped to obtain the hyperkagome
lattice shown in red. b) The same image as in a) but with the doped sites removed to only display
hyperkagome. c) Hyperkagome (red) layed overtop of kagome (blue). The spins in the hyper-
kagome lattice that are above the kagome plane are indicated by a © while the spins below the
plane are indicated by a ®. d) The same images as in ¢) but with the hyperkagome lattice beside

the kagome lattice instead of overtop.



The Pyrochlore Lattice

The pyrochlore lattice is a corner-shared tetrahedral lattice (see Fig. [3p). Spin ice on the pyrochlore
lattice has been extensively studied both experimentally(8, 12,113} 14, |15)) and theoretically(16, |17,
18,119,120) and is one of the most well understood cases of geometric frustration. On the pyrochlore
lattice the local < 111 > directions point between the centres of the two tetrahedra that each spin
belongs to. Using the Pauling approximation the ground state entropy per spin expected from spin

ice on the pyrochlore lattice following the Bernal-Fowler ice rules(2)) is % = %ln(%)

Doping the Pyrochlore Lattice

Ke et al.(21) made an important first step towards the realization of hyperkagome spin ice by
showing that it was possible to non-magnetically dope the magnetic site of pyrochlore spin ice,
and that by doing so one obtained a non-monotonic entropy loss with doping. To explain their
results they assumed a completely random doping of the lattice. Their work used the chemical
formula Dy,_, Y, TioO7 with non-magnetic yttrium doping the magnetic dysprosium atoms. They
then computed the entropy lost to low temperature. This uses the fact that there are only two
possible states that each spin can take at high temperature to give the high temperature entropy of
In2 per Dy spin. The residual entropy is then subtracted from this value. For the pyrochlore lattice
with a residual entropy found using the Pauling approximation this results in an entropy loss of

% =In2— %ln (%) = %ln (%) To calculate the entropy lost they used:

Smeas(x) —1n2— an()z_C) ’
R N(I-3)
4
X\ _ HN(1-x/2) ni(x/2) 1
w(3)=2 Hfl , (1)

X N X\ /x\4-i
”i<§>—zc4(1—§) (5) :

where x/2 is the nonmagnetic dilution ratio, N is the total number of sites in the lattice, R is the gas

constant, Ci 1s the binomial coefficient defined as Cj = W, and n; is the number of tetrahedra

7



with i magnetic sites remaining. The last term, f;, denotes the fraction of the configurations possi-
ble around a tetrahedron with i magnetic sites that satisfy the ground state condition. At i = 4 there
are 16 possible configurations (2%) but only 6 of them satisfy the spin ice rules so f3 = % = %.

Similarly, f3 = %, h= % and f1 = 1. These equations result in the solid line in Fig.

6— -
&5 - .
£ 4t s 1 [+ T=0.034
Sl .3 - T=02A
23 T=0.4A
8 3 < 1 s T=0.5A
i i - 1 <« T=1A
Q.‘27 £ 3 T n M T=10A
= . ¥
@ 1 z ]
A T E Y W S -
% 05 I %5 2
Doping (x)

Figure 4: The experimental results of Ke ef al. are consistent with the solid line, which corresponds
to completely random assignments of non-magnetic impurities or the system’s sites freezing at
temperatures of order 10 times the repulsion between non-magnetic nearest neighbour impurities.
The points show the temperature evolution of the entropy lost at different dopings from Monte
Carlo studies where the non-magnetic impurities do not freeze but instead are allowed to continue

to move to much lower temperature.

For the case of x = % (which is where kagome, hyperkagome, and kagome staircase lie) the
entropy lost in these units is R (In2 — $In(3)) ~ 1.59—2—. In contrast, the assumption of random
site doping inherent to Eq. 1/ used by Ke et al. and consistent with their data at Yttrium dopings
of {0.4, 1.4, 1.8} predicts a much higher loss of entropy at x = 1/2, S;,; = 3.203%11(. While
the data of Ke ef al. seems consistent with such a randomly disordered non-magnetic impurity
distribution, they have not yet created a 1/4 doped lattice. In Dy,_, Y, Ti;O7 the crystal radii(22)
as a ratio of the ionic radius of O*~ (126pm) of Dy>T (1.052) and Y3 (1.04) are very similar

to one another but in the hyperkagome NayIr;Og lattice the non-magnetic Na™ has a much larger
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crystal radius (1.16) than that of the magnetic Ir**+ (0.765). This raises the question of whether or
not size differences between magnetic and their non-magnetic substituent atoms might lead to a
net repulsion between non-magnetic sites allowing one to possibly form a more ordered magnetic
lattice in a well-controlled synthesis. Frequency of disorder may still make this process difficult to
do experimentally. In this sense, the kagome, kagome staircase, and hyperkagome lattices would

represent disorder-free 1/4 dopings of the pyrochlore lattice.

The Kagome Lattice

The kagome lattice can be viewed as a site-ordered limit of a 1/4 dilution of the pyrochlore lattice
in which all the doped atoms happen to lie within specific planes. This lattice has independent
planes of connected corner-shared equilateral triangles surrounding hexagons (see Fig. [3c). De-
spite being a limiting case of magnetically doping the pyrochlore lattice, in theoretical studies to
date (L1) the direction of the local axes have been taken to point between the centres of the two
triangles that each spin belongs to in a 2D analog of pyrochlore spin ice. Wills et al.(10) extended
the Pauling approximation for the ground state entropy per spin to find that a local FM Ising model
on the kagome lattice would result in a larger residual entropy per spin than on the pyrochlore

lattice of ¥ = 1In(3).

The Hyperkagome Lattice

As was the case with the kagome lattice, the hyperkagome lattice is also a corner-shared equilateral
triangle based, site-ordered limit of a 1/4 dilution of the pyrochlore lattice. Unlike kagome’s planar
doping the hyperkagome lattice is fully three dimensional (see Fig. 3b and Fig. [3d). The similarity
in dilution with kagome means that hyperkagome has the same increased Pauling approximation
for the ground state entropy per magnetic atom spin over that of pyrochlore of ]% = %ln(%). In this
study the local <111 > axes have been chosen to be defined for hyperkagome as identical to those

of the pyrochlore lattice, pointing between the centres of the tetrahedra each of which features one

non-magnetic atom. When comparing the hyperkagome and kagome lattices it can be seen that the



shortest non-repeating loops of the hyperkagome lattice beyond triangles nearly follow the planar
hexagons that kagome displays (see Fig. [3k). Each of the hexagons that existed in kagome now
has one broken corner. The two separate triangles now lie on different sides of the plane, with one
out of the plane atom belonging to a formerly downward-pointing tetrahedron, and the other an
upward-pointing tetrahedron. The shortest non-trivial loop in the hyperkagome lattice is 10 sites

long.

Beyond Traditional Spin Ice Physics

Research into spin ice systems has recently shown that magnetic monopoles exist in spin ice
materials(17). Although rare due to their energy cost, violations of the two-in, two-out rule oc-
cur at finite temperature. One of the simplest possible defects arises from flipping one spin in a
defect free system. One of the tetrahedra that the spin belongs to now has three spins pointing in
and one pointing out while the other has the opposite. This makes the centre of each tetrahedron
have a net magnetic moment, one positive and one negative. If the two net magnetic moments are
moved sufficiently far away from each other through subsequent spin flips they can both be thought
of as magnetic monopoles. Such excitations have been shown to exist on the pyrochlore lattice in
Dy, Ti,O7(23) and passed some of the tests for the detection of magnetic monopoles(24). Other
novel methods of obtaining a pure kagome lattice include the creation of “artificial” spin ices by
using electron beam lithography to etch the structure(25) and creating macroscopic spin ice using
classical magnets(26).

In this work local < 111 > Ising spins are restricted to take one of two orientation along local
easy axes. Another way, named an Ising model, restricts each spin to take one of two values at
each site. What may be the most intuitive ways are known as the antiferromagnetic classical and
quantum Heisenberg model within which the spins orient themselves in the most energetically
advantageous direction in 3D space.

The speed at which the spins in a spin ice material change direction decreases as the tempera-

ture is decreased. Eventually the energy barrier between different ice-rule states will be too high
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for thermal fluctuations to access them and the system will freeze into its current state. In low
spin systems quantum effects in the material can allow spins to collectively tunnel through these
barriers instead of having to find enough energy to go over them. This allows the spin directions
to continue to change all the way to O temperature. Such systems are known as quantum spin
liquids and were first proposed by Anderson in 1973(3). The search for the existence of quantum
spin liquids is currently a major research effort in this field. The frustrated lattice NasIr30g which
forms on the hyperkagome lattice is one candidate for a quantum spin liquid(27).

Although it has recently become easier to find good realizations of kagome spin systems they
have been historically difficult to find. This may be due to materials being inherently three-
dimensional. After decades of searching the first experimental realization of antiferromagnetic
correlations on a structurally perfect spin 1/2 kagome lattice appeared in ZnCu3z(OH)gCl, in
2005(28, 29). Even in these materials questions remain about whether they are realizations of
a purely kagome lattice, given that non-magnetic site disorder may be of the order of 6% in the Cu

plane(30).

In This Thesis

This thesis investigates the properties of a local < 111 > Ising model on the hyperkagome lattice
with an interaction beyond the simple nearest neighbour interaction. With just a nearest neighbour
interaction frustration arises on the hyperkagome lattice given a ferromagnetic nearest neighbour
interaction. This interaction causes the lattice to enter a two in/(out), one out/(in) spin ice state. The
nearest neighbour interaction no longer needs to be ferromagnetic in order for a spin ice state to
arise when a dipole-dipole interaction is added, instead only the effective nearest neighbour inter-
action needs to be ferromagnetic. Therefore, as has been seen on the pyrochlore lattice(18)), as long
as the dipole-dipole interaction strength is sufficiently large in comparison to the nearest neighbour
interaction strength a spin ice state will occur even with an antiferromagnetic nearest neighbour
interaction. After a spin ice state has been reached two further transitions arise purely from the

dipole-dipole interaction and are comparable to the states found(11) on the kagome lattice with a

11



dipole-dipole interaction. This places the hyperkagome lattice at an interesting crossroad between
the two-dimensional, triangular based kagome lattice and the three-dimensional, tetrahedron based
pyrochlore lattice.

The following three chapters will describe the model used to simulate the interactions on the
hyperkagome lattice, discuss the results of those simulations, and conclude with a discussion of
possible extensions to the work done here. The description of the model will include a description
of the dipole-dipole interation and effective nearest neighbour interaction between the magnetic
atoms int he hyperkagome lattice as well as the Monte Carlo method and loop algorithm used
to run the numerical simulations. The discussion of the results starts with results of numerically
doping the pyrochlore lattice before moving through the steps towards a full simulation of the
hyperkagome lattice with dipole-dipole interactions and the loop algorithm. The discussion will
then describe the outcome of the simulations and compare it to both the pyrochlore and garnet
lattices before finishing with a discussion of the residual entropy. The final chapter will summarize

the work as well as discuss a possible extension to the numerical doping of the pyrochlore lattice.
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a %(1,1,1)
b %(—1,1, 1)
c %(—1,—1,1)
d %(1,—1,—1)

Table I: The 12 inequivalent sites of Table [II] (labeled a; through d3) have only 4 inequivalent
< 111> axes labeled a through d. These easy axes are denoted by unit vectors labeled é%.

Chapter 11: Model

This work studied in this thesis is a local <111 > Ising model on the hyperkagome lattice. Each
spin can then be written as 5 = 6%é” where 6* = +1 and é% is a unit vector denoting the
local easy axis as presented in Table [[} This work studies an antiferromagnetic interaction between

neighbouring spin vectors using the nearest neighbour Hamiltonian:

= Y, 5, )

where J is used to moderate the strength of the nearest neighbour interaction and < (i, &), (j,B) >
1s a sum over nearest neighbour spins. A value of J > 0 produces the required antiferromagnetic
interaction.

The hyperkagome lattice has 12 spins within its cubic unit cell. The relative location of each
spin within its unit cell is shown in Table |lI| with o giving an alphabetic designation to a site,
and k a number between one and four. The four apparently missing indices: {a», b3, ¢y, ds}
correspond to spins in the pyrochlore lattice that have been doped with non-magnetic atoms. The
smallest, non-trivial loop in the lattice is 3D and encompasses 10 spins. The loops form from two

intersecting planar half loops of 6 spins each (with 2 overlapping).

Dipole-dipole Interaction

The dipole-dipole interaction comes from treating the atomic spins as tiny dipoles with a positive

magnetic charge on one end and a negative magnetic charge on the other. The dipole-dipole in-
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a | x y //
ai| 0 | 0 | 0
as | 0 |1/2[1)2
ay |12 0 |1/2
by | 0 |3/4]3/4
by | 1/2 [ 1/4 | 3/4
by | 172 [3/4 [ 1/4
o | 1/41/23/4
c3 | 3/4 12| 1/4
ca |1/4]1 0 |1/4
dy |3/43/4] 0
dy | 1/4 [1/4] 0
ds | 3/4 [ 1/4 [ 1)2

Table II: The relative location of each spin within the 12 site unit cell of the hyperkagome lattice.

teraction is an action at a distance meaning that it is between more than just nearest neighbour
spins. In fact, the dipole-dipole interaction is an infinite range interaction so all spins in a mate-
rial will interact with all others and that the dipole-dipole Hamiltonian (.7¢pp) contains an infinite

summation. The dipole-dipole Hamiltonian has the form

so.5b 3(se. 7P (PP

§7 -8 KPR 2
3 L A S A Y A Y
oo =Drw Y | 5.5 B s ’ ®
i>j \ |Tij | |rij |
apB

. . . . 0
where ryy is the distance between nearest neighbour spins and 7, jﬁ

G

is a vector that points from spin
5% to spin §’;. When done in 2D systems this infinite summation is handled by truncating after a
set distance(31) but this has been shown to be insufficient in 3D systems such as pyrochlore(18)).
Instead, Ewald summation has been used to change the summation to one that is bound by the
size of the simulation(32). Ewald summation casts the summation in real space to two rapidly
converging summations, one in real and one in phase space. Code to calculate the value of the D;;
terms for hyperkagome was developed prior to the start of this work(33)).

The total Hamiltonian (J7°) is the sum of the nearest neighbour and dipolar Hamiltonians

which, after Ewald summation, is

14



#=1 Y 554Dy Y Dyofel, (4)
<(i,a),(j,B)> &>[Js

where the D;; terms come from a strictly upper diagonal matrix of interaction terms between neigh-
bours of differing distances as calculated by the Ewald summation as shown in Appendix A. The
summation over i > j is now bounded to be within the periodic boundaries of the system instead of

infinite.

Effective Nearest Neighbour Interaction Strength

In order to scale the energies of trials with different nearest neighbour and dipolar interaction
strengths so that they are comparable it is useful to define an effective nearest neighbour inter-
action strength. This interaction strength is computed by only considering the nearest neighbour
terms in the Hamiltonian. When only a single nearest neighbour term is considered in Eq. [2]
Sy =J (6% éP)o? o . The dot product between any two of the <111> Ising vectors results in
0% . ob = —%. This gives a nearest neighbour portion to this effective interaction of Jyy = —%. The
dipolar term in the Hamiltonian has a nearest neighbour distance (?lqjﬁ ) defined to be 1. For the first
1

term in the summation in Eq. the nearest neighbour spin dot product remains —36;* o; as it was

in the nearest neighbour portion of the effective interaction. The second part of the summation re-

. N4 o o)
sults in (El?‘ -rl.jﬁ)(gﬁ ¥ ) — ——Gﬁ‘cﬁ

2
il 3 i ?:.xjﬁ ‘ which is the same for all lattices whose spins are di-

rected towards the centres of the pyrochlore lattices tetrahedra(19). Combining the two parts of the

summation you get an effective nearest neighbour dipolar term of Dyy =D (—% —3(—3)) = 22,
When combined into the total effective interaction strength one gets J.rr = Jyy + Dy = —% + %D

identical to that of the pyrochlore lattice. For comparison, the effective nearest neighbour inter-
action strength on kagome whose local axes point between the centres of neighbouring triangles
within a 2D plane is J.ry = —% + %(1 1).

The effective nearest neighbour interaction strength can be used as
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A =Jesr Y. 0;0;+ [Higher Order Terms] )
<ij>

where the higher order terms arise from interactions with further neighbours and i and j implicitly
carry the information of the previous letters and number ;. A simple rearranging of the effective
strength gives J,rr = Jyv + Dy = (lj)—’]‘il% + 1> Dpyn which shows that if the higher order terms are
0 there would be no coupling between spins for a value of Jyy/Dyy = —1. This has been shown
to not be the case on the pyrochlore lattice(19) where the coupling was found to go to zero at
Jnv /Dy = —0.91. Tt will be shown below that the higher order terms are also non-zero for the
hyperkagome lattice and that at least for the L = 1 case, and within error for larger L, the critical

ratio of Jyy /Dy is the same as found on the pyrochlore lattice.

Monte Carlo

The Monte Carlo used for this work was derived from the simulated annealing prescription of
Kirkpatrick et al.(34). Simulated annealing is a method that allows for a good approximation of
the optimum solution to a problem when analytical solutions become impractical given the large
number of objects (in this case spins). It does this through the use of the Metropolis algorithm(35))
and through the slow reduction of the simulated temperature reducing the number of states acces-
sible to the simulation. To use this algorithm the lattice needs to be initialized by assigning the
spins random directions. The simulated temperature was set to a sufficiently high value to allow
complete equilibration of the lattice before beginning to map out regions where some of phase
space becomes restricted due to the Monte Carlo condition. A random spin or set of spins is then
chosen to attempt to update and the difference in energy (SE) if these spins were to be changed
is computed. If the energy has been reduced or remains constant then the updates are always ac-
cepted, the Metropolis algorithm comes in when the energy of the system is increased. In this case
a random number between zero and one inclusive is chosen. If this random number is less than

3 . . . I .
e~ 7 then the update is accepted. When T is large this exponential is almost always 1 meaning
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that all updates are accepted. As T is slowly reduced energy differences will need to be smaller for
a proposed update to have a significant chance of being accepted. In this work 7 is reduced by 1%
at each step. This allows the simulation to sample fewer temperatures at high temperature where
the lattice is still in a paramagnetic state but still sample enough temperatures at lower temperature
to allow for proper equilibration in areas of restricted phase space and increase the resolution of
the transition peaks.

At each temperature a certain number of Monte Carlo steps are carried out. A Monte Carlo
step is enough random spin updates that on average one update per spin is attempted. Most of the
Monte Carlo steps are done to equilibrate the lattice at its new temperature and no information is
gained from them but the steps following this are run to allow for averaging of thermodynamic
quantities (typically energy and heat capacity) over the accessed phase space.

Lattices are defined spatially by the smallest set of unique spin locations (sites) that can fully
describe the lattice. The box that bounds these spins is called the unit cell. If you move the unit
cell by an integer number of units along any of the x, y, or z axes the relative positions of the spins
that lie within the box will not have changed. The size of the lattice simulated is often described
using the number of unit cells present. For this work the simulation will always be cubic with L
unit cells along each of the x, y, and z directions. This means there will be L3 unit cells in the
simulation with the largest value of L simulated here being 4, the same maximum size as studied
by Melko et al. for the dipolar spin ice model on the pyrochlore lattice(18). Periodic boundary
conditions are used to handle the outside surfaces of the simulated lattice. If the nearest neighbour
of a spin lies outside of the defined unit cells the equivalent spin on the opposite side of the lattice

is used. This allows us to study an area of space that is effectively contained within a larger lattice.

The Loop Algorithm

The simplest algorithm for updating the spins when running Monte Carlo is known as the single
spin flip algorithm. With single spin flip you simply take a random spin within the lattice and you

flip it (change the sign of o) if it meets the Monte Carlo criteria. As was seen in both the kagome

17



and pyrochlore dipolar spin ice model studies(1 1, 19) ergodicity was lost at low temperatures when
only using a single spin flip algorithm. In order to remain ergodic to lower temperatures a loop
algorithm was implemented.

The loop algorithm is comparable to a constrained random walk. A random starting location is
chosen then it attempts to find a path through the lattice. The constraint is the same as the one used
on the pyrochlore lattice(19) which is itself modified from an algorithm developed by Berkema
and Newman(36) for square ice models. The constraint requires that the loop moves from a spin
directed into a triangle to one directed out of the triangle. This means that the loop will alternate
between positive and negative values of ¢. This also means that the lattice must be in a spin ice
state for the loop algorithm to work. There are two different loop algorithms that differ in how they
determine when the loop is considered complete (see figure [5). The long loop algorithm requires
the starting spin to be found again before the loop is complete while the short loop algorithm only
requires that any spin already in the loop be found and the “tail” that goes from the starting spin to
that spin be excluded from the loop. For this work a short loop algorithm was implemented. In the
case that the algorithm attempts to find a loop but instead comes to a point where it is not possible
to continue due to the constraints on the random walk, a single spin flip is attempted on a random

site instead.

a) b)

Figure 5: a) In the long loop algorithm the last site in the loop must also be the first site. This
means that all sites visited will be used as part of the loop. b) In the short loop algorithm once a
site is visited that has already been visited a loop has been formed. The “tail” section that goes
from the first spin to that spin (the green lines) is discarded.

Above the spin ice crossover the loop algorithm is not only not needed as ergodicity is main-

tained with only a single spin flip algorithm but its inclusion actually causes incorrect physics to be
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displayed as it favours loop moves. Due to the restriction in the random walk the lattice will prefer
to be in a spin ice state. This causes a depression in the peak of the heat capacity representing
the spin ice crossover. Because of this behaviour the loop algorithm was only enabled after the
lattice had established itself in the spin ice state as determined from a calculation of the average
of the nearest neighbour component of the Hamiltonian (see Eq. [2) over all Monte Carlo steps at
the current temperature. This value is constant below the spin ice crossover. While this is a known
issue with loop algorithms on the pyrochlore lattice(37) it does not appear to have been mentioned
in the literature. When the loop algorithm is enabled single spin updates are still carried out, at
each step either the loop update or a single spin update is done at random.

In the fastest case to test (L = 1) a simple loop algorithm did not help to restore ergodicity
at low temperature. Looking at the ground states that exist at L = 1 it was determined that two
independent loops would be needed in order to move from one ground state to another. A double
loop algorithm was implemented and the heat capacity from the Monte Carlo simulations was
found to match an analytical treatment we developed at L = 1, as will be described below (see also
Fig. [6h).

The increased runtime caused by the double loop algorithm reduced how large L could be and
still have the simulations run in reasonable time. The comparison between the single and double
loop algorithm was done at L = 2 to determine if the double loop algorithm was still needed in
a non-trivial case and it was found that there was no longer a difference in the heat capacities
found by the two methods (see Fig. [6b). This was used as justification to only use the single loop
algorithm when simulating larger values of L. Looking at the heat capacity for L = 4 (see Fig. [6k)
both low temperature transition peaks are obtained with just the single loop algorithm. Unlike the
case at L = 1 the system no longer maintains a non-zero acceptance rate to 7 = 0, suggesting that
ergodicity of our single loop algorithm may be lost as the system enters its almost fully ordered
ground state. Both the single spin flip and single loop acceptance rate (percentage of times an
update meets the Monte Carlo criteria) goes to 0 after the transitions. In order to be comparable

with the per spin statistics of the single spin flip acceptance rate the loop acceptance rate is shown
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Figure 6: a) The heat capacity when using both a single (red) and double (black) loop algorithm
at L=1. The double loop algorithm is always within error of the analytical result (blue) but at low
temperature the single loop algorithm is not. b) The heat capacity when using both a single (red)
and double (black) loop algorithm at L=2. c) At L = 4 the acceptance rate of the single spin flip
algorithm goes to zero at the peak of the spin ordering transition but the single loop acceptance
rate remains non-zero until after this transition. All heat capacities are for Jyy/Dyy = —%.

as 10 times the percentage of loops accepted as the smallest possible loop in the lattice follows 10
sites. One sees that the loop algorithm is the dominant spin flipping process through both of the
ordering transitions which will be described below.

In future work it may be possible to introduce “loop” updates which satisfy the ground state
spin constraints while not forming closed loops. Such updates are possible on triangle-based lat-

tices, but not possible on tetrahedron-based lattices like pyrochlore spin ice.
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Chapter III: Results

Numerically Doping the Pyrochlore Lattice

Since our study of hyperkagome spin ice was quite motivated by the possibility of non-magnetically
doping pyrochlore spin ice, it is interesting to consider simple models which might lead to a more
ordered magnetic lattice, and the effect this site order would have on the entropy lost as a function
of non-magnetic doping. To address this question, temperature dependent Monte Carlo was run
with a repulsion term between nearest neighbour doped sites. The Hamiltonian used in the Monte
Carlo is shown in Eq. [] In it A is the repulsion strength, (i;) is a sum over nearest neighbour sites,

and 7 is 1 on doped sites and 0 on non-doped sites.

A =AY nmj. (6)
(i)

Eq. {1/ was then used, with a modification of n; to compute the entropy lost at several tempera-
tures. Replacing n; was a count of the number of tetrahedra with each number of magnetic atoms
remaining on them calculated from the Monte Carlo’s output of the location of the doped sites.
The temperature evolution (in units of the repulsion between the non-magnetic impurities) of the
entropy loss is shown in Fig. 4, Within this approximation the entropy lost for a % doping is now in
agreement with the Pauling estimate. One might expect that the non-magnetic and magnetic atoms
in a realistic lattice will not be free to move below some temperature. While in NagIr3Og(38)) it has
been shown that a 1/4-Na-doped corner-shared tetrahedral lattice can give rise to a hyperkagome
lattice, it is interesting to note that for our simulations the lattice tended to not choose a doped
state that corresponded to a previously mentioned lattice configuration. While this material fea-
tures a corner-shared equilateral triangle magnetic lattice doped with non-magnetic Na sites, it is
worthwhile to note that this is not a non-magnetically doped pyrochlore lattice do to the presence
of extra sodium atoms. A study of further-neighbour interactions might be useful to determine if

it is possible for this process to lead to one of the site specific dopings of the pyrochlore lattice
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discussed earlier.

Setup

All Monte Carlo trials that were done used 200000 Monte Carlo steps for equilibrating to ensure
that the loop algorithm had a chance to explore all states that it was possible for it to as well as
a further 5000 Monte Carlo steps for averaging. Most of the results were obtained using a lattice
size of L = 4 which contains 768 spins. The major results of the Monte Carlo are derived from
the heat capacity, the equation for which can be derived from the canonical ensemble average of

classical statistical mechanics:

B [Ae B7 dr

= e

)

where (A) is the ensemble average of the value A, f = kBLT with T being the simulated temperature
and kp being the Boltzmann constant (defined to be 1 in our unit system), .77 is the Hamiltonian of
the system, and d7 is the volume element of the phase space of interest. The denominator of Eq.

is the partition function (Z) of the ensemble. In the case of the internal energy (U) Eq. [/|is:

 Jee Peae

U= = heae

®)

Given the definition of heat capacity as Cy = <‘3—IT]> y the derivative can be distributed through Eq.

8
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Noticing from Eq. (7| that the first term contains the ensemble average of the quantity £ and the

second term contains Eq. [§]squared the form of the heat capacity as used while running the Monte
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Carlo is:

2\ /o\2

From the heat capacity the transition/crossover temperatures can be determined as well as the

residual entropy as a function of temperature.

Analytics

At L =1 it is possible to analytically determine the properties of the hyperkagome lattice. This is

done by first calculating the partition function

z=Y el (11)

all states

where € is the energy of that state with the form of the Hamiltonian and the Boltzmann constant
(kp) is still defined to be 1. Since each spin can only be in one of two possible positions the number
of states is 212" which at L = 1 is 4096 (compared to the roughly 7.9 x 10?8 states at L = 2). From
there the internal energy of the system as well as the heat capacity both as a function of temperature

can be found using:
U=12 Iz
9T 7"
d

Cy = —U.
V= orT

When the heat capacity graphs for different values of Jyy/Dyy are observed two distinct re-

(12)

gions can be seen. One region (for Jyy/Dyy < —0.91) has just a single transition to an ordered
antiferromagnetic state as seen in Fig. . The other region (Jyy/Dyy > —0.91) has three separate
peaks as seen in Fig. [7b. The first peak is a crossover to a spin ice state followed by peaks indi-
cating transitions to a charge ordered and then a state that was not possible to classify for a lattice
size this small. For values of Jyy/Dny =~ —0.91 the antiferromagnetic state and the spin ordered

states begin to exist at similar energies resulting in amplified peaks or additional peaks arising.
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and c) Jxy/Dyy = —0.905, just short of the transition at Jyy/Dyy ~ —0.91.

At the point in which the antiferromagnetic state and the spin ordered state exist at the same en-
ergy the spins will become decoupled. As was seen on the pyrochlore lattice with a dipole-dipole
interaction(19)) this occurs at Jyy/Dyy =~ —0.91.

When the states of the lattice are written out (see the ground state and first excited state in Table
they can be separated into groups that satisfy each of the ground state conditions. This allows
for exact determination of the peak location for Jyy/Dyy > —0.91 where this would have given
results that were offset because of the overlap of the peaks or have been completely impossible to
determine for the spin ordered peak. It also allows a look at what might be expected of the residual
entropy at larger values of L by counting the number of states that satisfy the constraints of each
region. As it turns out later the only one that is relevant at higher L (see subsection The Long
Range Dipole-dipole Interaction) is that of the spin ordered state which has 6 states. This leaves a

residual entropy of zﬁv = % In6 ~ 0.149313.
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State Oa, | Op, | Oay, | Ob, | Oc, | O4y | Ouay | Ocy | Ody | Ouy | Opy | Ocy
Ground | —1 | 1 1 I | -1 1 1 I | -1 1 |-1]1
Ground | 1 | -1 |1 |1 | 1 |1 |1 |11 |—-1]1]-1
Ground | -1 | I | -1 |~-1|—-1 |1 |—-1} 1 |-1]1]~-1|-1
Ground | =1 | —1 | 1 I | -1|{-1} 1 |-1|—-1]-1|~-1]1
Ground | 1 I | -1 |-1] 1 1 | —-1] 1 1 1 I
Ground | 1 | 1] 1 1 I -1 1 |—-1| 1 |-1]1 1
1 —1 ] 1 1 I | -1 1 I | —-1] 1 | —-1]|1 1
1% I (-1 |-1|{—-1] 1 |-1|—-1]1/]-1] 1 |—-1|-1
1 -1 -1 1 |-1-1]1 I | -1 -1 1 |—-1]-1
1™ -1 1 |-1|-1|-1] 1 |~-1|-1|1/]~-1}1/|-1
1 —1] 1 I | —1] 1 I | -1 1 1 I | —1] 1
1 1 | -1 (-1} 1 |~-1|-1] 1 |~-1]~-1]-1]1/|~-1
1 1| -1 1 1 1| -1 1 1| -1 1 |—-1]1
1 1 I | —-1] 1 1| -1 -1 1 I | —-1] 1 1
1 -1 1 |11 |-1]|-1]-1]1/]-1]-1|-1]1
1 —1|-1} 1 |{-1 1 |-1]—-1|—-1| 1 |—-1|~-1]1
1™ 1 I (-1 1 |~-1]1 1 I | -1 1 1| -1
1 1 | -1 1 |-1]1 1 1| —-1]1 1 1| -1

Table III: The 6 ground states and 12 first excited states of hyperkagome at L = 1.

Before the Long Range Dipole-dipole Interaction

The first simulations that were run on the lattice only made use of the nearest neighbour interaction
(D = 0). A ferromagnetic interaction was simulated that showed a single crossover to a spin ice
state as seen previously(39). The next step towards the long range dipole-dipole interaction was
to truncate the summation in .7pp at nearest neighbours and make the nearest neighbour interac-
tion antiferromagnetic (as is the case for the experimental pyrochlore spin ice systems studied to
date(20)). With just a nearest neighbour dipolar term with a strength D = 1 the effective nearest
neighbour interaction strength is J,rr = % as compared to the effective strength in the no dipolar
case of Jorr = % This means that the nearest neighbour dipolar simulation had a stronger FM
interaction than the case without dipolar so it should be expected to give the same transition to a
spin ice state. As shown in Fig. [8b this is exactly what happened. The nearest neighbour dipolar
interaction is also size independent, displaying a crossover at the same temperature and with the

same increase in heat capacity for all tested lattice sizes (up to L = 6).
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Figure 8: a) Comparison of the heat capacity with a ferromagnetic nearest neighbour interaction
(/ = —1) and no dipolar interaction (in red) with that of a antiferromagnetic nearest neighbour
interaction (J = 1) and a dipole-dipole interaction (D = 1). b) Comparison of the same non-dipolar
trial with a trial that had a nearest neighbour dipolar interaction.

The Long Range Dipole-dipole Interaction
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Figure 9: a) The heat capacity at L = 4 for Jyy/Dyy = —%. Inset is a blow-up of the lower
temperature peaks to more clearly show that two peaks are present. b) The heat capacity at L =4
for JNN/DNN = -2.

At L = 4 the low temperature spin ordering transition becomes much more distinct from the
charge order peak than it was at L = 1 and 2. The two transition peaks also become much sharper
as one would expect from a transition as opposed to a crossover. The data shown in Fig. [9]is
averaged from four independent trials of the Monte Carlo with the same values of J and D. They

have error bars which are determined from the standard deviation of the four trials:
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- 2
6Cv(T)=\/ 0 (Cv,i(ﬁ—cv(T)) ’ (13)

with Cy (T) being the average heat capacity at the given temperature. The location of the peaks
is determined for each trial separately instead of from the averaged heat capacity. This allows the
four independent estimates for the peaks of the discrete data to be averaged and provide error bars
using Eq. [[3]but with peak location instead of heat capacity.

Similar to what was seen in pyrochlore the spin ice state continues to exist even with an anti-
ferromagnetic nearest neighbour exchange down to Jyy/Dyny ~ —0.91. Below this only a single
transition is seen to an ordered antiferromagnetic ground state and above that a crossover to a spin
ice state is seen before phase transitions to a charge ordered state and finally to a spin ordered
state. The temperature at which the antiferromagnetic transition, spin ice crossover, and charge or-
der transitions occur changes only slightly moving from L = 1 to L = 4. The biggest change from
L =1to L=4isin the spin order transition. The temperature at which it occurs is heightened and

moved much closer to the charge ordering peak.

a) }E b) ‘ c) i d)
Figure 11: The four states that the hyperkagome lattice can access: a) The antiferromagnetic state,
b) a spin ice state, ¢) a magnetic charge ordered state, and d) the spin ordered state.

Ordered States

The first transition for Jyy/Dyy > —0.91 is a transition to a charge ordered state. This state is one

of ordered magnetic charges but disordered spins. On top of the spin ice restriction of two spins in,
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one out or vice-versa neighbouring triangles will now always alternate between having two spins
pointing towards the centre of the tetrahedra and two pointing away. This means that the average
magnetic charge of neighbouring triangles will alternate between positive and negative.

A dumbbell model can also be used to explain this state as introduced by Castelnovo et. al(17).
In the dumbbell model instead of vectors the spins are represented as dipoles with the separation
between the poles such that they meet in the centre of the tetrahedron (see Fig. [I0(c)). In the nota-
tion of this model neighbouring triangles will always have opposite average colour (commensurate
with average magnetic charge).

The first investigation of the spin ordered state looked at the behaviour of the spins around the
smallest loop that exists in the lattice. These loops nearly form rings of aligned or antialigned spins
but always end up being “broken”. The two ways this may occur are (see Fig. [[T[d) either with one
spin around a loop of aligned spins pointing the wrong direction or two spins around a loop of an-
tialigned spins aligning with their neighbouring spins in the loop. Looking further the aligned spins
instead form long ferromagnetic chains through the lattice surrounding any antialigned chains, if
they exist.

Simulations were also run upward in temperature from very low temperature starting from a
configuration of the spins obtained from the original trials looking for hysteresis in the spin order
transition peak. Hysteresis across a transition peak is one indicator that the transition might be
of first order. No hysteresis was observed so, unlike in pyrochlore spin ice where the proposed
ordering transition is known to be of first order(19), there is preliminary evidence that the ordering

transition may not be first order.

Hyperkagome versus Pyrochlore Spin Ice

Given that the hyperkagome lattice forms from a diluted pyrochlore lattice and that we have stud-
ied a dipolar ice model with the same local < 111 > axes it makes sense that there would be
some similarities between dipolar ice models on these two lattices. The dipole-dipole interaction

on pyrochlore was first treated by Siddharthan et al.(20) where the interaction was truncated at 5
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nearest neighbours. They saw a sharp transition from paramagnetism to an ordered state in the
region Jyy/Dyy > —0.91. This was disputed by Hertog et al.(18) who thought that the truncation
was misleading and instead treated the problem using Ewald summation. Using Ewald summation
they instead saw a broad smooth peak indicating a crossover to a spin ice state in the region of
JNnv /Dy > —0.91 and an antiferromagnetic transition for Jyy/Dyy < —0.91. Later a loop algo-
rithm was constructed for the pyrochlore lattice that allowed them to see a transition to a magneti-
cally ordered state after the spin ice crossover(19). The single transition to a magnetically ordered
state instead of the two transitions as seen in hyperkagome comes from being a tetrahedral based
lattice instead of triangular. On each tetrahedron in the spin ice state the average magnetic moment
is 0 while in triangular based lattices the average magnetic moment is 1 allowing for magnetic
interactions between triangles to create a transition intermediate to those seen on pyrochlore.

From the analytics for hyperkagome spin ice it was seen that the change from a single anti-
ferromagnetic transition to a spin ice state happens at a value of Jyy/Dyy ~ —0.91. This is the
same value as reported for pyrochlore spin ice(18]). Both lattices also contain an antiferromagnetic
transition and spin ice crossover whose shape as a function of Jyy/Dyy follows a qualitatively
similar pattern and they both have an ordering transition that occurs at a value of 7 /Dyy that is
independent of Jyy/Dny- It should be noted though that although pyrochlore’s antiferromagnetic
transition occurs at a higher temperature than that of hyperkagome, hyperkagome’s spin ice transi-
tion occurs at a higher temperature than that of pyrochlore. Also, both the charge and spin ordering
transitions occur at higher temperatures than the ordering transition on pyrochlore. This may make
it easier to access the low temperature features of hyperkagome spin ice than on pyrochlore spin
ice due to the slightly heightened temperatures at which they occur.

Similarly a comparison could be made to spin ice on the kagome lattice(1 1), another pure 1/4
non-magnetic impurity doping of the pyrochlore lattice. Although kagome is 2D and hyperkagome
is 3D there are still several parallels to draw. The three transitions that occur in the region of
Jnv/Dny > —0.91 almost all have direct relations to the transitions seen on kagome. All three

lattices, pyrochlore, hyperkagome, and kagome, see the first crossover to a spin ice state as well as
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an ordering transition at low temperature but only hyperkagome and kagome see an intermediate
state. In both cases it is a charge ordered state where the magnetic charges around the smallest
loop that exists in the lattice alternate between average positive and average negative. The ordering
transition between the two lattices is similar, namely they both try to form aligned/antialigned spins
around the smallest loop, but ultimately hyperkagome finds it more energetically efficient to not

form these loops while kagome doesn’t.

Hyperkagome versus Garnet Spin Ice

The garnet lattice contains two interpenetrating lattices topologically equivalent to the hyper-
kagome lattice. Work done by Yoshioka et al.(40) on a local Ising model using both a nearest
neighbour interaction and long range dipole-dipole interactions has shown similar results to those
found here. They saw a spin ice crossover followed by an ordering transition at lower temperature.
Loop algorithm Monte Carlo was not conducted in this work to be able to compare the possibility
of multiple low temperature ordering transitions. Also, although the claim was made that long
range dipole-dipole interactions were studied using Ewald summations and that they resulted in
qualitatively similar heat capacity curves to those of truncated neighbour dipole-dipole interac-
tions this data is not presented, only data for truncated neighbouring dipole-dipole interactions
similar to what was done on kagome(11) is presented.

The garnet lattice of Ho3GasO1,(41) may be an extension of this work with two interpene-
trating lattices topologically equivalent to the hyperkagome lattice. A first approximation of the
properties of a spin ice garnet lattice could be made by mapping the spin structures found in this
work for the hyperkagome lattice to garnet. Specifically in mapping them to the spatial coordinates
of garnet in order to do static neutron scattering structure factor calculations for comparison with
existing experimental neutron scattering data on this material(41)).

It has been shown(42) that the unit cell of both hyperkagome and the two sublattices of garnet,
as well as several other 3D, frustrated, triangular lattices, can be described by the locations given in

Table [IV|through the use of the lattice parameter y. The nearest neighbour bond distance (dyy) for
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Table I'V: The relative location of each spin within the unit cell.

each value of the lattice parameter y can be found from the minimum, non-zero distance between
all sites within the unit cell. For the range of values shown in Fig. |12] the bond distance can be
found using Eq. (14{ with y bound between 0 and % The two sublattices of the garnet lattice have

values of the lattice parameter of y =0 and y = % while hyperkagome has a value of y = %.
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Entropy

From the heat capacity the entropy remaining in an Ising spin system as a function of temperature

can be calculated as:

S = C
(1) = ln2—/ =Var,
N T T

which is shown in Fig. [13|for several values of Jyy/Dpyy. In order to approximate the summation
in T — oo the simulation was started at sufficiently high temperature such that Cy = 0. By fitting

the curves locally around the inflection points with a seventh degree polynomial using computer
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Figure 12: The nearest neighbour bond distance for a range of value of the lattice parameter y
calculated from the minimum, non-zero value of the two bond distance formulas in Eq. The
trillium lattice is another corner-shared triangle based, three-dimensional, frustrated lattice but with
each spin belonging to 3 triangles. Its residual entropy has been found(43) to be slightly smaller
than that of hyperkagome at 1% =In %

based fitting tools the residual entropy at which the inflection points exist can be calculated. The
inflection point corresponding to the spin ice crossover gives a residual entropy of 0.502 £+0.001
which is within error of the Pauling estimate of %ln %. The inflection point for the charge ordered
transition can also be calculated and is found to be 0.138 +0.001. Unlike the value obtained
at the spin ice crossover we do not at the current time have an explanation for the value of this
quantity as it is not a direct size scaling of the value expected at L = 1. Using % = %an the
degeneracy of this state was found to be approximately 10® which, although large, is near 0% of
both the total possible configurations of the lattice and the degeneracy of the spin ice state. At
L =1 the degeneracy of the charge ordered state was 18. This state does not appear to scale in size
in a similar fashion as the spin ice crossover and spin ordering transition. The zero temperature
residual entropy cannot be extracted from an inflection point. Instead it was done by looking at
the configuration of the spins of all Monte Carlo trials run at L = 4 and noticing that there are

6 different configurations that can be found (3 unique configurations plus their inverses). These

6 configurations are identically the 6 configurations found in the ground state at L = 1 which are
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shown in Table[Il} This, along with the entropy versus temperature plots tending towards this value
= 4 In6 which will

as T — 0, makes a strong case that the residual entropy of hyperkagome is zﬁv

tend to zero for realistically large lattices.

i j ; 1 Ln(2)
0.6/ e
S / o (1/3)L0(9/2)
g 0.5E 3'///,/’ 10.502+0.001
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Figure 13: The residual entropy of the dipole-dipole interaction on the spin ice hyperkagome

lattice.
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Chapter IV: Conclusions

Hybrid single spin flip, loop algorithm Monte Carlo simulations of the dipolar spin ice model have
been carried out on the hyperkagome lattice. Both an antiferromagnetic nearest neighbour inter-
action as well as a long range dipole-dipole interaction were simulated. This resulted in a phase
diagram at L = 4 that is similar to that of the dipolar spin ice model on the pyrochlore lattice as pre-
viously studied by Melko et al.(19) in that a single transition to an antiferromagnetic ground state
is seen for Jyy /Dy < —0.91 and a crossover to a spin ice state followed by an ordering transition
at low temperature was seen for Jyy/Dyy > —0.91. Such a transition has recently been found by
Pomaranski et al.(44) who found that > 100 hours is required for equilibrium to be reached below
the lowest temperature measured (0.34K). Unlike pyrochlore spin ice an intermediate transition to
a charge ordered state is predicted on the hyperkagome lattice. This is reminiscent of what was
seen for a dipolar spin ice model on the kagome lattice by Chern et al.(11) and comes about be-
cause of the difference in the average magnetic moment on a tetrahedron and triangle when in the
spin ice state. Tetrahedra have an average magnetic moment of O in this state while for triangles
the average magnetic moment is +1. This allows an additional ordering to take place between the
average magnetic charges of each triangle.

The residual entropy estimate made for a random 1/4 doping of the pyrochlore lattice is not
equivalent to what is expected in the site ordered doping cases of kagome and hyperkagome. The
assumption of a simple repulsion between neighbouring doped sites has been shown to resolve this
issue. Such a repulsion may come about from distortions in the lattice if the non-magnetic atoms
are of a different size than the magnetic ones. The site-ordering models that were created including
such an onsite repulsion did not form any discussed lattice configuration nor was any short range
repetition seen. So while this assumption will rectify the problem of the residual entropy of the
purely random doping not matching that of the site ordered dopings it doesn’t show that this would
cause the doping to form on the hyperkagome lattice. Future investigations into further neighbour
interactions between doped sites may provide a mechanism for the realization of a lattice that

repeats over a short range like the hyperkagome lattice.
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Appendices

A. Ewald Summation

The dipole-dipole interaction energy .7/pp depends on an infinte and conditionally convergent
sum. In order to deal with this sum it is recast to two finite absolutely and rapidly convergent
sums, one in real space and one in reciprocal space(45). The real space sum contains the short-
range contribution to the interaction energy and the reciprocal space sum contains the long-range
contribution. The dipole-dipole Hamiltonian of Eq. [3| can first be rewritten to remove the ¢
terms which are defined to be £1 as shown in Eq. [I5] Ewald summation requires the system to be
infinitely periodic with each repeated unit of the system referred to as a unit cell. One cell is used

as the central cell and all others are referred to as mirrors of that cell.

se.5P 3(5e 74Py (P 7P

oo =Driy Y, | 75— L 5] .
3\l 7
’ 5 5 (15)
A -0 A -0
=Dryy Y, Tl s 0;°0;.
> \ |7 7P
a.p Y 1

Eq. contains the real space contribution %’gﬁ to the summation as calculated by Enjalran
et al.(32). The sum in ﬁgﬁ is between site i and site j in both the central unit cell as well as all

mirrored unit cells. As such 7”3B = (ixL +R;., i, L+ Rly iz L+ Rfj) with L3 being the number of 12

ij?
site hyperkagome unit cells within the Ewald unit cell and R; ; being a vector that points from site
i to site j strictly within the central unit cell. This form of the vector simplifies the calculation of

the effective neighbouring dipole-dipole interaction strengths.
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The reciprocal space sum .@gﬁ has been shown in Eq. which was also done by Enjalran
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et al.(32). Here the sum is over reciprocal lattice vectors of the simple cubic simulation cell with
d= ZT” (ix,iy,iz). The reciprocal space sum contains a nonanalytic term at the point § = 0. This
term has been dropped from the calculation which doesn’t effect the spin ice physics but may effect

the ordered state in the case of TbyTioO7(32)).

AN 72
.@gﬁ = 477:2 ¢ ql)_‘(ze 61) ei% cos (Ej?gﬁ) : 17)
by q|

Both the real space and reciprocal space equations also contain a convergence parameter ¢ that
divides the weight of the dipole-dipole interaction summation between the two parts. The result of
the summation is independent of the choice of { but its value determines the speed of convergence
of each part. For this study a value of { = ‘/TE was used. This value made the real space and
reciprocal space sums converge at roughly the same speed.

The code that computes the effective neighbouring dipole-dipole interaction strength works
in two parts: one to calculate parameters of the lattice and a second to calculate the effective
neighbouring dipole-dipole strenghts D;;. The output of the lattice parameter calculator is a list of
each site in the lattice at a given value of L along with its <111 > axis index (see Table [lI)) and the
site’s vector offset within the lattice (see Table [I)).

B

The second part reads in the ?f; values computed in part one and uses them in the computation

of the D;; values. The results of this step are output into two separate files. The first file contains a
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15t Nearest Neighbour | 2°9 Nearest Neighbour | 3" Nearest Neighbour
39.8493351153 —4.1887901563 —5.2190487659

Table V: The unique dipolar energies at L = 1.

; 11121314 ]5]6|7/8]9]10]11]12
1 1 21113233331
2 3032133123
3 3031312332
4 1123|1313
5 13203231
6 3113323
7 11133
8 11233
9 3012
10 11
11 1
12

Table VI: The index in the unique dipolar energy list (see table[V)) of each pair of spins i, j at L = 1.

list of unique D;; values, one for each distance that two sites can be apart from one another within
the bounds of the given lattice size. The second file contains a strictly upper diagonal matrix of
indices into the file containing the D;; values. The matrix needs only be strictly upper diagonal
because the Hamiltonian sums sites with i > j.

The simulations loads both of these files into memory during startup. While computing the
energy the index of each site at the given instance of the calculation is used to extract an index from
the strictly upper diagonal matrix. This value can then be used to find the effective neighbouring
energy D;; and the calculation can proceed using the conventional Metropolis algorithm.

In simulations with only short range nearest neighbour interactions the checkboard algorithm
can be used to decrease the run time of the simulations. It does this by splitting the lattice into
two sublattices such that all sites in each sublattice can be updated simultaneously. This allows for
easily scalable multiprocessing that can drastically decrease runtimes. When long range interaction
such as the dipole-dipole interaction are involved this algorithm is not longer valid. Since an update

of any spin in the lattice affects the energy of every other site in the lattice there is no way to split
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the lattice into sublattices of any size other than 1. This means that simulations carried out with
long range interactions are forced to mostly operate in series with much longer runtimes than

potentially possible with short range interactions.
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