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One of the most sought-after, yet elusive ground states in condensed matter physics

is the quantum spin liquid. The spin liquid is a strongly interacting spin system

with exchange frustration and quantum fluctuations that prevent it from ordering

magnetically as usual. Despite the theoretical introduction of this intriguing state

of matter in the 1970’s, it has lacked experimental backing until insights by Kitaev

flourished in 2006. By considering a model honeycomb lattice with directionally

dependent exchange anisotropy, he showed that a spin liquid ground state emerges

as the limiting case of purely anisotropic exchange interactions. The design and

availability of new strongly correlated materials has since lead to a persuasive

experimental advance towards realization of this new state of matter, with the

results presented herein at the forefront. In this thesis, one of the most promising

spin liquid candidates, Li2IrO3, is studied in magnetic fields up to 100 tesla. A

highly-sensitive torque magnetometry technique is developed to directly probe

the magnetic anisotropy of Li2IrO3 in both pulsed and DC magnets. The torque

measurements confirm a transition to a complex magnetic order at TN = 38 K, in

agreement with susceptibility data. At low magnetic fields, the ratio of the torque

to the applied magnetic field has a linear response with an angle dependence that

yields the principle components of magnetic anisotropy. At temperatures greater

than ∼ 150 K, the observed magnetic anisotropy can be described by a g-factor
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anisotropy that is constrained by the crystal structure, with the easy axis along

the crystallographic c direction. At ∼ 75 K, the torque reveals a crossover to an

exchange-dominated anisotropy, highlighted by an order of magnitude increase in

the b component of susceptibility at temperatures within the magnetically ordered

state. The temperature evolution of the magnetic anisotropy suggests that the

extreme magnetic anisotropy observed at low temperatures must be driven by

spin-anisotropy in the exchange interactions, as opposed to spatial anisotropy.

This thorough investigation of the anisotropic susceptibility provided the first

experimental evidence for highly spin-anisotropic exchange interactions to exist

in Li2IrO3 – the essential ingredient for realizing Kitaev’s quantum spin liquid

ground state.
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1

Introduction

A central concept in condensed matter research is strongly correlated electron

physics. Materials with strong correlations exhibit unusual electronic and magnetic

properties which cannot accurately be described by the single-particle behavior of

electrons. Electronic correlations are at the heart of a plethora of phenomena, in-

cluding local Mott-Hubbard moment formation and magnetism, non Fermi-liquid

behavior in correlated metallic states, quantum criticality, and superconductivity

[1]. The road towards understanding the extraordinary properties arising from

correlations in these materials has been paved by over 90 years of theoretical and

experimental advancements, which started with the discovery and formalization

of quantum mechanics in the mid-1920’s. In this introduction, I will outline a

brief history of condensed matter research that leads us into the active areas of

material interests today. Li2IrO3, the main focus of this thesis, is then presented

as a strongly spin-orbit coupled and magnetically frustrated Mott insulator, which

is the foundation for its curious magnetic behavior.
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1 Introduction

1.1 Progression of Quantum Materials Research

The concepts of quantum mechanics were applied as the band theory of solids to

successfully explain the metallic, semiconducting, and insulating behavior observed

in many materials. Band theory relies on the periodic nature of a solid to construct

smoothly evolving bands (or levels) of energy states that are occupied by the

electrons. The physical properties of the system are then determined by those

states with energy near the chemical potential, which can be visualized as a surface

of constant energy in momentum space known as the Fermi surface. Importantly,

band theory provided a verifiable test for the quantum mechanical considerations

upon which it was founded, and stimulated an advance in experimental techniques

widely used today to map out the Fermi surface of metals by directly observing,

for example, the de Haas-van Alphen and Shubnikov-de Haas effects [2]. As time

unfolded, this single-particle treatment of electrons in a static potential, without

considering interactions with other electrons, phonons, photons, etc., became a

major limitation for band theory applied to more complex systems.

The breakdown of band theory was evident by the late 1930’s when insulating

behavior was discovered in many of the transition-metal oxides which were ex-

pected to be metals by conventional band theory. An explanation given by Nevil

Mott in 1949 used repulsive electron-electron interactions to capture the insulat-

ing behavior in the expected metal NiO [3, 4]. The underlying mechanism can

be understood as a competition between a strong on-site Coulomb repulsion U ,

which prevents electrons from occupying the same orbitals, and the kinetic en-

ergy described by the transfer integral t of electrons hopping between neighboring

atoms. The diverse properties arising from these ‘Mott insulators’ started an in-

vestigation into what have become known as strongly correlated materials, where

a physical picture that includes electronic interactions is invoked to describe the

2



1 Introduction

material properties. The most notable example is the attractive electron-pairing

driven by phonons in the 1957 BCS theory of superconductivity [5]. Other sig-

nificant examples of strongly correlated systems include the manganites and the

nickelates, which exhibit remarkable properties of microscopic origins that are still

under debate today. One key observation, which was initially missed, was that

almost all of these materials have local magnetic moments that order antiferro-

magnetically at low enough temperatures. This includes the high-temperature

superconducting cuprates in their undoped state, which debuted in 1987. Despite

large computational advances in the 70’s and 80’s, band structure calculations

mistakingly found the ground state of most of these materials to be ferromag-

netic metals, stimulating a push for a theoretical framework that could elucidate

the physics of correlated materials. Perhaps as profound as the discovery of high

temperature superconductivity, the drive to understand such emergent phenom-

ena hugely advanced experimental techniques that are used today in condensed

matter physics, including STM (scanning tunneling microscopy), ARPES (angle

resolved photoemission spectroscopy), and neutron and x-ray diffraction.

A new chapter in materials research started with the discovery of the quantum Hall

effect, bringing topological ground states into focus. In the fractional quantum Hall

effect, the Hall conductance of a two-dimensional electron gas at very low temper-

atures and in extreme magnetic fields becomes quantized into fractional values of

the fundamental conductance quantum 2e2/h. The theory behind this many-body

problem produces quantitatively accurate and experimentally confirmed results

[6–8]. Details aside, symmetry alone does not characterize the different fractional

states. This means that the longstanding Landau symmetry breaking theory is

insufficient to describe the fractional states, implying the presence of a new kind

of order – topological order [9].

The existence of topological order has defined a new and ongoing direction in

3



1 Introduction

condensed matter physics, which blossomed with the prediction of symmetry pro-

tected topological insulators (TI) – bulk insulators with conducting surface states.

Symmetry-protected surface states were first observed in quantum wells of mer-

cury telluride in 2007 [10]. This was quickly followed by the first realization of a

bulk topological insulator in bismuth antimonide in 2008 after it was suggested

that large spin-orbit interactions λ could naturally support these topological states

[11]. Up to this point, most of these topological states require only a single-particle

picture, analogous to the band theory of solids. The spin-orbit coupled and topo-

logical era of materials has been greatly enriched by the emergence of many-body

systems, such as topological Mott and Kondo insulators [12, 13]. Even more non-

trivial states of matter, such as the quantum spin liquid, are expected to emerge

by introducing strongly correlated electrons into the mix. Importantly, the meso-

scopic studies of such materials is bridging the gap between fundamental research

and application and is contributing to major advancements in device fabrication

and epitaxial growth.

1.2 Strongly Spin-Orbit Coupled Mott Insulators

In recent years, an increasing number of experimental systems displaying a wide va-

riety of complex phenomena are appearing in the strongly correlated and strongly

spin-orbit coupled region of the materials phase diagram (Figure 1.1). This in-

cludes the Ruddlesdon-Popper series of pseudo-cubic and planar perovskites

Srn+1IrnO3n+1 (where n=1,2,∞) and a large family of pyrochlores R2Ir2O7 (R =

rare-earth), as well as many (Os, Rh, Ru)-based oxides that are exploited due to

their similarly large spin-orbit coupling. The focus of this thesis remains on the

hexagonal iridium-based insulators with the chemical formula (Li, Na)2IrO3, often

referred to as ‘the honeycomb iridates’.

4



1 Introduction

Figure 1.1: Sketch of a phase diagram for electronic materials in terms of
the interaction strength U/t and spin-orbit coupling λ/t. Figure and caption

reproduced from [1].

The story of Li2IrO3 – a strongly spin-orbit coupled Mott insulator – picks up

where the brief history of condensed matter research concludes. The combined

influence of strongly correlated electrons and strong spin-orbit coupling on its

honeycomb lattice make it an ideal candidate to search for frustrated magnetism

and a spin liquid ground state. Despite the fact that Li2IrO3 and its closely re-

lated analogue Na2IrO3 order magnetically at low temperatures, the honeycomb

iridates are continuing to attract considerable attention, both theoretically and

experimentally [14–21], as an insightful path towards engineering and understand-

ing exotic magnetism. More recently, they have sparked a resurgence of interest in

5



1 Introduction

the structurally similar RuCl3 [22–25], as well as an investigation into the newly-

synthesized honeycomb ruthenates (Li, Na)2RuO3 [26]. This intense interest is

mostly due to an intriguingly complex magnetic order observed in the honeycomb

iridates that supports a connection to the Kitaev model – an exactly solvable

model on a honeycomb lattice, where only orthogonal components of spin cou-

ple on the three nearest neighbors bonds [27–34]. Such extreme anisotropy in

the exchange interactions on a honeycomb lattice that depends upon the spatial

direction of each bond has a ground state solution that is a highly-degenerate

spin liquid [27]. This observation prompted the exploration to implement Kitaev’s

model in strongly spin-orbit coupled Mott insulators, such as Li2IrO3, where a su-

perexchange mechanism expected to enhance the anisotropy in the spin-exchange

is dependent upon an edge-shared octahedral environment [28].

In this thesis, the magnetic properties of Li2IrO3 are studied using a cantilever

torque magnetometry technique in DC and pulsed magnetic fields up to 100 Tesla.

Analysis of these high-precision measurements reveal details about the magnetic

anisotropy which would otherwise be unobtainable with conventional magnetom-

etry methods. The results presented herein provided the first experimental evi-

dence for highly anisotropic exchange interactions – a compelling manifestation

of Kitaev’s model – to exist in Li2IrO3 [35], placing theoretical predictions on

firm experimental ground. The connection between the honeycomb iridates and

the Kitaev model has since been further substantiated by evidence for dominant

bond-directional exchange interactions in Na2IrO3 [36] and β-Li2IrO3 (the hyper-

honeycomb structure) [37].

One of the key players in producing anisotropy in exchange interactions is the

spin-orbit coupling, whereby the electron spin interacts with the magnetic field

produced by its orbital motion. This effect becomes increasingly important upon

descending the periodic table and certainly for the extended 5d orbitals of iridium,
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it cannot be ignored. Extended orbitals increase the separation between electrons,

which decreases the Coulomb repulsion U and typically reduces correlations be-

tween the electrons. At least this is the case for the heavier s- and p- electron

elements, where the instensified role of spin-orbit coupling is accompanied by a

somewhat weakened correlation effect, leading to the possibility of topologically in-

sulating materials (Figure 1.1). However, in some systems, particularly those with

high symmetry, spin-orbit coupling and the Coulomb interaction can cooperate to

enhance electronic correlations. The octahedral environment of the heavier tran-

sition metal oxides are a common place to look for this unique influence: strong

correlations result from orbital degeneracies, which the spin-orbit coupling splits

into multiple narrow bands. The narrow bands are more susceptible to Mott lo-

calization and a reduction in kinetic energy that offsets the decrease in Coulomb

repulsion due to the extended orbitals [1].

Exotic ground states, such as the spin liquid, are expected to arise when there is

a conflict – or frustration – between the magnetic interactions in the lattice as a

result of the underlying crystal geometry. The simplest way to think about mag-

netic frustration is by considering three antiferromagnetically coupled spins on a

triangular arrangement (Figure 1.2). To minimize the energy of this system, each

of the spins wants to be antialigned with its nearest neighbors. This condition,

which cannot be simultaneously satisfied by all three nearest neighbors, leads to

a degeneracy of ground state spin configurations and the magnetic analogue of a

liquid in an extended state. The kagome lattice is another example of a lattice

geometry which inhibits the simultaneous energy minimization of all antiferro-

magnetic interactions (Figure 1.2). By considering a spin on each of the lattice

points of this structure, it is easy to see why it naturally leads to frustration; the

antiferromagnetic interaction between neighboring spins cannot be simultaneously

satisfied because a third spin cannot point in a direction opposite to two others if

7
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?

triangular kagome

Figure 1.2: (Left) The triangular arrangement of spins with antiferromagnetic
interactions that cannot be simultaneously satisfied by all nearest neighbors.

(Right) The kagome lattice made up of vertex-sharing triangles.

they have already aligned antiferromagnetically.

In the honeycomb iridates, the observed insulating behavior is due to an energy

gap created by a large U . Thus, it is sufficient to regard the electrons as localized

so they can be ascribed to local spin and orbital degrees of freedom at each iridium

site of the honeycomb lattice (Chapter 3). The localized treatment of the spins

make the geometric arrangement of the iridium very important. The iridium in

Li2IrO3 form a three-dimensional honeycomb structure, where each iridium has

the same local environment as in the layered honeycomb structure (Chapter 3).

The magnetic frustration in the honeycomb lattice is not a direct result of the

lattice geometry alone, but rather arises from orbital and spin frustrations that

are introduced by the spin-orbit interaction. In the strong Mott limit, the strength

of this interaction should be compared with the exchange interaction J , which is

proportional to t2/U (Chapter 2). When the spin-orbit coupling is large, the local

moments acquire a large orbital component and the presence of several equivalent
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bond directions in the highly symmetric octahedral environment of each iridium

gives rise to strongly frustrated magnetism.

This thesis includes a short review of magnetism in the next chapter, empha-

sizing the physics relevant to Li2IrO3. In Chapter 3, I will discuss the current

progress in this field of research; briefly reviewing previous work on similar com-

pounds before transitioning to Li2IrO3 specifically. The experimental techniques

used to study both Li2IrO3 and [Cu(pyz)(gly)](ClO4) (a molecular magnet con-

sidered in Chapter 8) is presented in Chapter 4. The techniques include torque

magnetometry and magnetic susceptibility measurements using a PDO (proxim-

ity detector oscillator) circuit in pulsed magnetic fields, as well as EPR (electron

paramagnetic resonance) measurements using a cavity perturbation method in a

superconducting magnet. Chapter 5 presents the magnetic torque of Li2IrO3, as

well as a detailed analysis of the measurements. The significance of the results, in

regards to understanding the magnetic anisotropy from the low field response, will

be considered in Chapter 6. In Chapter 7, more recent high field data is shown

and the results are discussed in the context of open questions and future work.

Chapter 8 explores the temperature-magnetic field phase diagram of an organic

magnet comprised of weakly coupled Cu dimer units. All of the data contained

within was taken at the Pulsed Field Facility (PFF) of the National High Mag-

netic Field Laboratory (NHMFL) in Los Alamos, New Mexico. Here, the typical

“workhorse” magnet creates a 65 Tesla (T) magnetic field that lasts for less than a

tenth of a second and requires 300 megawatts of power, posing a unique challenge

for sensitive measurements. Appropriately, a large portion of this thesis is devoted

to the experimental details of the torque magnetometry technique performed in

this challenging environment.

9
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Review of Magnetism

2.1 Paramagnetism

One of the simplest ways to introduce magnetism in solids is through consideration

of a paramagnetic gas of noninteracting electrons. This describes a collection of

independent magnetic moments which, in the absence of a magnetic field, orient

themselves in random directions [38]. The application of a magnetic field tilts the

moments along the field direction and the degree to which they align – the induced

magnetization – depends upon the strength of the applied field. The source of the

magnetism for each magnetic moment m = µBS is the intrinsic spin S of each

electron and is typically represented in units of the Bohr magneton µB = e~
2me

.

Here, e is the charge of the electron, me is the electron mass, and ~ is the reduced

Planck constant. In an applied magnetic field H, the energy associated with a

magnetic moment is E = −gµo ~m · ~H, where µo = 4π × 10−7 N/A2 represents the

permeability of free space and g is the g-factor – a quantum mechanical correction

to a magnetic moment in a solid due to relative contributions of spin and orbital

angular momentum. First, consider each spin to be in one of its two eigenstates

in an external field S = ±1
2
, which correspond to alignment with the applied field

(+1
2

= spin up) or anti-alignment (−1
2

= spin down). As a function of the strength
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of the applied field, the energy of one spin state will increase linearly while the

energy of the other will decrease, known as Zeeman splitting. The Hamiltonian H
describing the effect of an applied magnetic field on each spin is therefore

HZ = −gµoµBH · S, (2.1)

which suggests that the energy of the system will be minimized when the spins

align with the external field.

For such a gas, Maxwell-Boltzmann statistics can be used to find the probability

of each spin configuration in thermal equilibrium

p± =
1

Z
exp

(−E±
kBT

)
, (2.2)

where T is the temperature and kB is the Boltzmann constant. The partition

function is Z = exp
(
E−
kBT

)
+ exp

(
E+

kBT

)
. For a spin 1

2
system with g ≈ 2, the

energy of each spin configuration is approximately E± = ∓µoµBH and the average

or net moment 〈m〉 can be found from the expectation value (difference in the two

probabilities for spin 1
2

case)

〈m〉 = µBtanh

(
µoµBH

kBT

)
. (2.3)

This equation describes full spin polarization in an external magnetic field at low

temperatures, where tanh(x)→ ±1 depending on the orientation of the magnetic

field. It also captures a decrease in the average moment with increasing tem-

perature. At thermal energies large compared to the energy scale of the applied

magnetic field, the argument is small and can be approximated as tanh(x) ≈ x

and the Curie susceptibility χ = M/H = n〈m〉/H of a noninteracting system with

11
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two possible spin states is found

χ =
nµoµ

2
B

kBT
. (2.4)

The letter n is used to denote the number of magnetic moments per unit volume

[39].

The more general form of the Curie law, where the total angular momentum J

can take any integer or half integer value, can be found from a description of the

magnetization which involves the Brillouin function BJ(y)

M = MSBJ(y), (2.5)

where the saturation magnetization MS = ngJµBJ [39]. The Brillouin function,

which results from a geometric progression of the partition function for all M =

2J + 1 states, is given below without the full derivation

BJ(y) =
2J + 1

2J
coth

(
2J + 1

2J
y

)
− 1

2J
coth

y

2J
, (2.6)

where y = gJµBµoHJ/kBT [39]. At small applied magnetic fields or high temper-

atures, the general features of the susceptibility remain the same as found for the

spin 1/2 case, but the Maclaurin expansion of the small coth arguments result in

a factor of 3 in the denominator in the Brillouin function

BJ(y) =
(J + 1)y

3J
+O(y3), (2.7)

where O represents higher order terms. By extension, the 1/3 factor also appears

in the Curie law [39]. In the limit of small y, the susceptibility χ = M/H =
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ngJµBJBJ(y)/H is written as

χ =
nµoµ

2
eff

3kBT
, (2.8)

where µeff = gJµB
√
J(J + 1), the Lande g-value gJ = 3

2
+ S(S+1)−L(L+1)

2J(J+1)
, and L is

the total orbital angular momentum [39]. At thermal energies large compared to

the energy of the applied magnetic field, Equation 2.8 suggests that a measurement

of the susceptibility can be used to find the effective magnetic moment (Chapter

6).

2.2 Exchange Interactions

In some materials, such as iron, a net magnetization can occur in the absence

of an applied magnetic field. This spontaneous ‘ferromagnetism’, among many

other types of long range magnetic order, is created and stabilized by the exchange

interactions between the magnetic moments [38]. The fate of the magnetic order is

determined by the competition between the Coulomb interactions, an electrostatic

force that is inversely proportional to the distance r squared between two charged

particles, and their kinetic energies. The exchange interaction is then a many

electron effect which is dependent upon the density of electrons [38]. Quantum

mechanically, the exchange interaction occurs between identical particles whose

wavefunctions are subject to overlap. The Pauli exclusion principle, which forbids

two electrons from occupying the same state, is the necessary starting point [38].

Simply put, it says that two electrons can occupy the same orbital wavefunction,

but only if they have opposite spin or anti-align. More rigorously, it requires

that the overall wavefunction must be antisymmetric – or change sign – when two

electrons are interchanged with respect to both spatial and spin coordinates. To
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satisfy this condition, the symmetry of the spatial wavefunction must be opposite

the symmetry of the spin wavefunction [38].

Before blindly calculating the exchange interaction, it is helpful to have some in-

tuition of how the separation between electrons affects the exchange. Because of

the Pauli principle, electrons which have the same spin cannot be at the same

position, and thus they tend to avoid each other. The probability of finding like

spins close to each other is lower than that for opposite spins. By this argument,

the Coulomb interaction will usually be larger for opposite spins making it more

energetically favorable for the spins to align parallel to one another. Thus, it is

generally true that two electrons residing on the same orbital will try to minimize

their Coulomb interaction by increasing separation between them and aligning

parallel to one another [38]. When neighboring atoms (inter-atomic) are involved,

the separation between the electrons can be further increased by allowing electrons

to hop to neighboring atoms [38]. The kinetic energy can be minimized by forming

bands – states that are a superposition of the states centered at each atom. As

the hopping is increased, the lowest energy state will be a spatially symmetric

(bonding) state on which two spins will align opposite to one another – antiferro-

magnetically [38]. For a parallel spin alignment to occur in this case, one of the

electrons must acquire energy via the Coulomb interaction to move to the excited

antibonding state [38]. The exchange interaction

J =
EAFM − EFM

2
(2.9)

is directly related to the difference between the energy of the lowest lying antiferro-

magnetic and ferromagnetic states [38]. The desire for the system to minimize its

energy tells us that the ferromagnetic state has lower energy for the case of intra-

atomic exchange and therefore, the exchange interaction J (Equation 2.9) must

be positive [38]. By a similar argument, it is common for inter-atomic exchange to
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result in a negative exchange integral and antiferromagnetic ordering. Thus, the

Pauli principle implies that spatially symmetric and antisymmetric wavefunctions

describe antiferromagnetic and ferromagnetic spin configurations, respectively [38].

In this section, the effective coupling between the magnetic moments in a solid are

understood by considering the Pauli exclusion principle in combination with the

Coulomb repulsion and the hopping of electrons.

2.2.1 One electron in a solid

Before understanding the exchange interaction between two electrons, it is instruc-

tive to start by considering just one electron in a solid containing only two atoms

[38]. If the atoms are well separated, the electron on one of the atoms can be

described by the atomic wavefunctions Ψ given by the Schrödinger equation

EΨ = − ~2

2m
52 Ψ + Vo(r)Ψ, (2.10)

where Vo(r) describes the attractive potential from the nucleus [38]. However,

in a solid where two atoms are separated by a distance R, it is more realistic

that the wavefunctions will overlap rendering the atomic wavefunctions no longer

representative of the system [38]. In this case, the electron feels a potential from

both atoms and can be described by

EΨ = − ~2

2m
52 Ψ + Vo(r)Ψ + Vo(|r −R|)Ψ, (2.11)

where the solutions to this equation are perturbed wavefunctions that can be

approximated as linear combinations of the atomic wavefunctions φ1(r), φ2(r) [38].

The two nearby atoms are denoted as 1 and 2. The hybridized wavefunctions are

the spatially symmetric state ψs(r) ∼ φ1(r)+φ2(r) and the spatially antisymmetric
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state ψa(r) ∼ φ1(r) − φ2(r) (Figure 2.1), the latter of which is higher in energy

[38].

Figure 2.1: The hybridized wavefunctions that are formed from linear combi-
nations of the atomic wavefunctions. Figure reproduced from [38].

The mixing or hybridization of the atomic orbitals allows the electron to hop

to nearby atoms and this plays an important role in determining the exchange

interaction. The kinetic-energy operator T = −~252

2m
[38] can be used to define a

hopping integral

t = −
∫
φ∗1(r)Tφ2(r)dV. (2.12)
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This describes the hopping of the electron initially centered at atom 2 to the

position centered at atom 1 by the operator T . Technically, the non-orthogonality

of the atomic wavefunctions requires the involvement of an overlap integral

S =

∫
φ∗1(r)φ2(r)dr (2.13)

for proper normalization of the hybridized wavefunctions [38]. Wannier functions

are a convenient alternative basis because they are orthogonal and so there is no

overlap, unlike the atomic wavefunctions [38]. Because the basis set of wavefunc-

tions is arbitrary, they will be chosen such that in the discussion of exchange to

follow, only the hopping integral comes into play.

Hybridization of the wavefunctions is responsible for the energy difference between

the bonding and antibonding states. Since the hybridization, which is proportional

to the hopping, decreases with increasing interatomic distance, the level splitting

is smallest for well-separated atoms [38]. Increased hopping causes a larger level

splitting making it more favorable for two electrons to occupy the bonding state

with an antiparallel spin configuration. A real solid will contain more than two

atoms, but the basic construction remains the same. In the discussion to fol-

low, the interaction between two electrons will be considered for a parallel spin

configuration to occur.

2.2.2 The two electron problem

To explain exchange, another electron must be introduced into the problem. The

two-electron wavefunction can be expanded into products of orthogonal one-electron

states resulting in four wavefunctions: one where both electrons occupy the bond-

ing orbital, one where both electrons occupy the anti-bonding orbital, and the two

possibilities where one electron occupies each orbital. The Hamiltonian will be a
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4× 4 matrix where the inclusion of the second electron leads to the observation of

two new integrals; the direct exchange

JD =

∫ ∫
φ∗1(r)φ∗2(r′)VC(r, r′)φ2(r)φ1(r′)dV dV ′ (2.14)

between electrons on neighboring atoms and the Coulomb integral

U =

∫ ∫
φ∗1(r)φ∗1(r′)VC(r, r′)φ1(r)φ1(r′)dV dV ′, (2.15)

describing an interaction between electrons occupying the same site [38]. Here,

r and r′ represent the positions of the two electrons and the subscripts 1 and 2

are used to differentiate between any two orthogonal one-electron wavefunctions.

These can be the Wannier functions discussed previously or the superposition of

these functions to yield the bonding and anti-bonding states. Diagonalization of

the two-electron energy matrix gives four eigenfunctions, only the first of which is

antisymmetric in space (symmetric in spin – ferromagnetic) [38]

|ψ1〉 =
1√
2
|12〉 − 1√

2
|21〉

|ψ2〉 =
1√
2
|11〉 − 1√

2
|22〉

|ψ3〉 =
sinχ√

2
(|11〉+ |22〉) +

cosχ√
2

(|12〉+ |21〉)

|ψ4〉 =
cosχ√

2
(|11〉+ |22〉)− sinχ√

2
(|12〉+ |21〉), (2.16)
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where tan(2χ) = −4t/U and the respective energies as a function of U , JD, and t

are [38]

E1 =2Eo − JD
E2 =2Eo + U − JD

E3 =2Eo +
U

2
+ JD −

√
4t2 +

U2

4

E4 =2Eo +
U

2
+ JD +

√
4t2 +

U2

4
. (2.17)

The direct exchange – similar to an on-site Coulomb interaction, but between elec-

trons centered at different atoms – is typically two orders of magnitude less than

the on-site repulsive energy. The hopping integral – stemming from wavefunction

overlap – competes with the Coulomb energy so that the lowest lying ferromag-

netic (spatially antisymmetric) and antiferromagnetic (spatially symmetric) states

are E1 and E3 respectively (Figure 2.2) [38].

The exchange interaction J is determined by a direct comparison of these states

J =
E1 − E3

2
. (2.18)

The consideration of a solid with two nearby atoms where one electron resides on

each atom results in the exchange constant [38]

J = JD +
U

4
−
√
t2 +

U2

16
. (2.19)

It is convenient to consider the exchange as a function of the hopping integral,

which is dependent upon the radius of the orbital and the interatomic distance

[38]. As previously discussed, a small value for the hopping integral can be asso-

ciated with well localized orbitals whereas large hopping requires electrons to lie
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Figure 2.2: The two-electron energy spectrum for a diatomic pair as a function
of hopping. The two-electron wavefunctions are symmetric with respect to in-
terchanging left and right atoms, but for clarity, only some of the configurations

are shown. Figure reproduced from [38].

in the bonding or antibonding states. Also, a positive value for J indicates fer-

romagnetism, whereas a negative number implies antiferromagnetism. Increased

hopping has the tendency to alter the system from a ferromagnetic to an anti-

ferromagnetic state and the exchange interaction J reflects the relative strength

of the Coulomb integral to the hopping integral. Therefore, it is the competition

between the kinetic energy (favoring inter-site anti-parallel alignment of the spins)

and the Coulomb energy (favoring on-site parallel alignment) that determines the
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ground state of the system. The exchange interaction is the key ingredient in

modeling the behavior of magnetic materials. However, modeling the behavior of

three-dimensional spins in a three-dimensional space is a difficult problem to solve.

Some models which simplify this problem are presented in the following sections.

2.3 The Ising Model

In the Ising model, only one component of spin is considered, which for example

may be labeled as sz to denote the z component of coupling between each spin at

each lattice site. It then represents an extreme case of spin anisotropy in which

the spins can only point along or against one direction. The Hamiltonian can be

written as

HI = −
∑
i,j

Ji,jSiSj − gµoµB
∑
i

HiSi, (2.20)

which includes the exchange interaction Jij between two nearest neighbor spins

labelled i and j and in the case of an external field, a term representing the effect

of the local magnetic field Hi acting on the ith spin [38]. The Ising model is the

simplest model that can describe a finite-temperature magnetic transition occuring

in the absence of an applied magnetic field.

Extensions of the Ising model include the classical XY model, where each spin is

treated as a two-dimensional vector and the coupling between spins is denoted with

x and y components. Physically though, a spin will precess about a field applied

along the z direction, requiring a three component spin operator with 2S + 1

discrete orientations. The Heisenberg model, which describes three-dimensional

spins, is discussed next.
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2.4 The Heisenberg Model

The Heisenberg model is the isotropic equivalent of the Ising model with a Hamil-

tonian that includes an interaction term for each of its three components of spin.

The general form of the Heisenberg Hamiltonian is

HH = −
∑
i,j

Ji,jSi · Sj − gµoµB
∑
i

Hi · Si (2.21)

and the motivation for the spin form of the Ising and Heisenberg Hamiltonians is

discussed below.

The Heisenberg model can be used to describe systems with a fixed number of

well-localized electrons per atom, which arises from a large Coulomb repulsion

that prevents double occupancy of electrons. The basic idea is to consider the

interactions between electrons, but ignore the temporary ionic states resulting

from inter-atomic hopping [38]. In reference to the two electron problem dis-

cussed above, the ionic configurations |11〉 and |22〉 are ignored by assuming a

large Coulomb repulsion (U → ∞). Thus, only the |12〉 and |21〉 states remain.

Diagonalization of the energy matrix yields the antisymmetric state |12〉 − |21〉
and the symmetric state |12〉+ |21〉 resulting in an exchange interaction J = JD.

The large Coulomb interaction localizing the electrons allows us to describe the

system using only spin degrees of freedom. The individual electrons can be treated

as spins with the spin part of the wavefunction introduced in a way to preserve the

overall assymetry of the wavefunction. Therefore, an antisymmetric singlet state

χS (S=0) is required for the spatially symmetric state and a symmetric triplet state

χT (S=1) is necessary for the spatially antisymmetric state. The wavefunctions
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are then

ΨS =
1√
2

[ψ1(r)ψ2(r′) + ψ1(r′)ψ2(r)]χS

ΨT =
1√
2

[ψ1(r)ψ2(r′)− ψ1(r′)ψ2(r)]χT , (2.22)

where r and r′ represent the spatial coordinates of the two electrons [39]. The

energy for each state is

ES =

∫
Ψ∗SHΨS dr dr

′

ET =

∫
Ψ∗THΨT dr dr

′ (2.23)

with the assumption that the spin parts of the wavefunction χS and χT are nor-

malized [39]. The difference between the two energies is

ES − ET = 2

∫
ψ∗1(r)ψ∗2(r′)Hψ1(r′)ψ2(r) dr dr′, (2.24)

where the right hand side without the prefactor 2 is the exact form of the direct

exchange JD (Equation 2.14), suggesting that J = JD [39].

To parameterize in terms of two spin 1
2

particles where the total spin is represented

by the operator Ŝtot = Ŝ1 + Ŝ2 [39], the square of this operator is needed

(Ŝtot)
2 = (Ŝ1)2 + (Ŝ2)2 + 2Ŝ1 · Ŝ2. (2.25)

The eigenvalue of (Ŝtot)
2 is s(s+1), where s represents the spin quantum number

resulting from the possible combinations of two spin 1
2

particles. With s = 0 or

1, the eigenvalues are 0 or 2, respectively. For each spin, the operator Ŝ2 = Ŝ2
x +

Ŝ2
y + Ŝ2

z acting on any spin state gives the eigenvalue (±1
2
)2 + (±1

2
)2 + (±1

2
)2 = 3

4
.

Now, the eigenvalue for the operator Ŝ1 · Ŝ2 can be calculated for each state s =
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0, 1. An effective Hamiltonian can be written in terms of Ŝ1 · Ŝ2

H =
1

4
(ES + 3ET )− (ES − ET )Ŝ1 · Ŝ2, (2.26)

such that the energy of the spin triplet state is found when Ŝ1·Ŝ2 = 1
4

and similarly,

when Ŝ1 · Ŝ2 = −3
4

the energy of the spin singlet state remains [39]. The first term

is just a constant, which can be absorbed into other constant energy terms, but

the second term is related to the exchange interaction J = ES−ET

2
[39]. Thus, the

spin-dependent term in the effective Hamiltonian can be written in terms of the

exchange interaction

H = −2JS1 · S2. (2.27)

The interactions between all nearest neighbors can be included to describe a system

with more than two electrons, which motivates the Hamiltonian for the Heisenberg

model [39]

H = −
∑
ij

JijSi · Sj. (2.28)

Because the summation double counts each pair of spins, the equation must be

multiplied by 1
2
. Thus, the first term of the spin Hamiltonian comes about by

mapping the electronic quantities, such as the direct exchange, onto spin variables

[38], where J can now be considered in the context of the two electron discussion

in Section 2.2.2.

Because of the large Coulomb repulsion and well-localized electrons assumed in the

Heisenberg model, it is often used to model the magnetic behavior of insulators.

In such cases, the interatomic hopping can be treated as a small perturbation to

the exchange coupling and Equation 2.19 can be expanded with respect to the
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small parameter t/U , yielding

J = JD −
2t2

U
. (2.29)

This exchange constant, useful in describing the behavior of Mott insulators such

as Li2IrO3, indicates that the direct exchange gives a ferromagnetic contribution,

while the hopping contributes antiferromagnetically [38]. Also, the competition

between the Coulomb repulsion and the interatomic hopping determines the mag-

nitude of the antiferromagnetic component.

2.5 The Hubbard Model

When the Coulomb interaction is not quite large enough to localize electrons,

hopping occurs and the hybridized wavefunctions may become doubly occupied

by electrons. In this limit, an on-site Coulomb interaction will be orders of mag-

nitude more significant than an inter-atomic direct exchange. The idea behind

the Hubbard model is to ignore the direct exchange altogether. In which case, it

will be the the competition between the Coulomb repulsion and the inter-atomic

hopping which will determine the exchange interaction

J =− 2t2

U
for large U

J =
U

4
− |t| for small U. (2.30)

The exchange interaction for small Coulomb interactions is determined by an in-

dependent electron approximation, where U and JD are treated as small pertur-

bations and the interacting wavefunction is a Slater determinant |ψ1σ1〉|ψ2σ2〉 −
|ψ2σ2〉|ψ1σ1〉 where ψ represents the real space part and σ represents the spin.
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[38]. This approach allows mapping of the electronic interactions onto a mean in-

teraction field using second quantization and works best for itinerant magnets [38].

When the Coulomb interaction exceeds some threshold value, a transition from

conducting to Mott insulating behavior is observed [38] so the Hubbard model is

often used to investigate correlation effects. For example, in the undoped cuprates,

electron hopping is limited due to the absence of holes on neighboring sites (t is

small compared to U), and exchange ∝ t2/U is discussed.

2.6 The Weiss Model of an Antiferromagnet

The previous models can be used to describe the ground state resulting from

magnetic interactions on two interpenetrating or bipartite lattices, as encountered

in systems such as Li2IrO3. The resulting order is an antiferromagnetic ground

state where the spins on one sublattice point up and the spins on the other point

down. The temperature dependence of this situation can simply, but not always

correctly, be considered using the Ising model and a mean field approximation.

The Ising-like antiferromagnetic order on a bipartite lattice can be understood

using Equation 2.20, which includes the energy corresponding to exchange between

each Ising spin configurations and the energy due to an external field. However,

the thermal average of the magnetization of the i-th spin 〈S〉 requires summing

over all spin configurations

〈S〉 =
1

Z

∑
µ

exp

(−Eµ
kBT

)
, (2.31)

and this can very quickly become a complicated problem [38]. To simplify matters,

the exchange interactions can be incorporated into an effective or mean field on
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the i-th site

Hmf =
2

gµoµB

∑
j

JijSj (2.32)

produced by the neighboring spins. By replacing the exchange interaction with

the effective field, the mean field hamiltonian takes the form

HMF = −gµoµB(H +Hmf )
∑
i

Si, (2.33)

which looks similar to the Hamiltonian of the paramagnet (Equation 2.1), but in

a magnetic field H +Hmf [39].

Temperature tends to randomize the spin configurations, whereas the magnetic

field acting on each spin due to the neighboring sublattice and an externally ap-

plied field act to align spins either with or against the field direction. The mag-

netization (and the magnetic susceptibility χ = dM/dH) as a function of field

and temperature, determined by these competing effects, are now found using the

Brillouin function. For a bipartite lattice, the effective field for each sublattice (+

versus −) is entirely due to the magnetization M resulting from the ordering of

the other sublattice

Hmf+ = −|λ|M−
Hmf− = −|λ|M+, (2.34)

where λ parameterizes the strength of the effective field and is negative in the case

of an antiferromagnet [39]. Because the two sublattices are equivalent except for

the direction of the magnetic moments |M+| = |M−| = M , the magnetization

M = MSBJ(y) = MSBJ

(
gJµBJ |λ|M

kBT

)
(2.35)
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can be described by the Brillouin function (Equation 2.5) with the effective field

incorporated [39]. The form of Equation 2.35 results from considering the case

when H = 0. In this limit, the argument y is small and BJ(y) can be approximated

using Equation 2.7. The Brillouin Function is plotted in Figure 2.3 for a large value

of J . The equation for y which incorporates the effective magnetic field

y =
gJµBJ(µoH + |λ|M)

kBT
(2.36)

can be used to find M as a function of y. For three different transition temper-

atures T (different slopes), M versus y is plotted in Figure 2.3. The transition

temperature can be determined by equating the gradient of the line M/MS versus y

with the Brillouin Function at small applied magnetic fields, where MS = ngJµBJ

is the saturation magnetization. The Néel ordering temperature

TN =
gJµB(J + 1)|λ|MS

3kB
=
n|λ|µ2

eff

3kB
(2.37)

is found [39]. At temperatures below the ordering temperature, three graphical

solutions exist: one unstable solution at MS = 0 and two stable solutions at non

zero values for MS corresponding to the ordering of each sublattice in absence

of an applied magnetic field (Figure 2.3) [39]. As the temperature is increased,

thermal fluctuations start to destroy the magnetization. The order is completely

destroyed at T = TN . At high temperatures, only one simultaneous solution

occurs at y = 0 implying that no magnetic order exists [39]. Above the transition

temperature, a small magnetic field can be applied while still maintaining the

small y approximation in the Brillouin function leading to

M

MS

≈ gJµB(J + 1)

3kB

(
µoH + |λ|M

T

)
≈ TN
|λ|MS

(
µoH + |λ|M

T

)
. (2.38)
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Figure 2.3: The Brillouin Function for J = 5 (solid blue curve) and M =
kBTy/gJµBJλ for varying temperatures (black lines) to show graphically the
solutions (points of intersection between black and blue curves) to the two equa-
tions. Above the ordering temperature, one solution at M = 0 exists. Below the
transition temperature, two stable solutions with a finite magnetization exist in

the absence of an applied magnetic field. Figure modified from [39].

At high temperatures and at small applied magnetic fields, the magnetic suscep-

tibility of an antiferromagnet is given by the Curie Weiss law

χ = lim
H→0

M

H
∝ 1

T + θ
, (2.39)

where θ is known as the Curie temperature [39]. This describes the susceptibility

above the ordering temperature, in the paramagnetic regime, so that a fit to the

high temperature behavior in 1/χ versus T gives a straight line with a temperature

intercept (Figure 2.4). In Section 2.1, we found the temperature dependence of

the magnetic susceptibility for a noninteracting paramagnet (Equation 2.8). In

the case of the paramagnet at high temperatures, χ behaves as 1/T with a zero
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temperature intercept. A positive temperature intercept is indicative of ferromag-

netism with θ = TC , the Curie temperature. A negative temperature intercept

implies antiferromagnetism with θ = −TN [39].

Figure 2.4: The Curie Weiss dependence is shown for three cases: the
paramagnet(θ = 0), the ferromagnet (θ > 0), and the antiferromagnet (θ < 0).
The temperature intercept gives the Curie temeperature θ. Figure and caption

modified from [39].

The Curie temperature represents a quantitative deviation from paramagnetic be-

havior providing some insight about the magnitude of the exchange interactions.

However, the assumption in this model is that all spins experience the same ef-

fective field, which is entirely due to the neighboring sublattice. Second nearest

neighbor interactions often result in experimentally determined values of the Curie

temperature that can be far from −TN so it is not a “smoking gun” [39]. Impor-

tantly, the difference between |θ| and TN are an indication that long range order

is suppressed, which could also be due to increased frustration in the exchange

interactions or low dimensionality caused by spatially anisotropic exchange. In
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any case, in the context of searching for suppressed order and a spin liquid state,

a large value of |θ| is anticipated.

2.7 Superexchange

Superexchange, which was first postulated by Anderson in 1950 [40], is a mecha-

nism which presents the possibility of preferred directionality in the exchange. It

describes an indirect interaction between the magnetic atoms via an intervening

non-magnetic ion, where the directionality of the exchange is a result of the ori-

entation of the orbitals on the intervening ion. The most common intervening ion

is oxygen because it strongly attracts electrons and its bands usually reside below

the Fermi energy. Oppositely aligned spins can spread onto the non-orthogonal

overlapping p-orbitals of oxygen to minimize their energy. The mechanism for su-

perexchange is discussed in detail in reference [41] for poorly-conducting transition-

metals, suggesting a clear relationship between superexchange and Mott physics.

Whenever the Coulomb repulsion dominates and prevents metallic conduction, the

opposite tendency to delocalize causes a necessarily antiferromagnetic interaction

[41] that is related to the local environment of the magnetic ion. Superexchange

is responsible for creating spatial anisotropies in the exchange interactions, and in

extreme cases, it resembles a reduced dimensionality of the system.

2.8 Spin-Anisotropic Exchange Interactions

In 2005, Doucot et al. [42] considered the quantum analog of the compass model

on a square lattice, where the coupling takes different values along different spa-

tial directions, and found that all eigenstates must be at least twofold degenerate.

Attention placed on this prototypical model has shown that a large degree of

exchange anisotropy results in a highly degenerate ground state. The details of
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the exact diagonalization, using Monte Carlo simulations and high-order pertur-

bation theory, leading to this conclusion are given in reference [43]. The Kitaev

model equivalently considers strong exchange anisotropy as in the quantum com-

pass model, but on a honeycomb lattice with bond-specific Ising spins. The model

requires that the three nonequivalent links of the honeycomb lattice, labeled as x,

y and z, couple only those corresponding components of spin [27] (Figure 2.5). For

example, only Sxi S
x
j couples on the x-links, and similarly for the y and z links (Fig-

ure 2.5). Because the direction of the coupling is orthogonal for the three different

x
y

z

SySy

SxSx

SzSz

z

y

x

Figure 2.5: (Left) The layered honeycomb lattice with three different links
labeled as x, y, and z. (Right) The interactions on the neighboring links of the
honeycomb lattice are of XX, YY or ZZ type, depending upon the direction of
the link [27] as presented in the exactly solvable spin model by Kitaev. The
coupling on each bond is perpendicular to its corresponding cubic axes. The
gray circles (white circles) represent the magnetic (non-magnetic) ions. Figure

modified from [28].

links, we call the exchange bond-specific in the Kitaev model, unlike the quantum

compass model which considers anisotropy in the exchange interactions that are

the same for all spins. The honeycomb lattice with anisotropic, bond-specific ex-

change interactions can be described with an Ising-like or “Kitaev” term Sγi S
γ
j in
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the Hamiltonian, where γ = x, y, z represent the different links of the honeycomb

lattice. For real materials, further interactions will inevitably be present and the

spins will not be entirely Ising-like and one might expect that isotropic Heisenberg

interactions will compete with the anisotropic Kitaev couplings [30]. This is the

essence of what is called the Kitaev model – in the context of spin liquid physics

– where contributions from a rotationally symmetric Si · Sj Heisenberg term and

an anisotropic Kitaev term result in the Kitaev-Heisenberg Hamiltonian

H(γ)
ij = 2K Sγi S

γ
j + J Si · Sj. (2.40)

Depending upon the particular lattice geometry under consideration, the extrapo-

lation from the isotropic Heisenberg model to a quantum compass or Kitaev model

can be made in Mott systems which have large spin-orbit coupling [28]. In sys-

tems where spin-orbit coupling plays a major role, the anisotropy of the coupling

in spin space can be related to the orientation of the bonds in real space. For

example, by embedding strongly spin-orbit coupled atoms (gray circles in Figure

2.5) on a honeycomb lattice into a face-centered cubic lattice with the relative

orientation shown, a bond dependent exchange anisotropy can be engineered if

the superexchange is mediated via the two intermediary atoms (white circles) on

the face-centered cube. In such a scenario, a plane can be defined by the magnetic

atoms on each honeycomb link and the intervening non-magnetic atoms. The re-

sulting planes for the three different bond directions of the honeycomb lattice are

orthogonal. In the case of large spin-orbit coupling, the directional dependency of

the atomic orbitals can lead to anisotropy in the exchange that depends upon the

spatial direction of each particular bond on the honeycomb lattice (Figure 2.5).
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The Honeycomb Iridates

3.1 Background

The iridates offer an interesting playground to search for novel phases of matter

that emerge from the collective behavior of local moments that are strongly influ-

enced by spin-orbit coupling. Some intriguing examples of this interplay include

the Mott insulating state originally observed in the layered perovskite Sr2IrO4

[44] and the topological semimetal realized in the pyrochlore iridate Y2Ir2O7 [45].

The Kitaev model, describing highly anisotropic exchange on a honeycomb lattice,

brought the honeycomb iridates into the limelight. Depending upon the spatial

anisotropy of the exchange couplings, the model harbors three of the currently

most sought-after collective states in condensed matter physics: a gapless spin

liquid with emergent Majorana fermion excitations, a gapped spin liquid, and a

topologically ordered phase with non-Abelian quasiparticle statistics [30].

Most experimental attention was first placed on Na2IrO3, the layered honeycomb

structure which was originally predicted to be a quantum spin Hall system [46]. It

was quickly established that Na2IrO3 orders antiferromagnetically at 15 K, a much

lower temperature than the paramagnetic Curie temperature of -125 K, implying
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that the underlying interactions are strongly frustrated [34, 47, 48]. This type of

behavior is expected in the so called Kitaev-Heisenberg model where long range

magnetic order is suppressed due to its close proximity to the Kitaev spin liquid

state [29]. However, single-crystal neutron and x-ray diffraction data confirmed a

“zigzag” magnetic order, an arrangement of ferromagnetic zigzag chains that are

antiferromagnetically coupled to each other [48], which was not originally captured

within the model. To explain the magnetic order, Chaloupka et al. extended the

parameter space by allowing φ – the relative strength of the Kitaev and Heisenberg-

like contributions – to vary from 0 to 2π in the Kitaev-Heisenberg Hamiltonian

H(γ)
ij = A (2 sinφ Sγi S

γ
j + cosφ Si · Sj). (3.1)

Equation 3.1 is the same Kitaev-Heisenberg Hamiltonian of Chapter 2 (Equation

2.40), but with the energy scale A =
√
K2 + J2 and the angle φ introduced via

K = Asinφ and J = Acosφ [31]. As in Chapter 2, γ represents the three distinct

orientations of nearest neighbor bonds on the honeycomb lattice. The phase di-

agram of the extended Kitaev-Heisenberg model, containing 2 spin liquid and 4

spin ordered phases [31], reveals the zigzag order as a natural ground state (Figure

3.1). Most importantly, the observed zigzag magnetic order lies in close proximity

to the spin liquid state, provoking further interest in tuning the anisotropy in the

exchange interactions.

Focus turned to the lithium analogue, where the substitution of Na+ with Li+

was expected to maintain the same local honeycomb structure of the Ir4+ ions

responsible for the exotic magnetism. The smaller ionic radius of the lithium

ions was believed to result in smaller octahedral distortions (Section 3.2) and an

enhancement of the exchange anisotropy. The successful synthesis of Li2IrO3 in

pure single crystal form posed some difficulties causing most of the earlier mea-

surements to be done through a doping series (0 ≤ x ≤ 0.9) of Na1−xLixIrO3
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Figure 3.1: Phase diagram of the Kitaev-Heisenberg model containing 2 spin
liquid and 4 spin ordered phases depending upon the relative strength of the
Kitaev and Heisenberg exchange couplings, as represented by the paramter φ.
Open/solid circles in the insets indicate up/down spins. The rectangular box
in zigzag pattern (top-left) shows the magnetic unit cell of Na2IrO3. Figure

reproduced by [31].

single crystals [49] or on polycrystals of Li2IrO3 [30]. The magnetic susceptibility

of high quality polycrystalline samples of A2IrO3 (A = Na, Li) show an increase

in the Curie-Weiss temperature from θ ≈ −125K for Na2IrO3 to θ ≈ −33K for

Li2IrO3 with a bulk antiferromagnetic ordering temperature at TN = 15 K for both

materials (Figure 3.2) [30]. Naively, the reduction in the frustration parameter

f ≈ |θ|/TN implies that the magnetic interactions are weaker in the lithium com-

pound. However, the two terms in the Kitaev-Heisenberg Hamiltonian (Equation

36



3 The Honeycomb Iridates

3.1) enter with opposite coupling signs, suggesting that the effective antiferromag-

netic (Heisenberg-like) exchange interactions have weakened when compared to

the Na2IrO3 system [30]. By including further than nearest neighbor antiferromag-

netic interactions, which are expected to enhance the geometric frustration, the

anomalously large frustration parameter observed in Na2IrO3 is captured within

the Kitaev-Heisenberg model [30]. Furthermore, by modelling the evolution of the

Curie-Weiss temperature scale, more support is given that Na2IrO3 is deep in a

magnetically ordered state, while Li2IrO3 is considerably closer to the spin liquid

regime [30].

The preliminary work on Na2IrO3 and polycrystalline Li2IrO3 gave a major boost

to the synthesis community to successfully produce Li2IrO3 in single crystal form.

This resulted in the simultaneous surfacing of two different three-dimensional hon-

eycomb structures (Section 3.2). It was soon established that both structures or-

der magnetically at TN ≈ 38 K, presumably owing to their higher dimensionality

[35, 50]. The Mermin-Wagner theorem states that long-range fluctuations are fa-

vored in systems of dimension d ≤ 2 so that no phase transition will occur at

finite temperature. Despite the confirmed phase transition in the Li2IrO3 struc-

tures, no previous measurements explored the magnetic anisotropy, particularly

in the search for bond-dependent Kitaev-type exchange interactions. This thesis

studies one of the three-dimensional honeycomb structures of Li2IrO3, the exact

details of which are given in the next section.

3.2 Three-Dimensional Honeycomb Structure of Li2IrO3

The single crystals of Li2IrO3, making up a large portion of the work studied in

this thesis, were synthesized by James Analytis and his group at UC Berkeley and

the crystallographic x-ray data was done by Radu Coldea and his group at the
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Figure 3.2: Magnetic susceptibility χ versus temperature T for A2IrO3 (A =
Na, Li). The fit by the Curie-Weiss expression χ = χo + C/(T − θ) is shown
as the curve through the data. The insets (a) and (b) show the anomaly at the
antiferromagnetic ordering for the Na and Li systems, respectively. Figure and

caption reproduced by [30].

University of Oxford. The synthesis methods and the details of solving the crystal

structure are contained in the supplementary information of reference [35].

The structural findings are that Li2IrO3 is an orthorhombic crystal belonging to the

non-symmorphic space group Cccm. The lattice parameters are a = 5.9119(3) Å,

b = 8.4461(5) Å, and c = 17.8363(10) Å, with 16 iridium atoms occupying the

unit cell [35]. The iridium atoms (red and blue spheres in Figure 3.3) maintain

the same local connectivity as a layered honeycomb structure, but they make up
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a three-dimensional framework. There are two interlaced honeycomb planes with

a b

c

c
a

b

Ir
Ir

Figure 3.3: Two different views of the three-dimensional honeycomb structure
of Li2IrO3. The colored spheres represent the hexagonal arrangement of the
iridium atoms with the red and blue colors used to show that alternating rows
of honeycombs along the crystallographic c axis lie in different crystal planes.

an alternating orientation along the crystallographic c axis (honeycomb planes

distinguished by the red and blue colors). If one considers only the vertical link

that connects a red and blue iridium and the nearest neighbors of each, some key

features of this three-dimensional honeycomb strcuture become apparent. First,

each iridium lies in a three-fold, planar environment with three equidistant nearest

neighbor iridium. This is illustrated by the red and blue shaded triangles in Figure

3.4. Second, the three-fold coordination of neighboring IrO6 octahedra share an

edge, as highlighted by the solid red and blue lines in Figure 3.4. Finally and

39



3 The Honeycomb Iridates

Ir
Ir

Figure 3.4: Left: Edge shared octahedral environment of the three-fold, planar
iridium-iridium bonds in Li2IrO3. The octahedra are nearly undistorted giving
rise to a 70◦ angle separating the two honeycomb planes, distinguished by red
and blue colors. Right: Edge shared octahedral environment of the iridium-

iridium bonds that constitute the layered honeycomb structure.

perhaps most importantly, the octahdra are nearly perfect and have negligble dis-

tortion [51] unlike the layered Na2IrO3 structure, which experiences a substantial

trigonal distortion of its octahedral complexes [34, 48]. This significant departure

from ideal 90o Ir-O-Ir bonds in Na2IrO3 is believed to be the cause for the devi-

ation from dominant Kitaev exchange, where the spin liquid state is expected to

emerge [28]. For all purposes of our understanding, we assume the octahedra in the

Li2IrO3 structure to be undistorted and this has several important consequences.

The edge shared property of the undistorted octahedra fixes the angle separating
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a
b

c

Ir
O

Figure 3.5: The undistorted octahedra create Ir-O2-Ir exchange pathways
(green planes) between all nearest neighbor iridium.

the two honeycomb planes due to the possibility of two locally indistinguishable

Ir-Ir bonds. For example, if the vertical link between the red and blue atom is

made (left side of Figure 3.4), the top two iridium atoms have the option to link

to the center blue iridium in one of two ways: through the solid blue edges of the

top center octahedra in the left panel of Figure 3.4 or through the two opposing

edges of the top center octahedra on the right of the figure. The latter option

continues the orientation of the honeycombs in the same plane, constituting the

layered honeycomb structure. In the three-dimensional structure, the geometry

of the undistorted, edge shared octahedra constrains the angle separating the two

honeycomb planes to be ∼ 70◦, as shown by the red and blue lines drawn on the
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axes in Figure 3.4. This angle separating the honeycomb planes manifests itself in

the crystal morphology and is responsible for the high temperature anisotropy in

the magnetic susceptibility (Chapter 6).

Figure 3.6: The possible geometries of a TM (transition metal)-O-TM bond
with corresponding orbitals active along these bonds. The large (small) dots
represent the transition metal (oxygen) ions. (Left): A 180o bond formed by
corner-shared octahedra, and (right) a 90o bond formed by edge-shared octahe-

dra. Figure and caption reproduced from [28].

The undistorted octahedral environment is also responsible for maintaining equidis-

tance between all nearest neighbor iridium and requires that the exchange path-

ways between each is the same. The superexchange pathway between neighboring

iridium is mediated by two oxygen which make up an Ir-O2-Ir plane (Figure 3.5)

between all nearest neighbor iridium. There are only two active d-orbitals for any
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given Ir-Ir bond in the edge-shared octahedral environment. The right side of Fig-

ure 3.6 shows that a 90o Ir-O-Ir bond will have hopping matrix elements which are

nondiagonal because the dyz-orbital on one atom is active with the dxz-orbital on

the other atom in one exchange pathway, whereas in the corner-sharing octahedra

(left side), the interactions take place between the same orbitals on each magnetic

atom.

The two transfer amplitudes in the edge-sharing octahedra, via the upper and lower

oxygen, will interfere in a destructive manner [28]. In the limiting case, the only

non-vanishing interaction is for the spin component normal to the Ir-O2-Ir plane,

leading to extreme spin-anisotropy of the exchange coupling. The most important

observation to notice is that the exchange interaction depends upon the spatial

orientation of each of the three different bonds and the undistorted property of

the octahedra causes the normals of the Ir-O2-Ir planes to define three orthogonal

directions on the nearest neighbor bonds that coincide with the direction of the

spin-exchange on each bond. This observation is the key ingredient of the Kitaev

model [28] and will play an integral role in understanding the low temperature

magnetic properties of Li2IrO3 (Chapter 6).

Finally, the extent to which the iridium bond according to the two possibilities

in Figure 3.4 suggests the possibility of an entire family of honeycomb structures

(Figure 3.7) [35]. Each member of this structural family is denoted by the c axis

extent of complete honeycomb rows which have the same orientation. The Li2IrO3

structure studied in this thesis has been referred to as H〈N〉-Li2IrO3, with N = 1,

implying that there is one complete honeycomb row which is linked along the c axis

to another complete honeycomb row that lies in a different plane as the first [35]. It

has also been labelled as the “stripyhoneycomb” and γ-Li2IrO3. The end members

of this series include the layered honeycomb, H〈∞〉-Li2IrO3 [51] and the hyperhon-

eycomb structure, H〈0〉-Li2IrO3. It is important to note that each member of this
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Figure 3.7: The locally indistinguishable Ir-Ir bonds due to the undistorted
octahedra can be used to construct a series of structures H〈N〉-Li2IrO3, where
N counts the number of complete honeycomb rows along the c axis before the
orientation of the honeycomb plane switches. Figure and caption reproduced

by [35].

family preserves the edge shared and undistorted octahedral environment, making

the 70◦ angle between the honeycomb planes a universal feature. Each member of

the structural series, however, will be affected by next nearest neighbor exchange

differently, offering a route to search for new and unusual magnetic structures.

The edge sharing property of the octahedra in this structural family is analogous

to the corner-sharing octahedra in the Ruddlesden-Popper family. Despite the fact

that each member of the Ruddlesden-Popper family is locally identical in structure

(each iridium is in a planar environment with its three nearest neighbors separated

by 120◦ degrees), there is a rich variety of exotic states which emerge, including su-

perconductivity and ferromagnetism in the ruthenates, collosal magnetoresistance
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in the manganites and multiferroic behavior in the titanates [35]. Not only does

this family of honeycomb structures provide an opportunity to explore strongly

spin-orbit coupled Mott insulators in the search for new states of matter, but

the edge sharing geometry of the octahedra is the integral property of the Kitaev

model making each member a material candidate for the realization of a quan-

tum spin liquid. The implications of the structural characteristics of H〈1〉-Li2IrO3

referred to hereafter as Li2IrO3, are discussed in the following section.

3.3 Crystal Field and Spin Orbit Effects

In addition to the intrinsic spin (S = 1/2) of each electron, another source of

magnetism is the induced magnetic moment arising from the orbital motion of

each electron about its nucleus. This can be visualized as a loop of current, which

can be affected by the electric field produced by a surrounding charge distribution

in the crystal – the ‘crystal field’. The orbital and spin contributions can often

lead to an “effective” magnetic moment of the electron, allowing it to take values

other than 1/2. The crystal field then, and consequently the magnetic properties,

are critically dependent upon the symmetry of the local environment.

The symmetry of the local environment alone can provide a tremendous amount

of information about the electronic structure and its interaction with a magnetic

field. The mathematical tool for extracting that information is the theory of group

representations. In this section, it will be used to find the lowest energy eigenstates

of Li2IrO3 and determine qualitatively the effects of the spin-orbit interaction and

the Coulomb interaction. A brief interlude is first taken to familiarize the reader

with the key terms and concepts used in group and representation theory that will

aid in the discussion that follows.
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Abstractly, a group is defined as a set of distinct elements which satisfy the follow-

ing properties; 1) a law of composition (such as addition, multiplication, matrix

multiplication etc.) of two elements in a group result in an element which also be-

longs to the group 2) an identity element belongs to the group whose composition

with each element does not change the element 3) there exists an inverse for each

element of the group and the composition of that element and its inverse results

in the identity and 4) the law of composition of the group elements is associative

(e.g. a(b + c) = ab + ac) [52]. A simple example of a group are the real numbers

1 and -1, with multiplication as the law of composition. The groups of particu-

lar interest to the discussion of the iridates are symmetry transformations, such

as rotations, reflections, and translations that leave the physical system invariant

[52]. This group of transformations which act on the physical system can be rep-

resented by a collection of matrices, known as a representation of the group. By

means of a similarity transformation, unitary matrices can be found along with an

orthonormal set of basis functions, which can characterize a state of the system.

The matrices that represent all of the transformations in the group are referred to

as a representation of the group. To remove any extraneous information about the

symmetry of the system, the representation can be expressed as a linear combi-

nation of its irreducible representations. Thus, the irreducible representations are

the smallest necessary subsets of information which can completely describe the

system based on symmetry arguments alone. Each irreducible representation can

be expressed as a matrix or as in our case, a set of orthonormal basis functions

and every state of the system can be described as a linear combinations of these

eigenfunctions.

As discussed in the previous section, each iridium is positioned at the center of

an octahedra with oxygen at each vertex. This octahedral environment, familiar

to many transition metal complexes, lifts the degeneracy of the d-shell (l = 2)
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orbitals on iridium. The octahedron, which is the dual polyhedron of a cube, can

be described by the cubic group O. For a cubic environment, the d-orbitals split

into two irreducible representations or multiplets; the first are most commonly

known as the t2g orbitals with lobes which point between the x, y and z axes

and the second are referred to as the eg orbitals which point along the same

axes [39]. For the remainder of this discussion, the notation of Abragam and

Bleaney [53] will be used so that t2g will be called Γ5 and eg will be referred

to as Γ3. The crystal field is mainly due to the p-orbitals of oxygen, which in

an octahedral environment, extend along the direction of the Γ3 orbitals. Thus,

the Γ3 multiplet has a greater Coulomb repulsion with the p-orbitals and is less

energetically favorable. Therefore, in an octahedral environment, the Γ5 triplet

is lower in energy than the Γ3 doublet (Figure 3.8). The difference in energy

between the d-orbital multiplets – the crystal field splitting – is denoted as ∆CF .

The stoichiometric compound Li2IrO3 has an Ir4+ ion in a 5d5 configuration, which

Ir
O

ᴦ3

ᴦ5

ΔCF

Figure 3.8: The IrO6 coordination splits the orbital degeneracy of the iridium
d-shell by some energy ∆CF . The energy level schematic shows the Γ5 triplet

lower in energy than the Γ3 doublet.

leads to a single hole in the Γ5 multiplet. For the discussion of the iridates, a large

crystal field splitting is assumed and attention can now be restricted to Γ5. A
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basis for the three orbital wavefunctions that span Γ5 can be chosen as ηx, ηy and

ηz, transforming as the dyz, dzx and dxz orbitals, respectively. Again, following

the notation of Abragam and Bleaney [53], a “fictitious angular momentum” basis

can be defined

|+̃1〉 = η+1 =
−ηx − iηy√

2

|0̃〉 = η0 =ηz

|−̃1〉 = η−1 =
ηx − iηy√

2
. (3.2)

Inclusion of the two possible spin states |↑〉 = |+1/2〉 and |↓〉 = |−1/2〉, which

form the irreducible representation Γ6, results in six single-electron states in the

Γ5 multiplet. In a cubic environment, this product is reducible and separates into

a doublet and a quadruplet [53]

Γ5 × Γ6 = Γ7 + Γ8, (3.3)

where Γ8 transforms as a spin 3
2

and Γ7 transforms under rotations of a cube as

a “fake” spin 1
2
. The wavefunctions in Γ7 and Γ8 are defined via Clebsch-Gordan
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coefficients for the cubic group

|Γ7〉2 = −i
√

1

3
|ηx ↓〉+

√
1

3
|ηy ↓〉 − i

√
1

3
|ηz ↑〉

|Γ7〉1 = −i
√

1

3
|ηx ↑〉 −

√
1

3
|ηy ↑〉+ i

√
1

3
|ηz ↓〉

|Γ8〉4 = i

√
1

6
|ηx ↑〉+

√
1

6
|ηy ↑〉+ i

√
2

3
|ηz ↓〉

|Γ8〉3 = −i
√

1

2
|ηx ↓〉 −

√
1

2
|ηy ↓〉

|Γ8〉2 = i

√
1

2
|ηx ↑〉 −

√
1

2
|ηy ↑〉

|Γ8〉1 = −i
√

1

6
|ηx ↓〉+

√
1

6
|ηy ↓〉+ i

√
2

3
|ηz ↑〉 . (3.4)

The spin orbit interaction HSO = λSO ~S ·~L (where ~S and ~L are angular momentum

operators acting on the spin and orbital parts of the wavefunctions respectively)

lifts the degeneracy of the Γ7 and Γ8 multiplets. To determine which multiplet

is lower in energy, the matrix elements must be calculated using the operator

~S · ~L = SxLx + SyLy + SzLz = S−L++S+L−
2

+ SzLz. The operators S+, S−, L+, L−

are the raising and lowering operators, which entered from

Sx =
S+ + S−

2

Sy =
S+ − S−

2i
(3.5)

and can be written similarly for Lx and Ly. As an example, the wavefunction |Γ8〉4
can be rewritten as

|Γ8〉4 = −i 1√
3
|1〉 |↑〉+ i

1√
3
|2〉 |↓〉 − i 1√

3
|−2〉 |↓〉 , (3.6)
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with use of Equation 3.2 and the following Γ5 states

|+̃1〉 = |−1〉

|0̃〉 =
|2〉 − |−2〉√

2

|−̃1〉 = − |1〉 (3.7)

which correspond to the decomposition of the cubic representation of l = 2 [53].

The matrix element

4 〈Γ8|λSO ~S · ~L |Γ8〉4 = −λSO
2

(3.8)

is found using the eigenvalues of Jz = m, along with those of the raising and

lowering operators

J+ |j m〉 = ~
√
j(j + 1)−m(m+ 1) |j m+1〉

J− |j m〉 = ~
√
j(j + 1)−m(m− 1) |j m−1〉 . (3.9)

Calculation of the matrix elements for each state

i 〈Γ7|λSO ~S · ~L |Γ7〉j =λSO

1 0

0 1



i 〈Γ8|λSO ~S · ~L |Γ8〉j =− λSO
1

2


1 0 0 0

0 1 0 0

0 0 1 0

0 0 0 1

 (3.10)

yields the spin orbit splitting ∆ESO = 3/2λSO. Thus, four electrons will occupy

the lower Γ8 multiplet with a single electron occupying Γ7. Both the Γ7 and

Γ8 multiplets will split under the action of a magnetic field due to the Zeeman
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interaction HZeeman = ~M · ~H = (gL~L + gS ~S) · ~H, where gL and gS represent the

orbital and spin contributions to the g-factor, respectively. The effective g-factors

calculated for each multiplet are

gΓ7 =
4gL + gS

3

gΓ8 =
−2gL + gS

3
. (3.11)

Alternatively, the d5 configuration can be considered as a single hole in the Γ5

(six electron states) multiplet. Now, the spin orbit interaction will have opposite

sign to the above discussion causing Γ7 to be lower in energy than Γ8. Either

way, the result is a singly occupied Γ7 state (which effectively transforms as a

spin 1
2
). This effective spin 1

2
state on iridium is responsible for the magnetism

in both the sodium and lithium iridate compounds. In Li2IrO3, the possibility of

lithium deficiency would lead to an Ir5+ valence state with four electrons on the d

shell. This scenario is treated in Appendix A. It is encouraging to note that the

same Γ7 and Γ8 wavefunctions of Equation 3.4 were obtained by first considering

five electrons on the d-shell of iridium in empty space where the wavefunctions of

the 3/2 and 5/2 multiplets are well-defined by the Clebsch Gordan coefficients.

Then, the octahedral environment further reduces the 5/2 representation into Γ7

and Γ8 (Figure 3.9). This exercise is carried out in Appendix B and is instructive

in understanding how the symmetry of irreducible representations constrain the

mixing of electronic states.
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Figure 3.9: The irreducible representations that arise due to the symmetry
of the octahedral environment and the spin-orbit interaction. The red dots

represent the occupied states of five electrons on the d-shell of iridium.
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Experimental Techniques

4.1 Pulsed Magnetic Fields

As most of the data was taken at the Pulsed Field Facility of the National High

Magnetic Field Laboratory, it is appropriate to discuss some of the experimental

advances and challenges in the specialized work of pulsed magnetic field measure-

ments. High pulsed magnetic fields are achieved by discharging a large capacitor

bank through a resistive coil of copper wire. Magnetic fields of 65 T are regularly

obtained by charging the capacitor bank to 8.11 kV, at which point a mechanical

switch closes to make electrical contact from the capacitors to the copper coil.

1.6 MJ of energy is discharged to the coil whose resistive and inductive elements

create a sinusoidal magnetic field profile (Figure 4.1). At about 20 ms into the

pulse, the maximum magnetic field is reached and the switch disconnects the coil

from the capacitor bank and shortcircuits the coil to a shunt. The current decays

exponentially to zero for the remainder of the pulse. This behavior is typical of a

simple LR circuit and is well represented in the magnetic field profile (Figure 4.1).

The world record setting non-destructive magnet at the NHMFL at LANL was

used to measure Li2IrO3 to magnetic fields up to 90 T. The magnetic field profile for
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Figure 4.1: The magnetic field profile for the 65 T short-pulse magnet with
an 8 ms rise time. The total duration of the magnetic field pulse is about 90

ms.

the 100 T pulsed field magnet is shown in Figure 4.2. The total pulse duration is 3

seconds, with much of this time spent ramping up the outer coil set of the magnet

to a field of 39 T with 300 MJ of energy that is delivered by a 1.4 GJ generator.

Inside of the generator-driven magnet, a capacitor bank-driven 65 T short-pulse

magnet is housed. Once a magnetic field of 39 T is reached, at approximately 1.5

seconds into the pulse, the capacitor bank is discharged to reach fields above 100

T in about 8 ms. To significantly reduce the stress on the magnet, it is routinely

operated to fields of 90 T.

The large discharge of energy used to create such high magnetic fields causes

mechanical vibration and heating and makes it very challenging to reduce noise

in the electrical circuitry of the experiments. This, along with the fact that the

entire 65 T magnetic field pulse is over in 100 ms, makes clean data acquisition

54



4 Experimental Techniques

Figure 4.2: The magnetic field profile for the 100 T pulsed field magnet with a
total pulse duration of 3 seconds. The outer coil set of the magnet is generator-
driven to a magnetic field of 39 T. When this field is reached, the capacitor
bank discharges 1.6 MJ of energy to the insert coil, producing a magnetic field
of 100 T. Left inset: Field profile focused on the 40-100 T range. Right inset:
A picture of the generator used to power the 100 T pulsed field magnet. Figure

modified from [62].

a difficult problem. At the Pulsed Field Facility, several steps are taken to try

to improve the ratio of signal to noise during the measurements and accurately

stabilize temperature during the magnetic pulse.
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4.1.1 Temperature Control

The copper coil which makes up the magnet is cooled to 77 K in liquid nitrogen.

The cryostat used for the experiment is inserted directly into the bore of the mag-

net. It is typically filled with liquid helium for most experiments which must be

done at low temperatures and is surrounded by a vacuum jacket. Temperatures as

low as 1.5 K can be reached by pumping on this main bath of liquid helium. The

probe, which holds the sample, thermometer and all measurement wires resides in

a separate space inside a stainless steel fridge with a vacuum jacket, which is then

inserted in the cryostat for better thermal control of the sample environment. For

low temperatures, the probe is inserted directly into liquid 3He or 4He and temper-

atures can be precisely controlled by regulating the vapor pressure of the exchange

gas above the liquid. For most measurements, even at higher temperatures, 3He

or 4He exchange gas will be used as a means of thermal equilibration inside the

sample space. For most of the torque measurements, we found that having the

sample and the lever in liquid 3He, which is more viscous at low temperature,

allows for less vibration during the pulse and cleaner data.

4.1.2 Data Acquisition

The Pulsed Field Facility uses synchronous digital lock-in software that was de-

signed in-house and offers several advantages over conventional lock-in amplifiers.

First, the digital lock-in can operate at very high signal frequencies and sampling

rates, which is necessary for pulsed field measurements where the magnetic pulse is

over in less than a tenth of a second. Secondly, the synchronous digitizer captures

as much information as possible during the pulse and all typical lock-in functions

are applied reversibly to the data afterwards in software. With a magnet cool
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down time of approximately 45 minutes, it is crucial to limit any irreversible loss

of information in data acquisition.

For pulsed field measurements, a sine wave is synthesized along with a clock signal

that is an integer multiple of the signal frequency. The sample response to the

generated signal is sent to the differential front end of a Stanford Research Systems

SR560 low noise preamplifier, which amplifies the signal with gain of 100 (Figure

4.3). Just as the capacitor bank discharges through the magnet, a signal is sent to

trigger National Instruments data acquisition cards that record the torque signal

voltage as a function of time, as well as the pickup voltage from two different coils

used for measuring the time response of the magnetic field and the angle. The

data acquisition cards are triggered with time stamps specified by the clock at

a very high sampling rate of approximately 20 MHz in order to reconstruct the

torque signal as a function of magnetic field. After the experiment, the lock-in

software digitally multiplies the input signal and the reference signal and then

integrates over a user-specified time constant, which acts as a low pass band filter

and the contribution from any signal that is not at the same frequency as the

reference signal is attenuated. Similarly, the reference is adjusted with a 90◦

phase shift and the multiplication and integration are repeated to obtain both

in-phase and quadrature signals. With a conventional lock-in, the time constant is

chosen beforehand such that noise reduction occurs at the expense of response time

causing an unavoidable time delay in the output. With the synchronous digital

lock-in, data can be reanalyzed multiple times with adjustments made to the the

time constant, phase shift, and filtering after the measurement while avoiding any

delays in the signal response.

It is important to compare data taken during both the rise and fall of magnetic

field as it often provides information about temperature control during the pulse.

However, voltages induced by a large dB
dt

(Section 4.1.3) at the beginning of the
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Sample 
signal + 
noise

Low noise 
preamplifier

Sine wave 
synthesizer 
with clock 
generator

Digital lock-inA/D converter

The clock is an 
integer multiple of 

the frequency

Figure 4.3: Left: Schematic of the pulsed magnetic field data acquisition with
synchronous lock-in processes. Right: Sine wave representing the signal input
and the synchronous digital detection with a sampling rate is an integer multiple

of the signal frequency. Figure modified from [54].

pulse result in electrical noise during the up sweep so only the down sweep data

is used. Also, the fall of magnetic field occurs more slowly than the rise, allowing

more data points and better averaging to be acquired on the down sweep. The

electrical noise during the up sweep of the magnetic field can be significantly

reduced with careful design of the measurement probe (Section 4.1.4).

4.1.3 Field and Angle Control

The rotator probe (Section 4.1.4) houses two copper pickup coils with a known

number of turns; one located at the very bottom of the probe used to measure the

magnetic field during the pulse and determine the position of field center, and the

other located on the sample platform used to determine the angle of the sample

with respect to magnetic field. The Maxwell-Faraday Law ∆× ~E = −∂ ~B
∂t

describes
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an electric field induced by a time-dependent magnetic field. Stoke’s theorem can

be used to transition to the intergral form

∮
∂S

~E · d~l =− d

dt

∫
S

~B · d ~A, (4.1)

where the integral on the right hand side gives the magnetic flux Φ through a

surface S [55]. The magnetic flux of a loop of wire with area A in a magnetic field

~B is Φ = BAcosθ with θ defined as the angle between ~B and the vector normal to

the area enclosed by the loop of wire. By considering a coil with N turns of wire,

integration over the left hand side of Equation 4.1 will give the pickup voltage

V =−NAcosθ
dB

dt
(4.2)

from the projection coil that can be used to determine the magnitude of the

magnetic field [55]. The pickup voltage for a 65 T pulse is plotted as a function

of time in Figure 4.4. Integration of the measured voltaged over some time t is

directly proportional to the magnetic field (Figure 4.1).

A smaller magnetic field projection coil resides on the reverse side of the sample

platform to measure the angle of the sample stage, and hence the sample, with

respect to the applied magnetic field (Figures 4.6 and 4.7). Just as with the fixed

pickup coil, the area and the number of turns of the smaller projection coil are

known and the voltage is integrated to yield the magnetic field measured by the

sample stage coil. When the rotating projection coil has the same orientation as

the fixed pickup coil, the vector normal to the area enclosed by each loop is parallel

to the applied field (θ = 0◦ in Equation 4.2) and a maximum voltage is measured.

As the platform is rotated from this orientation, the voltage measured in Equation

4.2 will be a function of θ. A fixed area and number of turns for each coil allows

one to use the ratio of the magnetic field measured by the rotating and the fixed
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Figure 4.4: The pickup voltage from the main field pickup coil used to measure
the magnetic field as a function of time.

projection coil to accurately determine the angle

θ =cos−1

(
Brotator

Bfixed

)
(4.3)

of the platform with respect to the applied magnetic field (Equation 4.3).

Before each experiment, the pickup coil or the platform projection coil can also

used to determine the position of magnetic field center (Figure 4.5) by driving an

AC current through the magnet coil and searching for the maximum voltage as the

probe is raised and lowered. Any nonuniformity of the magnetic field can cause

a force on a magnetic sample that can affect the overall torque signal, making

it particularly important to position the sample in field center to minimize the

magnetic field gradient.
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Figure 4.5: The 65 T magnetic field profile as a function of axial distance
(ẑ direction) symmetrically calculated around field center (0 mm). The inset
shows a 3 percent reduction in magnetic field at a distance 20 mm from the

center of the magnet.

4.1.4 100 T Rotator Probe

For angle dependent information, the sample is rotated on the probe with respect

to the external field between magnetic field sweeps and the measurement will be

repeated. The probe is essentially a long support rod with the sample on one end,

which is inserted into the magnet. All wires that are needed for collecting data are

run up the length of the probe from the sample end (Figure 4.6) to the equipment

above the magnet. The single-axis rotator probe described in this section was

built by me specifically for use in the 100 T magnet, but was also used for the 65

T pulsed field torque measurements.
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3 mm

Figure 4.6: The bottom of the 100 T single axis rotator probe with the lever
side visible on the platform. The breakout pad on the sample stage (center) is
used to make electrical connection to samples mounted on the platform. The
breakout pad out the right disconnects wires running along the length of the
probe from wires running along the outside where they are more likely to need
replacement. The TUF-Line string is free to move in the stainless steel tube

along the bottom right. The fixed angle pickup coil is on the left.

The basic components of the probe include a rotating sample platform, a ther-

mometer, a heater, a magnetic field pickup coil, and a rotating magnetic field

projection coil, all of which are in close proximity to the sample. The probe is

made of a strong type of fiber-reinforced plastic called G-10. It is approximately

100 inches in length and narrows down to a diameter of 1/4 inch at the bottom

to fit inside the bore of the 100 T magnet.

A groove cut into one side of the G-10 platform (Figure 4.7) fixes a TUF-Line
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6.
35

 m
m

Figure 4.7: The reverse side of the 100 T rotator probe. Phosphor bronze
twisted pairs run along the length of the probe to a breakout pad, which makes
electrical connection to the thermometer, the heater, and both projection coils
via copper twisted pairs. The rotating projection (center left) lies opposite the
lever and the sample on the platform. The Cernox thermometer is to the right

of the rotating platform.

string in place that is responsible for rotating the platform. One end of the string

is connected to a linear feed at the top of the probe, allowing for rotation in situ,

and the other end is attached to a spring at the midpoint, which provides tension

on the string. The string is run through a stainless steel tube for protection

as it slides along the length of the probe. A Cernox thermometer is mounted

directly above and as close as possible to the sample platform to provide the most

accurate temperature reading of the sample (Figure 4.7). The heater is made of a
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high resistance (≈50 Ω), green Manganin wire that winds around both the sample

platform and the thermometer to provide even heat distribution (Figure 4.8). A

Neocera LTC-21 temperature controller is routinely used to read the temperature

and control the heater power.

Figure 4.8: The side view of the 100 T rotator probe shows the heater (green
wire) surrounding the sample and thermometer space. The hollow cylindrical
pin in the center lets copper wires pass through the rotation axis of the platform

to make connections to the rotating projection coil and the sample.

Insulated twisted pairs of copper wire are used to carry the measurement signal

along the length of the probe from the reference lever and the sample lever. Each

twisted pair is wound tightly to eliminate any open loop area perpendicular to

field through which changing magnetic flux can induce large voltages and pick up

electrical noise (Section 4.1.3). Each pair is covered with Apiezon N Grease, which

freezes at low temperature, and runs through a grounded stainless steel tube for

electrical shielding from the other pairs of wires. The stainless steel tubes are

glued into place along the length of the probe with GE varnish to reduce vibration
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during the pulse. Breakout pads are used at two places on the probe near the

sample end (Figure 4.6) to allow for connections to new samples to made easily

without unwiring the entire probe. One breakout pad is on the sample platform

and the other is before the opening on the right in Figure 4.6. The opening can

be used to mount samples along the sides of the G-10 walls to do fixed angle

measurements. All twisted pairs from the larger breakout pad exit through a

small hole in the side of the probe and are glued in place along the outside of the

G-10 with GE varnish. Similarly, on the reverse side of the probe (Figure 4.7),

five twisted pairs of phosphor bronze wires, which are slightly more substantial

and have a low thermal conductivity compared to the copper wires, run along the

length of the probe to connect to the thermometer, heater, and both field pickup

coils. To avoid damage to the wires during rotation, a hole is drilled through the

center of the rotation axis of the platform that allows the rotating projection coil

and sample wires to pass through (Figure 4.8).

4.2 Torque Magnetometry

Torque magnetometry is a highly sensitive technique that is uniquely equipped

to probe magnetic anisotropy. A magnetically anisotropic material experiences

a torque ~τ when its magnetization ~M is not aligned with the applied magnetic

field ~H, ~τ = ~M × ~H (Figure 4.9). When the applied magnetic field is parallel

to a principal magnetization axis, the resulting torque will be zero. The intrinsic

magnetic properties of very small single crystals, on the order of ∼10 µm3, can be

measured in pulsed magnetic fields by mounting the sample directly on a piezore-

sistive microcantilever. As the crystal tries to align its magnetic axes with the

applied field, a torque is generated by the sample that is transmitted to the lever.

The mechanical stress of the flexing lever is detected by the piezoresistive path

and measured as a change in resistance. With careful alignment of a single crystal
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on the lever, an angle dependence of the magnetic torque can yield the princi-

pal magnetic axes, as well as the differences between the principle components of

the magnetic susceptibility – referred to as the principal components of magnetic

anisotropy.

✓

~H

~M

a

b

c

~⌧

Figure 4.9: Schematic of a magnetically anisotropic sample oriented on a
cantilever in an external magnetic field. Rotation of the lever with the sample
in this orientation will provide the magnetic anisotropy in the b-c plane . θ
denotes the degree of rotating the crystallographic ĉ axis from the direction of

the applied magnetic field ~H.

The cantilever magnetometry technique offers several advantages over more con-

ventional magnetometry methods. First, cantilever magnetometers can detect a

magnetic moment, m = 10−14 Am2 at 1 T making them roughly two orders of

magnitude more sensitive than the best commercial SQUID magnetometers [56].
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The deflection of the lever can be measured capacitively, optically, or piezoresis-

tively and the preferred method may vary depending upon the particular exper-

iment. Piezoresistive cantilevers are particularly attractive for pulsed magnetic

field measurements and the fabrication process is well-established. The cantilever

is designed with a high eigenfrequency for fast response in transient magnetic

fields, which also aids in reducing electrical noise from low frequency mechanical

vibrations [57]. Unlike most magnetometery methods which require the growth

of large single crystals to detect small magnetic moments, the small dimension

and mass of the cantilever makes it possible to adequately resolve the magnetic

anisotropy of very small single crystals at all temperatures. Finally, as magnetic

torque meausrements access magnetic anisotropy directly, small changes in the

magnetic anisotropy can be resolved even when the individual magnetic suscep-

tibilities are large. Thus, torque magnetometry is an invaluable thermodynamic

probe that has compatibility with high magnetic fields, making it a particularly

well-suited technique to measure the magnetic anisotropy of the first single crys-

tals of Li2IrO3, where the exchange anisotropy is expected to couple to spatial

anisotropy.

Torque measurements on Li2IrO3 were performed in a 20 T superconducting mag-

net designed by Oxford Instruments, and in the capacitor bank-driven 65 T and the

generator and capacitor bank-driven 100 T pulsed field magnets at the NHMFL in

Los Alamos. The experimental details for each of these measurements are largely

the same and outlined below. Some modifications, such as data acquisition and

probe wiring are necessary for noise reduction in the pulsed field magnets and

these are discussed in Section 4.1. The experimental setup, which can typically

resolve a torque signal on the order of 10−14 Nm in the DC magnets and 10−13 Nm

in the pulsed magnets, is explained in more detail by Ohmichi and Osada [57].

A commercial silicon piezoresistive microcantilever fabricated by Seiko Instruments
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Inc. (Figure 4.10) is used in our measurements. It was originally designed for the

noncontact mode in AFM measurements [57]. The principal bending mode of the

cantilever has an eigenfrequency of ∼ 300 kHz (∼ 3 µs), providing a sufficiently

fast response for a pulsed magnetic field which has an 8 ms rise time (Section

4.1). With a sample loaded on the lever, the frequency response can be as low

as ∼10 kHz for samples as large as 1 µg [58]. In such cases, it is important to

reduce the size of the sample to increase the response time during the magnetic

pulse. This cantilever is 120 µm long with a piezoresistive path that can sensitively

detect mechanical stress of the lever. Residing on the same platform is another

piezoresistive path to a shorter reference lever, which lies in the same experimental

environment (far left side of Figure 4.10). Both levers are part of a Wheatstone

bridge circuit, which uses the signal from the reference lever to null out the thermal

and magnetic background of the sample lever, allowing small changes in the torque

due to the samples magnetic response to be measured. The single crystal is directly

mounted on the tip of the lever with silicon grease and is too small to be seen in

Figure 4.10.

For a typical torque measurement in pulsed magnetic fields, an AC voltage source

will send 2 VRMS at a frequency of 59.7 kHz through a 325 Ω resistor and a 40:1

transformer to maintain a constant current of ∼ 150 µA. The current is sent to

each lever, making up two legs of the Wheatstone bridge circuit (Figure 4.11).

The measured output voltage δV (at points A and B in the circuit diagram) from

the bridge is sent to the differential front end of a Stanford Research Systems

SR844 RF lock-in amplifier. The voltage signal from the lock-in amplifier, a direct

measurement of the change in resistance due to the mechanical torque of the lever,

accurately displays the magnitude and sign of the sample’s magnetic torque during

the field sweep. Before each measurement and at zero magnetic field, the bridge is

balanced with a potentiometer to null the background from the torque signal. The
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Figure 4.10: Commercially available silicon piezoresistive microcantilever fab-
ricated by Seiko Instruments Inc. The sample lever on the far left has dimensions

l=120 µm,t=4 µm,w=50 µm.

sensitivity is determined by the noise of this voltage, which is on the order of tens

of µV in zero magnetic field. During the magnetic field pulse, the sensitivity of

the torque signal decreases due to mechanical vibration and inductive/capacitive

cross talk in the measurement wires (Section 4.1), which can give a voltage noise

of ∼ 500 µV.

To obtain quantitative values for the magnitude of the torque signal, several pa-

rameters of the lever are needed, including the longitudinal piezoresistive coeffe-

cient of silicon in the 〈110〉 direction πL, the leg width w, and the thickness t [57].

With an estimated piezoresistive coefficient of 4.5 × 10−10 m2/N and both a leg

width and thickness, of ∼ 4 µm, the measured change in voltage can be converted

to torque with units of Newton-meters with the equation
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Figure 4.11: The Wheatstone bridge circuit diagram for a typical torque
magnetometry measurement in the pulsed magnet.

τ =
4wt2δV

3πLV
=
wt2δR

3πLR
, (4.4)

where V is the excitation voltage and is roughly 100 mV for a lever resistance

path of approximately 500 Ω at low temperature [57]. There is a systematic error

in the absolute magnitude of the signal due to variation in the calibration of the

piezoresistive response of each lever. For this reason, all torque magnetometry

measurements on Li2IrO3 were performed on the same lever to get an accurate

temperature dependence of the magnetic anisotropy. Also, to get an absolute

magnitude of the magnetic susceptibility, the measurements were repeated using

a SQUID magnetometer (Section 4.3), and close agreement with the magnitude of

the torque data is found using the above equation.
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4.3 SQUID Magnetometry

SQUID magnetometers are made up of two superconductors that form a ring,

but are separated by layers of insulating material – Josephson junctions [59]. A

change in the magnetic flux through the Josephson junctions due to the sample’s

magnetic response will change the phase of Cooper pairs across the junction. The

phase difference between the two superconductors affects the electrical properties

at the junction and this can be detected as a change in voltage. By maintaining

a constant current, the flux will vary between two values depending upon the

applied fux quantum, causing the voltage to oscillate [59]. A shift in this oscillation

frequency can be measured with extreme accuracy, making the SQUID a sensitive

measurement of magnetic field. The SQUID measurements on Li2IrO3 (Chapter

6) were done by collaborators in the group of James Analytis at UC Berkeley.

4.4 Proximity Detector Oscillator (PDO) Measurements

PDO is an rf technique that can be used to measure magnetic susceptibility in the

case of insulators or changes in the skin-depth in the case of conducting materials.

The PDO circuit is based on a proximity detector chip used in modern metal detec-

tors, which operates similarly to a TDO (tunnel diode oscillator) circuit. However,

unlike a TDO, the PDO can operate across a wide range of temperatures and in-

ductances, has a broad dynamic resonant frequency range, and is insensitive to

bias voltages [60]. PDO is also a contactless technique that can be used to measure

conductance, which is especially useful for samples whose surfaces are difficult to

contact. Additionally, it is well suited for pulsed magnetic field measurements due

to the high speed of data acquisition – signal frequencies on the order of MHz

allow changes in the sample response to be measured in microsecond time scales

[61].
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Figure 4.12: Left: A photograph of the coil oriented on a probe for magnetic
field aligned with the long axis of the coil. Right: A coil tightly wound around
[Cu(pyz)(gly)](ClO4) to increase the filling factor and the inductive coupling.

The sample is inserted into a coil that is part of the PDO circuit (Figure 4.12).

The filling factor (sample volume/coil volume) should be between 0.5 and 1 to

effectively couple the sample to the coil [60]. Changes in the skin depth (electrical

conductivity) or the magnetic susceptibility will change the inductance L of the

circuit, causing a shift in the measured frequency ω (more details contained in

reference [61]). For insulators, the frequency shit is

∆ω = −a∆χ− b∆Ro, (4.5)

where a and b are positive constant functions of the magnetoresistance, capaci-

tance, and inductance of the circuit. ∆Ro represents the magnetoresistance of the

coax cable and the sensor coil in the presence of a magnetic field [61]. Changes in

the magnetic susceptibility ∆χ can be isolated from the magnetoresistance by tak-

ing a background measurement without a sample inside of the coil and subtracting

this from the sample measurement.
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4.5 Electron Paramagnetic Resonance (EPR)

The electron paramagnetic resonance (EPR) spectra were measured using a cav-

ity perturbation technique and an MVNA spectrometer manufactured by AB-mm.

The sample is placed inside a cylindrical multi-moded cavity with resonant fre-

quencies ranging from ∼ 10 GHz to 40 GHz. A fixed resonant frequency of the

cavity is maintained while sweeping magnetic field. The magnetic field increases

the gap between excitable spin states due to Zeeman splitting (∆E = gµBB in

the case of a sz = −1/2 to sz = +1/2 transition) and when this energy is equal to

that of the photon hν, an allowable transition (∆Stotal = 0, ∆sz = ±1) is observed

as an absorption in the EPR line. Magnetic fields up to 17 T were provided by

a superconducting magnet. A mono-moded rectangular cavity resonating at ∼
70 GHz is used for angle dependent EPR measurements, where rotation between

magnetic field sweeps does not require thermal cycling.
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The torque magnetometry section in the previous chapter provided a general

overview of the technique and a predominantly qualititative discussion. In this

chapter, the magnetic torque measurements of Li2IrO3 are presented, along with

a thorough, but general discussion of torque data analysis, particularly in the low

field limit. Other factors contributing to the torque signal are discussed, includ-

ing: the force acting on a magnetic sample due to a magnetic field gradient, the

magnetoresistive background due to the piezoresistive path of the lever, and the

nonlinear response of the lever.

The magnetic torque of Li2IrO3 was measured in the 20 T superconducting magnet.

At small applied magnetic fields, the linear response of τ/H is determined as a

function of angle and temperature in the crystallographic a-b, a-c, and b-c planes,

yielding the principal components of magnetic anisotropy*. The magnetic field H∗

*Modic, K. A. et al. Realization of a three-dimensional spin–anisotropic harmonic honeycomb
iridate. Nat. Commun. 5:4203 doi: 10.1038/ncomms5203 (2014). J.G.A. synthesized the crys-
tals. J.G.A. and R.D.M. conceived the experiment. K.A.M., R.D.M., A.S. and J.G.A. performed
the torque magnetometry experiments. N.P.B., J.G.A. and T.E.S. performed the SQUID magne-
tometry experiments. A.V., I.K. and A.S. contributed to the theory. A.B., S.C., R.D.J. and R.C.
solved the crystal structure from single-crystal X-ray diffraction measurements and wrote the
crystallography section of the paper. P.W.-C., G.T.M., F.G. and J.Y.C. performed additional
X-ray diffraction measurements. Z.I. measured changes in the low-temperature crystallographic
parameters below TN. All authors contributed to the writing of the manuscript.
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at which a transition, apparently to magnetic saturation, occurs is mapped out as

the field is rotated with respect to each crystal plane. The significance of the data

shown in this chapter, in regards to understanding the physics of Li2IrO3, will be

reserved for Chapter 6.

5.1 Angle Dependent Torque Data

The deflection of the cantilever in a magnetic field is a direct measure of the

magnetic torque of the sample, which can be related to its magnetic anisotropy

with the following analysis of the angle dependent torque. Torque magnetometry

was measured on the first single crystals of Li2IrO3, which were ∼ 40×30×30 µm3.

The primary bending mode of the lever results from a torque that is perpendicular

to both the long axis and the normal of the planar surface of the lever. Thus, the

orientation of the crystal on the lever and the plane of rotation in field should be

chosen is such a way to measure the desired components of magnetic anisotropy,

αij ≡ χi − χj. For example, in Figure 4.9, a sample with known crystallographic

information is oriented on the lever to measure αbc. The cantilever can be mounted

on a rotator probe (Chapter 4) to rotate of the sample with respect to the magnetic

field without thermal cycling. The rotational axis is always the torque axis (â in

Figure 4.9) and rotation between each measurement is done in ∼ 5◦ increments.

Thermal cycling is only necessary when remounting the sample to change the

plane of rotation to measure different principal components of magnetic anisotropy.

When remounting, care is taken to maintain the same center of mass position of

the crystal on the lever to minimize any systematic changes in the size of the

torque signal and the sensitivity.

A single crystal of Li2IrO3 was oriented on the lever with respect to the applied

magnetic field as shown in Figure 5.1. The orientation of the crystallographic axes
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â

b̂

ĉ

~H

Figure 5.1: Left: Single crystal of Li2IrO3 oriented on lever for rotation
through a crystal plane which does not contain a principal direction. Right:
Orientation of crystallographic axes with respect to the macroscopic crystal

and the relative orientation of the applied magnetic field.

with respect to the diamond-shaped morphology of the macroscopic crystal is also

shown on the right hand side of Figure 5.1. The raw torque signal measured as a

function of magnetic field to 18 T is shown in Figure 5.2.

This measurement was done at 1.5 K, within the magnetically ordered state of

Li2IrO3 (Chapter 6), and with an angle of θ = 45◦ between the crystallographic ĉ

axis and the applied magnetic field ~H (the lever was rotated into the plane of the

paper in Figure 5.1). The parabolic shape of the curve below 4 T demonstrates the

paramagnetic response where the induced magnetization is linear in field strength.

At a magnetic field of approximately 4.3 T for this particular orientation and

temperature, the parabolic behavior subsides and the torque signal kinks to a more

linear response at higher fields, implying a saturation of the magnetic response.

When there is no external field applied, the measured torque should be zero.

However, at a finite frequency, the bridge circuit can never be balanced exactly

and this causes a finite voltage reading. The offset at zero field has been removed

by fitting the data below magnetic fields of 3 T to a quadratic function (Inset
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Figure 5.2: The raw torque signal of Li2IrO3 as a function of applied mag-
netic field measured at T=1.5 K. The magnetic field is applied 45◦ from the
crystallographic ĉ axis toward an angle between the crystallographic â and b̂
axes. The inset shows the measured torque below magnetic fields of 4 T with a
parabolic fit to fields below 3 T. The inset highlights a small, but finite offset
in the measured torque in the absence of an external field due to an imbalance

of the bridge circuit.

of Figure 5.2) and subtracting the y-intercept determined by the fit parameters.

This value has been subtracted from all values of the output voltage.

The measurement is repeated for a number of different angles between the crys-

tallographic ĉ axis and the applied magnetic field and the data is shown in Figure

5.3. The offset has been removed and the observed deflection of the lever measured

as a voltage has been converted to proper units of torque (Nm) using Equation

4.4. Each of the colored curves correspond to different degrees of rotation through

the arbitrary crystal plane shown in Figure 5.1. The red data corresponds to the

magnetic field applied parallel to the crystallographic ĉ axis and green data is

77



5 Torque Data Analysis

Figure 5.3: Raw torque signal of Li2IrO3 as a function of magnetic field at
T=1.5 K. Colored curves correspond to rotation of the crystal with respect to
the applied field from the crystallographic ĉ axis through an arbitrary plane of

the crystal.

taken when the field is applied in the a-b plane. Blended colors represent angles

in between these two directions. The full data set in Figure 5.3 represents a com-

plete 180◦ rotation through a single crystal plane. The positive (negative) sign of

the torque signal, which changes with magnetic field applied to either side of the

ĉ axis, is associated with the lever flexing up (down). The relationship between

the sign and the direction of flexing depends on the bridge circuitry and can be

verified by carefully flexing the lever under a microscope and recording the sign of

the voltage measured.

The measured torque (without a force contribution, which will be discussed shortly)

is simply ~τ = ~M × ~H and so a convenient way to represent the magnetization is to
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H★

Figure 5.4: Torque signal τ divided by the applied magnetic field H at a
temperature of 1.5 K, indicating a linear low field dependence which is strongly

angle dependent. Colored curves correspond to angles in Figure 5.11.

divide the data in Figure 5.3 by the applied magnetic field (Figure 5.4). At tem-

peratures well within the magnetically ordered phase, just as one would observe in

a magnetization measurement, a few features from the τ/H data are immediately

noticeable. At all angles, τ/H increases linearly as function of field until a change

in slope occurs at a field denoted as H∗, and then the magnetic response more or

less saturates at higher fields. In the low field limit ( ~M = χ ~H), the kink field H∗

is inversely proportional to the magnetic susceptibility. For application of field in

or near the a-b plane, field strengths of only ∼3-5 T are required to saturate the

magnetic response along the field direction. This is true for magnetic field applied

at almost all angles, except those very near the ĉ direction. When magnetic field

is applied near ĉ (red curves in Figure 5.4), the linear response in τ/H is observed
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at low fields, but much larger field strengths are required for saturation and this

can be accompanied by a large deflection of the lever and a nonlinear response.

The nonlinear behavior that occurs when the field is applied along the “hard”

magnetic axis is the result of a feedback mechanism in which the angle-dependent

torque changes the angle of the lever. Especially in a system which exhibits large

magnetic anisotropy, such as Li2IrO3, a small change in the angle of the lever

due to the magnetic torque can lead to a large change in the magnetic torque

exerted by the sample. This effect is most dramatic when the magnetic field is

applied along a direction in which it is energically unfavorable for an increase in the

magnetic susceptibility to occur – essentially competing with a desire to increase

susceptibility at nearby angles, altering the angle and the measured torque in a

nonlinear fashion.

Figure 5.5: The Wheatstone bridge circuit diagram for a typical torque mag-
netometry measurement in the pulsed magnet.
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Another nonlinear effect can occur due to the piezoresistive elements of the lever.

A simple experimental test was set up to ensure that the measured voltage is a

linear response of the torque exerted on the lever when the sample is not attached

to it. The change in voltage was measured, while replicating the details of the

experimental set-up used in the Li2IrO3 measurements (Chapter 4), as the lever

was flexed incrementally using a micromanipulator under a microscope. The volt-

age measured as a function of downward deflection of the lever is shown in Figure

5.5. The lever broke after a downward displacement of 13 µm. The output voltage

of the bridge circuit shows a linear response up to a modest deflection of 9 µm,

corresponding to a lever angle of ∼ 4.3◦. The size of the torque signal at which

the response becomes nonlinear is much larger than the torque exerted by Li2IrO3

suggesting that we are well within the linear response regime of the lever.

Referring back to the τ/H data in Figure 5.4, it is also obvious that the entire

data set lies on a background with an overall negative slope. For example, the

torque measured with the lever positioned at +45◦ and -45◦ in Figure 5.3 (brown

curves with angle-color relationship labeled in Figure 5.11) should be symmetric

about zero. Instead, the lever position (-45◦) which demonstrates negative torque

is of larger magnitude at high fields than its counterpart (+45◦). This assymetry

can either be explained by a small, yet finite force component from a magnetic

field gradient or from magnetoresistance in the lever. The torque signal due to

the sample’s magnetic properties will change sign according to a sin2θ dependence

(discussion to follow in this section). As the position of the lever with respect to

field orientation is rotated 360o, the sign of the torque signal will change upon

entering each quadrant, with the same sign observed for quandrants diagonally

opposite each other (Figure 5.6). The positive sign corresponds to the lever flexing

upwards and negative corresponds to a downward deflection . This is unlike force

or magnetoresistive contributions, which either always add to or subtract from the
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torque signal irrespective of the angle of the lever. The relative magnitude of the

assymetry was studied due to each effect.

Torque

Force

Magnetoresistance
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Figure 5.6: Schematic of the appropriate sign of the torque, force, and magne-
toresistive contributions to the measured signal as the lever is rotated between
each quadrant. The example shown is for magnetic field applied in the +ẑ

direction with the lever positioned slightly above field center.

The potential energy of a magnetic moment in an applied magnetic field is E =

−~m · ~H. The force, given by the negative derivative of energy with respect to

distance, on a magnetic moment suggests that a non-uniform applied magnetic

field in the ẑ direction will also contribute to the measurement signal according to

F =m
dH

dz
. (5.1)
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The relative magnitude of the force contribution to the signal can be observed by

repeating measurements with the cantilever raised or lowered out of field center

to determine whether or not the magnetic field gradient is causing a significant

source of error. The magnetic torque was measured to 65 T with the probe raised

20 mm above and below field center (Figure 5.7). Upon raising or lowering the

probe from field center, a 1.5 percent change in the response was observed at

maximum field where the force component is expected to be greatest. It should be

noted that this test of the force contribution was done for torque measurements

in a plane with larger magnetic anisotropy than those shown in Figure 5.2, which

explains the more than an order of magnitude increase in the torque signal. By

using the probe centering technique discussed in Section 4.1.3, there is no reason

to anticipate that the lever and the sample are more than 5 mm from field center.

Hence, it is safe to assume that the force on the lever due to a magnetic field

gradient is negligible and is not responsible for the assymetry observed in the

angle dependent measurements.

To further explore the cause of the assymetry, which became more apparent at

high magnetic felds (Figure 7.4), tests were done in the 65 T pulsed magnet with-

out a sample to determine the effects of magnetoresistance. During pulsed field

measurements, only two legs of the Wheatstone bridge circuit are placed in the

applied magnetic field; the lever and the reference lever. A two-point measure-

ment of the angle dependent magnetoresistance of both the empty lever and the

reference lever was done at 4 K with 125 µA, the typically amount of current used

during pulsed field torque measurements. The lever was rotated with respect to

the applied field in ∼ 20◦ increments. An applied magnetic field will cause the re-

sistance to increase with increasing field strengths. Just as expected, this behavior

is observed for both levers with a larger (16 percent) change in magnetoresistance

for fields applied perpendicular to the lever path (0◦) as compared to fields applied
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parallel to the lever (12 percent).

The question remains as to how this magnetoresistance affects the output voltage

measured from the bridge circuit and if its relative magnitude accounts for the

asymmetry observed in our measurements. To calculate the output voltage as a

function of all resistors making up the bridge circuit, the driving voltage Vin =

IRtotal must be determined. With the use of a 40:1 turns ratio N transformer and

load resistor RLoad ∼ 500 Ω, an effective impedance Z = N2RL of ∼ 800 kΩ allows

a constant current to be assumed. For the particular arrangement of resistors in

Figure 5.7: Torque with magnetic field applied parallel to the crystallographic
b̂ direction (thick blue line) at 4 K. Measurements repeated with the probe raised
and lowered from field center by 20 mm (thin black lines) showing a 1.5 percent

change in torque at 60 T.
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Figure 5.8: Angle dependent magnetoresistance of the unloaded lever and the
reference lever by a two-point voltage measurement (no bridge circuit) at 4 K.
For 60 T magnetic fields applied perpendicular to the lever (0◦ or 180◦), a ∼ 16
percent change in magnetoresistance is observed, while the lever experiences a
∼ 12 percent change in resistance for fields applied parallel (90◦). Inset: The
power x in the a+ bHx fit to the magnetoresistance data plotted as a function

of angle, which follows a cos2θ dependence.
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Figure 5.9, the total resistance Rtotal is given by

Rtotal =
1

1
RL+RR

+ 1
R3+R4

=
(R3 +R4)(RL +RR)

RL +RR +R3 +R4

. (5.2)

The potential divider will supply an output voltage Vout according to the equation

Vout =
( R4

R3 +R4

− RR

RL +RR

)
Vin, (5.3)

which is given in its final form in Figure 5.9.

Vout

I
=

RLR4 � RRR3

RL + RR + R3 + R4

RL

RR

R3

R4

Vin = IRtotal

Vout

Figure 5.9: Schematic of the Wheatstone bridge circuit and the effect of each
resistor on the measured output voltage. RL is the resistance of the sample

lever and RR is the resistance of the reference lever

The behavior of the output voltage as a function of magnetic field can be sim-

ulated by incorporating magnetoresistance with a H
1
3 field dependence on both

the sample and reference levers, and torque with an H2 field dependence on the

sample lever. The resistance can be calculated using the right side of Figure 5.9,

where RL is the resistance of the path to the lever with the sample and RR is the

resistance of the reference lever path. Both the magnetoresistance and the torque

have an angle dependence, which is known from previous measurements. The
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torque signal follows a sin2θ dependence and the magnetoresistance of both levers

behave as cos2θ. After including the angle dependence and choosing reasonable

prefactors for each term, the calculated output voltage as a function of magnetic

field is shown in Figure 5.10. The torque is simulated as a change in resistance

measured from the balanced bridge circuit with the following considerations. Each

of the four resistors making up the Wheatstone bridge circuit has a resistance of

∼ 500 Ω at zero magnetic field and at low temperatures. While measuring Li2IrO3

in magnetic fields up to 65 T, it is found that the zero field resistance value can

change by as much as 10 percent due to the torque on the lever during the pulse.

The parameters describing the field and angle dependences were taken from fits to

the magnetoresistance data for both the sample and the reference levers. However,

the magnitude of the magnetoresistance has been tested without a sample on the

lever and thus, there is no torque. Magnetically isotropic materials cannot be used

to test this because they do not experience a torque. While it is not definite that

the magnetoresistance is fully responsible for the overall negative slope and the as-

symetry in the angle dependent measurements, the simulation accurately captures

the observed data in the sense that at high magnetic fields, the magnitude of the

measured torque for positive angles is approximately half of that measured at neg-

ative angles. This observation describes all of the high field torque measurements

and so a magnetoresistive background will be subtracted when it is necessary.

A wealth of information about the sample’s magnetic anisotropy can be understood

from the simple, parabolic response of the torque signal at small fields. It is in this

regime that the magnetic response behaves linearly with applied magnetic field and

so the magnetic anisotropy can be captured by a susceptibility tensor Mi = χijHj.

The susceptibility tensor is diagonal in the basis of the principal magnetic axes,

which defines three principal components of magnetic susceptibility χa,b,c. For

Li2IrO3, which is an orthorhombic crystal, these magnetic axes naturally coincide
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Figure 5.10: Simulation of a magnetoresistive background added to a
parabolic torque signal. 0◦ describes the lever perpendicular to the applied
magnetic field. The assymetry of the torque signal as a function of angle is

approximately of the same magnitude observed while measuring Li2IrO3.

with the crystallographic directions and this can be independently confirmed with

torque magnetometry. For example, for rotations in the b-c plane (Figure 4.9)

at small applied fields, the anisotropic magnetization (Mb,Mc) = (χbHb, χcHc)

creates a torque

τa =MbHc −McHb = (χb − χc)HbHc. (5.4)

Defining θ as the angle between a crystallographic axis (ĉ in this case) and the

applied magnetic field, the torque can be rewritten as

τa =(χb − χc)H2sinθcosθ =
(χb − χc)H2sin2θ

2
, (5.5)

where (Hb, Hc) = (Hsinθ,Hcosθ). X-ray data on Li2IrO3 separately identified the
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crystallographic axes and so by defining θ as the angle between the ĉ direction

and the applied magnetic field, it is easy to see that the torque will be zero when

the field is applied parallel to the principal magnetic directions (τ ∝ sin2θ = 0

when θ = 0◦ or 90◦). The principal magnetic directions can also be identified from

a complete angle dependence of torque measurements even for a sample without

known crystallographic information. As only the components of susceptibility

perpendicular to the torque axis are measured, θ can always be defined from any

direction in that plane causing the torque at small fields to pass through zero as

the crystal is rotated. To uniquely identify the principal magnetic axes, it may be

necessary to do an angle dependence of the torque measurements through several

crystal planes to find the true high symmetry direction of the sin2θ dependence.

Importantly, expression 5.5 suggests that the slope of the linear response in τ/H

versus H at low fields (Figure 5.4) will have a sin2θ dependence with the amplitude

being proportional to the magnetic anisotropy, αij = (χi−χj) (Figure 5.11). Thus,

an angle dependence of the magnetic torque is a powerful method to identify the

principal magnetic directions and sensitively measure the principal components of

magnetic anisotropy.

The slope of the linear response of τ/H versus H (Figure 5.4) is plotted as a

function of angle in Figure 5.11. In the paramagnetic regime, when the magnetic

field is aligned parallel to a principal magnetic direction, the magnetic moments

will grow along that direction, resulting in zero torque. This is observed when

magnetic field is applied parallel to the crystallographic ĉ direction (θ = 0◦ in

Figure 5.11). The gray line is a sin2θ fit through the data points to obtain the

amplitude and quantify the magnetic anisotropy αij.

After determining the principal magnetic axes, the same single crystal was reori-

ented on the lever to completely map out the principal components of magnetic

anisotropy. An angle dependence in the a-c and a-b planes were measured in the
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20 T superconducting magnet and the b-c plane was measured in the 65 T pulsed

magnet. Using the diamond-shaped morphology (left side of Figure 5.13), the de-

sired components of magnetic susceptibility were oriented in the plane of the long

axis of the lever and the planar normal. With magnetic field oriented in the the

a-c plane and at a temperature T = 1.5 K, the magnetic field was swept to 18 T

at a rate of 0.5 T/min and data was taken during both the up and down sweep

of field with no noticeable hysteresis present. τ/H versus H is shown in Figure

5.12 with the blue (red) color corresponding to the magnetic field applied parallel

to the crystallographic â (ĉ) direction. Blended colors are used for magnetic field

applied between the â and ĉ directions as illustrated in the bottom left panel of

Figure 5.13. The rotation of the lever between magnetic field sweeps is in ∼ 5◦
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Figure 5.11: The slope of the low-field linear response of τ/H (Figure 5.4)
measured as a function of angle. θ = 0◦ is with field applied parallel to the
crystallographic ĉ axis. The crystal is rotated with respect to the external field

toward a direction in the a-b crystal plane.
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Figure 5.12: τ/H as a function of magnetic field for rotation of the crystal in
the a-c plane. The colored curves correspond to magnetic field applied parallel

to crystallographic directions indicated in Figure 5.13

increments.

The linear response of magnetization is observed with applied magnetic fields

below approximately 10 T for all field orientations. A small kink at a particular

field H∗ is discernable at most angles. As the lever is rotated so that the field

is applied near the â axis (θ > 45◦), H∗ moves to high field until it is no longer

observable below 18 T. H∗ and the low-field slope are plotted as a function of angle

in the right side of Figure 5.13. χa − χc is given by the amplitude of the sin2θ

fit and is approximately 5 times smaller than the magnetic anisotropy measured

between the ĉ direction and the 110 direction roughly (Figure 5.11). The much

smaller magnetic anisotropy observed in the a-c plane suggests that the magnetic

susceptibility is largest when there is some component of field along b̂. This is in
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5 Torque Data Analysis

agreement with a kink field H∗ that is pushed to higher fields when there is no

component of field along b̂ (top right of Figure 5.13).

10

20

30

0

H
* HTL

~H

â

b̂

ĉ

ĉ â

Figure 5.13: Left: Crystal orientation on lever for a-c plane of rotation. Top
right: Kink field, H∗ plotted as a function of angle. Bottom right: Angle

dependence of low field linear response.

By carefully aligning the sample so that the normal of the diamond face (ĉ axis)

is parallel to the torque axis (left side of Figure 5.15), the magnetic anisotropy in

the a-b plane was measured. Similarly, the data is taken at T = 1.5 K. τ/H as

a function of magnetic field is shown in Figure 5.14 with the blue (yellow) curves

corresponding to magnetic field applied along the crystallographic â (b̂) directions.
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5 Torque Data Analysis

The behavior of the low field slope and the kink field as a function of angle are

revealed in Figure 5.15 for field applied in the a-b plane.

Figure 5.14: τ/H as a function of magnetic field for rotation of the crystal in
the a-b plane. The colored curves correspond to magnetic field applied parallel

to crystallographic directions indicated in Figure 5.15

Some important observations can be made by comparing the measured torque in

the a-c and the a-b planes. First, by considering only the data in the low field limit

(less than 3 T), the size of the torque signal changes by an order of magnitude

between the two data sets. This is most easily distinguishable in the τ/H2 plot in

the bottom right hand panels of Figures 5.13 and 5.15 (notice that the units on the

vertical axes are different). This data confirms a much larger magnetic anisotropy

in the a-b plane. Second, there is a much stronger angle dependence of the kink

field H∗ when the magnetic field is applied in the a-b plane. The anisotropy in the
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~H â
b̂

ĉ

â b̂

Figure 5.15: Left: Crystal orientation on lever for a-b plane of rotation. Top
right: Kink field, H∗ plotted as a function of angle. Bottom right: Angle

dependence of low field linear response.

magnetic susceptibility correlates with the anisotropy in the kink field, indicating

that there is a common moment at the kink field for all field orientations. However,

because only the differences in the magnetic susceptibility are probed, the torque

data alone cannot reveal the size of the field-induced moment.

To focus on the temperature dependence of the linear response in the 20 T super-

conducting magnet, the angle dependent torque in the b-c plane was only measured

to magnetic fields of 5 T. This allowed us to determine the magnetic anisotropy

αbc on the same single crystal as that used to measure the other principal com-

ponents of magnetic anisotropy. Measuring different samples changes the relative
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size of the torque signal, making it difficult to accurately compare the magnetic

anisotropy in different crystal planes. The data taken in the b-c plane is shown in

Section 7.2. The 20 T magnet was also used to repeat the angle dependence to

5 T to observe the low field slope of τ/H versus H for all three crystal orienta-

tions at several temperatures ranging from 1.5 to 240 K. The significance of how

the magnetic anisotropy evolves with temperature is summarized and discussed in

Chapter 6. This chapter has presented all of the low field (magnetic fields up to

18 T) torque measurements performed on Li2IrO3. The measurements were later

extended to higher fields in the pulsed field magnets to map out the angle depen-

dence of the kink field H∗ for fields applied in the b-c plane and try to saturate

the response. The high field torque data (Chapter 7) will be considered in regards

to unanswered questions and future work.
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The angle dependent magnetic torque of Li2IrO3 was measured in applied mag-

netic fields up to 5 T at a number of temperatures ranging from 1.5 to 240 K to

determine the low field slope. As discussed in Chapter 5, the slope as a function of

angle follows a sin2θ dependence with an amplitude that is directly proportional

to the magnetic anisotropy. In this chapter, the differences between the principal

components of magnetic susceptibility – the magnetic anisotropy – as a function of

temperature is shown for each of the principal planes of rotation*. The significance

of the unusual temperature dependence of the magnetic anisotropy of Li2IrO3 is

discussed – starting with the high temperature behavior and then transitioning to

the magnetically ordered state at low temperatures. In the context of the Kitaev

model, a spin liquid state will manifest itself in the limit of purely anisotropic ex-

change interactions. The temperature dependence of the magnetic anisotropy from

the torque measurements provides compelling evidence for enhanced anisotropy in

*Modic, K. A. et al. Realization of a three-dimensional spin–anisotropic harmonic honeycomb
iridate. Nat. Commun. 5:4203 doi: 10.1038/ncomms5203 (2014). J.G.A. synthesized the crys-
tals. J.G.A. and R.D.M. conceived the experiment. K.A.M., R.D.M., A.S. and J.G.A. performed
the torque magnetometry experiments. N.P.B., J.G.A. and T.E.S. performed the SQUID magne-
tometry experiments. A.V., I.K. and A.S. contributed to the theory. A.B., S.C., R.D.J. and R.C.
solved the crystal structure from single-crystal X-ray diffraction measurements and wrote the
crystallography section of the paper. P.W.-C., G.T.M., F.G. and J.Y.C. performed additional
X-ray diffraction measurements. Z.I. measured changes in the low-temperature crystallographic
parameters below TN. All authors contributed to the writing of the manuscript.
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the exchange interactions, but competing interactions prevail, causing the system

to order at low temperature. In an effort to engineer a spin liquid, the magnetic

anisotropy of Li2IrO3 must be understood in order to design a material with more

extreme anisotropy in the exchange.

In this chapter, the significance of this unusual temperature dependence of the

magnetic anisotropy will be discussed in detail. Beginning with the high tempera-

ture behavior, the observed magnetic anisotropy can be understood by a uniaxial

g-factor anisotropy that is constrained by the crystal structure. Crystallographic

x-ray data confirms that there are no changes in the crystallographic symmetry

from room temperature to below the ordering temperature TN [35]. These ob-

servations place constraint on the ordering of the principal components of the

g-factor at all temperatures. Upon cooling, the deviation from Curie-Weiss like

Figure 6.1: Slope of the low field linear regime plotted as a function of angle
for rotation in the a-c plane at a number of temperatures ranging from 240 K

to 2 K.
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behavior is highlighted by the crossover of χb and χc at T = 75 K, indicating

the energy scale at which the exchange interactions are becoming relevant. The

temperature dependence of the magnetic anisotropy suggests that the observed

10-fold increase in χb at low temperatures must be driven by spin-anisotropy in

the exchange interactions.

6.1 Temperature Dependent Magnetic Anisotropy

Using the analysis previously discussed in Section 5.1, the magnetic anisotropy

αij = χi−χj is found for the principal components of magnetic anisotropy αa,c, αa,b,

and αb,c at several temperatures. The slope of τ/H at small applied fields, where

the magnetization is linear in field strength, is plotted as a function of angle for a

number of different temperatures in Figures 6.1, 6.2, and 6.3 for field orientations

in the a-c, a-b, and the b-c planes, respectively.

The angle dependence of the slope is fitted to a sine function to extract the ampli-

tude (equal to
χi−χj

2
, see Equation 5.5) and find the magnetic anisotropy χi − χj

at each temperature. The result is plotted in Figure 6.4. The units of the mag-

netic anisotropy have been converted to µB/iridium to compare with the absolute

magnitude of the magnetic susceptibillity measured with SQUID magnetometry

(Figure 6.5). The volume of the unit cell, along with the crystal volume esti-

mated by the crystal dimensions were used to approximate the mols of iridium as

5.95× 10−9. The Nm units of the torque signal, found using the piezo coefficient

of the lever in Equation 4.4, can easily be converted to units of Bohr magnetons.

The first thing to notice in comparing the three data sets (Figures 6.1, 6.2, and

6.3) is that rotations that include magnetic field oriented along the b̂ axis have an

amplitude that is roughly an order of magnitude greater than the a-c anisotropy at
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low temperatures (compare purple curves in Figures 6.2, and 6.3 to purple curve

in Figure 6.1).

Surprisingly, the amplitude of the sin2θ dependence changes sign as a function

of temperature in Figure 6.3. This crossover from a positive to negative ampli-

tude is emphasized in the inset, which is focused on the temperature range 60

K to 100 K. Upon increasing the temperature above 75 K, the torque signal at

small applied fields changes sign, suggesting that χc becomes greater than χb at

high temperature. The resolution of this reordering of the principal components

of magnetic susceptibilty nicely illustrates the sensitivity and usefulness of the

torque magnetometry technique. Because torque directly probes the magnetic

anisotropy, a value that is often the main goal of an experiment, it is able to

resolve the differences between the principal components of susceptibility even

Figure 6.2: Slope of the low field linear regime plotted as a function of angle
for rotation in the a-b plane at a number of temperatures ranging from 240 K

to 2 K.
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Figure 6.3: Slope of the low field linear regime plotted as a function of angle
for rotation in the b-c plane at a number of temperatures ranging from 240 K
to 2 K. Inset: Narrowed focus on temperature range where magnetic anisotropy

χb − χc changes sign.

when the individual susceptibilities themselves are large. It would be difficult to

accurately determine the anisotropy using conventional magnetometry methods

because any misalignment of the crystal will allow undesireable components of the

susceptibility to contribute to the signal. Especially for a material with a high

degree of magnetic anisotropy, even a very slight misalignment can lead to a large

change in the magnetic response. Incidentally, the orientation of the crystal on the

lever was left untouched during these measurements with temperature as the only

changing variable, which unambiguously confirms the reordering as a function of

temperature.

By subtracting the appropriate pairwise differences of the magnetic susceptibility

measured with SQUID magnetometry, the light gray data points in Figure 6.4 are
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Figure 6.4: Temperature dependence of the magnetic anisotropy, as obtained
from the amplitude of the sin2θ dependence in Figures 6.1, 6.2, and 6.3.

obtained. This data is in close agreement with the magnetic anisotropy obtained

from torque magnetometry. Because the absolute magnitude of the torque signal

relies on the piezoresistive response, which can vary from lever to lever, we used

the SQUID data to obtain meaningful absolute values for the susceptibility. We

chose to use both techniques in unison as there are some ambiguities that arise

in the susceptibility measurements. At high temperatures, the gray lines from

the SQUID measurements do not lie on the torque data points. Furthermore,

the correct ordering of the principal components at high temperature cannot be

captured using the SQUID magnetometer due to a decrease in the sensitivity

(this is visibly true in the plot of 1/χ in Figure 6.10). Also, the smallness of

the crystals make it very difficult to accurately align each principal component of

susceptibility with the applied magnetic field in the SQUID. To increase the size

of the signal and try to minimize the alignment error, these measurements were
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Figure 6.5: Temperature dependence of the magnetic susceptibility as mea-
sured with SQUID magnetometry using an aligned mosaic of single crystals.

Figure modified from [35].

performed for a mosaic of 7 crystals. To account for these inaccuracies, the data

points acquired with torque magnetometry in Figure 6.4 were scaled so that the

low temperature data for both techniques is in agreement. The vertical axis is then

displaying meaningful values for the magnitude of the susceptibility differences.

The torque measurements, which can accurately yield the relative magnitude of

the principal components of magnetic susceptibility with respect to one another,

can then be used to determine the correct value for the differences between the

principal components at all temperatures. The rescaled torque data was then

used to correct the high temperature magnetic susceptibility to display the proper

ordering of the principal components of susceptibility and capture the crossover

of χb and χc at 75 K in Figure 6.5.
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6.2 High Temperature Magnetic Anisotropy

Most of the details presented in this section regarding the analysis of the high tem-

perature magnetic anisotropy can also be found in the supplementary information

of reference [35]. For an effective spin 1/2 system at temperatures greater than

the exchange interaction energy scales, one expects that only g-factor anisotropy

affects the behavior of the magnetic anisotropy. First, one should look to the crys-

tal structure to try to relate the magnetic behavior to the geometrical properties.

As recalled from Section 3.2, each iridium atom in the harmonic honeycomb series

occupies a local, three-fold planar environment with its nearest neighbor iridium.

This is true regardless of the honeycomb plane in which the atom under consider-

ation resides (red versus blue spheres in Figure 3.3). Such an environment implies

that each iridium can be described by a uniaxial g-factor anisotropy that can be

captured by a magnetic susceptibility parallel χ‖ to and perpendicular χ⊥ to the

plane defined by its three nearest neighbor iridium atoms. The measured high

temperature magnetic anisotropy αij = χi − χj, arises from the sum of this local

anisotropy of the two interlaced honeycomb planes. At high temperatures, we find

that the ĉ component of magnetic susceptibility, which is parallel to both of the

honeycomb planes, is larger than χa,b, which both include some component of χ⊥

(Figure 6.6). Thus, the data reveals that χ‖ > χ⊥. Strangely, this is opposite

to the ordering of the parallel and perpendicular components of the susceptibility

χ‖ < χ⊥ observed in the layered Na2IrO3 compound [49, 63]. It is possible that

the larger octahedral distortions within the layers of Na2IrO3 act in such a way to

increase the orbital component of the g-factor when the magnetic field is applied

perpendicular to the layers.
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Figure 6.6: c axis view of Li2IrO3 crystal structure showing two honeycomb
planes separated by a 70◦ angle (green arc). The components of magnetic
susceptibility χ‖ and χ⊥ are used to describe the uniaxial g-factor anisotropy

of each plane.

Defining φ as the 70o angle separating the two honeycomb planes (Figure 6.6), the

components of magnetization along â and b̂ for one of the honeycomb planes is

Ma =M⊥cos
φ

2
+M‖sin

φ

2

Mb =M⊥sin
φ

2
−M‖cos

φ

2
. (6.1)
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The magnetization parallel M‖ and perpendicular M⊥ to that plane can be written

as

M⊥ =χ⊥H⊥ = χ⊥(Ha cos
φ

2
+Hb sin

φ

2
)

M‖ =χ‖H‖ = χ‖(Ha sin
φ

2
−Hb cos

φ

2
). (6.2)

Putting this together, the resulting components of magnetization for one of the

honeycomb planes is

Ma = χ‖sin
φ

2

[
−Hbcos

φ

2
+Hasin

φ

2

]
+ χ⊥cos

φ

2

[
Hacos

φ

2
+Hbsin

φ

2

]
Mb = −χ‖cos

φ

2

[
−Hbcos

φ

2
+Hasin

φ

2

]
+ χ⊥sin

φ

2

[
Hacos

φ

2
+Hbsin

φ

2

]
. (6.3)

While the other honeycomb plane will similarly take the form

Ma = χ‖sin
φ

2

[
Hbcos

φ

2
+Hasin

φ

2

]
− χ⊥cos

φ

2

[
−Hacos

φ

2
+Hbsin

φ

2

]
Mb = χ‖cos

φ

2

[
Hbcos

φ

2
+Hasin

φ

2

]
+ χ⊥sin

φ

2

[
−Hacos

φ

2
+Hbsin

φ

2

]
. (6.4)

The magnetization components in Equation 6.4 can easily be obtained by changing

the sign of the argument in the sine and cosine functions in Equation 6.3. The

sum of the local anisotropies of each honeycomb plane give three components of

magnetization determined by only two microscopic parameters

Ma =2Ha

[
χ⊥cos2φ

2
+ χ‖sin

2φ

2

]
Mb =2Hb

[
χ⊥sin2φ

2
+ χ‖cos2φ

2

]
Mc =Hcχ‖, (6.5)

where the ĉ component of magnetization is purely parallel to both honeycomb
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planes. Using χ± = χ‖ ± χ⊥ and half angle trig identities, the anisotropic suscep-

tibility due to local g-factor anisotropy can be simplified to

χa = χ+ − χ−cosφ

χb = χ+ + χ−cosφ

χc = χ+ + χ−. (6.6)

Again, recall from Section 3.2 that the geometry of the undistorted, edge sharing

octahedra constrains the angle separating the two honeycomb planes to φ ∼ 70◦.

At high temperature where g-factor anisotropy dominates, the uniaxial iridium

environment combined with the relative orientation of the honeycomb planes, leads

to some very simple insights about the magnetic anisotropy. First, from Equation

6.6, the ordering of the three principal components of the magnetic susceptibility

must be χc > χb > χa. Furthermore, cosφ ∼ 1
3

requires that the principal

components must be equally spaced 2χb = χa + χc at high temperatures. This

equidistant property of the magnetic susceptibilities

χa = χ+ −
(

1

3

)
χ−

χb = χ+ +

(
1

3

)
χ−

χc = χ+ + χ− (6.7)

can easily be visualized by considering the radius χ− of a circle, where the angle

φ ∼ 70◦ represents the relative changes in the principal components of suscepti-

bility from the mean susceptibilityc χ+ (Figure 6.7).

Because torque magnetometry probes the differences between the principal com-

ponents of susceptibility, the simplest way to observe the equal spacing of χa,b,c at

high temperatures is to plot the ratios of the differences αij/αjk. The equidistant
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Figure 6.7: Schematic of the equidistant susceptibility obtained from a uniax-
ial g-factor anisotropy described by components of susceptibility perpendicular
and parallel to each plane separated by 70◦. The green arc represents the 70◦

angle between the two honeycomb planes, which is also reflected in the crystal
morphology (Figure 6.6).

property is then clearly realized when the ratios of the magnetic anisotropies con-

verge to simple fractional values, αba/αac = −1
2
, αbc/αac = 1

2
, αbc/αab = 1 (Figure

6.8). At temperatures below approximately 150 K, the ratios begin to diverge

from these values – a good indication that g-factor anisotropy alone can no longer

describe the magnetic anisotropy in this system.

It is conveniently true that all members of the harmonic honeycomb family, except

for the layered honeycomb structure, are made up of two planes that are sepa-

rated by a 70o angle due to the arrangement of their nearly undistorted and edge

sharing octhedral complexes. Also, all members have an identical local iridium

environment, which suggests that the equidistantly spaced principal components
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Figure 6.8: Ratios of the magnetic anisotropies at high temperatures. The
ratios converge to simple fractional values as dictated by the g-factor anisotropy
of the local planar iridium environment. The dashed lines are a guide to the

eye.

of susceptibiliy at high temperature would be a universal feature of this structural

family.

Single crystal x-ray diffraction (SXD) data indicates that the structure remains

three-dimensionally ordered and fully coherent above and below the magnetic tran-

sition temperature (see supplementary information of reference [35]). Also, the

observed principal magnetic axes, which were separately verified with torque mag-

netometry (Chapter 4), are independent of temperature between 300 K and 1.5 K.

The observed ordering of the principal components of susceptibility at high tem-

perature, when taken together with the evidence for a temperature-independent

crystal structure, places constraints on the ordering of the principal components

of the g-factor at all temperatures.
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6.3 Deviation from Curie-Weiss Behavior

Torque magnetometry reveals a rather unusual reordering of the principal compo-

nents of susceptibility as a function of temperature (χb−χc crosses zero in Figure

6.4). This sign change in the anisotropy was confirmed by repeating an angle de-

pendence of the torque measurements (magnetic field applied at several different

angles in the crystallographic b-c plane) at several temperatures without changing

the orientation of the crystal on the lever (Figure 6.9). The amplitude of the sin2θ

angle dependence of the low field slope changes sign between T = 75 K and T = 90

K, corresponding to a change in the direction that the lever flexes in the applied

magnetic field – up versus down. This sign change is consistent with χb becoming

greater than χc at low temperatures.

The susceptibility of a three-dimensional Heisenberg spin will not have a preem-

inently preferred direction, even if the exchange interactions are stronger along

certain directions at low temperatures. Spatial anisotropy of Heisenberg exchange

leads to a suppresion of long-range magnetic order, by effectively reducing the

dimensionality, but χ typically does not show a large degree of anisotropy. The

crossover of χb and χc highlights a strong deviation from Curie-Weiss behavior at

much higher temperatures than the ordering temperature TN , and this is accom-

panied by a hugely anisotropic χ at low temperatures. Such behavior is in stark

contrast to spin-isotropic Heisenberg exchange systems where the low temperature

susceptibility reflects the g-factor anisotropy observed at high temperatures, even

in the presence of spatially-anisotropic exchange [35]. For example, in organic Cu-

based quasi-two-dimensional Heisenberg magnets, the intra-plane coupling can be

as much as three orders of magnitude more than the inter-plane coupling [64].

However, the experimentally determined intra- and inter-plane g-factors are found

to scale with the inverse of their corresponding anisotropic magnetic saturation
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Figure 6.9: The data points respresent the low field slope of torque measured
at several different temperatures and magnetic field orientations in the b-c plane.
Similar to the complete temperature dependence shown in Figure 6.3, the lines
show a sin2θ fit to the data confirming that αbc = χb−χc changes sign between

75 and 90 K.

fields (proportional to the magnetic susceptibilities). In Li2IrO3, the crossover

arises because χb softens, becoming an order of magnitude greater than χa and

∼ 5 times greater than χc (Figure 6.5) at low temperature [35]. As a result, the

susceptibility cannot be parameterized by a Curie-Weiss temperature: the linear

extrapolation of all three components of inverse susceptibility to the tempera-

ture axis depends strongly upon the temperature range considered (Figure 6.10)

[35]. For example, between T = 50 K and T = 150 K, all three components of

inverse susceptibility extrapolate to a negative temperature, consistent with the

absence of a net moment in the ordered state [35]. However, at higher tempera-

tures (∼200–300 K) the inverse susceptibilities 1/χb, 1/χc extrapolate to positive

temperature intercepts indicating a ferromagnetic component to the interactions.
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Jeff = 1/2

Figure 6.10: The inverse of the principal componenets of susceptibility as
a function of temperature. The sensitivity of the SQUID decreases at high
temperature making it difficult to determine the Curie-Weiss temperature and
the effective moment from a linear fit of 1/χ. The slope of the dashed line
represents the slope expected for Jeff = 1

2 magnetism. Figure modified from
[35].

Because the linear fit of 1/χ is so temperature and field angle dependent, the ef-

fective magnetic moment per iridium cannot be accurately determined from the

susceptibility data. Instead, the dashed line in Figure 6.10 represents the Curie-

Weiss behavior for Jeff = 1
2

magnetism, where the slope is inversely proportional

to and determined by the Curie constant

C =
N

3kB
µ2

eff . (6.8)

The effective moment is given by µeff = gJµB

√
J(J + 1), where J is the total

111



6 Magnetic Anisotropy of Li2IrO3

angular momentum, µB is the bohr magneton, and kB is the boltzmann constant.

N is the total number of magnetic moments per unit volume. N is set equal to 1 for

direct comparison to the observed susceptibility data, which has been renormalized

to display susceptibility per iridium. Because the high symmetry of the octahedral

complexes at least partially quenches the orbital angular momentum, the total

angular momentum J is estimated to be equal to half the number of unpaired

electrons and the g-factor gJ is approximately equal to 2 to show the spin-only

contribution of spin 1
2

per iridium (dashed line).

To date, no experimental evidence has conclusively identified the spin state on

iridium in Li2IrO3. This could be determined by magnetization measurements.

However, the unavailability of large single crystals, combined with the need for

magnetic fields on the order of 100 T to saturate the magnetic response, makes

this a challenging measurement. Attempts were made to observe transitions be-

tween the spin states of Li2IrO3 using electron paramagnetic resonance (EPR),

but with no sign of a resonance to measured magnetic fields of 16 T and with

temperatures up to 250 K. Since the possibility of Li deficiency, leading to a 5d4

electron configuration on iridium, cannot be ruled out, it is shown in Appendix A

that the likely ground state for such a scenario is a magnetically active Γ4 triplet.

6.4 Low Temperature Magnetic Properties

As the temperature is lowered, the magnetic torque and the susceptibility (Figures

6.4 and 6.5) identify a magnetic anomaly at 38 K. This transition to a magneti-

cally ordered state is most likely reflective of the bipartite nature of the structure

(Chapter 3), which alleviates the magnetic frustration [35]. The extreme softening

of χb is truncated by the magnetic instability at 38 K. Within the ordered state,

the b̂ component of magnetization increases linearly with applied field (τ/H in
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Figure 6.11). At a sufficiently high magnetic field, H∗ ≈ 3 T (Figure 6.11), the

magnetization kinks abruptly. For this orientation, the lever was at a -45◦ angle

when the magnetic field was applied along the b̂ direction, generating a torque τ(-

45◦)=+τ+MR. The size of the magnetoresistive background can be determined

by subtracting the torque τ(45◦)=−τ+MR from the complementary angle. The

dashed line shows the negative slope mostly due to a magnetoresistive background

(MR). The magnetoresistive contribution to the signal has been removed from the

data in the inset of Figure 6.11. This kink in the magnetization (τ/H) at 3 T

corresponds to an induced moment of ∼0.03 µB per iridium, as obtained from

SQUID magnetometry measurements.

If this kink corresponds to a fully saturated moment along the field direction, the

expected magnetic moment is a quantization of the angular momentum along the

applied magnetic field direction µeff = mgJµB. Here, m is the magnetic quantum

number and can take values from -J to +J . For Jeff = 1
2

and a g-factor of 2, this

results in an effective magnetic moment approximately equal to 1 µB. Because only

a fraction of the expected saturated moment for spin 1
2

on iridium is observed, the

kink field is associated with a saturation of only the b̂ component of magnetization

(see magnetic order in Figure 6.12). The smaller susceptibilties observed for small

magnetic fields applied along the â and ĉ directions implies that more field is

required to saturate these components of the magnetization, which is perhaps a

result of stronger magnetic correlations along the â and ĉ directions.

Our conclusions regarding the magnetic order were later confirmed by magnetic

resonant x-ray diffraction [33]. The unexpectedly complex, yet highly symmetric

magnetic order below TN was found to involve non-coplanar and counter-rotating

magnetic moments (Figure 6.12) [33]. The light and dark shaded discs represent

elliptical areas in which the moments are confined, with the smallest component

of the ellipsoids along b̂, which helps to justify the projection onto the a-c plane.
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Figure 6.11: τ/H as a function of magnetic field applied parallel to the b̂ axis
at T = 1.5 K. The dashed line shows the overall negative slope caused by magne-
toresistance of the lever path. The inset shows the magnetoresistive background
subtracted from the data with a moment at the kink field corresponding to 0.03

µB per iridium as obtained from SQUID magnetometry measurements.

Figure 6.12 describes counter-rotating moments between consecutive sites along ĉ,

which form counter-rotating zigzag chains along â. By rotating to the “Kitaev”

axes (x̂, ŷ, and ẑ), it is clear that along each x-type bond, the spins are aligned

when they point along x̂ and anti-aligned when they point along ŷ, and this is sim-

ilarly true for the y-type bonds, suggesting that Kitaev interactions can stabilize

this counter-rotating order with a propagation vector q along â [33].

The angular dependence of both the slope of the linear regime and the kink field H∗

was performed for all principal components of anisotropy at T = 1.5 K (Chapter 4).

Figure 6.13 shows the low field slope (top right) and the kink field (bottom right)
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6 Magnetic Anisotropy of Li2IrO3

Figure 6.12: Projection of the magnetic structure on the a-c plane showing
3 unit cells along the horizontal propagation direction a. Light and dark blue
arrows show the moments on the Ir and Ir’ sublattices, with sites 1-4 and 1’-4’,
respectively. Curly arrows on the left side illustrate counter-rotating magnetic
order between the consecutive sites along c. In unit cell 2, light (−φ) and dark
(φ) shaded elliptical envelopes emphasize the confinement of the moments to
alternate planes obtained from the a-c plane by a rotation by ∓φ around c.
In unit cell 3, the color of bonds indicates the anisotropy axis of the Kitaev
exchange for the three different bonds. Figure and caption reproduced from

[33].
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6 Magnetic Anisotropy of Li2IrO3

for the b-c plane, which experiences the largest anisotropy next to similar data

taken in the a-c plane (middle) for comparison. Both the low field slope, which

is proportional to the anisotropic susceptibility αij and the kink field exhibit an

order of magnitude change in anisotropy depending upon the field orientation.

Such strong anisotropy observed in a spin 1
2

system highlights the strong orbital

character arising from the spin-orbit coupling, in contrast to spin 1
2

Heisenberg

antiferromagnetism [35, 64].

â b̂ ĉ â b̂b̂ ĉ

Figure 6.13: The anisotropic susceptibilities (top) and the kink field H∗ (bot-
tom) shown as a function of magnetic field orientation θab (left), θac (middle),

and θbc (right).

The observed ten-fold increase in χb at low temperatures cannot be driven by the

g-factor anisotropy of the local iridium environment, whose geometric constraints

(Section 6.2) are temperature independent [35]. Because of a negligible octahedral

distortion that preserves the same local environment between all nearest neighbor

iridium, the magnitude of the exchange interactions J should be of comparable

strength on all nearest neighbor bonds, ruling out spatial anisotropy and provok-

ing the question as to what drives the order of magnitude increase in susceptibility
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6 Magnetic Anisotropy of Li2IrO3

along b. We note that all the c-axis bonds have an Ir-O2-Ir plane normal to the

b-axis, whether they preserve or rotate between the two honeycomb orientations

(Figure 6.14). This is the only plane that is normal to a crystallographic axis. The

evidence for the strong orbital character of the exchange coupling is necessary to

explain the large magnetic susceptibility along b observed at low temperatures,

as no other structural characteristics distinguish this principal direction from the

other two. The strong spin-orbit interaction introduces a large magnetic anisotropy

that is dependent upon the spatial orientation of the iridium-iridium bonds by

coupling the spin to the symmetry of the local orbital environment. Across the

a
b

c

b

c

a

Ir

O
Ir

Figure 6.14: The Ir-O2-Ir planes defining three orthogonal directions of the
spin-exchange, one parallel to b̂ and the other two parallel to (â± ĉ).

Ir-O2-Ir planes, the spin-anisotropy of the exchange is expected to be enhanced by

117



6 Magnetic Anisotropy of Li2IrO3

the interfering exchange mechanism suggested by Jackeli and discussed in Chapter

2 [28]. The spin-anisotropic exchange across the c-axis link (exchange plane nor-

mal to b) connects the observed order of magnitude increase in χb to the structural

properties required for entelechy of the Kitaev model. By extension, the strong

spin-anisotropy should be present on all Ir-Ir links as no changes in the crystallo-

graphic symmetry are present on cooling below the magnetic ordering temperature

[35]. Within each honeycomb, two Ir-O2-Ir planes exist for each type of bond (two

planes normal to b and the other four planes normal to â± ĉ in Figure 6.14). All

of the remaining Ir-Ir links connecting the honeycombs are vertical with their Ir-

O2-Ir plane normal to the b-axis, providing further support that the b̂ direction is

special and that the Ir-O2-Ir plane is the distinguishing feature which determines

the exchange anisotropy. The temperature dependence of χb must therefore arise

from spin-anisotropy in the exchange interactions [35].
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High Magnetic Field Properties of Li2IrO3

7.1 Temperature Dependent Torque in the 65 T Pulsed
Field Magnet

The peculiar temperature dependence of the magnetic anisotropy (Chapter 6) in

the b-c plane turned my focus to this orientation for the high field measurements.

This also presented the opportunity to map out the anisotropy of H∗ for fields

oriented in this plane. However, the large magnetic anisotropy of Li2IrO3, par-

ticularly in the b-c plane at low temperatures, resulted in a very large torque

signal that the lever could not withstand at high fields. A complete angle depen-

dence proved especially difficult as the magnetic torque increases as one rotates

the principal magnetic axes away from the applied field direction.

To try to get around this problem, the smallest orientable single crystals were first

aligned with the magnetic field applied along a principal magnetic axis in an effort

to minimize the torque signal in the pulsed magnetic fields. This was done for

a ∼ 50 × 60 × 100 µm3 single crystal, which was mounted on a fixed probe (no

rotation) with the long body diagonal (b̂ axis) aligned as close as possible to the

field direction (Figure 7.1).
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7 High Magnetic Field Properties of Li2IrO3

Figure 7.1: Single crystal of Li2IrO3 oriented on the lever for measurements
of magnetic anisotropy in the b-c plane with magnetic field applied parallel to
the crystallographic b̂ direction. The lever is mounted on the side of a fixed

angle probe.

The torque as a function of magnetic field was measured to 65 T at temperatures

ranging from 0.5 K to 70 K (Figure 7.2). At temperatures below the magnetic or-

dering temperature of T = 38 K and at small applied fields, the signal is parabolic

and the kink is observed near 3 T, as expected for this particular field orienta-

tion from the low field data. As the temperature is increased, the low field slope

decreases and changes sign at 70 K. This is also in agreement with the tempera-

ture dependence measured in the b-c plane in the 20 T magnet. Rather unusually

though, at low temperatures, the torque signal changes sign at high fields and

becomes approximately five times larger than at low fields. Such behavior at

high fields describes susceptibility along the ĉ axis becoming greater than the sus-

ceptibility along b̂. The ordering of the principal components of the magnetic

susceptibility at high fields resembles that obtained from the low field slope at
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7 High Magnetic Field Properties of Li2IrO3

Figure 7.2: Temperature dependence of the magnetic torque of Li2IrO3 with
field applied along the crystallographic b̂ direction. The slope of the low field
torque changes sign at 70K. At high fields, there is a sign reversal of the magnetic
anisotropy that is accompanied by a large increase in the measured torque. The
maximum field at which the torque signal changes sign occurs near the magnetic

ordering transition temperature T = 38 K.

high temperatures (Chapter 6), suggesting that large magnetic fields have a sim-

ilar effect as high temperatures. The sign reversal at high fields is temperature

dependent with a maximum near the magnetic ordering temperature. The torque

continues to grow up to the largest measurable magnetic fields, indicating that the

induced moment is not co-linear with the applied field. At magnetic fields that

are large compared to the interaction energy scales, the magnetization is expected

to align with the applied field and the torque will converge toward zero. Instead,

the sharp change in the magnetic anisotropy at high fields in Figure 7.2 suggests

a transition to a new magnetically ordered phase.

Unfortunately, the response due to the magnetic torque broke the lever near peak
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7 High Magnetic Field Properties of Li2IrO3

field during the 70 K measurement. To decrease the size of the torque signal and

further explore the high magnetic field properties of Li2IrO3, the crystal dimensions

were reduced using a focused ion beam.

7.2 Angle Dependent Torque in the 65 T Pulsed Field
Magnet

The focused ion beam (FIB), most commonly used in the semiconductor industry

for imaging, deposition, and ablation of materials, can also be used for precision

cutting. Here, the FIB was utilized to reduce a ∼ 35× 40× 100 µm3 single crystal

of Li2IrO3 to nearly 1/10th of its original volume. The Nova 600 Nanolab at The

Center for Integrated Nanotechnologies of Sandia National Laboratory combines

high resolution SEM (scanning electron microscopy) and FIB capabilities in one

machine. The dual-beam setup allowed use of the ion beam to cut the crystal

and the electron beam for imaging. First, a thin cut, using an ion current of 2.1

nA, was made along the long body diagonal of the sample with the intention of

splitting the diamond shape in half (Figure 7.3). Another cut, perpendicular to

the first, was made ∼ 18 µm from the top surface. The original cut, which was

not made deep enough to divide the sample in two, was left as it was because the

top layer was thin enough to reduce the torque signal for high field measurements

even with both halves of the top surface. The tungsten needle inside the chamber

was then used to pick up the newly cut sample and carefully orient it on the

lever with the long body diagonal aligned with the long axis of the lever. For the

high field measurements, the magnetic anisotropy in the b-c crystal plane was of

interest, requiring the magnetic field to be applied in the plane of the diamond

face normal and the long body diagonal. Ion induced deposition of platinum from

a gas precursor was used to bond the crystal to the lever at several places. This

helps to hold the crystal in place during the magnetic field pulse.
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7 High Magnetic Field Properties of Li2IrO3

Figure 7.3: Left: Single crystal of Li2IrO3 pressed into conducting tape with
first cut made. Middle: Thin top layer of crystal moved with tungsten needle.
Right: Reduced size crystal oriented on the lever with platinum deposited at

several places where the edge of the crystal meets the lever.

A complete angle dependence of the magnetic torque was successfully measured to

high magnetic fields of 60 T using the reduced size sample. τ/H versus H (Figure

7.4) at T = 1.5 K shows the magnetic anisotropy in the b-c plane for several

different angles of the applied magnetic field. The red (yellow) curves correspond

to magnetic field applied along the ĉ (b̂) direction. Since there has been a significant

reduction of the sample size, a greater fraction of the torque signal is due to the

magnetoresistance of the lever in the high field measurements so that the data

must be symmetrized. The torque data for symmetric angles about zero degrees

were added together to find twice the magnetoresistance. The magnetoresistive

contribution was then subtracted from each measurement to make each curve

necessarily symmetric about the zero in τ/H. The single red curve with magnetic

field applied along c that experiences the highest H∗ was symmetrized with its up

sweep data (not shown due to electrical noise from a large dB
dt

). The up sweep data

for this magnetically “hard” direction had a negative torque signal that changed

sign at peak field due to an unstable equilibrium position of the lever.
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7 High Magnetic Field Properties of Li2IrO3

Figure 7.4: τ/H as a function of magnetic field for rotation of the crystal in
the b-c plane. The colored curves correspond to magnetic field applied parallel

to crystallographic directions indicated in Figure 7.5

As expected, at small applied fields, the slope of τ/H is appoximately equal to

zero when the magnetic field is applied parallel to the principal magnetic directions

and it follows a sin2θ dependence. The magnetic anisotropy is highlighted by the

kink in magnetization, which changes from ∼ 3 T to above 20 T as the crystal is

rotated with respect to the field direction. The behavior of the low field slope and

the kink field H∗ as a function of angle are summarized in Figure 7.5.

Unexpectedly though, the high field reversal of the magnetic anisotropy expe-

rienced during the temperature dependence (Figure 7.2) is no longer observed.

Certainly, at low temperatures with magnetic field applied along the b̂ direction

(yellow curves), we expect the torque to change sign and continue to increase

with large applied magnetic fields. Instead, the torque seems to be converging

toward zero at large fields for all field orientations, suggesting a saturation of the
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â

b̂ ĉ

~H

b̂b̂ ĉ

Figure 7.5: Left: FIB crystal oriented on lever for b-c plane of rotation. Top
right: Kink field, H∗ plotted as a function of angle. Bottom right: Angle

dependence of low field linear response.

magnetization. It is important to confirm the presence of a high field transition

and a distinct magnetically ordered phase above the kink field H∗, as this may

help to identify what drives the system to long range order at low temperatures.

Saturation of the magnetic anisotropy would put limits on the relative strength

of the exchange interactions, in essence revealing how “Kitaev”-like the exchange

interactions are. The inconsistency in the data sets might suggest a change in

the sample quality as a result of the FIB cutting process, perhaps causing surface

damage or oxidation. A more likely explanation is that the sample was misaligned

in Figure 7.2, where SEM imaging was not used for alignment and any side of the
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7 High Magnetic Field Properties of Li2IrO3

crystal when looking down on the diamond face could easily be mistaken for the

diamond face itself. Despite the fact that the kink field H∗ occurs at roughly 3 T

(Figure 7.2), just as anticipated for field applied parallel to the crystallographic

b̂ axis in the temperature dependence, this behavior is also expected for a broad

range of angles around b̂ (Figures 5.15 and 7.5). If the sample were mounted on

its side and the field was applied toward a corner, believing it to be the long body

diagonal, the field direction would still be within 20o of the b̂ axis with a kink field

at approximately 3 T.

With a misalignment assumed and hopefully remounted to reproduce the data

in Figure 7.2, the crystal has very recently been remeasured. A high field rever-

sal of the magnetic anisotropy has been confirmed when the magnetic anisotropy

between the two honeycomb planes is measured, which do not coincide with the

principal components of magnetic anisotropy. The three-dimensionality of the

structure, combined with three different orientations of the exchange planes, makes

it difficult to disentangle the origin of the anisotropy. A more thorough investiga-

tion of Li2IrO3 in high magnetic fields is needed (discussion continues at the end

of this chapter).

7.3 Angle Dependent Torque in the 100 T Pulsed Field
Magnet

The angle dependence of the magnetic torque can be approximated at large applied

magnetic fields. As an example, the magnetic anisotropy in the b-c plane will be

considered where φ represents the angle between the net magnetization vector M

in the b-c plane and the b̂ axis. An expression for the free energy E can be written

as a series expansion of the order parameter M , which must obey the symmetry

of the system E = Eo + AM2 − HM , where A is a constant, Eo is a shift in

energy which can be set to zero, H is the applied magnetic field and M is the
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magnetization. The first term in the free energy represents a local anisotropic

contribution and the second term is the interaction of M with the external field

H. With suitable coefficients chosen for the order parameter and with the field

and magnetization in the b-c plane, the energy at high fields is

E =
M2

b

2χb
+
M2

c

2χc
−MbHb −McHc. (7.1)

In the case that Mb and Mc have a linear response to magnetic field (i.e. Mb =

χbHb), the free energy reduces to E = −M ·H . However, at large applied magnetic

fields, the observed magnetic response is clearly nonlinear, which is why the first

two terms must be included in the free energy. Defining θ as the angle between

the external field and the magnetization, the energy can be rewritten as

E =
Mcos2φ

2χb
+
Msin2φ

2χc
−MHcosφ cosθ −MHsinφ sinθ. (7.2)

For the remainder of this discussion, M will be set equal to one, constraining the

overall length of the magnetization vector. This is reasonable to assume at high

fields as it is likely that the magnetization is no longer growing in length, but

only rotating toward the magnetic field direction. With the identity cos(α± β) =

cosα cosβ ∓ sinα sinβ, the last two terms can be rewritten as

E =
cos2φ

2χb
+

sin2φ

2χc
−Hcos(φ− θ). (7.3)

The torque, which is the partial derivative of the energy with respect to the angle

θ, is then equal to

τ =
∂E(θ, φ∗(θ))

∂θ
=
∂E(θ, φ∗)

∂θ
+
∂E

∂φ

∂φ∗

∂θ
. (7.4)
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Because ∂E
∂φ

= 0 by definition, the torque is equal to

τ =
∂E(θ, φ∗)

∂θ
= −Hsin(φ− θ). (7.5)

To minimize the energy with respect to the angle φ, the partial derivative

∂E

∂φ
= −sin2φ

2χb
+

sin2φ

2χc
+Hsin(φ− θ) (7.6)

is found with the identity 2 cosα sinα = sin2α and set equal to zero. By defin-

ing and substituting ∆φ = φ − θ into the expression, a Taylor series expansion

evaluated at θ allows us to approximate the torque

−Hsin(∆φ) =
c

2
sin2θ + c cos2θ ∆φ, (7.7)

where c ≡ 1
χc
− 1

χb
. At large applied fields, ∆φ is assumed to be small and can be

approximated as

∆φ = − c
2

sin2θ

H
. (7.8)

Thus, the torque τ = −H∆φ at large applied fields also follows a sin2θ dependence

τ =
c

2
sin2θ. (7.9)

This equation also suggests that the limiting torque at large magnetic fields is

finite – contrary to the belief that a large enough magnetic field will fully align

the magnetization along the field direction and result in zero torque. To check the

high field response, let’s consider again a magnetization vector M in the b-c plane

that is at an angle θ from an external field H aligned very near the ĉ direction.

Now, upon increasing the magnetic field, the angle θ will decrease, where the
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b̂ component of magnetization is given by Mb = Htanθ. At very small angles,

this can be approximated as Mb = Hθ. The angle θ, which scales as 1/H, leads

to a small, but finite b̂ component of magnetization at high magnetic fields that

generates a torque τ = MHsinθ of finite value. Now, with some idea of how the

torque should behave at very large applied magnetic fields, greater than the energy

of the exchange interactions, the high field measurements are reconsidered.

Because the temperature dependence of the low field slope had been independently

verified in the 20 T magnet and the high field collapse of the magnetic anisotropy

had a temperature dependence that correlated with the magnetic ordering temper-

ature of Li2IrO3, it was convincingly apparent that the high field transition (Figure

7.2) was a result of the magnetic anisotropy of Li2IrO3 and was not an artifact of

the experimental method. Also, the featureless high field torque observed in the

angle dependence (Figure 7.4) was measured on a different sample that could have

been altered by the FIB cutting process. Last but not least, there was no sign

of magnetic saturation observed for any orientations of magnetic fields up to 65

T, warranting further investigation into Li2IrO3 with higher magnetic fields. For

all of these reasons, magnetic torque measurements were extended to higher fields

using the 100 T pulsed field magnet.

A small single crystal, different from those used for previous high field measure-

ments, was oriented for magnetic anisotropy measurements in the a-c plane at T

= 4 K. τ/H is shown for magnetic fields up to 90 T in Figure 7.6 with field very

closely aligned to the â and ĉ direction (blue and red curves respectively). The low

field kink (although difficult to see with field applied along â in τ/H, but clearly

visible in its derivative) is used for a very careful alignment of the crystal with the

field direction before a full field magnetic pulse. Interestingly, with field along the

ĉ direction, the high field transition appears at approximately 65 T, albeit subtly.
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It should be noted that this feature is not longer observed for any small rotation

of the field away from the ĉ direction.

Figure 7.6: τ/H as a function of magnetic field for magnetic anisotropy mea-
surements in the a-c plane at T = 4 K. The blue (red) curve shows magnetic
field applied along the crystallographic â (ĉ) direction. The inset shows orien-
tation of the crystal on the lever to probe the magnetic anisotropy in the a-c

crystal plane.

Similarly, the measurements were repeated on a crystal oriented to measure mag-

netic anisotropy in the b-c plane. Due to the large magnetic anisotropy in this

plane, this crystal was also reduced in size using the FIB to minimize the torque

signal. Figure 7.7 shows τ/H for magnetic field aligned with the crystallographic

ĉ direction (red curve). This is the only field orientation in which the magnetic

anisotropy abruptly collapses to zero at high fields. The orange curve shows a

rotation of the lever with respect to the applied field of ∼ 10 degrees from ĉ to-

wards b̂, where the high field feature has most likely moved to an unaccessible field
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range. A finer angle dependence of the torque with field near the ĉ axis was done

to maximum field strength, with no indication of a high field transition.

Figure 7.7: τ/H as a function of magnetic field for magnetic anisotropy mea-
surements in the b-c plane at T = 4 K. The red curve shows magnetic field
applied along the crystallographic ĉ direction. A small rotation of the magnetic
field away from this direction shows a high field transition that is strongly angle
dependent (orange curve). The inset shows orientation of the crystal on the

lever to probe the magnetic anisotropy in the b-c crystal plane

The high field torque measured to 90 T (Figure 7.7) shows a transition toward

magnetic saturation at approximately 70 T when magnetic field is applied close

to the ĉ direction. Like the low field magnetic response, the high field transition

appears to be highly anisotropic as exemplified by the disappearance of the transi-

tion when the lever is rotated by any small angle from the ĉ direction. Despite the

magnetic order of the intermediate phase (between roughly 20 and 70 T for this

particular field and crystal orientation) remaining unknown, the high field transi-

tion provides a lower limit for the energy scales required to overcome the exchange
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interactions in this system. This energy scale coincides with the temperature scale

(∼ 100 K) below which the magnetic susceptibility deviates from Curie-Weiss be-

havior (Figure 6.9). It is also consistent with reports that the zigzag magnetic

correlations in Na2IrO3 survive at least up to T ∼ 70 K [36].

7.4 Concluding Discussion and Unanswered Questions

The temperature dependence of the magnetic anisotropy, as obtained from the

low field torque measurements, can be well understood at high temperatures by

a g-factor anisotropy reflective of the crystal structure. At temperatures greater

than the TN ordering temperature, the exchange interactions come into play, as

emphasized by a reordering of the principal components of susceptibility upon

cooling and a drastic increase in the anisotropy of the magnetic susceptibility

at low temperatures. Just as in almost all magnetic systems, even those which

are specifically designed to try to enhance frustration in the exchange interactions,

something drives Li2IrO3 to long-range magnetic order. Nevertheless, the presence

of the unexpectedly complex and new magnetic phase and the uncharacteristically

anisotropic magnetic susceptibility suggests that Li2IrO3 is displaying many of the

desired properties that one might expect of a system that hosts a spin liquid. The

torque data shows promise that exchange anisotropy is responsible for the magnetic

frustration. This point is most clear when comparing to the layered honeycomb

structure Na2IrO3; where larger octahedral distortions are thought to destroy the

exchange anisotropy and a smaller frustration parameter is observed, despite an

ordering temperature that is more greatly suppressed compared to Li2IrO3. In this

light, Li2IrO3 offers hope that the theoretical foundation is well-placed and that

a strong enchancement of the exchange anisotropy due to a perfectly undistorted

octahedral environment can be obtained through chemical doping or pressure.
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Despite our current understanding, Li2IrO3 probably asks more questions than it

answers. Some of the most obvious are:

How strong are the exchange interactions?

This system shows non-Curie-Weiss like behavior up to room temperature and a

magnetic field of 90 T fails to saturate the moments along the field direction for

all but one direction of applied field. These are extreme energy scales that cannot

overcome the strength of the exchange interactions, suggesting that J is very large

compared to TN and there is a large degree of frustration.

What is the value of the g-factor?

The spin on iridium is subject to a large spin-orbit coupling that is likely respon-

sible for the anisotropy in the exchange, but we have had no success in measuring

the g-factor with EPR. It is possible that at all measurable temperatures, the ex-

change interactions are strongly influencing the measurement. Furthermore, it is

unclear how a g-factor anisotropy would affect the anisotropy in the exchange and

whether these factors cooperate or compete with each other, specifically in the

intermediate temperature regime where both are likely to exist and may heavily

influence the fate of the ground state.

What is the magnetic order of the high field phase?

In the phase above H∗, the finite torque signal reveals that the induced moment is

not colinear with the applied field, consistent with a finite slope observed at these

fields in magnetization data [35]. This observation, along with the anomalously

small field-induced moment, suggests the presence of new magnetically ordered

states at high fields. The exact magnetic order is still unknown, but by applying a

small magnetic field of 3 T along the b̂ direction, this order could be studied with

magnetic x-ray diffraction and could help elucidate what drives the the long-range

order observed at low temperatures.

Where do we go from here?

High magnetic fields are extremely important for understanding exotic materials,
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such as Li2IrO3. The magnetic field strength required to destroy magnetic order

and fully spin-polarize the system reveals the energy scale of the exchange inter-

actions. In the case of torque magnetometry, high field saturation should directly

provide the anisotropy in the exchange interactions, making this an incredibly

powerful tool to investigate Kitaev spin liquid candidates. The most recent high

field torque measurements on Li2IrO3 (unpublished) show a reversal of the mag-

netic anisotropy at high fields, but only when magnetic anisotropy between the

two honeycomb planes is measured. It should be noted that the planes of the XY-

like magnetic order (shaded discs in Figure 6.12) coincide with the honeycomb

planes. Analysis of these measurements is currently underway with the hopes of

connecting the magnetic structure to the magnetic anisotropy to find the relative

magnitude of the anisotropy in the exchange interactions.
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Bose-Einstein Condensation in a Molecular Magnet

Molecular magnets are attractive systems for understanding and manipulating

quantum states [65]. Their associated energy scales are often experimentally ac-

cessible and can easily be tuned with magnetic field, chemical doping, or pressure.

One such example is [Cu(pyz)(gly)](ClO4)*, which in addition to its experimental

lure, has reduced dimensionality that is responsible for magnetic behavior repre-

sentative of a Bose-Einstein condensate (BEC) of magnons. The disordered ground

state of [Cu(pyz)(gly)](ClO4) can be driven through a quantum critical point into

its magnetic/bosonic state, where the particle density is tuned by the strength of

an applied magnetic field. Such model systems are ideal for elucidating quantum

critical behavior and associated emergent phases.

8.1 Structural Properties of [Cu(pyz)(gly)](ClO4)

[Cu(pyz)(gly)](ClO4) is a molecular magnet made up of dimers of antiferro-

*Lancaster, T. et al. Controlling magnetic order and quantum disorder in molecule-based
magnets. PRL 112, 207201 (2014). J.L.M., A.M.B., R.D.C., K.E.C., and H.E.T synthesized
the crystals. T.L., T.A.W.B., F.X., S.J.B., F.R.F., S.G., J.S.M., P.J.B., F.L.P., and C.B. did
the µSR measurements. L.H. and J.W. did the heat capacity measurements. P.A.G., J.S., and
C.V.T. did the pulsed field magnetization measurements. R.D.M. and K.A.M. did the EPR
measurements. J.A.S. determined the X-ray structure.
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Figure 8.1: (Left) [Cu(pyz)(gly)](ClO4) viewed along the crystallographic â
axis and (Middle) the ĉ axis showing pairs of Cu2+ ions (light orange circles)
strongly coupling through pyz ligands to form alternating dimers. Dimers are
shaded, and the ClO4 ions have been removed for clarity [65]. (Right) Picture
of a single crystal of [Cu(pyz)(gly)](ClO4), which forms as purple blocks with
the monoclinic crystal structure manifesting itself as oblique faces in the crystal

morphology. Figure and caption modified from [65].

magnetically interacting Cu2+ (3d9) spins. The pyrazine (pyz) ligands, effective

mediators of magnetic exchange, couple the Cu2+ ions forming each dimer. The

dimers are connected by glycine (gly) bridges to create corrugated sheets, with

ClO−4 ions laying between these sheets [65] (Figure 8.1). The exchange through

the gly groups and ClO−4 ions is expected to be comparatively weak, resulting in

strongly coupled dimer units that are weakly coupled to their neighbors [65].
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8.2 Spin and Bosonic Respresentations of Spin Dimer Sys-
tems

The spin Hamiltonian describing a network of weakly coupled dimers can be writ-

ten as

H = J
∑
i

S1,i · S2,i +
∑
mnij

J ′mnijSm,i · Sn,j − gµBB
∑
mi

Szm,i, (8.1)

where i, j is used to label the dimers and m, n = 1, 2 labels their magnetic sites

[66]. In the absence of an applied magnetic field and in the case of an intra-dimer

exchange interaction J that is much stronger than the inter-dimer coupling J ′, two

strongly coupled spins per dimer results in a ground state that is a direct product

of singlet states (Stotal = 0, Figure 8.2)

|↓̃〉 =
1√
2

[|↑↓〉 − |↓↑〉]. (8.2)

The ground state is then a quantum disordered paramagnet [65].

An applied magnetic field will Zeeman split the degenerate triplet states (Stotal =

1), causing the sz = 1 state to be the lowest-lying excited state

|↑̃〉 = |↑↑〉 . (8.3)

By projecting the Heisenberg Hamiltonian (Equation 8.1) onto this low-energy

singlet-triplet subspace (ignoring the unoccupied sz = 0 and sz = −1 states), each

dimer can be treated as one effective site with two possible states – effective spin

1/2 down (Equation 8.2) or up (Equation 8.3) [68]. These two possible states can

be associated with the absence or presence of a hard core boson: the empty sites

correspond to the singlet states |↓̃〉 = |0〉, while the occupied site is represented
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Figure 8.2: Energy spectrum of a weakly interacting spin dimer system in an
applied magnetic field. The Zeeman splitting of the sz = 1 triplon leads to a
magnetically ordered phase between Hc1 and Hc2. Figure modified from [67].

by the triplet state |↑̃〉 = b†|0〉, where b† is the boson creation operator [67]. The

effective spin operators [69]

σz|↓̃〉 = −1

2
|↓̃〉 σz|↑̃〉 = +

1

2
|↑̃〉

σ+|↓̃〉 = |↑̃〉 σ+|↑̃〉 = 0

σ−|↓̃〉 = 0 σ−|↑̃〉 = |↓̃〉 (8.4)

can be mapped to boson annihilation and creation operators with the Holstein-

Primakoff transformation [70]. Using this language, the low energy Hamiltonian
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becomes

H = t
∑
i,j

(b†ibj + b†jbi) + V
∑
i,j

n̂in̂j + µ
∑
i

n̂i, (8.5)

where the chemical potential is µ = J − gµBH and t − V = J ′/2. n̂i = b†ibi is

the number operator and is equal to 0 or 1 [71]. Equation 8.5 describes nearest-

neighbor hopping and repulsive interactions between the bosons [71]. For magnetic

fields smaller than Hc1, the ground state is empty due to a large and positive

chemical potential. Inter-dimer coupling on nearest neighbor empty and occupied

states switches their position, similar to triplet hopping [67]. Thus, the inter-dimer

coupling leads to dispersion of the triplet states into bands of energy called triplons

(Figure 8.2). At a magnetic field Hc1, the bottom of the sz = 1 triplon becomes

degenerate with the disordered ground state, populating a finite number of bosons,

and a magnetic phase transition is observed (Section 8.3). The particle density

increasely linearly with applied magnetic field from Hc1 to Hc2, where every site

is occupied by a boson and magnetic saturation occurs.

8.3 Temperature-Magnetic Field Phase Diagram

The temperature-magnetic field phase diagram of [Cu(pyz)(gly)](ClO4) was stud-

ied with PDO (proximity detector oscillator) – an rf technique used to measure

the magnetic susceptibility that has compatibility with pressure cells. The circuit,

which typically oscillates in the frequency range of 10-50 MHz, must be mixed

down before the measurement to a frequency below the 20 MHz card digitizer

(∼ 2.3 MHz in Figure 8.3). Magnetic field sweeps up to 10 T were performed at

several temperatures ranging from 650 mK to 10 K. A shift in frequency is ob-

served both upon entering and exiting the magnetically ordered phase at roughly

2 and 6 T (Figure 8.3). In zero magnetic field and up to the low field magnetic
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Figure 8.3: The magnetic phase boundary of [Cu(pyz)(gly)](ClO4) as detected
with PDO. The shift in frequency due to changes in the sample’s magnetic
response is plotted as a function of applied magnetic fields up to 10 T for several
temperatures ranging from 650 mK to 10 K. The curves are offset vertically for

clarity.

transition, the quantum state is a disordered one comprised of a direct product

of singlets. The transition to magnetic order at Hc1 ∼ 2 T coincides with the

closing of the spin gap ∆1 = gµBHc1 – the energy difference between the bot-

tom of the triplon band and the singlet state at zero magnetic field (Figure 8.2).

Thus, Hc1 corresonds to a critical value of the chemical potential at which a finite

number of bosons are being populated, after which point the particle density will

increase linearly with magnetic field strength [68]. The ordered phase between Hc1
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Figure 8.4: The temperature-field phase diagram for Cu(pyz)(gly)(ClO4)
showing quantum critical points at gµBBc = 2.5(1) and 9.0(2) K. Dashed line
shows the expected behavior of the phase boundaries with a power law exponent
of 2/3 predicted for the BEC of magnons model. Figure and caption reproduced

from [65].

and Hc2 can then be described as a network of interacting bosons, which depends

upon the kinetic energy and repulsive interactions of the bosons (Equation 8.5)

[67]. The field-tunable increase in boson density will continue until saturation of
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magnetization occurs at Hc2 ∼ 6 T.

The temperature-magnetic field phase boundary depends slightly upon the crys-

tal orientation with respect to the applied magnetic field, reflecting the effects of

g-factor anisotropy (compare Figures 8.3 and 8.4). The phase diagram observed

with PDO coincides with that observed in reference [65] by measurements of mag-

netic susceptibility, heat capacity, and muon-spin relaxation when the appropriate

g-value is used (determined with EPR measurements – next section). The posi-

tion of the phase boundary can be scaled for each measurement by plotting the

temperature against gµBBc (Figure 8.4).

8.4 EPR Results

Many of the results in this section are published in the supplementary information

of reference [65]. Because the constituent spins reside at the Cu sites, the g-factor

was expected to be approximately 2, close to that of a free-electron spin with weak

spin-orbit coupling. To check the g-value and determine whether the scaling of the

phase boundary was a result of the g-factor anisotropy, electron paramagnetic res-

onance measurements were performed on a single crystal of [Cu(pyz)(gly)](ClO4).

This also allowed us to investigate the possibility of two different Cu sites in the

structure, which would show up as two absorption lines in the EPR spectra. To

determine the g-factor, the field at which an EPR absorption occurs due to a spin

excitation in [Cu(pyz)(gly)](ClO4) is determined for several frequencies of the 10-

40 GHz multi-moded cavity at a temperature of 1.75 K. The selected microwave

frequency is plotted as a function of magnetic field where the EPR absorption

occurs in Figure 8.5.

The frequency-magnetic field scaling is used to determine the g-factor by g =

hν/µBB. For magnetic field applied near the direction labelled β in the inset of
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Figure 8.5: At a temperature of 1.75 K, frequency-magnetic field scaling de-
termines a g-factor of 2.19 for magnetic field applied close to the β direction.

Figure 8.6, the g-factor is 2.19. Temperatures were regulated between 100 K and

1.5 K with no significant change in the g-factor detected [65]. Angle dependent

EPR was measured with a mono-moded (∼ 71 GHz) cavity that can be rotated

with respect to the applied magnetic field without thermal cycling [65]. The EPR

spectra at a temeprature of 4 K for 360◦ rotation through one crystal plane of

[Cu(pyz)(gly)](ClO4) is shown in Figure 8.6. Each curve is offset vertically for

clarity. The angle dependent g-factor for magnetic fields applied in the β − γ

plane is shown in Figure 8.7 and is determined by the field at which the absorption

occurs B in Figure 8.6 for each particular angle. The frequency ν is ∼71 GHz.

The EPR absorption was measured for three sets of rotations through high sym-

metry directions of the crystal to determine the g-factor anisotropy (Figure 8.8).

These measurements identified an approximately uniaxial nature of the g-tensor
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β

γ

Figure 8.6: EPR spectra measured at a frequency of 71 GHz and a temper-
ature of 4 K for different magnetic field orientations in the β − γ plane. The

maximum g-factor is observed along the [-1, -1, 1] (γ) direction.

and its principle axis, which is parallel to the [-1, -1, 1] direction (γ) [65]. At tem-

peratures greater than the exchange interaction energy scales, the EPR spectrum

(g-tensor and number of lines) is dictated by the Cu environment [65]. The crystal

plane exhibiting the largest g-factor anisotropy (β − γ) indicates the direction of

the Jahn-Teller distortion of the Cu octahedral environment [65]. At all measured

temperatures, only a single EPR line is observed, indicating a common orbital

orientation for all dimers [65]. The g-factor anisotropy ranges from approximately

2.05 to 2.22, typical of other Cu-based molecular magnets [65, 72].

With magnetic field applied perpendicular to the γ direction, the g-factor was

measured as a function of temperature (Figure 8.9). A shift in the effective g-factor

is observed at the antiferromagnetic ordering temperature at ∼ 1.3 K (Figure 8.4).

The EPR intensity was also studied as a function of temperature at two different

frequencies (11 GHz and 36 GHz). The intensity is taken as the area from a
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Figure 8.7: The angle dependence of the g-factor of [Cu(pyz)(gly)](ClO4) for
magnetic field applied at several angles in the β − γ plane (inset of Figure 8.6).

Lorentzian fit to the absorption lines at each frequency (blue and green data points

in Figure 8.10). The behavior at both frequencies is quite similar. At very low

temperatures, absorption is frozen out because the triplet states are not thermally

populated and only inter-triplet excitations are allowed. A peak in the intensity

occurs at a temperature of ∼ 5K, which coincides with the energy at which the

triplon density of states peaks.

A comparison of the thermal excitation gap ∆1 to the energy at the top J+ J ′

2
and

bottom J − J ′

2
of the magnon bands indicates whether the dispersion is maximum

or minimum at the Brillouin zone center. The temperature dependence of the EPR

intensity can be modeled for isolated dimers of antiferromagnetically coupled spins
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α
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γ

δ

Figure 8.8: The angle dependence of the g-factor for three sets of rotations
through high symmetry crystal faces. The color coding of the arrows in the

inset indicates the relative anisotropic g-factor measured in those planes.

described by the Hamiltonian

H =
∑
ij

Jijsisj − gµB
∑
i

Bisi. (8.6)

The energy spectrum for isolated dimers with g = 2.2 (constrained by the frequency-

field scaling) and singlet-triplet gaps given by the intra-dimer couplings ∆1 =

J − J ′

2
= gµBHc1 = 2.8 K and ∆2 = J + J ′

2
= gµBHc2 = 8.9 K (constrained by Hc1

and Hc2 of the phase diagram) are calculated as a function of magnetic field in

the inset of the Figure 8.10. The red and blue lines are the energy spectrum cor-

responding to the 2.8 K and 8.9 K zero-field gaps, respectively. The temperature

dependence of the EPR intensity depends upon the number of particles occupying
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Figure 8.9: The g-factor plotted as a function of temperature with magnetic
field applied perpendicular to the [-1, -1, 1] direction (γ). An increase in the
effective g-factor is observed at a temperature that coincides with the antifer-

romagnetic ordering temperature (Figure 8.4).

each state Ni, which is given by the boltzmann distribution

Ni

N
=

e−Ei/kBT∑
i e
−Ei/kBT

. (8.7)

The energy of each state, dependent upon the frequency used (fixed field B =

hν/gµB), is given by

E1 = 0

E2 = J − gµbB

E3 = J

E4 = J + gµbB, (8.8)
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where J can be one of two values depending upon the critcal field taken (Hc1 or

Hc2). The ground state singlet is E1 and the triplets sz=+1, sz=0, sz=-1 are

represented by E2, E3 and E4, respectively. Only inter-triplet transitions with

∆sz = ±1 contribute to the EPR absorption. The absorption due to transitions

made between E2 and E3 is equal to

I23 = N2 ∗ (1−N3)−N3 ∗ (1−N2) (8.9)

and similarly for transitions between E3 and E4,

I34 = N3 ∗ (1−N4)−N4 ∗ (1−N3). (8.10)

By recalling Fermi’s golden rule Itotal = I23 +I34, the EPR intensity can be plotted

as a function of temperature for each value of the single-triplet gap J and for each

frequency. The red curves in Figure 8.10 show the calculated intensity for a 2.8 K

zero-field singlet-triplet gap, corresponding to Hc1. However, the observed EPR

intensity (data points) show best agreement with the calculated intensity (blue

and green curves) for an 8.9 K gap corresponding to Hc2.

The temperature dependence of the EPR intensity in the isolated dimer model

reflects the magnitude of the singlet–triplet splitting arising from the intra-dimer

exchange coupling (J in Figure 8.2). Because the thermal evolution of the inten-

sity is well-reproduced by the upper critcal field Hc2, the coupling J = gµBB is

estimated as 8.9 K. The dispersing sz = +1 state, evident by the field range over

which magnetization is induced between Hc1 and Hc2, is due to the inter-dimer

coupling J’. The magnitude of this coupling can be approximated in terms of a

microscopic mean-field model, where gµBHc1 = |J | − α |J ′| /2. α describes the

number of interacting nearest neighbors linked with a mean-field ferromagnetic

inter-dimer exchange constant and is assumed to be 4 in this model [65]. gµBHc1
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Figure 8.10: The temperature dependence of the EPR intensity extracted
from Lorentzian fits to the absorption lines measured at 11 GHz (blue circles)
and 36 GHz (green crosses). Boltzmann thermal population fits for each fre-
quency with the singlet-triplet gaps constrained by the observed g-factor and

critical magnetic fields.

= 2.8 K leads to a significant and ferromagnetic inter-dimer exchange J ′ ∼ 3 K.

Furthermore, the EPR intensity is due to allowable ∆k = 0 (momentum wavevec-

tor unchanged) transitions between the sz = ±1 states and a dispersionless sz = 0

state, suggesting that the magnon dispersion arising from inter-dimer exchange

coupling must be maximum at the zone center [65].

[Cu(pyz)(gly)](ClO4) is an example of a gapped system, where the ground state

singlet is a result of magnetic correlations which decay exponentially after some
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finite distance. In such case, the energy levels are quantized and a disordered state

is observed at zero temperature, which is a result of the low dimensionality of the

system and not due to magnetic frustration. With pressure, the exchange cou-

plings could be tuned towards a quantum critical point, where the lower critical

field Hc1 can be driven to zero magnetic field with increased inter-dimer exchange

coupling. This would require accessible pressures and susceptibility could be mea-

sured simultaneously using the PDO circuit to observe quantum critical behavior.

150



A

Ir with a 5d 4 Electron Configuration

Similar to the group theory arguments presented in Chapter 3 for the case of the

5d5 electron configuration, the possibility of 5d4 electrons occupying each Ir is now

considered. Four electrons can easily be treated as two holes on the d-shell. Again,

the consideration of holes changes the sign of the spin-orbit interaction and causes

the Γ7 doublet to lie below the Γ8 quadruplet. Without Coulomb repulsion, the

lowest energy state is two particles occupying Γ7

∣∣∣ ••〉 (A.1)

resulting in a singlet state Γ7×Γ7 = Γ1. The upper four lines represent the single

particle states of Γ8 and the lower two lines represent those of Γ7 with each state

number sequentially from the bottom to the top. For example,
∣∣∣ •〉 is a shorthand

notation for one electron occupying |Γ8〉3. The basis for the two-particle states

is chosen as an antisymmetrized product of a pair of single-particle states (two-

particle Slater determinant). For example, a suitable basis can be chosen as

∣∣∣ ••〉 =

√
1

2

[∣∣∣ • (1)
〉 ∣∣∣ • (2)

〉
−
∣∣∣ • (2)

〉 ∣∣∣ • (1)
〉]

(A.2)
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where 1,2 is used to distinguish the two particles. To determine the Coulomb

interaction of two particles occupying Γ7, matrix elements a, b and d must be

defined via two-particle orbital integrals (discussed in more detail in regards to

Equation 2.15)

∫
d1d2 η†α(1)η†β(2)Vcoul(1− 2)ηγ(1)ηδ(2) (A.3)

where 1 and 2 represent the position of first and second electron respectively. In a

cubic environment, only three integrals are non-zero. Indeed, the “density matrix”

ρα,β = η†α(1)ηβ(1) can be decomposed into three components transforming under

irreducible representations of the cubic group,

ρΓ1 =ρx,x + ρy,y + ρz,z

ρΓ3 =ρx,x − ρy,y, 2ρz,z − ρx,x − ρy,y
ρΓ5 =ρx,y, ρy,z, ρz,x (A.4)

Since Vcoul(1 − 2) is fully rotationally symmetric, only matrix elements between

ρ in the same representation are non-zero. A possible choice of three non-zero

matrix elements is

a =

∫
d1d2 ρ†x,x(1)Vcoul(1− 2)ρx,x(2)

b =

∫
d1d2 ρ†x,x(1)Vcoul(1− 2)ρy,y(2)

d =

∫
d1d2 ρ†x,y(1)Vcoul(1− 2)ρx,y(2) (A.5)

Using the antisymmetrized product of the Γ7 states defined above, the Coulomb

interaction between four electrons (two holes) shifts the energy by

〈
••

∣∣∣VCoul ∣∣∣ ••〉 =
2a

3
+

4b

3
(A.6)
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When Coulomb repulsion is strong enough, the lowest energy state may be one

electron occupying the Γ7 multiplet and one occupying Γ8 because such a two-

particle state will have lower Coulomb repulsion. The 8 possible states originating

from Γ7 × Γ8 split into three multiplets (a doublet and two triplets) according to

Γ7 × Γ8 = Γ3 + Γ4 + Γ5 (A.7)

In the presence of the Coulomb interaction, the condition for any of these states

to be the ground state of the iridium d4 atom in an orthorhombic environment,

is found using the distinct matrix elements defined above. The two-particle wave-

functions transforming under Γ3, Γ4, and Γ5 are determined by group theory via

the Clebcsh-Gordan coefficients (just as the Γ7 and Γ8 wavefunctions were found

in Chapter 3) for the product Γ7 × Γ8

|Γ3〉2 =

√
1

2

∣∣∣ •
•

〉
+

√
1

2

∣∣∣ ••〉
|Γ3〉1 = −

√
1

2

∣∣∣ •
•

〉
−
√

1

2

∣∣∣ ••〉
(A.8)

|Γ4〉3 = i

√
1

2

∣∣∣ ••〉− i
√

1

2

∣∣∣ •
•

〉
|Γ4〉2 =

√
3

8

∣∣∣ ••〉−
√

1

8

∣∣∣ ••〉+

√
1

8

∣∣∣ •
•

〉
−
√

3

8

∣∣∣ •
•

〉
|Γ4〉1 = −i

√
3

8

∣∣∣ ••〉− i
√

1

8

∣∣∣ ••〉− i
√

1

8

∣∣∣ •
•

〉
− i
√

3

8

∣∣∣ •
•

〉
(A.9)

|Γ5〉3 = i

√
1

2

∣∣∣ ••〉− i
√

1

2

∣∣∣ •
•

〉
|Γ5〉2 = −

√
1

8

∣∣∣ ••〉−
√

3

8

∣∣∣ ••〉+

√
3

8

∣∣∣ •
•

〉
+

√
1

8

∣∣∣ •
•

〉
|Γ5〉1 = −i

√
1

8

∣∣∣ ••〉+ i

√
3

8

∣∣∣ ••〉+ i

√
3

8

∣∣∣ •
•

〉
− i
√

1

8

∣∣∣ •
•

〉
(A.10)
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The Coulomb interaction of energy shift for each multiplet is found

〈Γ3|VCoul |Γ3〉 =
4a

3
+

2

3
(b− d)− 4

3
d

〈Γ5|VCoul |Γ5〉 =2(b− d) +
8d

3

〈Γ4|VCoul |Γ4〉 =2(b− d) (A.11)

It is generally true that a � b and a � d and that all three matrix elements are

positive a, b, d > 0, suggesting that among the three multiplets Γ4 has the lowest

Coulomb repulsion energy. In order for this state to be the true ground state of

the d4 electron configuration of iridium, its energy must be lower than the energy

of the two electrons on the Γ7 multiplet (Equation A.6). The inequality

2a+ 4b

3
>

3

2
λSO + 2(b− d) (A.12)

will be satisfied if the largest Coulomb repulsion matrix element a is larger than

spin-orbit splitting. It can be concluded that an iridium ion in the d4 state in a

cubic environment will likely have a three-fold degenerate Γ4 multiplet, transform-

ing as spin 1, as its ground state. Similar analysis can be carried on for two holes

on Γ8 which form two-particle states according to Γ8 × Γ8 = Γ1 + Γ3 + Γ5.
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B

One Electron on the Ir d-shell in Empty Space

In Chapter 3, the wavefunctions of the Γ7 and Γ8 multiplets were found by first

applying a cubic environment to the d5 configuration of Ir and then introducing the

spin-orbit interaction. To check this result, a single electron can be considered on

the d shell starting from empty space. One electron on the d-shell in a rotationally

invariant space splits into two multiplets; a quadruplet

∣∣∣∣+3

2

〉
3
2

= −
√

1

5
|1 ↑〉+

√
4

5
|2 ↓〉∣∣∣∣+1

2

〉
3
2

= −
√

2

5
|0 ↑〉+

√
3

5
|1 ↓〉∣∣∣∣−1

2

〉
3
2

=

√
2

5
|0 ↓〉 −

√
3

5
|−1 ↑〉∣∣∣∣−3

2

〉
3
2

=

√
1

5
|−1 ↓〉 −

√
4

5
|−2 ↑〉 (B.1)
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and a sextuplet ∣∣∣∣+5

2
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2
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5
|−1 ↑〉∣∣∣∣−3

2

〉
5
2
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√
1

5
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2

〉
5
2

= |−2 ↓〉

(B.2)

Spin-orbit interaction causes the 3/2 multiplet to be lower in energy than the 5/2

multiplet. In an octahedral crystal field, the 3/2 multiplet does not split further

and becomes Γ8. The wavefunctions, which were obtained straightforwardly from

the Clebsch Gordan coefficients, are exactly those of Equation B.1 but are now

referred to as Γ8(a)

∣∣∣∣+3

2

〉
Γ8(a)

= −
√

1

5
|1 ↑〉+

√
4

5
|2 ↓〉∣∣∣∣+1

2

〉
Γ8(a)

= −
√

2

5
|0 ↑〉+

√
3

5
|1 ↓〉∣∣∣∣−1

2

〉
Γ8(a)

=

√
2

5
|0 ↓〉 −

√
3

5
|−1 ↑〉∣∣∣∣−3

2

〉
Γ8(a)

=

√
1

5
|−1 ↓〉 −

√
4

5
|−2 ↑〉 (B.3)
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B One electron on the Ir d-shell in empty space

The 5/2 multiplet splits into a doublet Γ7 and a quadruplet Γ8, which can be

written in terms of the half-integral states defined above [53].
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2
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(B.4)

The letters a and b are used to distinguish between the two different Γ8 states

which result from the cubic environment. Substituting Equations B.1 and B.2

into Equation B.4 and using the following definition

|2+〉 = |2〉+ |−2〉

|2−〉 = |2〉 − |−2〉 (B.5)

and the identity,

ax+ by =
a+ b

2
(x+ y) +

a− b
2

(x− y) (B.6)
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B One electron on the Ir d-shell in empty space

the Γ7 and Γ8(b) states can be rewritten as
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(B.7)

These wavefunctions for the 10 single electron states (one Γ7 and 2 Γ8 multiplets)

were found by starting with a single electron on the d-shell in empty space and

then introducing the cubic environment. In Chapter 3, the same three multiplets

were found by starting with the d-orbital in a cubic environment and then adding

the spin-orbit interaction. Both the crystal field splitting and the spin-orbit in-

teraction are crystallographic scalars, making it impossible for states in different

representations of the cubic group to mix. Thus, the Γ7 states can be identi-

fied unambiguously as those which resulted from the direct product of Γ5 and Γ6

(Chapter 3) because they cannot mix with the states in Γ8. However, mixing of

two inequivalent Γ8 multiplets is not constrained by symmetry in any way. As

a consequence, the Γ8 multiplets are not defined uniquely and actually both Γ8

multiplets contain an admixture of the Γ3 multiplet, which is high in energy in the

iridium crystal field. This confirms that the Γ7 multiplet is lower in energy than
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B One electron on the Ir d-shell in empty space

Γ8(b). There is a unique linear superposition of Γ8(a) and Γ8(b) that has support

only in the Γ5 multiplet. √
3

5
Γ8(a) +

√
2

5
Γ8(b) (B.8)

The Γ7 and Γ8 multiplets below are the states that arise when considering spin-

orbit on the orbital Γ5 triplet (apart from a factor of i)
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