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Abstract

Magnetic materials and ultracold atomic gases are extremely disparate physical

systems, yet universal principles of organization cause them to exhibit the identical

phenomenon of ‘Bose-Einstein condensation’ (BEC) at low temperatures. This

unique correspondence is established by an experimental study of magnetic spin-

dimer materials in high magnetic fields, presented in this thesis. These model

systems are especially attractive for experimentation, since the external magnetic

field provides an experimental handle to tune the system in the vicinity of the

quantum critical region.

Spin dimer materials consist of a weakly coupled network of spin pairs (dimers)

such that the ground state at low magnetic fields is a direct product of singlets

(i.e.) a quantum paramagnet. Novel magnetic order is observed above a critical

magnetic fieldHc1 where the triplet and singlet levels become degenerate. Exper-

imental results are presented here on two families of new materials in the rapidly

developing class of spin dimer compounds.

Results from magnetisation, magneto-caloric effect, specific heat, magnetic torque,

and inelastic neutron scattering measurements are presented on single crystals of

A2Cu(BO3)2 (A = Sr, Ba) and BaCuSi2O6. Critical scaling analysis was per-

formed on the measured phase boundary separating the magnetically ordered phase

from the paramagnetic phase in BaCuSi2O6, which has a relatively accessible crit-



ical magnetic field. Critical scaling analysis of the measured phase boundary re-

veals power law behaviour consistent with the three dimensional (3d) BEC univer-

sality class down to T∼ 0.6 K, unambiguously identifying the ordered state as a

3d BEC of triplets, corresponding to a canted XY antiferromagnet

Extremely unusual critical scaling behaviour is observed in BaCuSi2O6 nearer the

QCP, close to T∼ 0.03 K, characteristic of the two dimensional (2d) BEC univer-

sality class. We identify inter-layer decoupling due to geometrical frustration as

the mechanism responsible for this unique manifestation of a lower dimensional

QCP in the3d BaCuSi2O6 spin system. This is the first experimental realisation

of dimensionally reduced criticality, and constitutes a proof of principle that di-

mensionality can become an emergent property of a QCP.
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Chapter 1

Introduction

"Well my dear", said Miss Marple, "human nature is very much the same everywhere, and of

course, one has opportunities of observing it at closer quarters in a village".

- ‘The Tuesday Club Members’, Agatha Christie

Much of research in condensed matter physics is about looking for patterns - in experiment and

in theory, one searches for perceptible refrains, which taken together tell the whole story. Pat-

terns are everywhere in nature - the ‘frozen’ groundstate of spin pyrochlores retains a residual

(zero-point) entropy due to frustration just like hexagonal water ice [1], the quantum mirage

effect seen in Kondo behaviour of the lone cobalt atom in a ‘quantum corral’ is similar to how

sound waves are focused at resonance modes in a whispering gallery [2], vortices in superfluid

4He transition from turbulent flow at low temperatures to regular laminar flow at higher tem-

peratures like water flowing from a tap [3], ball bearings placed in a shallow bowl form spon-

taneous patterns like crystals; the list is endless. We understand some patterns better than we

do others, for example - why does the outline of a lightning bolt mirror the spread of branches

on a tree? There is as yet no good answer. To make my PhD research task simpler, the area
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I chose to study focusses on the theoretically well-understood, but experimentally overlooked

area of correspondences between bosonic and magnetic systems.

An analogy can be drawn between spin dimer systems comprising an arrangement of anti-

ferromagnetically coupled pairs ofs = 1
2 spins (dimers) and hardcore bosonic systems, due

to the integer spin of the constituent particles. The singlet groundstate (s = 0) of each dimer

is interpreted as the absence of a hardcore boson, and the lowest triplet excited state (s = 1,

sz = 1) is interpreted as the presence of a hardcore boson [4]. The ground state of these

systems in the absence of an external magnetic field is a disordered paramagnet comprising a

product of singlets, described as ‘empty’ in terms of bosons; but at high magnetic fields, the

lowest spin triplet state (s = 1, sz = 1) enters the ground state, such that the system or-

ders as an XY-antiferromagnet. The magnetically ordered state can be equivalently described

as a network of interacting bosons, with particle density proportional to the magnetic field

strength [5].

Spin dimer compounds in an external magnetic field, therefore provide a remarkable exper-

imental opportunity to study dilute bosonic fluids for which the particle density is tuneable by

way of the external magnetic field strength. Bosonic fluids are otherwise extremely challeng-

ing to create, a few examples of other systems which provide an experimental realisation of a

bosonic fluid include cooled atomic gases [6], and exciton bilayers [7]. At very low tempera-

tures, the groundstate of a bosonic fluid in which interparticle repulsive interactions dominate

is a classical crystal. If on the other hand, the kinetic energy of the bosons dominates, the

system condenses at low temperatures into a macroscopically occupied single-particle ground

state known as a Bose-Einstein condensate (BEC) [8].

In this dissertation, results of experiments on two families of spin dimer compounds are

discussed, both in which the kinetic energy drives the groundstate, which is therefore expected

to be a spin realisation of a BEC. Experiments performed as part of my research were aimed
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at better understanding the correspondence between these spin dimer materials and Bosonic

systems. Of particular interest is the experimental study of areas of phase space for a Bosonic

fluid which are currently experimentally inaccessible. One such important area is critical scal-

ing behaviour in the vicinity of the quantum critical point separating the insulating and BEC

groundstates. Due to the Heisenberg uncertainty principle, quantum systems have characteris-

tic fluctuations that can drive phase transitions at zero temperature, known as quantum phase

transitions (QPT).Second order QPT’s occur at a singular quantum critical point (QCP) charac-

terized by a diverging characteristic length. Since experimentally only finite temperatures can

be accessed, the underlying QCP is identified by scaling behaviour characterising the approach

toward absolute zero temperature. The QCP of an insulator to BEC transition induced by vary-

ing the chemical potential is particularly simple to understand, and its critical scaling properties

have been theoretically well established [10; 11]. The order parameter of this quantum phase

transition is the boson creation operator〈b†〉, which means that the QCP is the point at which

the number of bosons becomes finite, and they begin to condense. Spin dimer compounds are

ideal systems in which to study this QCP, since we have direct experimental access to tune the

boson density by varying the external magnetic field. In these systems, the QCP occurs at crit-

ical magnetic fieldHc1 at which the lowest spin triplet (s = 1, sz = 1) becomes degenerate

with the spin singlet state [4].

Fig. 1.1 shows the schematic phase boundary separating the disordered quantum paramag-

netic phase from the XY-ordered BEC phase in the category of systems under study. A signif-

icant part of my research was to experimentally study the power law scaling that describes the

approach of the phase boundary (that separates the disordered from the ordered ground state)

towards the QCP. As will be described later, the scaling law describing the dependence of or-

dering temperature on the proximity to the QCP is expected to follow the universal power law

behaviourTc ∝ (H − Hc1)ν , whereν = 2/d (d = dimensionality of the system) ford ≥ 2.
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Figure 1.1. Phase boundary separating a quantum paramagnet from a BEC. Quantum properties

drive collective behaviour in the vicinity of the QCP atHc1 andHc2 (lighter shading). The

collective state of spins in a magnetically ordered system is analogous to condensed bosons in

a BEC. The shape of the phase boundary determines the characteristic power law describing

collective behaviour.

The critical exponent is dependent only on the dimensionality of the system, and not on other

microscopic system details.

Experiments on the spin dimer compounds A2Cu(BO3)2 (A=Sr, Ba) [31] and BaCuSi2O6 [12;

13] were carried out in high magnetic fields up to 65 T and low temperatures down to 0.03 K.

Crystal growth techniques were developed to grow clean single crystals of these families of

spin dimer compounds. Experiments conducted measured thermodynamic quantities such as

magnetisation, magnetic torque, heat capacity and the thermal response to entropy conserva-

tion (through the magnetocaloric effect), each of which exhibit a clear feature at the ordering

transition. The evolution of the ordering transition was mapped out as a function of temperature
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and magnetic field to obtain the experimental phase boundary.

The experimental results obtained on the BaCuSi2O6 system, which is thought to be a

realisation of a U(1) symmetric spin lattice, measured for the first timeν = 2/3 power law

behaviour characteristic of the3d-BEC universality class in the temperature range down to

0.6 K [12]. In unexpected fashion, the results also revealed an abrupt crossover toν = 1

behaviour characteristic of the2d-BEC universality class in the temperature range down to

0.03 K [13].

This is the first observation of a2d QCP in a3d material. While it is well known that

the physical properties of a system are often substantially modified near the QCP due to the

plethora of competing interactions in this region, the experimental observation of2d-BEC be-

haviour in the bulk3d-BaCuSi2O6 system is particularly surprising, being the first experimental

observation of a change in dimension by tuning parameter space near the QCP. Careful study

indicates that the dimensional reduction is a consequence of bilayer decoupling due to geomet-

ric frustration in the BaCuSi2O6 lattice, which is effective only at low particle densities near

the amplitude fluctuation-driven QCP [13].

Future research directions are manifold. Experiments are currently underway to confirm

that the U(1) rotational spin symmetry in the BaCuSi2O6 system is not explicitly broken by ad-

ditional interaction terms or structural transitions to a lower symmetry, which would preclude

a BEC. Experiments involving pressure as a tuning parameter instead of magnetic field are also

underway, this experimental mapping of the phase boundary along another axis will provide a

complement to the area of phase space accessed by high magnetic field measurements. Promis-

ing future experiments exploit the2d QCP of this system characterised by purely2d quantum

fluctuations. BaCuSi2O6 provides us with a model system, which if doped with charge carri-

ers, may prove ideal to test several theoretical predictions of novel phenomenon such as high

temperature superconductivity resulting from2d-quantum fluctuations [14; 15; 16]. Other
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promising experiments include exploring the dynamics of the vector ‘spin current’ carried by

the BEC of triplets in these spin dimer compounds.

The outline of this dissertation is as follows: Chapter 2 contains relevant theoretical and

materials specific background in two parts: in the first part, I describe specifics of the two

families of spin dimer materials studied as part of the research presented in this dissertation,

in the second part, I describe details of the analogy between these systems and bosonic sys-

tems, and derive the theoretical expressions used to compare with experimental results in the

following sections. Chapter 3 contains experimental details of crystal growth techniques devel-

oped to grow these materials, and characterisation of single crystal quality. Chapter 4 describes

specifics of the experimental systems used to perform measurements, particularly in high mag-

netic fields. Chapter 5 contains results of experiments on the A2Cu(BO3)2 spin dimer systems

and a discussion of those results. Chapter 6 contains results of experiments on the BaCuSi2O6

spin dimer systems and a discussion of those results. Chapter 7 provides a summary of the

conclusions drawn from the research presented here, and Chapter 8 outlines future research

ideas.
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Chapter 2

Theoretical Background

“That’s the whole problem with science. You’ve got a bunch of empiricists trying to describe

things of unimaginable wonder.” - Calvin (& Hobbes)

This chapter is divided into two parts, the first of which provides the reader with requisite

background information about the specific materials we study as examples of the spin dimer

class of systems; and the second of which describes the appropriate theoretical tools to map the

spin dimer system onto a bosonic system, and derive scaling relations near the BEC QCP of a

Bose gas.

2.1 Crystal structure

In this section, the two families of spin dimer compounds under study are discussed: A2Cu(BO3)2

(A = Sr, Ba) and BaCuSi2O6. These materials are quasi-two dimensional Mott insulators,

which comprise a lattice of Cu2+(3d9, s = 1
2 ) ions.
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2.1 Crystal structure

2.1.1 Sr2Cu(BO3)2

Sr2Cu(BO3)2 exists in two structural phases: the phase studied in this dissertation is high tem-

peratureβ-Sr2Cu(BO3)2. This material is in the PNMA space group, with an orthorhombic unit

cell with lattice parametersa = 7.612 Å,b = 10.854 Å andc = 13.503 Å [17]. Two views of

the quasi-two dimensional crystal structure are shown in figures 2.1 and 2.2. Fig. 2.1 shows the

two-dimensional layers of Cu2B4O12, which are separated from each other by Sr (Ba) ions [17]

Fig. 2.2 shows a side view of the layers stacked above each other. Each layer comprises dis-

torted octahedral Cu(1)O6 units, square planar Cu(2)O4 units and triangular B(1,2,3)O3 units.

In a simple analysis of the structure shown in Fig. 2.1, the Cu2+ ions are seen to be coupled

to their nearest neighbours via three different superexchange pathways (shown asJ , J ′ and

J ′′) via triangular BO3 units. Orthorhombic distortion of the Cu(1)O6 octahedra lifts the eg

degeneracy of this ion (apical oxygen ions are further from the central Cu(1) ion at 2.49 Å and

2.42 Å, than the equatorial oxygen ions, at 1.99 Å and 1.92 Å [17; 18]), such that the highest

energy level is the antibonding combination of Cu 3dx2−y2 and the equatorial O 2pσ orbitals

(shown in Fig. 2.3b). Since the Cu(1) 3d9 hole resides in the equatorial plane, the dominant

exchange pathway is thereforeJ , through the equatorial oxygen ions of the Cu(1)O6 octahedra.

The equivalent magnetic lattice then comprises planes of Cu(1)-Cu(2) dimers (a single dimer

unit is shown in Fig. 2.3a) coupled byJ via B(3)O3 triangular units. The dimers are connected

by the weak intra-layer couplingJ ′ andJ ′′, and inter-layer coupling can be considered weak

enough for the layers to be treated as separated from each other. The equivalent magnetic

lattice corresponding to each layer is represented by a network of Cu2+ ions linked by exchange

interactions (shown in Fig. 2.4 a), which can be mapped to a square lattice of dimers (shown in

Fig. 2.4 b). Inelastic neutron scattering experiments are in progress to more directly probe the

network of exchange couplings.
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