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Abstract

In materials with significant interactions between magnetic spins, the reduc-
tion of temperature below the scale of the magnetic interaction of the spins
J = kgT generally results in the formation of static spin textures. Frustration
between interactions can result in either the significant reduction of the order-
ing temperature or the formation of an exotic and long sought after spin-liquid
state. The origin of the frustration originates from the arrangement of spins
on lattices with geometric frustration, such as the triangular and kagome lat-
tices, where no ordered state can satisfy all interactions. Exchange anisotropy
induced by strong spin-orbit coupling has emerged as another route towards

frustration in so-called Kitaev materials.

In this dissertation, the low energy properties of five different strongly spin-
orbit coupled frustrated magnets are investigated experimentally. Through a
variety of measurements and theoretical studies, we achieve an understanding
of the unusual forms of magnetism in Ba4Nb(Ru,Ir)301,, B-LirIrO3, D3Lilr;Og,
and BaCo,(AsQOy),, all of which are investigated for potential spin-liquid
behaviour. Ba4NbRu3O1; and BayNblr;Oj, are "traditional" quantum spin-
liquid candidates in that the origin of their frustrated interactions lies in

the triangular lattice upon which (Ru,Ir)3O012 Jorf = % trimers sit. Neutron

il



scattering measurements and bulk characterization are used to characterize

the magnetic ground states and excitations in each material.

The lithium iridates B-LizIrO3 and D3Lilr,Og¢ are Kitaev materials in which
strong ferromagnetic bond-dependent interactions are the result of the strong
spin-orbit coupled Ir** ions in octahedral crystal fields on a honeycomb lattice.
Isotope enriched powder samples are examined by inelastic neutron scatter-
ing, and both materials show evidence of Kitaev interactions. D3Lilr,Og¢ in
particular does not show any evidence of magnetic order, and polarized in-
elastic neutron scattering combined with THz spectroscopy reveal low energy

excitations suggestive of a Kitaev spin-liquid ground state.

The final part of the thesis describes extensive work on BaCoy(AsQOy)z,
a material recently examined for its potential realization of Kitaev physics.
Detailed analysis of single crystal inelastic neutron spectroscopy in an in-plane
tield is performed by the application of linear spin-wave theory and molecular
dynamics simulations, and we rigorously show that BCAO is not a Kitaev
material but instead is driven by competing interactions between first and

third neighbors with an XXZ type planar anisotropy.
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Full scattering data from 3D polarized experiment on HYSPEC
for D3LilryOg. Polarization configurations are as labeled, with
the total spin-flip cross section being shown in (g) and the total

non-spin flip in (h). (i) Shows a cut across Q averaged from

hw € {2,8} meV, showing a clear buildup of scattering at low Q. 124

Time domain THz spectroscopy data from a pressed pellet of
D;3Lilr;Og. (a) Directly measured quantity of the modulus of
transmission. (b) Calculated x” susceptibility using T=14 K as
a reference temperature. (c) Temperature dependence of the
signal at low energies showing the onset of magnetic signal for

T < 15K, and dielectric scattering for T > 25K. .. ... ...

Factorizations of each INS measurement of D3Lilr;Og. (a) S(Q)
extracted from scattering data for each experiment. The red
line indicates how these cuts compare to the best fit to a simple
model of the KSL as described in the text. Each individual
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of the energy dependent factorizations G(w) of the neutron
experiments. (c) Time domain THz Spectroscopy showing con-
sistency with neutron result at the I' point. Black and blue
lines represent T=3 K measurements from different samples,

showing qualitatively consistent magnetic spectra. . . . . ..

(a) Nuclear structure of BaCo;(AsOy); showing idealized ABC
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(a) Honeycomb lattice of BCAO viewed along the c-axis. Cobalt
ions are in blue, oxygen in red, and arsenic in green. The first
Brillouin zone of the hexagonal lattice is presented with the
reciprocal lattice vectors g; and g,. The high symmetry points
M and K are depicted by the red and blue squares, respectively.
(b) Representation of the couplings in the XXZ-];-J3 model. The
crystallographic frame is shown to the right in the black axes.
(c) Local spin-frame for Kitaev interaction on the honeycomb
lattice as seen from above. The x, y, and z bonds are shown in

blue, green, and red coloring respectively. . . . . .. ... ...

Zero field neutron scattering intensity for BaCo,(AsOy); as a
function of energy transfer and temperature in the (1k0) scat-
tering plane. Panels (a-d) show scattering at T = 1.7(1) K,
and (e-h) at T = 15.0(1) K. Energy transfers for each quad-
rant varies as labeled. Sample out measurements were used as
backgrounds for all measurements except (a), which shows the
difference between elastic data acquired at T = 1.7(1) K and
T=150(1)K. .. ...
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5.4 Elastic magnetic scattering from BaCoy(AsOy); at T = 1.7 K
(a-d) as a function of field applied perpendicular to the scat-
tering plane and along the (120) direction. The scattering has
been averaged in the energy transfer window of £0.1 meV,
and k € [—0.1,0.1] along the (0k0) direction. The short ranged
nature of the correlations is evident at zero field (a) and in the
commensurate ordered state at yoH = 0.4 T (b) through the
broadness of the peaks in the (00/) direction. Panels (e-f) further
highlight this, comparing cuts at the respective incommensu-
rate wavevectors q(H) = {q4(H),0,4;(H)}. For yoH =0T,
q = (0.27,0,—1.31) and for yoH = 04T q = (1/3,0,—1.31).
Panel (g) compares cuts along the (100) direction over the (003)
structural Bragg peak. The increase in intensity in the field-
polarized 3 T phase may be directly accounted for by the in-
duced in-plane moment. The full width of the averaging win-
dows for cuts in (e) and (g) are Ak = 0.1, Al = 0.6, and for (f)
from Ah = Ak = 0.1. (h-k) Constant energy slices around the
I' point gap energy at four representative fields. The energy
windows for panels (h-j) begin at fiw = 0.4 meV and extend to
hiw = 1.58 meV, 1.80 meV, 1.90 meV, and 2.29 meV, respectively.
Dashed white lines are shown at the incommensurate order-
ing wavevector for each respective field, with no lines for the

magnetized phases without AFMorder. . . . . ... ... ... 145
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5.5 Magnetic excitation spectrum of BCAO as a function of field

along high symmetry directions in the hexagonal Brillouin zone
at T=1.7 K. The path in r.l.u. notation is (00 [f + %] )-(00¢)-
(300)/(030)-(000)-(536)/ (330)-(00€)/(106)-(300)-(53¢). This
is represented by the dashed blue lines pictured in the diagram
of the Brillouin zone, where Heyt denotes the direction of the
applied field. In (a-d) ¢ € [1, 3] for the in-plane slices in the high
resolution E;=6 meV configuration. For the I'-A direction, the
path of L to L +  is averaged over several Brillouin zones (L =
1,2,3,4). For the I';, — M; path, intensity has been scaled by a
factor of three as indicated and R3m symmetry operations have
been applied to enhance statistics. The transverse-Q averaging
window is 0.1 A~! in all cases. Panel (e) shows the woH =3T
and E;=27 meV high energy configuration where ¢ € [1,9]. Data
dominated by the tail of elastic scattering at energies below
the FWHM elastic instrumental resolution of Afiw=0.15 meV
for the low energy configuration and Afiw =1.5 meV for the
high energy configuration have been masked. In frames (a-d)
the enhanced count rate at 3.4(1) meV arises from a spurious

accelerator-related process. . . . .. ... ... .. ... ... .

XXxii



5.6 (a-d) Magnetic excitation spectrum for BaCoy(AsQOy); at the T
point for four different magnetic field strengths applied along
the (120) direction. Intensity data near the main peak in each
spectrum has been scaled down by a factor of 10 and are shown
as filled symbols. (e) The lowest I'—point mode energy as a
function of magnetic field applied along the (120) direction. In
frames (a-d) the enhanced count rate at 3.3 meV arises from a

spurious accelerator-related process. . . . . ... ... ... .. 151
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5.7 (a)-(b) Normalized goodness of fit x for the field dependence

of the I'—point mode for the JKIT” and XXZ-J;-J3 models. (c)-
(e) Classical phase diagram around the only regions where
incommensurate order was observed for the restricted parame-
ter space that reproduces the field-dependent I'—point mode
energies. (c) and (d) correspond to the constraints ' + 2" =
3.0meV and 3] 4+ K = —12.1 meV, whereas (e) corresponds to
19+ = —50 meV and J{V + 1) = —2.0 meV. The red
dashed lines enclose the regions where the Luttinger-Tisza ap-
proximation fails, and the ground state is instead determined
by a combination of simulated annealing and a variational
single-Q Ansatz. The contour lines in the spiral phase of (e)
represent the magnitude of the ordering wavevector. The black
stars in panels (c) and (e) are the representative points used for
both models (see (5.11) and (5.10)). (f)-(i) Representative spin
configurations for the reported classical commensurate phases

with the corresponding color in the phase diagrams. . . . . .
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model (b,d) with an in-plane field of 0Tat T = 1Kand 3T
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5.12 Summary of neutron scattering results on BaCoz(AsO4)22x(VO4)2x.
(a) Commensurate order in the elastic scattering along the (h00)
direction with propagation vector k = (,0,0). (b) Integrated
intensity of the (%, 0,0) peak as a function of temperature. (c)
Dispersion of magnetic excitations through a wide path in the
first and second Brillouin zones. Backgrounds have been sub-

tracted by a detailed balance method. Intensity scale is arbitrary. 172
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7.2 Normalized scattering intensity from the MACS instrument
for the four main experimental configurations. E¢=3.7 meV
T=1.72(1) K is shown in (a), Ef=3.7 meV T=55.0(1) K is shown
in (b), Ef=5.0 meV T=1.72(1) K is shown in (c), and E¢=5.0 meV
T=55.0(1) K is shown in (d). Scattering has been corrected for

absorption and a background measurement has been subtracted.200

7.3 Scattering from the MACS experiment after subtraction of high
temperature data as defined by Eq. 7.2 from the E¢=5.0 meV (a)
and E¢=3.7 (b) configurations. . . . .. .......... ... 202

XXXVi



74

7.5

7.6

Sketch showing generic scattering process for a triple-axis spec-
trometer, where the incident energy setting defines the value of
2010n0- The inset shows the density of incident neutron energies

from the cold source. . . . . . . . . . .. ... ...

Depiction of allowed scattering vectors on the MACS instru-
ment considering inelastic scattering at the monochromator
for representative incident energy settings for the E;=3.7 meV
and E¢=5.0 meV used in the experiment. The Q direction is
along the (O0L) axis of pyrolytic graphite, and the color map
shows potential scattering vectors that satisfy the 26 condition
to scatter from the monochromator to the sample. Solid black
lines show phonon dispersion of pyrolytic graphite along the
(OOL) direction reproduced from Ref. [3]. . ... ... ... ..
Extracted elastic contribution to inelastic signal from D3Lilr;Og
for Ef=5.0 (a) and E¢=3.7 (b) configurations. Plots (c) and (d)
show the elastic line shapes used to generate these inelastic
backgrounds for the E;=5 meV and E;=3.7 meV configurations

respectively. . . .. ... Lo

XXXVii

203

204

206



Chapter 1

Introduction

The concept of symmetry breaking is ubiquitous in the realm of condensed
matter physics. In the mean-field formulation, the transitions between differ-
ent phases of matter are characterized by a so-called order parameter, which
appears upon cooling below the critical temperature and characterizes the
ordered phase. Consider a simple example, the uniaxial ferromagnet belong-
ing to the group Z,, meaning that it contains only two elements of spin-up or
spin-down. This means that the Hamiltonian governing the spin exchange
interactions is invariant under transformations belonging to the Z, group. As
spins of this ferromagnet are constrained to be in the Z direction, the order
parameter is then the thermodynamic average of the magnetization in the 2 di-
rection (m;). Provided ferromagnetic interactions between neighboring spins,
upon cooling the spins will eventually align to be along the same direction
once the energy scale of the interactions exceeds that of thermal fluctuations,

breaking the Z, symmetry.

This prescription of phase transitions is known as the Landau theory of

phase transitions, and in its simplest form relies upon mean-field theory [1].



Magnetic phase transitions, structural transitions like that from a solid to a
liquid, transitions in liquid crystals, and more are all well described by this
paradigm, where a symmetry element is lost upon the emergence of the order
parameter. While mean theory breaks down when local fluctuations are strong,
the traditional view of a phase transition in condensed matter physics is that

it must be associated with a broken symmetry and an order parameter[2].

In magnetic systems such as the simple ferromagnet described above, this
concept holds true. An order parameter associated with the uniform mag-
netization emerges upon cooling which constitutes time reversal symmetry
breaking, hereafter referred to as magnetic ordering. There exists one species
of magnetism without symmetry breaking. No order parameter exists and
there is no symmetry breaking phase transition, but quantum entanglement
and new quasiparticle excitations emerge from collective effects differentiating
this state from a correlated paramagnet. Proposed by Anderson in 1973, this
was called the resonating valence-bond state, and has since been called the
quantum spin-liquid (QSL) [3].

The work in this dissertation is centered around the QSL phase of matter.
First and foremost, can such an exotic state of matter exist in nature? Secondly,
if no features are associated with the QSL phase transition beyond its excita-
tions, how can one hope to identify it? Many resources available that discuss
these details in much greater depth than will be covered here [4-6]. Instead,
I will focus on the question of which microscopic mechanisms in materials
constitute the most promising route for the realization of the QSL phase. I

hope that this work helps to inspire the direction of future studies.



1.1 Magnetic exchange interactions

The first step in discussing magnetism in correlated electron systems is to
introduce the concept of the exchange interaction. In insulating solids with
unpaired valence electrons, both spin and orbital degrees of freedom may give
rise to magnetic interactions between sites. Typically, the dipolar interaction
between spins is weak enough to be considered irrelevant (with exceptions
including high spin rare-earth systems like Ho,TiO7 [7]). A rough estimate
of the dipolar interaction between spins on the length scale of an atomic
lattice is ~ 0.1 meV [8]. Instead, the interaction is governed almost purely
by the electrostatic repulsion between electrons subject to the Pauli exclusion
principle known as direct exchange, which typically is on an energy scale
of 1 meV or greater and decreses rapidly with atomic spacing. I will not
be discussing exchange interactions in conducting materials, as they are not

relevant to the contents of this dissertation.

1.1.1 Common exchange interactions

Direct exchange processes originate from orbital overlap, and when the inter-
actions are isotropic in spin space, they are known as Heisenberg interactions.

They may be expressed by
H=—Y JiSiS; (1.1)
(i)

Here, the indices i and j denote lattice sites consisting of distinct spin pairs,
Jij is the exchange coupling between these ions, and S is the magnetic spin.

This exchange originates from Coulomb repulsion and Pauli exclusion, and

3



is the most common starting point for the analysis of magnetic system. The
expression may be derived in a number of ways, but all arrive at the same
form [8].

This Hamiltonian is extremely flexible. Many insulating magnetic materi-
als may be described in detail through careful analysis of different exchange
energies defining an interacting system of spins upon a crystalline lattice [9].
When there are orbital contributions to the magnetic moment and spin-oribt
interactions then the magnetic interactions can be anisotropic. In other words,
the x, y, and z Cartesian components of the spin vector will have different ex-
change interactions. Along with crystal field effects that define the anisotropic
nature of the individual spin in these anisotropic interactions are of great
importance to determining the lowest energy spin configuration[10]. One
example of this that will be relevant in Chapter 5 is known as the XXZ model,

which is written as

%:—g{jg(Sf-sf+s?-s§)+ f’js?-s;}. (1.2)
L]

Although not an exchange interaction, magnetic ions with an orbital com-
ponent of magnetization experience what is known as single ion anisotropy.
Such crystal field effects, rely on linking spin and orbital moments relativistic
spin-orbit coupling. A famous example can be found in rare-earth pyrochlore
systems like Ho,TioO7 and Tb,Ti,Oy. Here, the large orbital moments and
spin-orbit coupling leads to a single ion anisotropy that energetically con-
strain spins to point along the (111) direction, which when combined with

ferromagnetic interactions on the pyrochlore lattice leads to a state with local
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M, 3d, O, p, M, 3d, M, 3d O, p, M, 3d
Figure 1.1: Sketch of superexchange processes between transition metal ions mediated

by oxygen for the antiferromagnetic case (a) and ferromagnetic case (b).

order defined by the so-called "ice rules" [11-13].

Many other types of exchange interactions exist, including the anisotropic
Dzyaloshinskii-Moriya (DM) interaction [14] and itinerant interactions be-
tween conduction electrons. One additional type of interaction is the anisotropic

Kitaev interaction, which will be discussed in detail.

1.1.2 Superexchange

The direct Heisenberg exchange described cannot explain antiferromagnetic
orders commonly found in transition metal oxides, as the spacing between
the d-orbitals of the metals is too large to allow for direct overlap. Instead,
a process called superexchange takes place, wherein magnetic interactions
proceed through an intermediary ion typically with a shared ligand. The idea
was first formulated by Anderson [15], and later refined into a semi empirical
set of rules by Goodenough and Kanamori [16, 17]. The sign and strength of
the interactions are extremely sensitive to the precise M-O-M (Where M is a

transition metal ion) bond angle.

Quite often, this process involves two transition metal ions with d-orbitals



mediated by an oxygen p orbital. The sign and strength of the superexchange
process is generally dictated by the Goodenough-Kanamori rules. This process
drives the interaction in many of the materials discussed in this thesis, where
transition metal ions surrounded by edge-sharing oxygen octahedra allow for

strong super-exchange interactions.

1.1.3 Magnetic frustration

In the mean-field picture, one expects that the temperature below which a
magnetic material forms a static spin structure rather than a paramagnetic
phase is controlled by the strength of the exchange interaction. For unfrus-
trated three dimensional materials with large S, the characteristic temperature
scale known as the Curie-Weiss temperature, fcy, provides a quantitatively
accurate estimate for the magnetic ordering temperature Tyy. When there are
competing interactions, symmetry breaking may occur at temperature scales
far lower than 6cyy. Often, this is due to degeneracy between ground states
induced by geometrical frustration. Geometrical frustration is a phenomenon
where spins are arranged in such a way that the lattice geometry supports
a nominally degenerate magnetic ground state. This competition between
different ground states is easiest to illustrate for an Ising-type interaction on
the triangular lattice, where six different spin configurations are energetically
equivalent. Two other famous frustrated lattices are the two-dimensional
kagome lattice and the three-dimensional pyrochlore lattice. A relatively un-
explored frustrated lattice is the honeycomb lattice, which is not frustrated

for only nearest neighbor interactions but requires the introduction of further
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Figure 1.2: Examples of geometrically frustrated spins on the antiferromagnetic
Ising triangular (a) and Heisenberg antiferromagnetic kagome (b) lattices. For the
triangular case, six different spin configurations minimize the total exchange energy
in the triangle.

neighbor exchange to induce frustration. Chapters 4 and 5 will investigate
materials featuring this lattice in detail, whereas Chapter 3 will focus on the

triangular lattice.

1.2 Quantum spin-liquids
1.2.1 Anderson’s model

The origin of the quantum spin-liquid (QSL) may be traced back to Ander-
son’s proposal in 1973 of the so-called resonating valence bond state, which
originally was proposed to help explain the bonding structure in benzene
rings [3]. The idea was revived again in 1987 in the context of superconducting
cuprates, where the RVB picture was suggested to explain the unconventional

high temperature superconductivity in these systems [18].

A QSL may be described as a state in which magnetic spins on a periodic

lattice do not order magnetically upon approaching T' = 0 K, but instead form



a ground state that does not break any lattice symmetries with a wavefunction
that is a linear combination of singlets covering the lattice. The wavefunction
has long ranged entanglement of the spin-degree of freedom, giving rise to a
large length scale quantum mechanical phase that is entirely unique in mag-
netism. No order parameter is associated with this type of phase, instead the
ground state is characterized by exotic quasiparticle excitations that are topo-
logical in nature. This means that the presence of the quasiparticle is apparent
in the pattern of singlet coverings even far from the quasiparticle itself. Many
varieties of spin-liquids exist depending upon the type of magnetic lattice, the
quantum spin number of the magnetic ion, and the exchange interactions, but
all are defined by their quantum entanglement and by the quasiparticles that

they support.

This is an extremely simplified description, and many resources are avail-
able to those interested in further details [4, 19, 20]. Numerical studies have
shown that spin-liquids can exist in theory, but in practice the most compelling
examples are in 1D spin chain systems like LiCuSbO4 [21] and CuSO4-5D,0
[22]. Although these may be technically called quantum spin-liquids, a much
more satisfying realization would be in higher dimensions where quasiparti-
cle interactions are less constrained by momentum and energy conservation.
Geometrical frustration is one possible route to a QSL beyond one dimension,
but although a number of promising materials exist [5, 23-25] there still is no

definitive example of a QSL beyond one dimension in a real material.



1.2.2 Kitaev’s model

Among QSL’s, a special subset of spin liquids exist, which are the Kitaev
quantum spin-liquids (KSL) [26]. The KSL has attracted significant attention,
both theoretically and experimentally, since the initial proposal in by Alexi
Kitaev 2006. Among its appealing features are the fact that unlike all other
spin-liquids beyond one dimension, the KSL has an exactly solvable spin-
liquid ground state. All other proposed QSL’s require the use of approximate
numerical methods like density matrix renormalization group (DMRG) [27]
studies to support their existence theoretically. As a famous example, the
5=1/2 kagome lattice with antiferromagnetic interactions between nearest
neighbor spins has been shown by DMRG to possibly support a QSL ground
state [28], but this is different from the Kitaev case in that it is not an exact
result and there remains significant uncertainty about whether ground state is

a quantum spin liquid or a valence bond solid.

The Kitaev model may be described as a honeycomb lattice of S=1/2 spins
with nearest neighbor bond-dependent Ising interactions. The easy axis of
these interactions are Cartesian x, y, z axes perpendicular to the bonds. The
Hamiltonian may then be compactly written as

H= <i]Z>‘; KWS?S].W. (1.3)
Here the index (ij) is over the x, y, and z type bonds. This is summarized in
Fig. 1.3. The balance between the three exchange constants permits different
QSL phases. If any one constant is significantly larger than the two others, a

gapped phase emerged as shown in Fig. 1.3(b). However, almost all modern
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Figure 1.3: (a) Sketch of Cartesian xyz axes as defined in the Kitaev model. The axes
are orthogonal and tilted out of the plane. (b) Permitted spin-liquid states in the
Kitaev spin-liquid versus the x, y, and z bond exchange. The white shaded areas
are gapped spin liquids, and the blue area is the gapless spin liquid containing the
isotropic Ky = K, = K; point.
studies only consider the isotropic point for Ky = K;, = K; which results in
a gapless state. The full solution of the model is beyond the scope of this
dissertation, but it may be summarized in the following way [29]. The original
work [26] contains the detailed solution. For each honeycomb plaquette as
shown in Fig. 1.3(a), we define a flux operator

AT i

Wy =T1K]- (1.4)

Jep

The quantity K;Y] .1 is abond operator where y € {x,y,z} and the subscript
denotes the sites forming the bond. This loops over all the bonds in the
honeycomb plaquette, and gives eigenvalues +1 for the zero flux configuration
and -1 for what is referred to as the 7t flux configuration. The excitation of a
plaquette flux is gapped, and we now focus on the ground-state flux sector.
The introduction of four Majorana fermion operators allow us to represent
the spin degrees of freedom in the form oj = iajc; where j denotes the

J
site and « is the spin component. The bond operators are now given by

10



sz = —(ia?ak’y)icjck. This Hamiltonian is reduced to quartic terms, and
may be described as a non-interacting Majorana hopping Hamiltonian in a Z,
gauge field. Interested readers may find the full details elsewhere [26, 29, 30],
but the resulting ground state of the KSL may be summarized most succinctly
as a quantum spin-liquid with anyonic Majorana fermion and Z, gauge flux

excitations.

Another appealing feature of this model is the nature of the excitations
themselves. The Majorana fermions predicted by this result are anyonic,
meaning that they obey nontrivial braiding statistics. The braiding of any-
onic quasiparticles has been proposed as a method of fault-tolerant quantum
computation [31]. The so-called topological quantum computer would have
significant advantages over current quantum computing techniques like su-
perconducting qubits or trapped ions, in that the braiding of the anyons would
help to prevent decoherence. The first step towards this technology is the

discovery of a KSL in a real material.

The exact solubility of the model also permits the calculation of quantities
that may be compared to experiment. The dynamical spin structure factor
S(Q, w) has been computed in detail [32], along with Raman spectroscopy
response [33]. The result is a broad Q-independent spectra with an excita-
tion gap (even in the gapless phase), with a second higher energy excitation
corresponding to the excitation of the gauge fluxes. Specific heat may also
be calculated, and reveals two temperature scales corresponding to the for-
mation of Majorana fermions and then flux ordering at lower temperatures

[33, 34] carrying a total magnetic entropy of AS;;;¢ = RIn(2)/2 in each peak.
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Each of these measurable quantities is not necessarily conclusive evidence
for the existence of a KSL state in real materials, as the response is broad and
featureless, making the KSL difficult to differentiate from a definitively not

quantum correlated paramagnet.

A more direct method for the observation of the fermionic quasiparticle
excitations is thermal transport via a finite quantized thermal hall effect for
kyy/T = 71/12 [35] upon approaching T=0. While this was initially thought
to be the correct way to determine if the true ground state of a material is a
KSL, experimental studies have resulted in significant controversy regarding
the presence of a xy, term in real materials. Thermal transport in general is a
difficult measurement technically, as keeping samples and probes thermally
isolated is almost impossible, but even for a perfect experiment it has been
shown that simple phonons may give rise to a xy, term [36] meaning that back-
ground contributions must be removed from these transport measurements

before making any conclusions.

So, the prospect of the detection of a KSL state is only slightly better than
other spin-liquids. Despite the fact that observable quantities may be exactly
calculated, the broad nature of the excitations will always cast doubt on the
ground state based on individual measurements. Instead, a combination of
different measurements must be used to create a body of work supporting
the presence of a KSL state in any given material. A significant part of this is
the measurement of the dynamic correlation function using inelastic neutron

scattering, which will be featured in this dissertation in Chapter 4.
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Figure 1.4: Realization of Kitaev interactions via spin-orbit coupling in an octahedral
tield as proposed by Jackeli and Khaliullin, reproduced from Ref. [30].

1.2.3 Modern experimental pursuits of Kitaev’s model

The peculiar interactions required by the Kitaev model originally meant that
it was treated as a toy model, and despite its novel qualities there were no
paths to its material realization until a proposal by Jackeli and Khaliullin
in 2009 [37]. To realize spatially anisotropic bonding on the honeycomb
lattice, spin-orbit coupling was used in heavy transition metal ions with an
unquenched orbital moment. For this purpose, Ru** and Ir** are suitable.
We first consider the d° spin of Ir*" in an octahedral crystal field, for example
in an oxide. For large crystal field splitting, Hund’s first rule is broken and
the spin configuration may be described as a single hole residing in a t;,
orbital manifold of the xy, xz, and yz orbitals. Considering the single-ion spin
Hamiltonian of Hy = A? S+ Al2, we now consider the effect of spin-orbit

coupling on the tyghole.

Provided that the spin-orbit coupling Agp is great enough, as it is in Ir,
the lower energy ty, manifold is further split into a J,rr=1/2 doublet and

a Jorr=3/2 quartet, with a splitting proportional to Ago. The single hole is
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then accommodated in the J,rr=1/2 doublet, meaning that each site may be
treated as a net J,sr=1/2 as required by the Kitaev model. The wavefunction
of this state is a spin-orbital entangled superposition of the xy, xz, and yz
orbitals of different complex phase, giving rise to spatial anisotropy as visually
depicted in Fig. 1.4(b). Considering the hopping between neighboring Ir
ions, it may be shown that the effective Heisenberg-type contribution to the
exchange has a destructive interference, instead with easy-axis Ising-type
interactions emerging where the axes are perpendicular to the bonds. This is
precisely the prescription of the Kitaev model, and from this work two main
candidate families of materials were proposed. The first is a family known as
the honeycomb iridates of the form X-Li[rO3; (X=a, B, ) [38], and the second
is a-RuClj3 [39].

Both of these materials will be discussed in detail in future chapters, but
their status as candidate realization of the Kitaev interaction is worth a brief
discussion here. All behave as J,rr=1/2 Mott insulators. Among this first gen-
eration of materials, all show magnetic order upon cooling, thus precluding a
pure KSL ground state. For the honeycomb iridate polytypes, the ordering
temperatures are Ty=15 K, 38 K, and 40 K for «, 8, and 7 respectively [40-
42]. The observed orders are of a complex incommensurate spiral as shown
through magnetic resonant x-ray spectroscopy [43, 44], while a-RuCl3 hosts a
zigzag type order [45] for temperatures below Tn=7 K. Evidently, there exist
non-Kitaev interactions in all of these materials leading to the formation of

static spin ordering rather than a QSL phase, and subsequent theory work
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showed that including a nearest neighbor Heisenberg and off-diagonal ex-
change originating from direct orbital overlap admits a rich phase diagram
of magnetic structures [46, 47] that well describes the observed order in the
honeycomb iridates. The case of a-RuCl; is interesting and will be discussed
in Chapter 5, but it has been proposed that the observed zigzag order is proxi-
mate to a KSL phase. Application of a strong in-plane field of H.=7 T melts
the order into an extremely controversial spin-liquid phase that some have

called a field-induced Kitaev spin liquid.

With this in mind, what is the future of the study of Kitaev magnetism?
The physics of the so-called first generation materials briefly discussed here
is already extremely rich, and a better understanding of the precise spin
exchange in each is necessary to determine how well the anisotropic Kitaev
interaction is realized in each. Despite the materials all being nearly a decade
old, only recently has the community begun to converge on these topics.
With a better understanding of why these materials fail to realize the KSL,
we may then engineer better materials. Both chapters 4 and 5 will discuss
examples of these, the first of which is an evolution of the lithium iridates
H;Lilr,Og and the second being a honeycomb cobaltate BaCo(AsOy),. The
honeycomb cobaltates have been proposed as a new route for the realization of
the Kitaev interaction [48] using a similar method to the Jackeli and Khaliullin

mechanism, which will be discussed in detail in Chapter 5.
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1.3 Overview of thesis

This thesis comprises a brief overview of experimental techniques, and three
major research topics. Chapter 2 is a brief overview of the experimental
techniques relevant to the results of this dissertation. These techniques in-
clude heat capacity, magnetization, susceptibility, and neutron scattering. A
brief discussion of experimental strategies for the detection of QSL’s is also

discussed.

Chapters 3, 4, and 5 each cover different sets of materials. Chapter 3 is a
study of a triangular lattice of molecular magnets BasNb(Ru,Ir);0;, that may
be in a QSL phase, or proximate to one. Chapter 4 discusses inelastic neutron
scattering studies of the archetypal Kitaev materials, the honeycomb iridates.
These include B-LiyIrO3 and D3Lilr,Og. Chapter 5 discusses the story of the
easy-plane frustrated honeycomb lattice BaCoy(AsOy),, which was originally
studied in the context of Kitaev physics but which we shall show is in fact an
easy plane magnetic with geometric frustration assosciated with third nearest

neighbor interactions.

Quantum spin-liquids are still an extremely rich area of study, even after
decades of research. The contents of this dissertation provide some examples
of experimental studies of sufficient quality to make quantitative determina-
tions of the magnetic interactions in highly frustrated quantum spin liquid
related materials. My intention in sharing this work is to inform future studies
towards the realization of a QSL, and to suggest specific avenues towards that

goal that are guided by the results presented in this dissertation.
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Chapter 2

Experimental techniques

2.1 Bulk thermodynamic characterization

As a first step towards understanding exchange interactions in magnetic ma-
terials, it is extremely important to first measure their bulk thermodynamic
magnetic characteristics. The ones most relevant to this dissertation are spe-
cific heat and susceptibility, but there are many other relevant quantities such

as thermal and electronic transport measurements that will not be discussed.

The first step towards the study of the phase transitions in magnetic ma-
terials is often heat capacity, which detects both the low energy density of
excited states and first and second order phase transitions. A first order phase
transition will appear as an extremely sharp delta function-like spike in C(T)
whereas a second order transition will be a divergent peak or discontinuous
jump [2]. Heat capacity measurements also provide a precise measure of the

magnetic entropy in a system as a function of temperature

AS(T) = /C(T)/TdT. 2.1)
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It is often very difficult to separate magnetic specific heat from that associated
with phonons, but this information can still be very useful. Phase transitions
measured by specific heat can be used to precisely determine critical expo-
nents, from which the dimensionality of the order parameter and of the spin
interactions may be deduced [49]. The dimensionality and gap associated
with spin-wave excitations in ordered states may be inferred from the low
temperature specific heat [50, 51], and a linear Sommerfeld-like contribution
to C(T)/T « v is often associated with low energy fermionic quasiparticles in

spin-liquids and superconductors [52, 53].

Susceptibility, or equivalently magnetization, is also an extremely im-
portant tool to measure the effective moment in a system as a function of

temperature and field. Susceptibility is formally defined by

_daM
X=aH

(2.2)
For many electrically insulating spin systems, the fluctuations are in the THz
frequency scale or 1 ps time scale. Susceptibility is typically measured in the
kHz range, meaning that on the time scale of the probing field the sample
magnetization is essentially static. The magnitude of the applied field is also
relevant as the fields typically applied in a susceptibility measurement are
small compared to the saturation field of the overall magnetization. This

means that susceptibility and magnetization in these systems may often be

thought of as equivalent.

A high temperature expansion of the Heisenberg model yields what is
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known as the Curie-Weiss law,

1 My

= . 2.3
X= 3T 6o (2.3)

Here g is the Lande g-factor, s is the effective moment of the ion which
may also be expressed as gpS(S + 1) where i is the Bohr magneton, and
Ocw is the Curie temperature. The Curie temperature also gives, to a good
approximation at high temperatures, the average magnetic exchange for each
ion

Ocw = %:1) (2.4)

In this expression, ] is the sum of the exchange interactions associated with
each ion, or | = ¥; J;, where the index i is over all unique exchange paths.
A positive Oc denotes antiferromagnetic interactions, and a negative 6cy
denotes ferromagnetic. Thus, through two relatively simple bulk measure-
ments of specific heat and susceptibility, it is possible to completely map out
the phase diagram of the compound of interest, find the effective magnetic

moment of the ion, and characterize the exchange interactions.

2.2 Neutron Scattering
2.2.1 Magnetic neutron scattering

Neutrons are unique as a probe of condensed matter systems in that as a neu-
tral particle, they pass through most matter with ease. The only interactions

are the nuclear strong force with atomic nuclei, and magnetic interactions
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between spin degrees of freedom in the solid and the neutron spin. Neutrons
are generated for the purpose of scattering experiments through either a spal-
lation process or in a fission reactor source, and can be moderated with water,
liquid hydrogen, or deuterium to produce what are known as thermal or cold
neutrons respectively. The energy scale of thermal neutrons makes them ideal
for the study of collective modes of excitation in crystalline materials, as their
wavelength is on the A scale which is also the length scale between atoms in
solids while their energy matches the 1 meV-100 meV range assosciated with

collective modes.

A basic scattering process starts with an incident neutron with wavevector
k;. The neutron scatters off the sample and emerges from it with wavevector
k. This process may be elastic or inelastic. The signal to be measured is
the scattering probability distribution, which is the Fourier transform of the
neutron-sample interaction potential in real space and time, be it nuclear or
magnetic in origin. This is also known as the correlation function. In the most
general form, the scattering cross-section for magnetic scattering is written as
[54-56]

d? k Q.0 )
dwgﬂ - Ff'%F(Q) %g(% - Qzﬁ)S P(Q w). (2.5)

Here, rg = gr, = 5.391 - 10713 cm is the characteristic neutron magnetic scat-
tering length which originates from the product of the classical electron radius
and the neutron gyromagnetic ratio, g is the Lande g-factor, F(Q) is known
as the magnetic form factor and is the Fourier transformed magnetization
density of the ion, the indices « and B refer to the Cartesian x y z directions, k;

is the magnitude of the incident scattering vector, ky is the outgoing scattering
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vector, and Q" is the « component of the total momentum transfer Q. This
process on a triple-axis spectrometer is depicted in Fig. 2.1. An extremely
important quantity called the dynamic correlation function S*#(Q, w) appears
here. This is defined by [56]

$(Q,w) = % /_ 0; dt e~i! ge—fQ%f—r’) (S5(0)SE (). (26)
The double sum is defined as over all pairs of spins in the lattice, and the
expectation value (S¥ (O)Sf/ (t)) is known as the spin-spin correlation function.
For elastic processes this is assosciated with t = oo processes, and inelastic
processes have a finite time scale. This quantity may be calculated using nu-
merical or analytical techniques for some systems, making neutron scattering
an extremely powerful technique to compare against theoretically predicted

excitations.

More detail about various scattering processes, including those from
phonons and spin waves, may be found elsewhere [56, 57]. One final note I
would like to make is the polarization factor (3,4) in Eq. 2.5. The consequence
of this term is that neutrons are only sensitive to the component of the mag-
netization (static or dynamic) that is perpendicular to momentum transfer.
Polarized neutron scattering offers the possibility of further distinguishing

the different polarization components as we shall do in 4.
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2.2.2 Sum rules

The definition of the dynamical spin structure factor S(Q, w) results in useful
expressions for its frequency moments, which are defined by [54, 58]

/ " ()" (Q, w)dw. 2.7)

—00

Here the « and B superscripts are the Cartesian spin components. The first
and zeroth moments are known as "sum rules", which will be used later in
this dissertation so a brief discussion of these is valuable. We begin with
the n=0 moment, which defines the static spin-structure factor S(Q). This is
also known as the Fourier-transformed equal-time correlation function and is
associated with the energy integrated magnetic scattering, which is related to

a measurement with no final energy analysis. It is evaluated as follows,

SP(Q) = Y. e QTy,4(1, 00). 2.8)
r

Here, the sum is over all sites in the lattice and y,4(r, o) is the infinite-time

spin correlation function. The evaluation of this sum gives

. 1 : 1
r _ -r B — p
;e’Q Yap(l,00) = N;jelQ (875 () = LSS (). (29)
Integrating Eq. 2.9 over the Brillouin zone and taking the trace of the spin

indices yields the zeroth moment sum rule

3
L[ s (@G = S @.10)
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The n=0 sum rule is also known as the total moment sum rule, which when

only considering one species of magnetic ion of identical spin is consequently

Z//sw )?d = 5(5+1). 2.11)

This result is quite powerful in that if the scattering is correctly normalized,
the total integrated scattering is a measure of the moment size. This may
be compared against the theoretically expected moment or the moment size

inferred from magnetization measurements.

We may readily evaluate the first moment sum rule as well, which may be

expressed as [54]

/_0:0 $%(Q, w)dw — _W1<50Q 7,5 ). (2.12)
The appearance of the Hamiltonian originates from the evaluation of the
tirst time derivative of the spin-spin correlation function. This result may be
applied to various well known spin-systems such as the Heisenberg model
[54]. For a Heisenberg magnet, this expression may be used to relate the bond

exchange energies |, to the scattering by
/ WS (Q, w) Z]d (1—cos(Q-dn)) ((SgSp., g ))-  (213)

Here, the sum is over all unique exchange paths and the quantity <<S%S%+ P ))
denotes a site-independent lattice averaged spin-spin correlation. When ap-
plied to scattering from a powder sample for which scattering is averaged

over the isotropic grain orientation distribution, this evaluated cross-section
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Figure 2.1: Sketch of a general scattering process on a triple axis spectrometer.

becomes

S(Q) =3 LIi*(85 -8 [ {1IFQP( ~cos(@-d).

(2.14)
sin(Q-d)

i )

= LTSS - SHIFQR( -
du

2.2.3 Instrumentation

Neutron scattering requires a source of neutrons, which comes in the form
of a reactor like the NCNR source at NIST, or in the form of a spallation
source like the Spallation Neutron Source at Oak Ridge National laboratory.
Both types of facilities exist around the world, but these are the primary
sources in the United States and the only facilities that were used for the
research in this dissertation. Both types of sources are extremely expensive to
operate, meaning that we must travel to national laboratory facilities for these
experiments. The principle of both types of sources are the same for direct
geometry spectrometers, like the triple-axis spectrometer (TAS) sketched in

Fig. 2.1. In the case of the TAS, this is performed by a crystalline array in a
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monochromator.

An incident neutron energy is selected, and the monochromatic neutron
beam then scatters off of the sample. The geometry defined by the incident
and scattered beam may be used to determine the momentum transfer to
the sample, Q = k; — k. Depending on the scattering process, the outgoing
neutron may or may not have experienced an energy transfer to or from
the sample. To detect this, an analyzing crystal array is used to determine
the energy of the neutrons incident on the detector, thereby providing a full
description of the scattering process. In a time of flight spectrometer, the
incident energy selection is performed by a disk chopper, and the final energy
is determined by the time taken for the neutron to travel from the source to

the detector via the sample.

2.2.4 Normalization of scattering data

As has should be apparent, neutron scattering is an extremely powerful tech-
nique to characterize the magnetic properties of samples. One of the many
strengths is the ability to calculate exact cross sections given a model of mag-
netism for comparison to experimental data and perform sum rule analyses
that will be used later in the text. This is particularly important in magnetic
structure refinements, where magnetic structure factors may be calculated
and compared to experimental data after proper convolution with the instru-
mental resolution function. In order to use these techniques, the experimental
data must be normalized to a well-known scattering cross section. There are a

number of methods to do this, but we will only discuss those used in the body
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of this work. A more general review may be found in Ref. [59]. In general the
measured intensity from a neutron scattering experiment may be related to a

cross section by
d?o
QWA= 3540,

(2.15)

Here we have defined an overall normalization constant A, the cross section
is general and convoluted with the instrumental resolution as denoted by
R. The cross section to which one normalizes changes depending upon each
measurement. A common method is to use a known mass of vanadium which
happens to be an almost pure nuclear incoherent scatter with no nuclear
Bragg peaks. Assuming that the resolution element is the same (i.e. the same
instrumental configurations are used in the measurement of vanadium and

the sample), one may find A4, using

j—gm = % nce.-2W (2.16)
Here Ny, is the number of vanadium atoms for the known mass of vanadium,
the Debye-Waller factor is approximated to be equal to 1, and for elemental
vanadium ¢"¢ = 5.08 barn. The factor of ﬁ comes from the fact that o;,,. is the
total scattering cross section whereas the differential scattering cross section is
per steradian solid angle, and the energy dimension has been integrated over.
It is straightforward to find Ay, using the integrated elastic line intensity,

which may then be scaled to the sample measurement based on the known

mass of vanadium. This is expressed by

e A 1Q@)dwdQ gy o
5 . (2.17)
[9m 40 ~ 50.94 47

min
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Here, the values Q,,;, and Qyqx are the integration bounds along the Q di-
mension, A is the integration width in energy around the elastic line, 11, is
the mass of the vanadium standard in grams, and the factor of 50.94 is the
molar mass of vanadium. This is the most straightforward method for normal-
ization. If the sample itself has significant incoherent scattering, one may also
normalize to the sample itself in this way but this runs into problems when
the sample incoherent scattering is comparable to or less than the instrumental

background as is often the case in real measurements.

A second method of normalization is to use structural nuclear Bragg peaks
from the sample. The cross section for a Bragg reflection T may be written as
[57]

do (2m)3

_ 2
d_Qr_NT’]:(Q)’ 5(Q—1) (2.18)

N is the number of unit cells, V} is the unit cell volume, and 7 is the particular

Bragg reflection. The nuclear structure factor is expanded as
F(Q) = Y bye' T e 2Me (2.19)
d

The sum in this expression is over one unit cell, with b; being the bound
coherent nuclear scattering length of each ion as tabulated in [60] and e~2"
is the Debye-Waller factor, which generally also depends on 7 and thus is

more properly written as e~ 2Wa(T)

. This quantity is readily calculated for
any particular experimentally available nuclear Bragg peak. Then, one may

compare the integrated intensity of the peak to the calculated cross section in
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the following manner

/ / PQdwl(Q,w) = A (2”) \F()2 (2.20)

For a powder sample, the direction of Q relative to the crystal lattice is random-
ized by the grain orientation distribution. Thus one measures the spherically

averaged scattering cross section

_ (2m)? , 1
deowder / ( ) =N FOF pd@-0. @2

Finally, this yields the overall normalization condition

5(
A//dewI Z|]—" 22 =1) (2.22)

2
Vo T 4|7

In this manner, for a powder sample it is straightforward to use all available
peaks for normalization in a similar way to how one would perform a Rietveld
refinement of the nuclear structure. The sum is performed over the magnitude
of momentum transfer || of the reflections to account for the multiplicity
of reflections with the same momentum transfer. For example, in the case
of a hexagonal lattice the (001) and the (001) reflections both contribute to
the scattering over 47t steradian, meaning that both contribute to the overall
intensity at the same |t|. In the case that a triple-axis spectrometer is used,
where one does not have access to the w dimension in an elastic scan, the
left side of Eq. 2.22 must be multiplied by the FWHM instrumental energy
resolution Ary s to handle the integration along the energy axis. An example

of this method applied to Ba;NbRuzO;; is shown in Fig. 2.2.
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Figure 2.2: Example normalization to elastic Bragg scattering for powder
BasNbRu3zO1,. (a) Black points are the measured intensity integrated over the elastic
resolution of the instrument, red line is the fit considering a single Gaussian at every
reflection to account for resolution. Green bars represent the structure factor of each
reflection in arbitrary units. The fit is used to find the overall normalization scale .A.
(b) Deviation between fit (red line in (a)) and experimental values (blue line in (a)).

2.2.5 Factorization method

For a closer examination of the Q and hiw dependence of these data, it is
expedient to make the assumption that S(Q, w) may be approximated as a
product of independent functions of Q and w. This will be referred to as a

factorization analysis, and is written as
Q) = 235F(QPS(Qw)
= 2315F(Q)S(Q)G(w). (2.23)

Within the kinematically accessible range of scattering, this is consistent with

these data and has been found to be a good approximation for a number of
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Figure 2.3: (a) Simulated scattering consisting of the product of two Gaussian func-
tions with noise, one in the energy dimension and one in the momentum transfer
dimension. (b,c) Results of the application of the factorization method to the simu-
lated scattering showing good agreement with the underlying Gaussian forms.

frustrated magnetic materials such as SrCroGa;,0O19 [61, 62] where no long-

ranged correlations develop and no dispersion is apparent in the scattering

pattern. Here the spectral function is defined to be unity normalized,

/ G(w)dw =1 (2.24)

while the integral over S(Q) yields the effective moment by a total-moment

sum rule:
2 2/ $(Q)Q%Q
Hovs = 3g f QZdQ :

This assumption allows for the full determination of S(Q) and G(w) despite

(2.25)

kinematic constraints. A fitting protocol was used to project the O(Ng x Nq,)
experimental pixels onto Ng values of |[F(Q)|?S(Q) and N,, values of the

local excitation spectrum G(w) throughout the factorized range of Q and w.
One of the simplest examples of the results of this procedure is shown in

Fig. 2.3(b,c). Here, a simple example of factorizable scattering is generated
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using the product of two Gaussian functions, with some normally distributed
noise. The method does an excellent job of capturing the Gaussians used to

generate the scattering, and is more generally applied later in this dissertation.

2.3 Observable quantities in quantum spin-liquids

Before moving on to the three major projects of this dissertation, it is important
to briefly state how exactly one could hope to detect a QSL state. With no clear
order parameter, the excitations are completely different from conventional

spin waves and a different approach is needed.

2.3.1 Thermal measurements

Although this dissertation focuses on neutron scattering, thermal transport
has been proposed as a possible tool for the direct detection of a Quantum
spin-liquid state. More precisely, a half-integer quantized Thermal Hall effect
would be a direct confirmation of the topological quasiparticles that should
be present in a true KSL phase [4]. This may be seen as an analog to the
fractional quantum Hall effect seen in graphene [63]. In practice, this quantity
is extremely difficult to measure despite some reports of its existence in a-

RuClj3 that will be discussed later.

2.3.2 Dynamical spin structure factor

The dynamical spin structure factor as defined by Eq. 2.6 is a response function
related to spin-spin correlations. This quantity may be calculated for a given

spin system with a known Hamiltonian by approximate and in rare cases
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exact theoretical methods. Methods limited in accuracy only by system size
include exact diagonalization [64] the density matrix renormalization group
method [27]. Approximate methods for the description of excitations from an
ordered state include linear spin-wave theory and molecular dynamics, among
others. Because the relation between the neutron scattering cross section and
the underlying spin dynamics is exactly known, unlike the case for other
spectroscopic probes, neutrons are arguably the most powerful tool to probe
the nature of the low energy excitations in putative QSL phases. However,
no sharp signatures exist in the calculated S(Q, w) [23, 32, 65] of the Kitaev
QSL due to the lack of long-ranged order. This may be taken as an indication
that the scattering occurs through a multi-particle process. The multiparticle
continuum is however, difficult to distinguish from the excitations of various
disorder dominated states of matter such as the random singlet state that
do not have the distinct features of entanglement and fractionalized quasi-
particles as for a QSL [66]. Without evidence of quantized thermal Hall
transport, the best evidence for a QSL is a collection of scattering data with
both theoretical support and other corroborating measurements like heat

capacity and susceptibility.
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Chapter 3

Frustrated triangular lattice J, f f=%
trimer materials Ba;NbRu30, and
Ba4NbIr3012

3.1 Introduction
3.1.1 Crystal structure and trimer magnetic units

BasNbRuz O, and BasNblr;Oq; are two materials in a larger family of per-
ovskites of the form Ba;MM’301, (M=Nb,Ce,Pr) (M’=Mn,Ru,Ir) that all crys-
tallize in the space group R3m [67]. A wide family of possible materials
exists within this set, and the hexagonal symmetry permits face-sharing MOg
tetrahedra forming dimer, trimer, or longer chain-like units. These geome-
tries are not possible in more widely studied oxide perovskites of the form
AMO3 that crystallize with a cubic symmetry where A is a larger ion. The
face sharing MOy octahedra within the magnetic units permit extremely short
metal-metal distances and significantly lower M-O-M bond angles than in

traditional perovskites.
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The magnetic properties of these materials have been explored through
bulk characterization studies and their crystal structures are well known, with
diffraction data that can be described by a disorder-free structural model.
However, little is known regarding the magnetic interactions or excitations
in these materials, which will be the focus of the present work. Here we will
focus on the relevant family of trimer-based materials of the form A;MM’301,,
but dimer-based materials of the form AzMM’;Og (A may be an alkali or
rare-earth ion) such as BazInlryOg[68] and BazYIr,Og[69] also show interesting

magnetic properties and may be of interest in future studies.

Trimer-based materials feature three face-sharing MOg octahedra, with
the MOg octahedra forming a triangular lattice, introducing the triangular
motif and geometrical frustration. A particularly interesting property of these
materials (which also exists in dimer-based materials) is that the valence
electrons may either be localized around their respective M ions or potentially
delocalize within the trimer, which has been proposed for larger 4d and 5d
elements like Ru and Ir. This makes the study of the series of trimer-based
materials Ba4sNbM3O1, (M=Mn, Ru, Ir) quite interesting, as the NDb°* site is
completely non-magnetic and with increasing atomic number Z the electrons
should in principle become further delocalized [70]. Thus, a comparison of
these materials with varying spin-orbit coupling on the M-site with Az, <
Aru < A1, may be viewed as the transition from a completely localized picture

to the more interesting molecular orbital picture of the trimer.

In the completely delocalized picture, the structure consists of well-separated

triangular layers of molecular magnets on a triangular lattice. This presents a
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Figure 3.1: Depiction of dimer (a) and trimer (b) magnetic units in the hexagonal
perovskite materials of the form AsRu;Oq2 and A;MM’301, respectively. The molec-
ular magnetic units themselves arrange within the a-b plane on a triangular lattice,
as depicted in (c). The triangular layers are well separated, which suggests a highly
frustrated 2D lattice of molecular spins.

unique scenario. Although frustrated magnetism on the triangular lattice is
well-studied, experimental examples of frustrated molecular magnets are few.
Notable exceptions to this are organic spin-liquid candidate materials such as
k-(BEDT-TTF),Hg(SCN),Br [71, 72], but our discussion is focused on inorganic
materials. Inorganic molecular magnets with triangular frustration in the lit-
erature include LiZn,Mo3Og, where spin 1/2 degrees of freedom are formed
by the Mo3Og molecule with a three-fold axis that provides a template for
the triangular lattice, and a unique quantum-critical state with short ranged
correlations was discovered at low temperature in this material [73-75]. There
exists an inevitable site-mixing between the Li/Zn ions to preserve charge
neutrality. This has led to suggestions that disorder plays a significant role in
this material and may drive it into a random-singlet state like in YbMgGaOy4
[76]. These trimer materials differ significantly from LiZn;Mo3zOg in that they
appear to be chemically clean, with no detectable secondary phases or site

disorder apparent in x-ray diffraction refinements[77]. Of course, this does
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not preclude the presence of site disorder such as oxygen deficiencies in small

quantities, but puts an upper limit on their fraction of around 2%.

BasNbRu3O1; and BayNblIr;Oq; both have significant spin-orbit coupling
from their respective magnetic ions and a net 13 electrons per (Ru, Ir);0;;
trimer, and by an electron counting argument a J,¢=1/2 ground state doublet
emerges from the octahedral crystal field and strong spin-orbit coupling. In an
octahedral crystal field, d orbitals split into triply degenerate 5, and doubly
degenerate eg states. Spin-orbit coupling further splits the f, manifold into
two discrete energy levels of a | = 3/2 quartet and a | = 1/2 doublet[70].
This leads to the picture of J,sf=1/2 molecular magnets arranged on a tri-
angular lattice, but the validity of the molecular orbital picture in these two
compounds is still an open question. Recent DFT studies have supported the
idea of a molecular orbital picture in Ba4Nblr;O, in particular [78], whereas
refinements of magnetic structure and ab initio studies strongly support a

localized spin picture for Ba4sNbMn3zO1, [79, 80].

With this established, the goal of this portion of the thesis is to determine
the nature of the low temperature magnetism in BasNb(Ru,Ir)3017, and if that
magnetism supports the J.sy=1/2 molecular orbital picture proposed. There
are significant experimental considerations that must be made to achieve this
goal. Single crystal samples of these materials are only available in very small
pm length scales, meaning that single crystal neutron studies are impossible.
Field dependent measurements are also required to be taken as a powder
average. Finally, iridium is a difficult element to work with for neutron

scattering as it is prohibitively expensive, has a magnetic form factor that
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(a) M-M Bonding (b) Molecular Orbitals

ot
==

Figure 3.2: Two possible energy level diagrams in MOy, trimers (M=Mn, Ru, Ir). The
electron counting considers the Ru and Ir cases with 13 electrons per trimer giving a
net residual spin of 1/2 on each molecule. (a) Direct metal-metal bonding results in a
localized picture, as discussed in Ref. [80], whereas the more interesting molecular
orbital picture would have the spin degree of freedom spread over the molecule.
Diagrams are reproduced from Refs. [67, 77, 80].

disperses strongly with wavevector transfer Q, and Ir is furthermore strongly

absorbing. For E;=25 meV neutrons, the absorption cross section for natural

isotope Ir is 0, = 425 b [60].

3.2 Magnetic properties
3.2.1 Magnetization and susceptibility

BayNb(Ru,Ir)30;; are both Mott insulators as indicated by their measured
semiconducting band gap despite DFT predictions of a significant density of
states at the Fermi energy [77]. Synthesis of both materials was performed by
collaborators Loi Nguyen and Robert Cava at Princeton University through
a solid-state reaction as reported in Refs [70, 77]. All measurements were
performed on pressed pellets of powder samples. High temperature (T=1.8-
300 K) magnetization and susceptibility measurements were performed in

a Quantum Design PPMS (Physical Properties Measurement System) using
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the VSM (Vibrating Sample Magnetometer) and ACMS (AC Measurement
System) options respectively. These measurements used powders enclosed in
plastic capsules. For the Ir compound, AC susceptibility measurements were
also run in a dilution refrigerator covering a temperature range from T=120
mK to T=3.8 K, and magnetization measurements were also carried out in a
Quantum Design MPMS (Magnetic Properties Measurement System) with the

3He option for temperatures from T=0.3 K to T =2 K.

The temperature dependent magnetization of BasNbRu3O;;, in a magnetic
field of H=1000 Oe is shown in Fig. 3.3. In the weakly correlated high T regime,
the Curie-Weiss law may be used to estimate the exchange interaction J. The
X = M/H vs T curve is fit well to the Curie-Weiss form of x(T) = % + Xo,
where )y is the temperature independent part of the susceptibility, C is the
Curie constant, and Ocyy is the Curie-Weiss temperature. These parameters
are found by a least-squares fit to be 6cy = —160(20) K, p.rr = 2.59 up,
and x0=0.525 memu Oe~! mol-f.u.”1. At low temperatures, a signature of
spin freezing appears around T=4 K, which is the small hump. While 8¢y is
not a perfect indication of the true exchange interactions in many materials,
its significant magnitude and the absence of any deviations from the Curie-
Weiss form down to temperatures T < @c are signatures of geometrical

frustration.

We may infer some information about the spin-state of the trimer from
the measured moment of p,rr = 2.59 pp. In a perfect J,rr = % picture the
expected effective moment would be equal to g1/S(S+ 1) ~ 1.7up. In the

localized picture, the trimer may either have 5=3/2 or 5=5/2. The measured
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Figure 3.3: Susceptibility of BasNbRuzO1; reproduced from Ref.[77].
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Figure 3.4: Magnetization and susceptibility of BasNblr;Oj; reproduced from
Ref.[70].

moment is between the pure ¢=2 J,rs=1/2 picture and the S =3/2 state which
would have an expected moment of u = 3.87 pp. Magnetization versus field at
constant temperatures of T=1.8 K and T=300 K is shown in Figure. 3.3(b). The
magnetization is not saturated at H=9 T, with a measured value of y ~ 0.16yp

fu L

Key evidence of spin-freezing is shown by comparing the field cooled
(FC) and zero-field cooled (ZFC) magnetization shown in Fig. 3.3. A clear
bifurcation at T=4 K is indicative of some form of spin-freezing. This is
interesting, as spin-freezing is sometimes indicative of the nucleation of spins
to a disordered site, but there is no detectable structural disorder. We conclude

that this is the result of strong geometrical frustration.

We now turn to the case of BayNblr;Oj,, for which susceptibility versus
temperature (T=1.8-300 K) is shown in Fig. 3.4(a). The effective moment is
quite small at y,rr = 0.80 pp, and the fitted value of —fcy = 13 K indicates
weak antiferromagnetic interactions between spins[70]. Unlike the Ru case,

there exists no bifurcation between FC and ZFC susceptibility, as shown in Fig.
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Figure 3.5: Low temperature susceptibility of Ba4NbRu3zO1,. The lowest accessible
temperature of T=120 mK shows no signs of spin freezing, and comparisons of the
field-cooled versus zero field cooled magnetization performed in an MPMS show
no freezing at temperatures above 500 mK. High temperature measurements were
performed in the ACMS system as a calibration.

3.4(b). This behavior persists at temperatures as low as T=120 mK, as shown
in Fig. 3.5. This is extremely interesting and points towards BasNblr;O1; as
a promising quantum spin-liquid candidate, but almost nothing is known at

this point about the excitations in the system. For this, we first turn to specific

heat capacity measurements.

3.2.2 Specific heat

The specific heat capacity of Ba4Nblr;O;, over a wide temperature range of
T=100 mK to T=300 K is pictured in Fig. 3.6(a). As no nonmagnetic analogue
to this material is available, a suitable phonon background was estimated
such that the magnetic specific heat, defined as Cyag(T) = C(T) — Cpponon(T),
could be calculated. To do so, a least squares routine was implemented with

the following constraints:
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L. Cphonon(T) < C(T), implemented by an exponentially increasing con-
(Cphonon(T)fc(T)z

tribution to x2. For Cphonon(T) < C(T), X2 = L , and for
_ 2
Cpnonon(T) > C(T), the contribution is x3 = exp [(C” ho"gré(TT))zC(T) ] -1

Here, 5C(T) is the measurement error, and the value of -1 in x? is re-

quired for the overall x? to be a smooth function.

2. In the absence of spin-orbital degeneracy, the full integrated magnetic
entropy from an S=1/2 system should be equal to RIn(2). The magnetic
entropy is calculated upon every fit iteration, and deviation from RIn(2)

contributes to the overall x> by x3 = (Syeas — RIn(2))>.

3. A minimal functional form must be used that is consistent with harmonic
phonons. A superposition of two Debye-type modes and an Einstein
(optical) mode were used was found to be the minimal model that
satisfies requirements (1) and (2) in the temperature range of T=15 K to

T=200 K.

The functional form used for the Debye modes is

T\? [00/T  xtex
Cp(T) = 9RN (%) /0 o 3.1)

Here R is the universal gas constant, N is the number of ions, fp is defined as
the Debye temperature, and x is an integration variable. The functional form

used for the Einstein mode is

(3.2)

€E )2 eeE/kBT

Here kg is the Boltzmann constant and ef is the Einstein frequency. With
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Parameter Constrained fit

CDl,max (R) 25-9(5)
Op1 (K) 308(2)
CD2,max (R) 28(3)
O, (K) 813(70)
CE,max (R) 3-6(1)
Tr (K) 87.2(4)

Table 3.1: Parameters determined by fitting two Debye Models and one Einstein mode
to high-T specific heat data of BayNbRu3O12. Opi, Opp, and T are the corresponding
temperature scales. The high-T limit of each term is denoted as Cpi,max, Cp2,max, and
CEmax- The fit sums to a value of 58(3) R, which is consistent with the Dulong-Petit
limit of 60 R per formula unit.

these constraints, a model of the phonon specific heat is found that converges
to a high temperature specific heat of 58(3)R, which is consistent with the
value expected by the law of Dulong-Petit of 3nR where n=20 is the number
of atoms in the unit cell. The convergence of the magnetic entropy is shown
clearly in Fig. 3.6(b), as well as the resulting Cy,4(T). The fit parameters of
each phonon mode are also reported in Table 3.1. Though this procedure is
certainly not as reliable as measurements of a non-magnetic analogue as a
background, it qualitatively works very well and its imperfections should not
be impactful in the low temperature range where the phonon model is only a

small fraction of the signal.

Examining Cq¢(T) more closely, the entropy is contained in two different
peaks. The high temperature peak may be associated with the buildup of short
ranged magnetic correlations at the energy scale defined by 6y, while the low
temperature peak is associated with spin-freezing as indicated in the FC/ZFC

susceptibility (Fig. 3.3(b)) The low temperature part of the specific heat (T<4 K)
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Figure 3.6: Heat capacity study of Ba;NbRu3Oy;. (a) Full temperature range from
T=100 mK to 200 K, the red line is the fitted phonon contribution described in the
text. (b) Integrated magnetic entropy inferred from the magnetic contribution to C(T)
as shown in (c). (d) Low temperature specific heat showing a nuclear contribution
and a yT contribution. Individual fit components are represented by dashed lines,
with their sum being the red line.
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is independent of the rather complicated phonon model previously discussed.
At the very lowest accessible temperatures, the small upturn in C(T)/T is
associated with the spin-full nuclear isotopes *’Ru and 1°'Ru with a combined
natural abundance of 30%. The hyperfine coupling to the frozen ruthenium
nuclear magnetism gives rise to a Cyq(T) = B/T? contribution to the total
specific heat. The nuclear spin term is an independent confirmation of the
presence of the frozen moment, and one can perform a fit to this contribution
to the specific heat to extract an estimate of the frozen moment. In this case,
the anomaly is centered at too low of a temperature for a consistent fit, but
in the case of rare-earth pyrochlore systems with large moments this method

works very well [81].

Further examining the low-temperature specific heat using double log
plot reveals a clear finite value of Cyuug(T)/T o 9. An overall model of
Cinag(T) = % + 9T + AT* accounts well for the data for T < 3 K as shown
by the solid line and the decomposed dashed lines in Fig. 3.6. The origin of
the 7=31(2) mJ/mole-K? term is unknown, but often persists in spin-glass
materials such as this or may be associated with a spinon-Fermi surface
[82] if the remaining unfrozen spins form a spin-liquid like state below the
freezing temperature [83]. Another possibility is what is commonly known
as a random-singlet state [76]. A final observation that may be made from
the specific heat capacity data is that the power law term with « = 1.62(2)
contrasts with the power seen in other two-dimensional quantum magnets
of & = 2 which has been associated with linearly dispersive quasiparticles in

two-dimensions [84].
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Figure 3.7: Low temperature specific heat of Ba4Nblr3O1; in the presence of a mag-
netic field.

The specific heat of BayNblIr3O1; is even more interesting than the Ruj case,
with the specific heat in the low temperature regime (T <3.5 K) pictured in
Fig. 3.7. Even at the lowest accessible temperature of T=50 mK no detectable
specific heat anomaly associated with magnetic ordering is found. This is
consistent with the lack of anomalies indicative of magnetic ordering or spin
freezing in the magnetic susceptibility data. Instead, a significant buildup of
C(T) is found at very low temperatures, signifying a large density of states
of low energy excitations. The zero-field specific heat integrated from over
the full range presented in Fig. 3.7 represents only ~8% of the full expected
entropy of RIn(2) from a S=1/2 system.

This buildup is not consistent with nuclear spin hyperfine splitting, as
there is no evidence for magnetic order and in the presence of a field these
excitations appear implying the formation of a significant gap. There are

few ways to explain this buildup of magnetic entropy at low temperatures
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without the presence of exotic excitations such as those that would exist in a
quantum spin-liquid. One less exotic possibility is a gradient electric which is a
consequence of a lack of inversion symmetry on the two Ir** sites, which could
break the nuclear spin degeneracy in the absence of time reversal symmetry
breaking magnetism. These data are extremely encouraging, and strongly

suggest that Ba;Nblr;O;, could be a triangular-lattice quantum spin-liquid.

3.3 Ba;NbRu3O;; elastic neutron scattering

The sample used in neutron scattering measurements consisted of 20(1) grams
of powder prepared by solid state reaction as described in Ref. [77]. The pu-
rity of these samples was confirmed by powder x-ray diffraction refinements
which places an upper limit of secondary phases of 3%, but no impurities were
detected within this limit. An elastic neutron measurement was performed
on the MACS instrument [85] at T=2.0(1) K, with E;=E;=3.7 meV neutrons
to detect the frozen moment. The intensity of the scattering is normalized
to the (101) nuclear Bragg peak to obtain an absolute measure of the partial
differential scattering cross-section as described in Sec. 2.2.4. The temperature
dependent scattering was measured up to T=25 K. Temperature dependent
magnetic scattering is shown in Fig. 3.8. To isolate the magnetic scattering,
we have subtracted the signal at T=25.0(1) K. Upon cooling below T=15 K,
the elastic scattering intensity grows which is indicative of the development
of static magnetic correlations or spin freezing. The T=8 K maximum in the
magnetic specific heat may be the thermodynamic indicator of the freezing

transition. The different timescale associated with the measurements typically
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Figure 3.8: (a) Temperature dependence of elastic magnetic scattering of BasNbRuzO1
acquired on the MACS instrument with E;=3.7meV. Averaged signals from temper-
atures ranging from 20 K to 25 K were subtracted as a background to isolate the
magnetic signal associated with spin freezing. (b) Temperature dependence of bulk
of magnetic signal integrated within the range of the white lines. The signal dramat-
ically increases below temperatures of 10.0(1) K. (c) Cut along Q integrated in the
temperature range shown by the black lines. The red line is a fit described later in
the text assuming scattering from Ru ions. The blue line is the same fit but using
assuming scattering from a trimer molecular magnet. The red boxes denote points
that are contaminated by Bragg peaks and were not used in the fit.
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leads to different characteristic temperatures of spin freezing transitions. In-
tegrating the observed scattering shown in 3.8(c) over Q yields an observed
root-mean-square (RMS) frozen moment of pigs,pic = 1.2(3)pup which is static
on the timescale of 30 ps associated with the 0.15 meV FWHM resolution of
the instrument. Though T << 6cyw = —155 K, the elastic scattering clearly
does not take the form of Bragg peaks, signifying the absence of long-ranged
order and a short ranged spin correlations even in the ordered state. The
functional form of the solid line fit shown in 3.8(c) is described later, but
are theoretical fits involving only nearest-neighbor correlations that will be

described in greater detail later.

3.4 BasNbRu3Oq; Inelastic neutron scattering

Inelastic scattering was measured using the SEQUOIA instrument at Oak
Ridge National Laboratory [86] with incident energies of E;=10.5 meV, 25 meV,
and 50 meV using the high flux chopper configuration. An equal accumulated
proton charge of 14 C was used in all of these measurements, and equal time
was spent counting at T=4.0(1) K for the magnetic signal and T=300.0(1) K
(150.0(1) K) to acquire background data for E;=25 meV and E;=50 meV (E;=10.5
meV). An empty aluminum can was used as a background for all measurement
configurations to account for scattering from the sample environment and the
sample container. Combining the data obtained with all E; values, we obtain
a full excitation spectrum extending from fiw = 1.0(2) meV to 45 meV energy
transfer that is broad Q-space. The high temperature measurements were used

to help isolate the magnetic scattering in a process that will now be described
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in detail. Multiphonon contributions were determined using the OCLIMAX
software package [87]. Fig. 3.9 shows a color map of the dynamical correlation
function S(Q, hw) at T=4.0 K obtained by a combination of neutron scattering
data with different E; configurations as described previously. Based on the
short ranged nature of the frozen magnetic state, the absence of sharp features
in the inelastic scattering from a powder sample is expected. Instead, we
observe that S(Q, hw) is extremely broad in both momentum and energy
transfer space, with a maximum at low Q and an energy transfer dependence
resembling S(w) « hiw~!. While this is consistent with dynamical correlations
of a macroscopic interacting spin-system with short range spin freezing, intra-
molecular excitations are not observed. These would be sharp features in fiw

resembling discrete crystal field levels.

3.4.1 Isolation of inelastic magnetic scattering

The directly measured intensity (after normalization and sample environment
background subtraction) for all three incident energy configurations is shown
in Fig. 3.10. There are three main contributions to the scattering evident in all
measurements that are necessary to separate. The first is the high-Q part of
the scattering (Q > 2 A_l) that is dominated by optical phonons involving
oxygen. The second is the low-Q (Q < 1 Afl) contribution to the scattering
that is presumed to be of magnetic origin. The final contribution is a pervasive
flat background that exists despite the subtraction of an empty aluminum
can measurement, which is most clearly seen for 1A~ < Q <2 A" in Fig.

3.10(b).
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Figure 3.9: Extracted magnetic scattering of Ba;NbRu3O;,. Three incident energies
are used in this, E;=50 meV, E;=25 meV. The boundary between these configurations
is shown by the dashed red line.
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Figure 3.10: Normalized scattering from Bas]NbRu3O;, at T=4 K for the (a) E;=10.5
meV, (b) E;=25 meV, and (c) E;=50 meV configurations.
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The isolation of inelastic magnetic scattering in Ba4zNbRu3O1; is a nontriv-
ial task that will be summarized here. If the only contributions to the measured
intensity was the magnetic and the one-phonon cross-sections, it is possible to
remove phonons from a low temperature measurement by subtracting a high
temperature measurement, where phonon scattering dominates after scaling
the data by the ratio determined by the Bose-Einstein population factor. This
is described by the expression below where the subscripts H and L refer to

the low and high temperatures respectively, and g = 1/kgT,

1 — e Puhw

wfhigh(g hw). (3.3)

Inag(Q, hw) = Ij(Q, Iiw) —

This method relies on a number of assumptions that are invalid in the
case of Ba4NbRu3Oy;. First, the high temperature measurement is assumed
to have no magnetic scattering and to constitute a purely non-magnetic back-
ground. Second, the only contribution to the background at low temperatures
is assumed to be from single-event one phonon scattering. In systems like
BasNbRuz O, with complex unit cells, higher order phonon processes are of-
ten present and should be accounted for (though they frequently are ignored).

Finally, this subtraction cannot handle the case when multiple scattering

contributes significantly to the overall signal.

A simplified model of the different contributions to the measured scattering

intensity may be written as
[(Q,hw) = Luag(Q, hiw) + 13, (Q, hw) + Iy, (Q, hiw) + In(Q hw).  (3:4)

Here, the total observed intensity is a linear combination of the desired
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1

magnetic scattering Iy;qq, single-event phonon scattering [ ph?

multiphonon

n

scattering I, , and multiple scattering I,. To estimate the multiphonon scat-

p
tering, a DFT simulation was performed using the VASP package [88]. The
calculation used the Projector Augmented Wave method to describe the effects
of the core electrons, and the Perdew-Berke-Ernzerhof implementations of the
generalized gradient approximation for the exchange correlation functional.
The electronic structure was calculated on a 6x6x1 I'-centered mesh. Force
constants were calculated using DFPT in VASP, and the vibrational eigen-
modes were calculated by solving the dynamical matrix using PhononPy [89].
Finally, the OCLIMAX software was used to convert the calculated phonons
into a simulated INS spectra accounting for the instrumental resolution of
the SEQ instrument [87]. OCLIMAX provides an exact calculation of phonon
cross-sections up to four phonon processes, allowing us to sufficiently account
for these at every temperature. The calculated low temperature phonon scat-

tering is shown in Fig. 3.11 normalized to the measurement using integrated

intensities at high values of Q where phonons dominate.
19(Q hw) = I7H(Q, hw) + I (Q, hew),

Here, the superscript O refers to the calculated OCLIMAX values. While the
phonon cross-section is accounted for, we now consider the effects of multiple
scattering. Multiple scattering in powders is difficult to deal with, and can be
a significant contribution to the background in cases where (1) the sample has
a high elastic incoherent cross-section or (2) there is a large mass of sample,

giving neutrons many opportunities to scatter more than once. In this case it
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Figure 3.11: Calculated phonon scattering for BayNbRuzO1,, normalized to the ob-
served phonon scattering intensity.

is the latter, as the sample was of mass 20 g in a cylindrical powder can.

Following Ref. [90], we take the multiple process to be one strong elas-
tic process (such as incoherent scattering) and one inelastic phonon event.
Making the assumptions that the incoherent elastic scattering is isotropic and
independent of energy and that the sample geometry is not relevant, this

process leads to a detected signal of the form

QdQ’
2kiks

/ Kithy /
1(Q 1) = TT(Q hew) + (1 - T) /k () (3.5)
i—hf

7T is the fraction of single-event phonon scattering processes, the integral
represents the solid angle average of the intermediate scattering process,
and the prime denotes the full intensity resulting from both single event
scattering and multiple scattering. One approach here would be to assume
that scattering from phonons takes the form of I(Q, iw) %Z (hw), where

C is a constant and Z(hw) is a phonon density of states. In our case we have
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Figure 3.12: (a) Normalized direct scattering measured at E;=50 meV, T=4 K. (b) Best
fit to multiple scattering using OCLIMAX calculations and the form of Eq. 3.6. Scat-
tering below the kinematic limit only includes the calculated Q-independent multiple
scattering. (c) Difference between the first two plots, showing small deviations that
are corrected for by Bose-Einstein subtraction.

detailed calculations of the phonons, so this approximation does not need
to be made and the integral can be carried out numerically with the given
one-phonon scattering cross section. To calculate the multiple scattering in

this way, one needs both an overall normalization for the DFT calculation and

the multiple scattering fraction 7, which will be defined as

0 _ 0 kitks 6, QdQ’
L1 (Q, hiw) = A (I (Qhw)+(1-T) /|ki_kf| I7(Q', hw) 2Kk > . (3.6)

Both 7 and the normalization constant A are treated as free parameters in a

X2 minimization which is defined by

I — IO ')2
2 ( 1 tot,i
X Zi oL (37)

This procedure is repeated for every experimental configuration, with an
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example for E;=25 meV T=4 K shown in Fig. 3.12. Only regions in the highest
available Q were used for this fit where no magnetic scattering is expected.
The effective fraction of single-event scattering were 7195 = 0.77, 725 = 0.84,

and 759 = 0.91 where the subscripts denote the incident neutron energy.

The procedure qualitatively reproduces the backgrounds observed in the
experiment though with some asystematic deviations, as shown in Fig.3.12(c).

We denote these differences as
Lu(Q hw) = 1(Q,hw) — I0,(Q, hew) (3.8)

Liup (Q, 1w) = Inag (Q, hw) + 61, (Q, hew) + 61 (Q, hew) (3.9)

We now assume that the phonon-based errors are dominated by single-
phonon processes and subtract them using a standard Bose-Einstein subtrac-
tion using Eq. 3.3. The result is the following data, which by design should be

dominated by magnetic scattering
1(Q 1) = luag(Q, 1) + {811 (Q, hew) — B(hw)s L (Qhew) } . (3:10)

Here, B(w) is the w-dependent ratio of Bose-Einstein factors and the
superscripts denote temperature. Even after all of this effort, some intensity
remains at high Q and finite energy transfer that cannot be magnetic of origin
given the form factor. One possibility is that this is multiple elastic scattering
involving the sample environment. The delay becomes associated with a
"false" inelasticity in the time of flight geometry. In order to treat the data
quantitatively, these events must be removed. The assumption is made that

the full spectrum of scattering for Q>2 A s non-magnetic and that the
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Figure 3.13: (a) Inelastic neutron scattering from powder Ba;NbRu3Oy; after subtrac-
tion of single-event phonon scattering and multiple event scattering. The presence of
scattering with no Q dependence at high Q signifies that some non-magnetic contri-
butions still exist in the data. (b) After making an assumption that the scattering for

Q> 2A s non-magnetic, the high-Q scattering is averaged and subtracted across
all values of Q as a background. The result shown is what we take to be the purely
magnetic scattering.

remaining multiple scattering contribution is Q-independent.
T Qmax T Qmax
o1 () = [ T (QnwydQ/ [ dQ (3.11)
2A 2A

This process is depicted in Fig. 3.13. The final result is the smooth magnetic
continuum presented in Fig. 3.9(b). The E;=10.5 meV data did not have
enough access to high-Q to perform the described background subtractions,

and was omitted for this reason from the remainder of the analysis.
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3.4.2 Scattering analysis

3.4.3 Anisotropic character of trimer form factor

The magnetic form factor |F(Q)|? in general is defined by the Fourier trans-
form of the real-space magnetization density, which is given by the wave-
function for the magnetic orbital(s). In neutron scattering studies this is often

referenced as F(Q) and is formally defined by
F(Q) = / ¢ (1) (3.12)

This can be evaluated numerically with the assistance of ab-initio studies [91],
but in this case we take a simple analytical approach. In Eq. 3.12, p(r) =
|¢p(r)|> where ¢(r)is the valence electron wavefunction. In BayjNbRuzO1s,
there exist two Ru** ions and one Ru>* ion that combine to form the proposed
Jegs=1/2 trimer magnetic unit. A rough assumption is made to ignore the
phase of the wavefunction and assume that these ions then contain identical
magnetic form factors. If this is true, then the wavefunction of the trimer’s
valence electrons is readily calculated. We begin with the approximate valence

electron wavefunction of the trimer

1
¢(r) ~ \73[4)&) +o(r—do) +o(r+do)]. (3.13)

Here d, is the displacement vector between Ru ions within the RuzOs;

trimer. Given that this is simply a constant along the c-axis, the form factor is
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evaluated as
Fr(Q)] = [ T3 Ip(r)? + plg(r — do)+ 319
Pp()p(r+do) + Pp(r —do)p(r+do)+ ¢(r—do)* + P(r+dy)?|dr

where Fr(Q) denotes the trimer magnetic form factor. We now make the
assumption of no direct orbital overlap between the ruthenium ions, meaning
that the cross terms evaluate to zero. This is of course a major simplification,
and more detailed studies of this system would require a more careful analy-
sis. This would perhaps be done by evaluating the form factor numerically
through DFT studies. With the approximation the form factor is now the

following;:

Fr(Q)] = [T (0P + 9= ) + g+ d)D)Pr. (315)

This form factor is notably dependent on the z-axis component of the scat-
tering. Finally, the free-ion form factor appears and the expression can be

simplified to the following:

Fr(@ = 3| [ €@t ars 316)
/eiQ-(rdo)’(l)(r)‘er_i_/eiQ(rero)‘(P(r)'zdr

(1+2cos(Q-d,))> (3.17)

_|Fru(Q)?
IF(Q)|> = RT

This simple form does not yet consider the powder average in the current

experiments, but Fig. 3.14 shows the difference in the form factor for in-plane
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Figure 3.14: Analytically derived trimer form factor for in-plane and out of plane
directions. The out of plane direction is not precisely Q;, as the trimers are not stacked
on top of each other.

versus out of plane scattering. The revised form factor depends on the angle
between the momentum transfer Q and the Ru-Ru displacement vector within
the trimer d of magnitude d,=2.54 A. Now consider the equal time structure

factor associated with a pair of spin-1/2 molecules displaced by a real space

vector d from each other forming a singlet state.

S(Q) = A[F(Q)]*(1 — cos(Q - d)) (3.18)

Inserting the evaluated form for the magnetic form factor gives the following

analytical expression

’PRu(Q)lz

5 (1+2cos(Q-dy))*(1 —cos(Q-d)). (3.19)

S(Q) =

The anisotropy in the form factor depends explicitly on the angle between the
scattering vector and dj. Let us now consider the structure factor that would

be associated with a powder sample:

40
Spo(Q / T 500 (3.20)
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In the calculation of the powder average, we take the 2 axis to be perpen-
dicular to the plane formed by dimer displacement vector d and the Ru-Ru
displacement vector d,. The % axis is taken to bisect these two vectors with
the angle between the axis and the vectors being . Then, the d, d,, and Q

vectors can be explicitly written in spherical coordinates as

d= (Xcosy+ fsiny)d (3.21)
d, = (Rcos ¢ — §siny)d (3.22)
Q = Q(&cos¢psinf + fsingsinf + 2 cosb). (3.23)

The dot products in the spherical integration in Eq. 3.19 may now be

simplified to
Q-d = Qdsinfcos (¢ — ) (3.24)
Q-d, = Qd,sinfcos (¢ + ) (3.25)

The deviation from the free-ion Ru behavior is encompassed purely by the
angle 1. In this way, we can solve the integral in Eq. 3.19 to get the following

analytical form for Spow(Q)
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B |Fry (Q)? sin (2Qd,) sin (Qd,)
S(Q)_A§ T{B—FZ ZQdo +4 Qdo _
3sin(Qd) sin (Q|2d, —d|) = sin(Q|2d, +d|)
G700 T gpd, -4 Ql2d, —d
sin (Q|do —dJ) | . sin (Q|do +dJ)
20, a4, ] G

This form may be further simplified by selecting the bond vector d, but

may be evaluated analytically and is used in the fits to the factorized form of

S(Q)-
3.4.3.1 Elastic scattering

In the case of elastic scattering the factorization analysis is still applicable, but
we must assume that the energy dimension has already been integrated over.

The description of the Q-dependent scattering then becomes:

1(Q) = 218|Z F(Q)I?S(Q) (327)

1 O,dl,... Sln(Qd)
Se = = So(o0) - S 3.28
(@=3 L {5l 50777 } .29

where the allowed interaction vectors d includes the self-correlation term. The

corresponding expression for the intensity is

g 2y2 in
1(Q) = 22 35, ()5 M2 (3:29)

d
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The total moment sum rule is also modified slightly, being

2 a0)5a(Q)Q%Q
Hstatic = 3g f QZdQ :

Considering the anisotropic magnetic form factor, the elastic scattering inten-

(3.30)

sity for a powder sample takes on the following form

1’2 2 2 0,dq,...
S(Q) — 038 ’FRuéQ” Z <Sg(00) . S”d‘> L.

d

i0) g

- (14+2c0s(Q- dy))* cos(Q- d). (3.31)

This integral can be carried out numerically or analytically in analogy with

the earlier calculation.

3.5 Discussion and conclusions
3.5.1 Inelastic scattering and dynamic correlations

When applied to the combined background subtracted inelastic neutron scat-
tering data acquired with the three different incident neutron energies, the
factorization method results in extracted functions S(Q) and G(w) as de-
picted in Fig. 3.15. The study of the elastic scattering has already clearly
shown the absence of magnetic Bragg peaks, therefore we cannot expect sharp
features in the momentum dependence of the inelastic scattering either. In-
stead, S(Q, w) is peaked at low Q and fiw decreasing with energy transfer on
a scale that resembles the Curie-Weiss temperature. This is consistent with

dynamic correlations of a macroscopic interacting spin system that shows no
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Figure 3.15: Result of factorization method on inelastic scattering from Bag]NbRuzO1».
The Q-dependent part of the spectrum is used to extract the total dynamic magnetic
moment from the from the sample. Fits to S(Q) assuming the trimer form factor are
depicted in red, and assuming the free-ion Ru* are depicted in blue. The observed
fluctuating moment from this fit is found to be 1.3(2) up (b) G(w) spectral weight
extracted by least squares fitting to the diffuse inelastic scattering. This fits well to a
phenomenological power law of exponent « = —1.4(1), as shown by the red line.
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signs of intramolecular excitations, which would have a discrete spectrum.

The Q-averaged spectrum inferred from S(Q, w) is continuous and devoid
of any resonances with measurable scattering up to energy scales on the order
of 15 meV, which matches the energy scale inferred by the Curie-Weiss temper-
ature. The diffuse spectrum can be approximately described by a power law
of the form (hiw)* with a=-1.5(1) as shown by the red line in Fig. 3.15(b). A
finite sized spin-cluster as one would expect from the localized trimer picture
would produce discrete peaks in the excitation spectrum of the low temper-
ature neutron scattering. As we observe a continuum instead, these data
are an important indication that the quantum magnetism of Ba4JNbRu3Oy; is

collective on the energy scale set by Ocyy.

The dynamic spatial correlations are reflected by |F(Q)|>S(Q) as displayed
in Fig. 3.15(a). The function very clearly decreases with Q, which is consistent
with a magnetic signal limited by the magnetic form factor |[F(Q)|?. In addi-
tion, the scattering displays oscillations that cannot be explained by the Ru**
form factor and must be ascribed to inter-atomic spin correlations. Using the
total moment sum rule in Eq. 2.25, we obtain an effective RMS fluctuating
moment of {gypamic = 2.1(6)pp. This may be compared with the RMS static

moment of ygyric = 1.2(2)up from elastic scattering. The total moment from

the scattering data is then found to be s = \/ygmtic + yéymmic =2.4(7) up.
This is consistent with the inferred value of 2.6 yp from the high temperature

susceptibility. However, greater than the expected moment froma S = 1/2

ion of s = gup = /S(S+1) = 1.73 up.

For a fully ordered spin-S magnet the ratio of the RMS dynamic to RMS
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static momentis (S(S+ 1)) — S?)/S? = 1/8S. For spin-1/2, this corresponds to
a value of 1/5=2. The value that was obtained in Ba4JNbRu3zO1; is yﬁyn amic! P‘?t atic =
3(1), is a suggestion that we are not dealing with a conventional Néel like
product state of fully frozen spins. The ratio still falls far short of expectations

for a quantum spin liquid where y2, ... = 0.

3.5.2 Correlation functions

. The factorized form for S(Q, w) implies the following form for the dynamic

component of the equal time correlation function:

S(Q) = <hl—w>/S(Q,w)wdw (3.32)

) Qd

Here {d} denotes the set of all displacement vectors between spins that in-

_ ; ]d<§z;;ljr+d> [1 B Sin(Qd)] (333)

teract with each other. The factorization was employed to represent S(Q, w)
with the definition (hw) = [ g(w)wdw. We have employed the first moment
sum-rule and assume Heisenberg interactions are dominant to obtain Eq. 3.33.
The equation implies that the correlation length associated with a factorized
dynamic correlation function is capped at the largest spacing between in-
teracting spins { = max(d). We write the Heisenberg spin Hamiltonian as

follows:

1
H = ) Zjdsr *Srid- (3.34)
rd

Here {r} are position vectors for all spins and since each interacting spin

pair appears twice in this summation, and the factor 1/2 ensures that J4 is the
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exchange energy for spin pair d.

Equation 3.33 allows the extraction of bond energies, Jq(Sr - Sy+q) from a
fit to normalized data for S(Q) and the value of (fiw) = 10.1 meV obtained
from G(w) (Fig. 3.15). The red line in Fig. 3.15(a) represents a fit to Eq. 3.33
assuming nearest and next-nearest neighbor interactions between spins on
the triangular lattice. The blue line in the same figure is the same fit but
considering the spatial anisotropy of the RuzOy; trimer. The corresponding
low T excitation spectrum G(w) is gapless to within the 1.5 meV energy
resolution and extends to (hw) = 20 meV. G(w) decreases monotonically with

w.

For the elastic scattering we directly measure the infinite time spin correla-

tion function, which in the case of diffuse scattering from a powder sample

looks like

0,dy,... n
su@ =3 L {isi()- 80050 ) EED

where the allowed interaction vectors d includes the self-correlation term.

One of the immediate results is the ratio of the frozen and static moment
plfiynmic/ 2, ... ~ 3, which reveals that at low temperatures the majority of
the magnetic moment is fluctuating and that a smaller quantity is frozen. To
extract actual bond energies rather than the quantity J;(S,(0) - S 7), we make

the following approximation

2 .
(So(c0) - Sg) ~ —bstatic_(,(0) - S,), (3.36)

dynamic

The resulting estimates of exchange interactions are shown in Table 3.2.
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Inelastic d(A) | [Fru(Q)? | |Fr(Q)|?
J175,(0) - Sq) (meV) | 5.75 | 0.94) | -33()
12(S5(0) - Sq) (meV) | 995 | -1.1(4) | -02(3)

Iy (meV) 575 | -03(1) | -0.7(1)

T, (meV) 995 | 06(7) | 00(1)
Elastic d(A) | |Fru(Q)1? | IFr(Q)|?

(So(o0) - So) 0 | 077 | 150

(Sp(c0) - SNN) 5.75 1.1(3) 0.3(2)
(Sp(c0) - SNNN) 995 | -0.6(6) -0.8(3)

Table 3.2: Fitting parameters for fits to the inelastic and elastic spectra using Eq. 3.33
and Eq. 3.27. The interactions are the nearest-neighbor and next-nearest neighbor in
the plane of the triangular lattice. The columns |Fg,(Q)|? and |Fr(Q)|? denote the
results of assuming the Ru*" magnetic form factor |Fg,(Q)|*> and the trimer form
factor |Fr(Q)|? respectively.

The results clearly show that the system has a weak antiferromagnetic nearest-
neighbor interaction. The trimer model is far superior when fitting S(Q) as
shown in Fig. 3.15(a), which we take as a good indication of the molecular
nature of the system. For the overall exchange interactions summed over all
of the bonds, we find }_; J; = —0.7(1) meV. This may be compared to what
one would expect from the Weiss temperature, Ocy = j2 £ / (3kpg?) Y4 J4. For
Ocw = -155K, ¢ = 2, and p,rr = 2.59 we expect } ; J; = —1.8 meV per bond
after considering the sixfold nearest and next-nearest neighbor symmetry of
the triangular lattice. The extracted values for |; can only be interpreted as an

estimate, but their consistency with what is expected from 6cyy suggests that

they are physically reasonable.

Even if the absolute magnitudes of the exchange parameters are not precise,
we may still consider the signs and relative magnitudes of the interactions.

This would mean that the magnetism in Ba4NbRu3O1, can be described by a
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strong antiferromagnetic nearest neighbor exchange. Our data are not suffi-
cient to constrain further neighbor interactions, but the strongly anisotropic
magnetic form factor of the trimer could be directly measured in single crystal

experiments.

3.5.3 Conclusions

We have already shown that the interactions in Ba4NbRu3Oj, can be approx-
imated as Heisenberg like, and that a large portion of the moment remains
fluctuating below the freezing temperature. The NN Heisenberg antiferro-
magnet has an ordered ground state [92, 93], which is not observed in this
case. The nature of the remaining spin fluctuations at low temperatures are
not clear from this measurement, but they are consistent with at least two
possibilities. The first is a spin-liquid like ground state with some portion of
the spins being frozen at low temperatures. The second is a partially frozen
random-singlet state, in which the fluctuating spins form into distinct singlets
across the lattice rather than in a superposition of singlets as in a spin-liquid.
Without single crystalline samples (and often even with them), it is extremely

difficult to differentiate these situations.

Before concluding this chapter, I would like to mention the sister com-
pound BasNblr;Oqp. As discussed earlier, this material shows no signs of
order or spin-freezing unlike the Ru version. Several proposals were written
for the study of this material, which will happen some time in the future. The
studies on the Ru-variant will inform the understanding of the ground state

in BazNblIr;O15.
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Chapter 4

Determination of Anisotropic
Kitaev interactions in honeycomb
iridates B-Li>IrO3; and D3LilryOg

4.1 Overview

The lithium iridates are the originally proposed realizations of the Kitaev
model in the previously discussed proposal by Jackeli and Khaliullin [37, 94].
Although some potential Kitaev materials have emerged since this proposal,
including a-RuCl; and Co?* based materials, the iridates were some of the
most promising realizations of Kitaev’s model. In the iridates, the physical
realization of the element of bond-selective spin anisotropy is realized in the
form of Ir** ions with orbital degeneracy that is lifted by strong spin-orbit
coupling. In this way, the spatial anisotropy of the 5d orbitals is projected onto

the spin-state, producing the required bond-dependent exchange.

In real materials, this does not translate into purely Kitaev exchange.

Rather than the superexchange Ir-O-Ir exchange paths considered in the
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original proposal, direct orbital overlap contributes a Heisenberg-type in-
teraction[94]. The magnitude | term compared to K is strongly dependent
upon the chemical properties of the charge-transfer gap A,; and direct dd
overlap ' between the nearest neighbor Ir t,, orbitals. The interplay between
these quantities has been studied theoretically in detail, suggesting exotic

ordered magnetic phases alongside the proposed KSL state.

Two additional interactions are allowed by symmetry in the generic nearest-
neighbor exchange Hamiltonian, which are known as the I' and I terms. The
I term originates from trigonal distortions of the IrO4 octahedra, which will be
neglected for simplicity. The I' term represents a bond-dependent symmetric
off-diagonal exchange anisotropy, which turns out be to be significant in many
materials and originates from a combination of direct dd hopping and anion
mediated d-p electron transfer [46]. This was first noticed in response to a
study of the magnetic order in NayIrOj3, in which the simple model of Kitaev
and Heisenberg interactions was found to be insufficient to produce the correct
magnetic ground state [95]. The full spin exchange Hamiltonian then has the

H= Y. [JSi-S;j+KS]ST+T(ssF +Psm)). (4.1)

(ii)ew,B,y
This Hamiltonian has been studied in considerable detail, and all theory
work including ab-initio studies points towards the presence of a dominant
ferromagnetic K < 0 interaction [96, 97]. It permits a rich phase space of
magnetic ground states, with I' in particular inducing exotic incommensurate

spiral magnetism.
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Though there has been significant progress on the theory side of the prob-
lem, experimentally, things remained extremely murky. Detailed knowledge
of the interplay between the different contributions to the exchange Hamilto-
nian is severely lacking. In the iridates in particular there are a few reasons
for this. First, single crystalline samples are difficult to grow and those that
do exist are too small for inelastic neutron scattering studies [40]. Secondly,
Ir** is unforgiving in neutron scattering studies with a neutron absorption
cross section of o,,; = 425 b (assuming the natural isotope distribution), and a
magnetic form factor that sharply attenuates the scattering with increasing Q.
For Q =3 A_l, only 10% of the magnetic scattering survives. Finally, iridium
is simply expensive, making large explorations of single crystal synthesis
techniques impossible. Because neutron scattering studies of these materials
is extremely limited, little is known beyond bulk characterization and refine-
ments of magnetic order from neutron diffraction and resonant x-ray studies.
Little is known about the nature of the excitations in these materials on the

energy scale of the magnetism.

This chapter will address this major gap in the literature, and two lithium
iridates will be explored experimentally- B-LirIrO3; and D3Lilr;Og. In both
cases, inelastic neutron scattering studies are performed on isotope-enriched
polycrystalline samples. For p—LiyIrO3, where magnetic order is observed at
Tn=38 K [98], the exchange Hamiltonian is refined with precision using the
JKT model. This is achieved by the simultaneous use of inelastic neutron scat-
tering, time-domain THz spectroscopy, and heat capacity studies. The result is

in good agreement with previous works, and quantifies the precise exchange
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interactions in the sample characterizing B-LiIrO3; as having a dominant

ferromagnetic Kitaev exchange with competing | and I' contributions.

D;Lilr,Og shows no observable order and may be a true ground state KSL
candidate [99]. The scattering data is difficult to interpret due to absorption
and multiple scattering effects originating from the presence of deuterium.
Three different inelastic neutrons scattering studies along with time-domain
THz spectroscopy are used to characterize the low energy excitations. The
result is evidence of broad continua of magnetic excitations at low momentum
transfer and energies centered around 7w=2 meV. The extracted magnetic
scattering accounts for all of the expected dipole moment and is consistent
with nearest-neighbor spin correlations as expected in a KSL. These studies
alone are not enough to conclude the presence of a KSL phase, but the results

are encouraging and merit further study of the material.

4.2 Introduction to hyperhoneycomb iridate 3-Li;IrO;
4.2.1 Structural and Magnetic Properties

It is expedient to define the hyperhoneycomb lattice and its properties before
further discussing B-LizIrO3. B-LixIrO3 has Ir** ions living on the so-called
three-dimensional "hyperhoneycomb" lattice, which is a bit of a misleading
name. The unit cell is orthorhombic of space group Fddd. While the lattice
itself may be understood as two alternating twisted zigzag chains running
along the crystallographic c-axis (Fig. 4.1), the local environment around each

IrOg octahedra is precisely the same as the two-dimensional case. Indeed,
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(a)

Figure 4.1: (a) Hyperhoneycomb lattice of Ir atoms in B-LirIrO3. (b) Local envi-

ronment of edge-sharing IrOg octrahedra. Plots were generated using the VESTA
software [101].

ignoring any further-neighbor interactions the magnetic properties of the hy-
perhoneycomb lattice and the potential for Kitaev physics should be precisely
the same as in the two-dimensional case. This has been shown rigorously in
theory, as Kitaev’s exact two-dimensional solution for the honeycomb lattice
spin-liquid was repeated in three dimensions on the hyperhoneycomb lattice
[100]. The same potential KSL state exists, and the structure has the advan-
tage of the absence of structural disorder typical in two-dimensional van der
waals materials. Like a-LiyIrOs, B-LixIrOs is observed to form a long-range
magnetically ordered state at Ty=38 K [41, 98]. The observed magnetic order
was refined in a 17 ym diameter single crystal using magnetic resonant x-ray
diffraction [43], which is described by counterrorating spirals along alternating
zigzag chains with incommensurate ordering wavevector k = (0.57(1),0,0))
with an ordered moment of = 0.47(1) pp. The magnetic order vanishes com-

pletely in an applied field of magnitude 3 T, and the nature of the magnetic
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order in an applied field is complex. X-ray diffraction studies suggest that the
application of a field along the crystallographic b-axis leads to an admixture
of a field-polarized phase and a zigzag spin mode, suggesting that the system
is a near degeneracy of different magnetic ground states [102]. This study also
showed evidence of long-lived fractionalized excitations separating the low-T
ordered phase from the high-T paramagnetic regime, suggesting proximity to

a Kitaev phase.

The bulk properties of B-Li;IrO3; have also been explored using the avail-
able small single crystals. Like other iridates, the material is a room tempera-
ture insulator with resistivity on the order of 1000} cm at room temperature
[41]. This classifies the material as a spin-orbital Mott insulator. Magnetic
susceptibility studies on polycrystalline samples finds an effective moment of
1.61 pp/Ir, which is close to the value of 1.73 expected for S=1/2 and validates
the J,;s=1/2 picture. The observed Curie-Weiss temperature is cyy = 40 K,
suggesting dominant ferromagnetic interactions. Further more detailed stud-
ies on single crystal samples finds three different values of the Curie-Weiss
temperature along the three axes of the unit cell, 6, = —33(3) K, 6, = 44(4) K,

6. = 53(4) K [98]. A high temperature expansion of the JKI' model may be

used to find that
0, = —(3] +K—T)/4, (4.2)
0, = —(3] + K) /4, (4.3)
0. = —(3] + K+T)/4. (4.4)
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Based on these results, a dominant ferromagnetic Kitaev term is inferred,
followed by a large I and a small J. Of course, this method has limitations
in large part due to the fact that the local moments themselves have a strong

temperature dependence in these types of J.r=1/2 materials [103].

Following these encouraging results, theoretical efforts were made to deter-
mine the nature of the interactions in B-LiyIrO3. Ab-initio studies successfully
captured the experimentally observed band structure and magnetic order
[104], suggesting a dominant ferromagnetic Kitaev interaction. Further study
of the ordered state showed that it could be considered a deformation of the
nearby commensurate (%, 0,0) type order, and that the observed wavevec-
tor and critical field are compatible with again a dominant negative K term,

followed by a large negative I' term, and a small value of | (= |K|/10) [105].

So, with a wealth of experimental results regarding the magnetic ground
state and theory predictions of strong Kitaev interactions, neutron scattering
is a natural follow-up in order to determine the nature of the low energy
excitations in the system and quantitatively determine the spin Hamiltonian.
With this information, it should be possible to determine if the system is

indeed proximate to a KSL state.

4.2.2 Experimental considerations for honeycomb iridates

In the case of B-LiIrO3, the main experimental consideration for neutron
scattering experiments is the prohibitive absorption cross section associated
with iridium. For example, the mean free path for natural isotope B-LiIrO3

with E;=25 meV neutrons is merely 1 mm. For By, 0, = 954 b, and for 1P1r
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Figure 4.2: Plot showing neutron transmission as a function of energy transfer for
both natural LiIrO; (black) and enriched “Li!**IrO3 (blue). The assumed E;=30 meV,
and the mean path length is 1 mm.

oaps = 111 b. For thermal neutrons, neutron transmission may be approxi-

mated as

abs

T(d, hw) = \/exp [—da';g/\i/(vo/\o)} exp [_do'ref/\f/(V(])\o) . (4.5)

Here, A is the reference wavelength for incident neutron energy E;=25 meV,
for which the absorption cross section U;ZJ; was measured with. Ay is the
tinal neutron energy as determined by the energy transfer, and V) is the
volume per iridium atom. The geometric mean of absorption for the initial
and final neutron energies is taken to represent the inelastic scattering process
through the sample. 4 is the mean path length of the neutron through the
sample, which is dependent upon the sample geometry. While Eq. 4.5 may
be used to approximate the energy-dependent absorption, a more accurate

method is a Monte-Carlo method implemented in the Mantid software. Still,

the absorption increases exponentially with d, and to mitigate this a custom
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Figure 4.3: (a) CAD model of the aluminum can design for iridate experiments.
The sample space is of thickness 0.5 mm, minimizing absorption. (b) Cross section
showing annulus design. all dimensions in millimeters.

annular aluminum can was developed. The annulus is of inner diameter 19
mm and outer diameter 20 mm, and assembled in such a way that the space
in the center of the can is vacuum. This greatly improves upon similar designs
that contain much more aluminum and have significant background. This

design was made by Yishu Wang, who also worked closely on this project.

Though this design reduces the effective neutron path length in the sample
to be on the order of 1 mm, this does not completely fix the issue of absorption.
Assuming d,sr=1 mm and incident neutron energy of 30 meV, the estimated
energy transfer dependent transmission is calculated using Eq. 4.5 and shown
in Fig. 4.2. Using natural isotopes, only about 40% of neutrons traverse
the sample and this becomes even worse at finite energy transfers. To work
around this, we decided to use enriched “Li and '%3Ir, which significantly
reduces the overall absorption cross section and increases transmission. As a

comparison, for natural isotopes ¢,,;=556 b/fu, and for the enriched sample
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os =112 b/fu. Without both the can and the enrichment, these inelastic
experiments would have required significantly more beam time to complete

successfully.

4.3 Experimental results for f-Li;IrO3

4.3.1 Synthesis

The B-LirIrO3 powder investigated in this study was synthesized by solid
state reaction using powders of Li;CO3 and metallic Ir. The reagents were 99%
enriched “Li and '%*Ir to alleviate neutron absorption as well as the strong
incoherent scattering from a natural isotope distribution of Ir. Further details
of the synthesis may be found in Ref. [41]. A total of 3.6 g of sample was used
in the neutron experiments, for which powder x-ray diffraction and suscepti-
bility studies showed no evidence of secondary phases or impurities to at least
the 1% level. One batch that was discarded contained trace IrO, impurities,
which may then be present in trace amounts throughout the samples used in

these studies.

4.3.2 Treatment of neutron scattering data and experimental
details

4.3.2.1 Experimental details

The neutron scattering experiment was conducted on the SEQUOIA spectrom-
eter [106] at the ORNL spallation neutron source. The powder was loaded
under 1 atm *He at room temperature in an annular aluminum can with an

outer diameter of 20 mm and annulus thickness 0.5 mm. The height of the
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Figure 4.4: (a) Powder x-ray diffraction patterns from one batch of B—7"Lil*IrO;
showing the evolution of the diffraction pattern through various annealing steps. No
impurity phases were observed in the final product for any of the batches used in this
study. (b) Magnetization and susceptibility data for the same powder sample. The
main feature in the data indicates the magnetic phase transition expected to occur at
Ty =38 K.
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corresponding annular powder sample was 34 mm. The total mass was 3.8 g
and the packing density was 3.6 g/cm? which is 50% of the nominal density.
The can was attached to the cold finger of a low-background closed cycle

refrigeration cryostat.

Data were acquired with fixed incident energy E; = 18 meV, 30 meV, and
60 meV for each of the temperatures T = 4.0(1) K, 45.0(1) K, and 200.0(1) K.
In addition, E;=120 meV data were taken at T = 4.0(1) K and 300.0(1) K. For
E;=18 meV and 30 meV we used the fine chopper configuration, while for
E;=60 meV and 120 meV the high flux chopper was used. Energy and momen-
tum transfer dependent absorption corrections determined by a Monte-Carlo
method were applied to the data. A temperature independent background
was removed from each measurement using the principle of detailed balance,
the details of which may be found in 4.3.2.3. The one-phonon scattering was
estimated from high temperature measurements where it dominates and then
subtracted from the lower temperature data. Elastic incoherent scattering
from a vanadium standard sample was used to normalize count rates to abso-
lute units. To cover a broad range of momentum-energy space with the right
compromise between resolution and count rate, we combined data acquired

for the four different incident energies.

Additional measurements were acquired with fixed incident energy E; =
22 meV in the high flux configuration to examine the temperature dependence
of the magnetic Bragg Peaks along with the inelastic spectrum. These data
were corrected for absorption, normalized to vanadium, and binned in 2.5 K

temperature steps.
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4.3.2.2 Annular absorption and normalization

Although we have taken care to minimize absorption by means of a custom
annular aluminum sample can and isotopic enrichment of both **Ir and “Lj,
significant energy transfer dependent neutron absorption still affects the mea-
surement. To account for this, we use a Monte-Carlo method implemented
in the Mantid software which takes into account the full neutron path for
each pixel as a function of scattering angle and energy transfer [107]. Further
details may be found in the Mantid documentation for the AnnularRingAb-
sorption method. Finally, the measurements were normalized to units of
barn/eV/sr/mol-Ir by comparing to the scattering intensity measured for a

known quantity of vanadium.
4.3.2.3 Detailed balance correction

To isolate the true inelastic neutron scattering from the sample from various
types of background we used the fact that inelastic scattering from the sample
at a given temperature T must obey the detailed balance principle S(—w) =
exp(—hw/kgT)S(w). The component of the scattering that does not obey
detailed balance between positive and negative energy transfer processes
can be considered an approximately temperature-independent background
component. Assuming that there exists a true inelastic signal S(Q, w) and a
temperature-independent background I (Q, |[iw]), the scattering intensity
for a particular point in Q — w space at temperature T, should obey the

following relationship:
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[(T,5) = Iyg(5) + e Pro1=0)/25(T) (4.6)

Here, 6 = [1, —1] and denotes positive or negative energy transfer. Due to
kinematic constraints, some values of Q and |fiw| do not permit (Q, |iw|) and
(Q, —|hw]) to be simultaneously accessed. These points are therefore excluded
from the analysis. For every pixel in Q — fiw space the value of I, (6),
Ipig(—0), and S(T) are independent free parameters. S(T) can furthermore
take on different values for each temperature. This leads to 2Nt equations
with 2 + Nt unknowns, where N7 is the number of temperatures where full
Q — hw dependent data sets have been acquired. So long as Nt > 2, a solution
can be found for the Q — fiw dependent inelastic scattering cross section at

each temperature.

The system of equations was solved using a weighted ordinary least-
squares method [108], resulting in full solutions of S(T), Iyxe(6), and Ipe(—0)
for every value of Q, hiw, and T where scattering data are available for positive
and negative values of /iw Estimates for the standard error are also obtained.
This detailed balance correction was performed separately for each incident
neutron energy. We note that the method requires accurate correction for
energy-dependent neutron absorption and detector efficiency. Also note that
temperature-dependent elastic scattering is not treated correctly with this

method.

Fig. 4.5 shows how inelastic scattering with contributions from magnetism

and phonons is separated from temperature independent backgrounds and
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Figure 4.5: Inelastic neutron scattering spectra for p-"Li}**IrO; before and after
background subtraction as described in Sec. 4.3.2.3. (a-c) Spectra measured at T = 4K,
45 K, and 200 K with incident neutron energy E; = 30.0 meV. The detailed balance
correction was performed for measurements with all E; configurations. (d) The
temperature-independent background I, (Q, w) (Eqn. 4.6).

elastic scattering. Note the successful removal of the tails of Bragg scattering
for iw < 0. These are clearly seen in the raw data (Fig. 4.5 (a-c)). They
are identified as a temperature-independent background (Fig. 4.5(d)), and
are no longer present in the inelastic scattering spectra after the procedure
(Fig. 4.5 (e-g)). In Fig. 4.6 (a-c), we presented the energy cuts integrating
over 1.5A " < Q < 2.0A"" for both raw data and the inelastic spectra after
detailed balance correction. We note that at high energy transfers in panels
(a-c), the scattering intensity in the extracted inelastic spectra (blue) exceeds
that in the raw data (black) at some w values. This is because the detailed
balance method is not employing a direct point-by-point subtraction but
carries out a least-square fit to the full temperature dependent data set under
the assumption that the non-inelastic scattering (backgrounds and elastic

scattering) is temperature-independent. Both statistical uncertainty and any
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temperature-dependence of non-inelastic contributions to the measured count
rates can cause the intensity after this background correction process to exceed

the raw count rate within error bars (Fig. 4.6).

After this point, the magnetic scattering is isolated by the subtraction of
the high temperature T=200.0(1) K measurement with the appropriate Bose-
Einstein scaling using Eq. 3.3. These procedures were repeated for all incident

energy configurations.

4.3.3 Inelastic neutron scattering

The scattering discussed from this section will feature only the extracted
magnetic contributions. Details about the isolation of magnetic scattering will
follow, but the procedures are similar to those used for Ba;NbRuzOy,. Fig.
4.7(a) and 4.7(b) show color images of the inelastic magnetic neutron scattering
from the 3.6 g powder sample at T=45 K and 4 K, which are above and below
the ordering temperature respectively. Representative energy and momentum
cuts through the same data are shown in Fig. 4.8. In the paramagnetic phase
at T =45.0(1) K [Fit. 4.8(a) and Figs. 4.8(b) and 4.5(b)], the spectrum extends
from the lowest accessible energy transfer of 2 meV to beyond the kinematic
limit of the experiment (near 30 meV). The scattering cross section is further
attenuated with increasing Q than the iridium form factor [dashed line in Fig.
4.8(b)] can account for. This indicates short-ranged inter-site spin correlations
. The spectrum of fluctuations [Fig. 4.8(a)] extends to energies well beyond
kgT, which is characteristic of frustrated magnetic materials where competing

interactions do not favor a state with long-range spin order. In particular the
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Figure 4.6: Energy cuts with integration over Q € [1.5,2] A~ for inelastic scattering
from powder B-"Lil**IrO; extracted from the data sets shown in Fig 4.5. The black
symbols represent raw data before the detailed balance correction was applied. The
blue symbols represent the extracted inelastic scattering I7(Q, hw) and the green
line represents the inferred temperature-independent background Iy, (Q, iw) as
determined by the detailed balance-based routine described in the text.
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Figure 4.7: Magnetic excitation spectrum of B-"Li}**IrO3 probed by inelastic neutron
scattering at (a) T = 45 K and (b) T = 4 K. The data combines scattering from
neutrons of incident energies 10.5 meV, 30 meV, 60 meV, and 120 meV. Data acquired
at T = 200 K and 300 K were used to determine the temperature dependent one-
phonon scattering, which was subtracted to isolate the magnetic scattering. The
dashed lines show the kinematic limit for each incident neutron energy employed.
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Figure 4.8: Cuts across experimental data shown in Fig. 4.7. The spectra in (a) and
(c) represent averages over Q € [0.4,1.5] A~ while the Q—dependent scattering
intensity in (b) and (d) average over hiw € [2,25] meV. Q—averaging is weighted by
Q? to represent the average of I(Q, iw) throughout a spherical shell of momentum
space. The kinematic limits indicated in Fig. 4.7 impact these cuts as the averages
can only be extended over kinematically accessible regimes of Q and /iw. The dashed
purple line in (b) shows the scaled magnetic form factor |F(Q)|? for Ir**.

T=0 dynamic spin correlation function of the Kitaev quantum spin-liquid is

virtually Q independent while the spin-flip excitation spectrum is broad and

featureless above a gap [32, 109].

A massive rearrangement of spectral weight occurs upon cooling to T=4.0(1)
K <« Ty [Fig. 4.7(b)]. Lower energy magnetic neutron scattering shifts to an
energy transfer iw ~ 12 meV intensity maximum. Strong momentum de-
pendence develops in the low-energy regime with a distinct intensity near
the incommensurate magnetic wave vector Q,, = 0.57(1)a* [44]. There is an

apparent gap of A = 2.1(1) meV in the magnetic excitation spectrum [4.8(c)].

The detailed temperature dependence of the magnetic neutron scattering
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from B-LiyIrOj3 is depicted in Fig. 4.9.

Panel (a) shows the development of elastic magnetic Bragg peaks as an
order parameter (squared). The Néel temperature is consistent with a peak
in the magnetic specific heat plotted as AC(T)/T versus T in the inset to
Fig. 4.11(a). Fixing the critical temperature to Ty = 38.5(5) K inferred from
AC(T)/T to be discussed later, a fit to the temperature dependent Bragg
intensity yields a rough estimate of the critical exponent f = 0.42(6). This
value is consistent with the value for the 3D Ising model (Bsing = 0.326)
but also indistinguishable from the Heisenberg (Byeisenberg = 0-365) and XY
models (Bxy = 0.345). Fig. 4.9(b) displays the temperature dependence of the
magnetic excitation spectrum as a color image. The data illustrate depletion
of low energy inelastic scattering as in an Ising-like phase transition and the

transfer of spectral weight into a broad peak centered at 10 meV (Fig. 2(c)).

4.3.4 Time-domain THz spectroscopy

Time-domain THz spectroscopy was performed using a custom-built system
with frequency range 0.2-2 THz [110] at zero magnetic field. The measurement
was performed on a dry pressed powder pellet of B—LiIrO3 with diameter
5 mm, thickness 0.6 mm and mass 5.0(1) mg. Transmission spectra were
collected at temperatures from T = 3 K to 40 K. The T = 50 K spectrum was

used as an approximately nonmagnetic reference.
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Figure 4.9: Temperature dependence of magnetic neutron scattering from p-’Li**IrO;.
(a) Temperature dependence of the Q-Integrated intensity of the magnetic Bragg
peaks (1,1,1)-k and (0,0,0)£k shown in the inset. The line through the data is that
of an order parameter squared with critical exponent p = 0.42(6) and the critical
temperature Ty = 38 K (dashed red line) determined from the specific heat capacity
data in Fig. 4.11(a). The inset depicts the integrated elastic scattering around the
magnetic Bragg peaks at T = 3.95 K (blue points) and T = 50.0 K (red points). the
cyan line depicts an example of the gaussian fits used to extract magnetic diffraction
intensity which is a measure of the staggered magnetization squared. (b) Temperature
dependent inelastic magnetic neutron scattering integrated over Q € [0.5,1.0] A~".
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The energy dependent complex THz transmission through a slab of mate-

rial with thickness d may be written as

T(@) = 5 exp (%% (0, — 1)). 7)

(1+n)2 7" c

Here, n; = n — ik is the complex refractive index of the material. Note, that the
real part of the refractive index n indicates the phase velocity, while the imagi-
nary part k is called the absorption coefficient and measures the attenuation of
the electromagnetic wave while propagating through the material. We solve
for ns numerically for all temperatures. The index of refraction at temperature
T is given by nt = \/€(1 + xa1), where € is the generalized permittivity and
XM is the magnetic susceptibility. For a sample that has a magnetic response
below a reference temperature T,,r and no magnetic response above T,.r, we
derive an expression for magnetic susceptibility by taking the ratio of the
refractive indices above and below the transition temperature.

Mo on + XM, (4.8)

nTref

from which we obtain
nr

xm(w) = ($)2 -1 (4.9)
ref

The Q = 0 spectrum is of particular interest as it reflects spin-space anisotropy,
which is central to the Kitaev model. To measure this, we use THz spec-
troscopy. The THz transmission spectrum for § — LixIrO3 is presented in Fig.
4.10(a), and the absorption coefficient k is shown in Fig. 4.10(b). Low THz
transmission at higher energy transfers precluded reliable measurements of

spin-wave excitations above 5 meV. The higher energy feature seen in THz
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Figure 4.10: Time-domain THz spectroscopy of B-"Li}**IrOs. (a) Raw THz transmis-
sion data at temperatures from 3 K to 40 K. (b) Absorption coefficient k inferred from
the transmission data in (a). The sharply defined temperature dependent peak at
2.8(1) meV is associated with a magnetic excitation from the long range ordered state.
Based on Eq.4.9, this peak is shown as x”(w) in the inset. A second excitation is seen
around 7.0(2) meV but its temperature dependence is quite different from the 2.8 meV
peak and its origin is unclear. The quality of the higher energy data is impacted by
the reduced transmission (see frame (a)). The temperature independent peak at 1.6
meV arises from an instrumental interference effect.
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transmission near 7 meV is not temperature dependent, and thus we do not
attribute it to magnons. Another feature at ~1.6 meV is an instrumental in-
terference effect that is not associated with the electromagnetic response of
the sample. However, the peak at 2.8(1) meV has a Lorentzian shape and
gradually forms at temperatures below Ty = 38 K. The corresponding T—
dependent imaginary part of the dynamic magnetic susceptibility x”(w) at
Q = 0is shown in Fig. 4.10(c). We associate this peak with a zone center gap
in magnetic excitations from the ordered state. The finite gap in the excitation

spectrum is direct evidence of anisotropic magnetic interactions.

4.3.5 Specific heat

Heat capacity measurements were performed in a Quantum Design physical
properties measurement system (PPMS). To enhance thermal conduction, we
used a pellet pressed of equal parts by mass of silver and B-LixIrO3. Mea-
surements were taken at zero field for the range of T = 2 — 300 K and at
poH = 14 T for the range of T = 2 — 100 K. The silver contribution to the
specific heat was subtracted based on tabulated values in Refs. [111-113]. Low
temperature heat capacity measurements for T = 0.1 — 3.5 K were performed
using the PPMS dilution refrigerator option. This measurement was done on
a 1.50(1) mg piece of a pressed pellet of pure B-LixIrO3 with no silver.

To access the Q—averaged magnetic excitation spectrum at the lowest
energies, and to probe the critical regime near the magnetic phase transition,
we measured the specific heat capacity C(T). The result is shown as a plot of

C/T in Fig. 4.11(a). The zero field data set (black symbols) features a sharp
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Figure 4.11: Specific heat capacity of B-’Li}**IrO; plotted as C(T)/T. Black points
represent zero field measurements, blue points represent 14 T measurements. Square
symbols denote data acquired using the dilution refrigerator in a PPMS. Circle sym-
bols denote data from the high temperature configuration of the PPMS. (a) Specific
heat at zero-field and poH = 14 T. (Inset) View highlighting the peak associated with
the magnetic phase transition. The quantity AC(T)/T is the difference between the
zero field and 14 T measurements. (b) Low T regime with model fitting. The red
line is the sum of three terms described in the text originating from the low-energy
magnetism and phonons. (c) C/T vs T?. The T—linear term in C(T) is visible here as
the intercept with the y-axis. The 14 T data (blue points) show a zero intercept so that
the T—linear term appears to be associated with magnetic excitations.
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peak at Ty = 38 K that is suppressed and broadened by the application of
a 14 T magnetic field (inset to Fig. 4.11(a)). This indicates a magnetic phase
transition in an anisotropic material as detailed in previous studies on single
crystalline samples [41, 98, 102]. The change in entropy associated with the
temperature regime in the immediate vicinity of the phase transition (10 K to
40 K) is estimated to AS,, = 0.41(1)Jmol 'K~!. Representing just 7% of the
RIn2 total spin entropy per iridium, this small peak indicates the magnetic
order is incomplete and/or develops from a strongly correlated state. This
observation is consistent with the small ordered moment (0.47(1) up [43]) and
the fact that the magnetic excitation spectrum extends well beyond kpT for
T = 45K > Ty (Fig. 4.7(a) and Fig. 4.8(a)). Correspondingly, the peak in C(T)
marking the phase transition rides on a broad maximum, which in addition
to contributions from phonons, is associated with the development of short

range spin correlations.

Fig. 4.11(b,c) display C(T)/T in the low temperature regime. While the
upturn for T < 1 K is associated with hyperfine splitting of the nuclear spin-
3/2 of iridium, there is also a Sommerfeld-like term C(T) = «T that is unusual
for a long range ordered insulating magnetic material. -y is driven to zero in a

tield of 14 T, which indicates it is associated with gapless electronic excitations.

4.4 Analysis - f-LixIrOs
4.4.1 Spin Hamiltonian and linear spin-wave theory

The three presented measurements together contain a significant amount of

information regarding the low energy excitations in B-LirIrO3. However, even
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with all of this information the extraction of quantitative information in the
exchange Hamiltonian is highly nontrivial. If the Kitaev picture is indeed
applicable, the exchange is highly anisotropic, and it is extremely difficult
to stabilize the observed magnetic structure in software like SpinW [114].
In order to supplement our experimental efforts, we collaborated with the
Perkins group at the University of Minnesota who were already quite familiar

with this material and its magnetism [105].

To account for the counter-rotating spin structure, the minimal spin Hamil-
tonian for B-LixIrOj is the previously discussed J-K-I' model [103, 105, 115]
H=) ) M (4.10)
b (ij)et
where

Hi; = JSi- S+ KSY'S + oy (SF'ST + 87'8P"). (4.11)

Following the nomenclature of Ref. [116], S; denotes the pseudo-spin
Jeff = 1/2 operator at site i. The five different types of NN Ir-Ir bond are
labeled t € {x,y,z,x',y’'} with associated Cartesian components («a;, Bt, 1) =
(x,v,2), (y,z,x), and (z,x,y) for t € {x,x'}, {y,y'}, and {z}, respectively.
For simplicity, we take K to be bond independent though the z type bond
by symmetry is distinguishable from the (x,x") and y,y’ type bonds. The
prefactor 0; = £1 determines the sign of the I interactions which is bond-
dependent and prescribed by lattice symmetry [117]. Fixing the overall energy

scale tobe J? + K% + T2 = 1, the Hamiltonian in Eq.(4.11) can be parameterized
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in terms of polar angles 6 and ¢ as
J =sinfcos¢, K =sinfsing, I' = sgn(T') cosb. (4.12)

Within this parameterization, Luttinger-Tisza (LT) analysis indicates the
counter-rotating order is stabilized in the approximate range of (6,¢) €
[(0, %), (3F, 137)] [105, 115]. Varying mostly with ¢, the incommensurate
wave vector Q = ha* takes on values in the range 0.53 < h < 0.80 [117],
which may be compared to the experimental value of h = 0.57(1)[43]. The LT
method does not include the higher harmonic components that are required
to ensure a fixed spin length for a general incommensurate order. Instead of
using an incommensurate wavevector, we take the magnetic structure to be
a long-wavelength deformation of the closest Q = (2/3,0,0) commensurate
approximation of the true order [105]. Within the region of phase space with
dominant Kitaev interactions, this description accounts for most experimental
findings reported so far, including the observed static spin structure factor, the
irreducible representation, magnetic structure of two counter-rotating spin
sublattices, the response under a magnetic field, as well as Raman scattering
[44,102, 116, 118-120].

Given the Hamiltonian (4.11) and the parameterization (4.12), we employ
the standard 1/S semiclassical expansion and compute the dynamical spin
structure factor. To accommodate the zero-field spiral magnetic order with
propagation wavevector Q || a*, we use an enlarged magnetic unit cell com-
posed of three orthorhombic unit cells along the a-axis with 48 magnetic sites

[105].
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Figure 4.12: LSWT fitting results to magnetic neutron scattering data for f-”Li**IrO;.
(a) Calculated spectrum of inelastic neutron scattering for the best fit parameters.
The white line represents the kinematic limit of the experiment which combined
four different incident neutron energies. (b) The calculated gap at the I' point in the
phase space of J-K-I' model, as described by parameters § and ¢ in Eqn. (4.12).The
solid white lines depict phase boundaries between dominant K and I’ interactions
as described in Ref. [105] and the triangle represents the best fit result from our
experiment which is used to calculate the spectrum in panel (a). The white space
represents the region of phase space in which the observed magnetic structure is not
stabilized as the lowest energy ground state. The dashed white line shows the path
through phase space where AE = 0.4 meV. (c-e) The x? goodness of fit versus the
free parameters |, K, and I'. The red dashed lines in (d) and (e) are parabolic fits from
which the minima and their uncertainties were extracted.

4.4.2 Refinement of exchange parameters

Now, using a linear spin-wave theory description of the antiferromagnetic
state of B-LirIrO3, we may independently refine the exchange parameters J, K,
and I by comparison to inelastic neutron scattering, THz spectroscopy, and
heat capacity measurements as presented in Sec. 4.3.

Fig. 4.12(a) presents the calculated S(Q, w) with the best fit INS spectra
(Fig. 4.7, with K = —24(3) meV, I = —9.3(1) meV, and | ~ 0.40(2) meV.
For Q within the kinematic limits set by the experimental conditions and

indicated by the white line in Fig. 4.12(a), the model calculation is consistent
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with the experimental data in Fig. 1(b). In the J-K-I' model, the effects of
each parameter on the calculated spectra are shown in Appendix 7.1, from
which it is immediately clear that the part of S(Q, w) accessed in our neutron
scattering experiment is sensitive to I' and K. In contrast, the Heisenberg
interaction | barely affects the spectrum that is visible in INS, and therefore
is not well constrained by the neutron data. The fidelity in refining |, K,T
from INS is quantitatively reflected in the variation of x? with each parameter
as shown in Fig. 4.12 (c-e). While x> v.s. Kand I have a parabolic shape,
Fig. 4.12 (c) shows the value of | is not well constrained by the INS data. The
magnitude of the Q = 0 gap AE is however, closely linked to J. To determine
J, we therefore turn to THz spectroscopy, which probes the I' point spectrum
and is sensitive to AE. The result of calculating AE using LSWT over the
phase space consistent with the incommensurate order is shown in Fig. 4.12
(b). Near our best fit point from INS, AE increases strongly with increasing
values of ¢ or J. This is shown explicitly in Fig. 4.10 (a).

Using the values of K and I' and the range of | determined from INS,
the LSWT predicts the lowest two modes at Q = 0 to be at 0 — 1 meV and
1 — 5 meV. We designate these modes as M; and M, respectively and their
dependence on | within linear spin wave theory is presented in Fig. 4.10.
Assigning the 2.8 meV peak observed in THz spectroscopy (Fig. 4.10) to the
higher energy mode leads to the refinement of | = 0.40(2) meV and the
prediction of the lower energy mode at 0.4 meV. Here we do not consider the
effects of magnon anharmonicity, which may renormalize M; and M to be

much closer together in energy. The Q = 0 mode energy estimates obtained
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by treating the magnon interactions at the level of a mean-field decoupling of
the quartic terms (and disregarding the magnon decay processes driven by the
cubic terms) appear to be able to bring M; and M, much closer to each other

with renormalized energies slightly below and slightly above 3 meV [120].

The temperature-dependent specific heat capacity Cmag(T) ~ oU /0T can

be modeled by bosonic magnons starting from

U(T) = /A ” :ﬁf (_6)1 de. (4.13)

Here, € is the spin wave excitation energy, A is the excitation gap, p = 1/kgT,
and g(e) is the magnon density of states[81]. For a three-dimensional antifer-
romagnet with a dispersion relation €(g) = \/A? + (cq)? (where A is the spin

gap and c is the spin-wave velocity), the density of states is

g(e) = M Ja—n, (4.14)

2c37?

where V is the unit cell volume and 7 is a constant. The 3D nature of the
low energy magnons is reflected in the linearity of Cmag/T versus T for
temperatures above A/kp (Fig. 4.11(c)). The values for ¢, A, and 1 = 4 were
fixed by the calculated linear spin-wave dispersion for the lowest energy band
at the I point. Because ¢ and A are closely coupled, the specific heat data do
not provide an independent estimate for A. To fit the measured specific heat,
we must add a T—linear term with ¢ = 1.28(2) mJ/mol/K?, an additional T°
term that may be associated with acoustic phonons, as well as a contribution
at very low temperatures from the nuclear specific heat (C(T) « 1/T?). A

T—linear term in the specific heat capacity was previously associated with
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fermionic quasi-particles in spin-1/2 chains [121] and quantum spin liquid
candidates [122] though it can also be associated with localized possibly

disorder related excitations [123].

4.5 Discussion - f-LiyIrO;

Using a double isotope powder sample and the high intensity time of flight
spectrometer SEQUOIA at the SNS, we have acquired inelastic magnetic
neutron scattering data within the paramagnetic and within the incommensu-
rate magnetically ordered state of the spin-1/2 hyper-honeycomb lattice of
B—"Li}*IrO;. Complementary information about electronic excitations was
obtained through time domain THz spectroscopy and specific heat capacity

measurements.

To quantitatively establish a spin Hamiltonian for this material we com-
pared the multiple inelastic neutron scattering measurements to detailed
spin-wave theory of the anisotropic nearest neighbor J-K-I' model. This com-
parison constrained the parameters to | = 0.40(2) meV, K = —24(3) meV,
and I' = —9.3(1) meV. The same set of parameters also predicts the excitations
at the I' point observed by TDTS and is consistent with the heat capacity
measurements.

Furthermore, the extracted Heisenberg exchange | is consistent with the
critical field for the ordered state, which is predicted to vary as upuoH, =
0.46] [118]. Using our result for | we find poH, ~ 3.2(2) T, which is consistent
with the observed value of 2.8 T. Secondly, the strong absorption feature near

hiw = 7 meV in our THz data is close to the prediction of the third-lowest
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| Source | JKT Estimate | Method

Ref. [105] K| > |T| > ]| LLG using magnetic structure

Ref. [98] I' = —15(11) meV, 3] + | Single crystal Magnetization
K = —11(4) meV

Ref. [118] J] =~ 03 meV, |[K|] > | Hcand Magnetic Structure
JI 1G> 1]

Ref. [124] K~T <0,]<|K|,J>0 | Diagonalization

Ref. [125] K = [-15,—12] meV, | Diagonalization and MRCI+SOC
[ =[-39,-21] meV, ] =
[0,1.5] meV

Refs. [119,] K = =18 meV, I' = —10 | Raman Scattering, RIXS

126] meV, | = 0.4 meV

This work K = —-24(3) meV, T = | INS, TDTS, Heat capacity
~9.3(1) meV, | = 0.40(2)
meV

Table 4.1: Summary of literature estimates of exchange parameters in S-LixIrOs.

excitation at iw = 7.5 meV at the I' point though low THz transmission
precludes definite identification of the 7.5 meV anomaly (Fig. 4.10(b)) with a
magnetic excitation. The feature also exists for T > Ty and appears tempera-
ture independent even at high temperatures, making its nature rather unclear.
However, the main feature in the THz spectroscopy at /icw meV is consistent
with the two peaks seen in recent Raman scattering work. These peaks lie at
2.5 and 3.0 meV and are signatures of non-Loudon-Fleury scattering processes,
generated by magnetic-dipole-like terms in the Raman vertex, which are of a
similar nature as the excitations probed by THz and INS [120]. Our results are
generally consistent with previous theoretical and experimental works that

have attempted to estimate these parameters as shown in Table 4.1.

Finally, we discuss the linear term T in the zero-field heat capacity
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(Fig. 4.11). The presence of a linear term in the specific heat of a magnetic ori-
gin in B—LipIrO; is interesting because it cannot be accounted for by the spin
wave theory that was used here to successfully account for the ordered state as
well and the inelastic magnetic neutron scattering spectrum. A T—linear term
can arise from fermionic quasi-particles with the Sommerfeld constant <y pro-
portional to the density of states at the Fermi level. -y ranges from m]/mole/ K2
in uncorrelated metals such as copper to J/mol/K? in heavy-fermion systems
[127-129]. With no fermionic charge carriers, a linear term is generally unex-
pected for insulators. The complete suppression of y for B—LiyIrO3; under a
14 T magnetic field (Fig. 4.11) indicates its magnetic origin and is consistent
with prior NMR and THz data [130]. While a field dependent Sommerfeld
term could arise from a metallic impurity phase, powder XRD studies as well
as low temperature susceptibility measurements place an upper limit on the
concentration of impurities at the percent level. If such impurities are the

origin of the T term they would need to be heavy fermion like.

It seems unlikely that exotic fermionic quasi-particles associated with a
proximate spin liquid phase would contribute to the very lowest energy part
of the excitation spectrum within a symmetry-breaking long range ordered
state of B-LipIrO3. The incommensurate nature of the order could be relevant
as it admits a gapless phason mode as well as complex domain wall structures
both of which have the potential to contribute to the low temperature heat
capacity. A detailed study of the field dependence of 7 to determine for
example whether its disappearance coincides with the 2.8 T critical field [102]

would be informative.
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Figure 4.13: (a) Nuclear structure of H3Lilr,Os with Li ions removed for clarity.
The interstitial hydrogen (white) serves to weaken the magnetic couplings between
interlayer Ir ions (purple). Red ions are oxygen. (b) Stacked honeycomb lattice with
oxygen ions removed for clarity.

4.6 Introduction to Kitaev spin-liquid candidate
(H,D)3Li11‘206

4.6.1 Magnetic properties

In the context of the search for a Kitaev spin-liquid (KSL), the presence of
non-Kitaev perturbations typically results in the formation of symmetry-
breaking static spin-spin correlations rather than the condensation of a spin-
liquid state. Indeed, even in materials that have been quantitatively shown to
have strong Kitaev interactions like a —RuCl3 and the previously discussed
B—LiIrOs, zero field antiferromagnetic order is observed upon cooling. With
this in mind, the suppression of non-Kitaev interactions was the motivation
behind the synthesis of H3Lilr,Og, which is isostructural to a-LiyIrO3, with
the interlayer Li™* ions replaced by H*. This was proposed to reduce magnetic
coupling between honeycomb layers, and creating a truly two-dimensional
iridate as depicted in Fig. 4.13. With this motivation, H3LiyIr,Og was first

synthesized in 2018 [99]. The synthesis of this material is identical to that of
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a-LipIrO3, and the substitution of the interlayer Li™ ions by HT is done by
a hydrothermal reaction. Initial powder x-ray diffraction studies indicated
that though the honeycomb layer itself remains intact, the structure contains
significant stacking faults evident from the lineshape associated with out of
plane peaks. More detailed studies using synchotron x-ray diffraction and
pair-distribution function analyses revealed that the stacking itself is random,
and governed by the weak O-H-O interlayer coupling [131]. The sample itself
is insensitive to air like other oxides, and is available in small single crystals
suitable for x-ray or Raman studies, but of unsuitable size for inelastic neutron

scattering [40].

Like B-LipIrOs3, H3Lilr,Og is a shown to be a spin-orbital Mott insulator
of band gap 0.12 eV and an effective moment of 1.60 up per Ir atom by
resistivity and high temperature susceptibility studies [99]. The observed
(powder average) value of fcpy=-105 K, indicating ferromagnetic interactions
in the high temperature paramagnetic phase. Despite the ~100 K value of
fcw, no magnetic order is observed at the lowest measured temperatures of
50 mK by specific heat and NMR studies. The low temperature NMR spin
relaxation rate captures the presence of low-lying spin excitations below T=40
K, which are rapidly suppressed by the application of magnetic field. Likewise,
specific heat studies show a fascinating scaling collapse of C(T)B'/2/T at low
temperatures suggestive of exotic quasiparticles that are rapidly suppressed
in field. Combined, these results indicate that H3Lilr,Og is a an exciting

candidate for the realization of a ground state Kitaev spin-liquid phase.
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4.6.2 Possible magnetic ground states

Explanations for these data are varied but the absence of the formation of static
spin-spin correlations is highly constraining. One suggestion put forth by the
original study was that H3Lilr,Og is a ground state spin-liquid, but without
detailed spectroscopy or thermal transport studies to better understand the
nature of the excitations this is only speculative. Another explanation for
the scaling of the specific heat in field was found in the form of what is
known as the random-singlet state. In this state, spins form singlet pairs
are allowed to be between any two spins on the lattice and not only nearest-
neighbor. Strongly coupled spins will pair first, which are predominantly
nearest-neighbor. The spins that are left behind then form pairs, resulting
in a power-law distribution singlet-triplet splitting which follows from a
renormalization group analysis [132]. This approach was used to explain the
scaling collapse of the C(T) data for H3Lilr,Og, along with other quantum
spin-liquid candidates like LiZnyMo3Og and Herbertsmithite [76].

Despite these interesting results, only a handful of experimental studies
followed this 2018 result. Dielectric spectroscopy showed direct evidence of
glass-like freezing of the H™ ion positions between two potential hopping sites,
with a crossover from thermally activated hopping to a quantum tunneling
mechanism at temperatures below T ~100 K [133]. Still, the observed hopping
frequency is in the mHz range, meaning that on the scale of the magnetism
this effect at low temperatures may be viewed as a quasi-static disorder. Only
very recently in 2023 did two spectroscopic studies appear, the first used

a combination of anisotropic susceptibility and SR studies and suggested
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the presence of both the random-singlet state and a disordered quantum
paramagnetic state consistent with a spin-liquid [134]. Resonant inelastic x-ray
spectroscopy studies came to a similar conclusion, with a clear Q-independent
magnetic signal at energy transfer fiw ~ 25 meV in single crystalline samples

[135].

The following presented work uses inelastic neutron scattering to map the
previously unexplored low energy part of the excitation spectrum. The goal
is to provide an accurate scattering description of the low-energy excitations
free of non-magnetic backgrounds and to determine if the extracted scattering

is consistent with a spin-liquid ground state.

4.7 Dj3LiIr,Og Inelastic Neutron Scattering
4.7.1 Experimental considerations

Like B-LixIrO3, H3LilryOg suffers from a high absorption cross section from
Li and Ir. Again, we mitigate this by a 99% enrichment of 7Li and ¥3Ir. This
brings the total absorption cross section per formula unit to ¢, = 325 b/(mol
f.u.), with an effective transmission length of 3.5 mm for elastic scattering of
25 meV neutrons. We used the identical annular aluminum can design as
the p—LiyIrO3 experiment. An additional difficulty in neutron scattering on
this sample is the presence of H ions, which have a nuclear spin incoherent
scattering cross section of ¢; = 25.3 b. Normally, this makes the analysis of
magnetic neutron scattering data for compounds including H quite difficult
as strong incoherent scattering will introduce multiple scattering effects of

similar intensity to the magnetism. Without isotope enrichment, the overall
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incoherent scattering cross section per formula unit would be ;=242 b, and
with deuterium enrichment this becomes a more manageable 0; = 6.9 b. The
end result was a 3.6 g of triply isotope enriched sample made by collaborators

at the Max Planck institute.

Three separate neutron scattering measurements were performed. The first
was measured on the SEQUOIA instrument at Oak Ridge National Laboratory
[136]. Measurements of D3LilryOg were performed with incident energies
E;=30 meV and 60meV, using the fine chopper configuration at temperatures
T=4.0(1) K and T=200.0(1) K. Counting times for the low temperature configu-
rations were 22 hours and 28 hours and counting times at the high temperature
configurations were 16 hours and 18 hours for E;=30 meV and E;=60 meV
respectively. The sample with mass 3.6 g was loaded into a custom annular
aluminum can of 20 mm outer diameter and 19 mm inner diameter with
height 4 cm. The sample was prepared by solid state synthesis methods as
described in Ref. [99] with triply isotope enriched 2D, 1*Ir, and ”Li to mitigate
absorption and incoherent scattering. A vanadium standard was measured
using each experimental configurations to normalize both experiments to
barn/sr/eV/mol Ir. Annular angle-dependent absorption was corrected by a
Monte-Carlo method in the Mantid software [107]. Magnetic scattering from

this measurement is shown in Fig. 4.14(a).

Polarized inelastic neutron scattering was done using the HYSPEC in-
strument at Oak Ridge National Laboratory [136]. The measurement was
performed with incident energy E;=20 meV in the high flux configuration. The

same sample as the SEQ experiment was used but reloaded into a 7 mm outer
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Figure 4.14: (a) Magnetic inelastic scattering of D;Lilr,Og at T=4.0(1) K. Scattering
at energy transfers below energy transfer 1.8 meV is contaminated by noise from
nonmagnetic elastic scattering. (b) Q-dependence of extracted magnetic scattering
using average scattering from energy transfer over a wide window of iw = 2 meV
to w=10 meV. The low temperature T=4 K scattering shows a small but significant

rise in intensity for Q<1.5 A" when compared to the T=100 K scattering. Both show
a finite increase in intensity approaching Q=0, as would be expected in a correlated

paramagnet.
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Figure 4.15: (a) Magnetic inelastic scattering from the MACS instrument of D3Lilr,Og
at T=1.8(1) K using the E¢=5.0 meV configuration. Nonmagnetic contributions have
been subtracted off as described in the text. (b) Magnetic scattering using the E; = 3.7
meV configuration.
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Figure 4.16: (a) Magnetic scattering obtained using the Sharpf equations [137]. The
scattering does not have any strong enough statistics to draw any conclusions from.
(b) Total spin-flip scattering for comparison to magnetic scattering. (c,d) Factorizations
of magnetic scattering in (a).

diameter, 6 mm inner diameter annular can used for polarized experiments
on HYSPEC. Total counting times for each polarization channel were [30, 30,
66, 12, 12, 8] hours for the [(T;fF , (75F , (TZSF , (T,ZC\] SE Ué\’ SF O'ZN SF] configurations
respectively. The x and y polarization directions lie in the scattering plane as
defined by the Mezei flipper, while the z is perpendicular to the scattering
plane. Superscripts denote the spin-flip (SF) and non spin-flip (NSF) cross
sections. The NSF cross sections were measured to apply corrections due to
imperfect flipping ratio as well as to provide an overall normalization from

the sample Bragg peaks. The same absorption corrections were applied as for

the SEQ data.

The third measurement presented is from the MACS spectrometer at the

NIST Center for Neutron Research [85]. This sample consisted of 2.0 g of
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enriched DJLi'**Ir,O¢ in an aluminum sachet of 0.5 mm thickness, using
configurations of Ey=3.7 and Ef=5.0 meV with appropriate combinations of
cooled BeO and Be filters before and after the sample to suppress higher
order contamination. The scattering is shown in Fig 4.15 with the E¢=5.0
configuration in subplot (a) and the Ef=3.7 meV configuration in subplot
(b). Both configurations were measured at T=1.7(1) K and T=45 K. All four
measurements were counted for ten hours along with matching sample out
backgrounds. Further details of each of these measurements are provided in

the subsequent sections.

4.7.2 Isolation of magnetic scattering from SEQUOIA mea-
surement

Little information may be extracted from the directly measured low temper-
ature scattering in the unpolarized MACS and SEQ measurements. Even at
low temperatures, the scattering from both phonons and inelastic multiple
scattering dominates the overall signal as shown in the directly measured
intensity in Figs. 4.17 and 4.18. Still, a qualitative comparison may be made
between measurements at different temperatures by examining cuts along
the Q dimension averaged in a window of fiw=2 meV to liw=5 meV shown
in Fig. 4.18. Here, the contribution from phonons is roughly normalized
between measurements by comparing scattering to only the high-Q part of

the scattering (Q > 2.5 Afl), resulting in the scales denoted in the legend.

While the two elevated temperature measurements are identical, the T =4

K scattering shows a small buildup of intensity for Q < 1.5A"". This is the
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Figure 4.17: Directly observed intensity for all configurations in the SEQ experiment
on D3Lilr,Og. The top column is for E;=30 meV, and the bottom is for E;=60 meV.

direct indication of the buildup of temperature dependent dynamic spin corre-
lations, which we will now extract more rigorously. Scattering normalization
to a vanadium standard and absorption corrections are all that have been
performed up to this point. Due to the fairly mobile and strongly scattering
H™ ions, the Debye-Waller factor should be accounted for as we attempt to
subtract the associated background scattering. In general, neutron scattering
cross sections include the Debye-Waller factor which is an overall prefactor to
intensity that goes as e ()Q" where (u?) is the mean-squared ion displace-

ment. Of course, this is not a constant for every ion in the unit cell but as a first
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Figure 4.18: Scaled cuts of directly measured intensity from SEQUOIA experiment
on D3Lilr,Og. Cuts are taken from E;=30 meV data.
approximation we take it to be one value for all ions and scattering processes.

The elastic scattering should then go as

1(Q,w =0) = eI (0,04 (Q) + 7). (4.15)

The mean-square displacement (u?) is temperature-dependent. Approx-
imating (u?)=0 for T=4 K, the difference between elastic cuts as a function
of Q may be used to extract the Debye-Waller factor for each elevated tem-
perature (100 K and 200 K). The higher incident energy configuration has
access to a wider range of Q, so cuts of these measurements averaged from
hw = 41 meV are used for this purpose. The extracted values of (u?) are
(1) 100k = 1.1(1) x 1073 A” and (12)200x = 3.3(1) x 103 A>. An example of
the elastic cuts before and after applying this correction is shown in Fig. 4.19.

Because of the relatively large incoherent scattering cross section of D

(0;=4.04 b) and the very large incoherent scattering from H which remains
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Figure 4.19: (a) Elastic cuts of E;=60 meV Elastic scattering for the T=4 K and T=200
K SEQUOIA measurements averaged from fiw = 1 meV. (b) Deviation between the

two measurements as defined by [¥-(Lik(Q) — ook (Q))?/ (6 L1k (Q)? + dIaoox (Q)?)]-
The black points represent before correcting for the Debye-Waller factor and the cyan
points after. The solid black line is fixed at x> = 1.
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present at the 1% level due to imperfect enrichment (0} = 25.274 b), we at-
tribute the presence of a large flat background across the entire measurement
(Fig. 4.17) multiple scattering events that involves a strong elastic incoher-
ent process and weaker inelastic scattering processes namely phonons. The
treatment of the process is very similar to that applied to the Ba4NbRuzO1;
scattering data. To model such events, we begin with the individual cross

sections for incoherent elastic and incoherent inelastic phonon scattering [56]

do Tine v —2W
- - N 4.1
dQel inc 47T ¢ ’ ( 6)
2 k : Bhw 2
d“o _ K¢ Noj Z(w) e hQ —2W (417)

dQdw inel inc k; 4r w efv _12M
We now recall that such a process leads to Eq. 3.5, which for reference may be

written as

ki+kf

Ly (Q hw) = Ty (Q hw) + (1 —T) / Ly(Q', hw) QdQ (4.18)

In the previous case, there existed a calculated phonon spectra available for
the numerical evaluation of this integral. Here, we do not take this approach,
instead solving the integral analytically following Ref. [90]. The result is the
easily linearized form of

1'(Q, hw) = f(hw)(k} + k%) (ZLZZ +(1- T)). (4.19)
(ki + k%)
An observation to be made about this form is its strong dependence on k;

and ky. For the E;=30 meV measurement with energy transfer iw = 3 meV,

(k12+ kj%):27.5 15:2, whereas for the MACS measurement with E; =5.0 meV
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Figure 4.20: Collapse of E;=30 meV T=200 K measurement to form of Eq. 4.19. The
slope of the collapse provides the quantity of multiple scattering in the system. Cuts
average over + 0.5 meV of the value indicated in the legend.

and energy transfer fiw = 3 meV, (k? + k%):6.3 A_Z, meaning that this effect
would be suppressed by nearly an order of magnitude due to simple kinemat-
ics. We assume the single-event scattering fraction 7 to be constant across
measurements. The value of this parameter is found using the linearized form
of Eq. 4.19, which is visually represented in Fig. 4.20. The assumption that
the functional form for phonons is simply I,(Q, iw) = f(hw)Q? breaks down
significantly at high Q and energy due to the presence of acoustic phonons
which is most clearly visible in Fig. 4.17(d), but within the Q and energy range
of our interest for magnetic scattering it works quite well and from which we

extract an overall single-event scattering fraction of T = 0.90(1).

We now require a form of f(fiw) from which to compute I'(Q, fiw). Based

on the magnetic form factor of Ir** we assume that the extreme values of Q
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available in each measurement represent the purely non-magnetic contribu-
tions to the scattering. These regions in Q are from Q=2.5 Ao Q=3.0 A
for the E;=30 meV measurements and Q=3.5 A t04.0 A7 for the E;=60 meV
measurements. Within these widows, both a simple cut along the energy trans-
fer dimension or a factorization approach described later works equally well.
For completeness, we use the factorization. This particular model of phonon
and multiple scattering assumes a form of I,(Q, iw)=f (w) Q? for single-event
scattering. It is then sensible that an attempt to subtract I'(Q, fiw) will fail in
Q — hw regimes where this assumption does not hold, many of which can
be seen in Fig. 4.17. However, we may safely assume that these deviations
from the assumed form of I'(Q, fiw) are dominated by single-event phonon

scattering. So, the total scattering intensity may now be written as

I1(Q, hw) = I8(Q, hw) + I4(Q, hw) + 612 (Q, hw). (4.20)

The subscript T denotes the temperature, I"%¢ is the magnetic contribution,
and 617" is the anharmonic phonon contribution dominated by single-phonon
scattering. Equipped with fT(hw), I-(Q,hw) is readily calculated for each
configuration. The dominant single-event phonon contributions are now
subtracted using a standard Bose-Einstein form, and assuming no magnetic

scattering for high temperatures this leaves

_ 7’3th
7 Ty I—e Ty
H(Q hw) = I'(Q hw) — 255 1"(Q, hav) (4.21)
1 — e Pulw

1(Q hw) = I7" + I1, (Q, hw) — wI’TH(Q, hw). (4.22)

1
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Figure 4.21: Remaining scattering after subtracting high temperature measurements.
T=100 K was used as a background for the T=4 K measurement in (a), and the T=200
K measurement was used as a background for the T=100 K measurement in (b).

The intensity in the quantity I for each temperature still retains a non-

magnetic background from multiple scattering, which may now be defined

as

1 — e Prlw

Ibkg(Q/hw) = I/TL(Q/ hw) — 1_ o Buhw

I7,,(Q, hw), (4.23)
which can be explicitly calculated as depicted in Fig 4.22. An overall
normalization factor is applied such that the resulting magnetic scattering at

high Q and fiw fluctuates around zero. Finally, the scattering presented as

magnetic is given by
Iinng(Q,hew) = T'(Q, hew) — Al (Q, hew). (4.24)

The final result in Fig. 4.14 appears to be a very broad continuum of
scattering that approaches a maximum intensity upon approaching Q=0 and

hiw=0. The experiment is clearly energy-resolution limited. To resolve this
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Figure 4.22: (a,b) Calculated multiple scattering backgrounds I'(Q, hw) for T = 4
Kand T = 100 K E;=30 meV measurements using form of Eq. 4.19. (c) Resulting
background after Bose-Einstein subtraction of phonons as defined by Eq. 4.23.

we turn to the measurement on the MACS instrument which has access to
a significantly lower energy transfer. A similarly detailed subtraction of

scattering was performed in this case, which is left to Appendix 7.2. The

resulting magnetic scattering obtained from MACS is shown in Fig. 4.15.

4.7.3 3D spin-polarized inelastic neutron measurement

A significant effort went into extracting the magnetic signal from the mea-
surements resulting in the inferred magnetic scattering shown in in Figs. 4.14
and 4.15. The inferred non-magnetic background contributions originating
from incoherent scattering are in all cases on the scale of or greater than the
intensity of the extracted magnetic scattering. Though the modelling of the
non-magnetic terms was rigorous, this many subtractions to the measure-
ment could cast doubt upon the extracted magnetic spectra and hence the

conclusions we make regarding the ground state of D3Lilr;Og.

Our answer to this was to perform a polarized beam experiment on the
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HYSPEC instrument using the 3D polarized configuration. The HYSPEC
data is useful in that very few corrections are required to find the purely
magnetic scattering. First, a correction is applied to the data to correct for
imperfect polarization of neutrons. This effect results in some SF scattering
in the NSF channel and vice versa. The corrected intensities are given by
Isp = F(F = 1)IE — I&:/(F — 1) and Ingp = F(F — 1)I&, — ITF°/ (F = 1),
where F is the flipping ratio which is determined by the fraction of Bragg peak
scattering in the raw SF measurements as compared to the NSF measurements.
For polarized magnetic powder scattering, the magnetic cross section is given
by Omag = 2(03F + (TySF —209F). While this is a direct way of finding the
magnetic intensity, the statistics of our measurement are too poor to present
on their own as the polarized beam configuration reduces flux by about a
factor of 10, and six different polarization configurations must be measured.
Instead, the scattering is used as a verification that the truly magnetic signal

does not contain the background that roughly goes as I(Q) « A + BQ?.

Outside the standard normalization and absorption corrections, there are
two notable treatments of the measured intensity. The first is the necessary
correction for the flipping ratio, which is tuned such that the elastic Bragg
peaks vanish in the spin-flip cross section. This value is then taken to be 15
for all polarization configurations. The second is more interesting, which is
the detector normalization. The HYSPEC instrument’s polarization analysis
is performed using a state-of-the-art two of a kind supermirror polarization
analyzer (As a side note, the sister mirror is at the POLANO beam at JPARC).

The design of the mirror uses many slits that absorb or reflect the incoming
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[138]. Only spin-up neutrons are reflected. (b) Extracted detector normalization from
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beam based on the neutron polarization, as depicted in Fig. 4.23.

This setup comes with a systematic error which is that the detector visibility
to the sample strongly depends on the sample shape. Thus, unless the sample
geometry is exactly the same as the sample used to normalize the detector
efficiencies, systematic errors will be introduced. To remedy this in the case of
D3Lilr,Og, we assume that all detector counts in the flipping ratio corrected
spin-flip elastic channel originate from sample incoherent scattering. This
follows from the absence of Bragg diffraction in the spin-flip channel and the
dominant spin-incoherent scattering originating from the H/D ions. Because
incoherent scattering is Q-independent, we may normalize the detectors to
the sample itself, thus avoiding any issues related to differences between
our sample geometry and the shape of the TiZr sample normally used to
normalize the detectors. The difference between the TiZr normalization and

the extracted one from our sample is shown in Fig. 4.23(b).

Resulting scattering data for all six configurations are shown in Fig. 4.24.

122



Each configuration is nearly identical, but significantly the buildup of excita-
tions observed at low Q and /iw in the previous experiments is also observed
in the spin-flip channels as shown by the cut along Q in Fig. 4.24(i). It is
extremely difficult to explain spin-flip inelastic scattering that decreases with

Q, as is observed here, without invoking magnetism.

Finally, the magnetic contribution to the scattering and its respective fac-
torization is shown in Fig. 4.16. While the statistical accuracy is limited the

data are consisted with those obtained in the unpolarized experiments.

4.74 Time domain terahertz spectroscopy

In addition to the detailed neutron studies, THz spectroscopy is used to cap-
ture the response of D3Lilr,Og at the I'-point, which naturally complements
the observed scattering. The scattering at the I' point is extremely impor-
tant, as it points to the anisotropic nature of the magnetism. For isotropic
Heisenberg spin interactions in disordered spin systems, the powder averaged
tirst-moment sum rule defined by 2.12 reveals that the magnetic scattering
should go as I(Q) « 1 —sin(Qd)/(Qd), which would be zero at the I'-point.
The inelastic quasiparticle continuum predicted for the ferromagnetic Kitaev
spin-liquid instead would have a maximum of scattering at the I' point [32],

so any signal in THz spectroscopy would be relevant to our results.

Details of TDTS may be found in Sec. 4.3.4. The experiment was done using
a dry pressed powder pellet of D;Lilr,Og of diameter 3 mm and thickness
1.0(1) mm. Fig. 4.25(q) shows transmission for temperatures ranging from 3

to 300 K. There are two temperature scales associated with the transmission.
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Figure 4.24: Full scattering data from 3D polarized experiment on HYSPEC for
D;Lilr,Og. Polarization configurations are as labeled, with the total spin-flip cross
section being shown in (g) and the total non-spin flip in (h). (i) Shows a cut across Q
averaged from hiw € {2,8} meV, showing a clear buildup of scattering at low Q.
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Figure 4.25: Time domain THz spectroscopy data from a pressed pellet of D3Lilr,Og.
(a) Directly measured quantity of the modulus of transmission. (b) Calculated x”
susceptibility using T=14 K as a reference temperature. (c) Temperature dependence
of the signal at low energies showing the onset of magnetic signal for T < 15K, and

dielectric scattering for T > 25 K.
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From room temperature to 25 K, the increase in transmission is associated
with the reduction of scattering from an electronic degree of freedom, namely
the thermally activated hopping of the HT ion. This effect plateaus below 25
K, and the transmission then decreases below 14 K, which is interpreted as the
onset of absorption by magnetic degrees of freedom and is made more clear
by Fig. 4.25(c).

This crossover behavior indicates competition between electronic and
magnetic excitations, which in general makes optical studies of this material
difficult. If one assumes that the dielectric behavior is constant below 15 K,
the 14 K temperature may be used as a reference spectrum for which the
relative susceptibility x” may be calculated as shown in Fig. 4.10(b). Here,
a continuum of excitations consistent with the INS studies appears upon
decreasing temperature. The oscillations in the data are a consequence of the

experimental configuration and should not be taken to be true peaks in x”.

4.7.5 Analysis - D;Lilr,O¢

Corrections to the scattering aside, the analysis of these data is relatively
straightforward. As the sample is a powder and no sharp features in the

spectra were discovered, we may return to the factorization method where.

For a powder, the total observed magnetic moment may be found by
integrating over S(Q), i.e. p%,, = 3¢> [ S(Q)Q%dQ/ ([ Q*dQ). For the SEQ
and MACS measurements this provides an overall observed moment of p, s =
2.0(6) pp and perr = 1.7(4) pp respectively, where the error is dominated

the vanadium normalization. These values are mostly consistent with the
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moment from high temperature magnetization of ) = 1.36yp, as well as
the expected moment for ] = 1/2 of 4 = ¢v/3 = 1.7 yp assuming ¢ = 2.
The energy dependent G(w) suggests a gapless excitation spectra within the
AE=1.8 meV instrumental resolution that rapidly falls to zero with increasing
energy transfer. The MACS data adds more detail to the low energy part of the
excitation spectra, but statistics mean that it is difficult to determine if a peak
exists in the spectra or not. Finally, the HYSPEC data confirms that the origin of
the scattering is in fact magnetic, and that our subtractions to the unpolarized
measurements are consistent with the polarized magnetic scattering. A total
moment sum rule may also be used on the magnetic scattering inferred from
the polarized experiment resulting in ,r¢ = 1.7(7) pp. The compatibility of
these measurements are shown directly in Fig 4.26, where the factorizations
of each measurement are consistent. The consistency between the distinct

experiments gives confidence in the overall results.

4.7.6 Modeling of scattering

The exactly solvable ground state of the KSL has allowed a wealth of theo-
retical studies of its excitations. The dynamical structure factor S(Q, fiw) has
been calculated in a number of studies [32]. This quantity is of particular
interest as INS provides a direct measure of S(Q, hw), giving a direct route
to compare theory and experiment. The response is expected to be nearly
featureless as a lack of long range magnetic ordering in real space corresponds
smeared features in Q-space. In the KSL we expect only on-site and nearest

neighbor correlations. With this expectation, the dynamic structure factor
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Figure 4.26: Factorizations of each INS measurement of D;Lilr;Og. (a) S(Q) extracted
from scattering data for each experiment. The red line indicates how these cuts
compare to the best fit to a simple model of the KSL as described in the text. Each
individual factorization has been scaled to the model. (b) Comparison of the energy
dependent factorizations G(w) of the neutron experiments. (c) Time domain THz
Spectroscopy showing consistency with neutron result at the I" point. Black and blue
lines represent T=3 K measurements from different samples, showing qualitatively
consistent magnetic spectra.
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for a crystal is written as S**(Q, hw) = 2G(hw)(1 —sgn(K) cos(Q - d,)). The
Kitaev interaction K is assigned as ferromagnetic based on 8¢ and d, refers
to the distance vector of a bond in real space. The powder average of this
function while considering only on-site and nearest-neighbor correlations is

tit to the SEQ data and is shown in Fig. 4.26(a) by the red line.

The combination of spectra presented in Fig. 4.26(b) implies a broad
continuum of scattering at excitation energies below 6 meV. We can also state
that finite magnetic intensity persists down to the lowest accessible energy

transfer of ficw = 0.5 meV.

4.8 Discussion - D;Lilr,Og

The low energy excitations in D3LiyIrOg have been successfully mapped by
inelastic neutron scattering for the first time. Three different measurements
were required to do so, but there is compelling evidence that the presented
scattering is truly magnetic and originates from the exotic magnetic ground
state of the material. After all of the background subtractions which have been
discussed at length, the powder averaged spectra may finally be discussed
independently in terms of its Q and hiw dependence. The Q-dependent part
of the spectra S(Q) is successfully described using a simple nearest-neighbor
interacting model, which is consistent with a nearest-neighbor ferromagnetic
interaction. The full expected moment is captured by these measurements,
affirming the validity of the background subtraction procedures. The fully
magnetic cross section from the polarized measurement also affirms these

procedures, and captures the full expected moment for the J,r=1/2 Ir*t.
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A peak is expected in the low energy spectra of the Kitaev spin-liquid,
as the ground state is a nonmagnetic singlet that neutrons are not sensitive
to. This gives the illusion of a finite energy gap in the dynamical correlation
function despite the state being gapless [32]. If a true peak exists at iicw ~2
meV, this would imply an energy scale for the Kitaev interaction of K = —10
meV. However, this is significantly lower than the values expected from both
our previous study of B-LirIrO3; and other studies on a-LiyIrO3 and NayIrO3
which suggest a higher energy scale around |K| ~25 meV [139]. However,
it closely matches what is expected from the high temperature susceptibility
of 0cw=-105 K which suggests K=-12 meV. This may be due to the fact that
H3LirIrOg is not in an ideal KSL ground state. The coexistence of the random
singlet phase and the KSL slightly modifies the quasiparticle spectra as have
already been discussed, and the quality of these powder measurements make

it difficult to conclude more regarding the excitations.

4.9 Conclusions

Two detailed inelastic neutrons scattering studies have been performed in
honeycomb magnets which have been proposed to realize Kitaev-type interac-
tions. The first is -LiIrO3z, which has long been known to have an interesting
counterrotating magnetic order that was taken as evidence of anisotropic
Kitaev interactions. Using a combination of inelastic neutron scattering, heat
capacity, and THz spectroscopy, precise exchange parameters were experi-

mentally refined for a lithium iridate for the first time. These types of studies
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are extremely scarce due in large part to the difficulties associated with neu-
trons and iridium, and this result is a valuable contribution to the field. A

publication of this work may be found in Ref. [51].

The second study was a detailed analysis of D3Lilr,Og scattering data.
Three separate powder inelastic neutron studies are discussed, as well as
the detailed procedures for background subtractions in each. The isolation
of magnetic scattering is highly nontrivial in this case, yet the 3D polarized
scattering from the HYSPEC instrument supports that this analysis was correct.
The scattering captures the total expected moment and features a low energy
spectra with Q-dependence that may be described by only nearest-neighbor
correlations with a maxima at Q=0. This is entirely consistent with a Kitaev
spin-liquid ground state, but limited conclusions should be drawn from this

due to the quality of the data.

Work remains to be done on both materials. The studies discussed in
this dissertation have established that strong Kitaev-type interactions exist in
both and that the ground state of D3Lilr,Og may be proximate to a KSL. The
simplest path forward for this material would be to run another measurement
on a cold neutron spectrometer like CNCS at Oak Ridge National Laboratory
or the LET spectrometer at ISIS. These instruments would not suffer from the
phonon monochromator scattering that MACS does, have sufficient energy
resolution to map the low-energy excitation spectrum, and their low incident
energies mean that while absorption effects would be significant, multiple

scattering would be significantly reduced as it scales with (k? + k?c)

Outside of this, single crystalline samples are required for further study.
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These do exist but are of exceedingly small size, on the order of length 1 mm.
A single-neutron study of crystals of this scale is feasible, and something I am
considering pursuing in my future studies. For f—LiIrO3, the application
of field along different unit cell directions has already been shown to have
extremely anisotropic response in magnetization [98]. This could also be
studied in the excitation spectra of coaligned single crystals and is a natural
extension of the powder work. The case of D3Lilr,Og is a bit different, in
that it is still unclear what the ground state is. Single crystal inelastic neutron
diffraction would be an invaluable addition to this effort, and would provide
much clearer information than the powder data. Provided enough crystals, I

believe that these studies are entirely possible and worth the effort to pursue.
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Chapter 5

Proximate spin-liquid behavior in
highly frustrated XXZ-J{J3
honeycomb magnet BaCo,(AsOy)»

5.1 Introduction

5.1.1 Proposal for Kitaev interactions in Co?" honeycomb ox-
ide materials

Since the proposal of the realization of Kitaev interactions in real materials by
Jackeli and Khaliullin in 2007 [37], a significant amount of effort has been put
forth towards the realization of a Kitaev spin-liquid. The original mechanism
for this requires 4d or 5d transition metal ions (Ru®* Ir*+) with strong spin-
orbit coupling in an octahedral crystal field, meaning that the only materials
that may realize Kitaev interactions by this mechanism are the honeycomb
iridates and a-RuClsz. While the lithium iridates have been described in detail

in the previous chapter, a-RuCljs is also worth a brief discussion for context.

For the purpose of engineering a Kitaev material the honeycomb iridates

have the fundamental issues of limited single-crystal availability and the
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neutron absorption associated with iridium. a-RuClz, on the other hand,
suffers from neither of these issues with large high quality single crystalline
samples readily available and an absorption cross section of o,,; = 2.56 pp.
It should be noted here that although single crystals are straightforward
to grow, different sample show different magnetic ordering temperatures
suggesting that stacking faults play an important role in the ground state order
[140]. Although a-RuCl; orders into a characteristic zigzag antiferromagnetic
structure at Ty=7 K [45], initial inelastic neutron studies suggested that the
material may be proximate to a Kitaev spin-liquid and arguments were made
for the presence of a dominant AFM Kitaev interaction with Heisenberg
and off-diagonal interactions pushing the system into ordering rather than a
quantum spin-liquid phase [45, 141].

More interesting still was the discovery of a mysterious field-induced
phase for in-plane fields higher than H,=7 T. No magnetic order is observed by
neutron scattering in this phase, and the well-defined spin-waves in the zero
field phase melt away into a continuum that is consistent with what one would
expect from a Kitaev spin-liquid [142, 143]. Furthermore, thermal transport
studies reported a half-integer quantized thermal Hall effect as one would
expect of emergent Majorana fermion excitations [144, 145]. This result is
controversial and has proven difficult to reproduce, with compelling evidence
being that the measured quantity was simply residual phonon scattering [36].
Because of this, there is a small highly fluctuating regime just above the critical
tield in which the magnetism of a-RuCl;3 is poorly understood despite great

theoretical and experimental efforts [146]. The exchange interactions are very
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difficult to refine from neutron scattering data, as it is impossible to fully
magnetize the system at any reasonable field scale at which one could use

linear spin-wave theory rigorously.

This presents an interesting scenario, where even the most "successful"
Kitaev material has a poorly understood spin-Hamiltonian and conflicting
results even after nearly 15 years of study. The need for a new method
of realizing Kitaev interactions is sorely needed provided that it meets the
qualifying criteria of minimizing non-Kitaev exchange, having accessible field-
scales such that one may polarize the system for study, and availability in

single-crystal form.

In 2018, a proposal was put forward for the realization of Kitaev interac-
tions in honeycomb Co?" materials which fits all of the above criteria. Though
the mechanism is quite complex, it will be briefly summarized. This pro-

£ e2

. 7 . .
posal is based upon d’ ions in a 2405

configuration (5=3/2 L=1) in octahedral
crystal fields. The crystal field environment combined with some quantity of
spin-orbit coupling results in a pseudospin J=1/2 on each honeycomb site,
which has been known for many years in the honeycomb cobaltates. If one
goes further and examines the effect of hopping paths between the resulting
electrons that remain in e, orbitals, a full exchange Hamiltonian may be de-
rived [48, 147]. This is significantly different from the case of first generation
Kitaev materials where only one hole exists in the ground state manifold, as

the hopping terms allowed by the additional electrons are shown to have a

destructive interference for non-Kitaev interactions.

While this mechanism for the realization of a Kitaev contribution to the
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spin exchange is beyond the scope of what I would like to discuss here, the end
result is that for a particular value of Hubbard U there should be competing
ferromagnetic and antiferromagnetic contributions to the Heisenberg part of
the exchange interaction, leading to a dominant Kitaev interaction. This is
an appealing prospect experimentally that was immediately embraced, with
claims of the discovery of Kitaev interactions in materials like NayCo,TeOg
[148, 149]. Honeycomb cobaltates are available in single crystalline form by
traditional methods like flux or Bridgman growth, and with the typically large
moment of Co?" these materials are very amenable to neutron scattering ex-
periments. The excitement in the field was understandable, as the introduction
seemingly overnight a whole new family of Kitaev materials would be a huge
step forward from only having the honeycomb iridates and a-RuCl; to study.
However, we should pause and ask a question. In real honeycomb cobaltates
is the Kitaev model actually the appropriate description of the spin exchange?
Or could these materials be described by more conventional means? This line
of inquiry bring us to the most significant work in this dissertation, which is

the investigation of BaCoz(AsOy)s.

5.1.2 Magnetic properties and previous studies of BaCo,(AsO,);

BaCoy(AsQOy); crystallizes in the trigonal R — 3 space group, with lattice pa-
rameters a=b=5.0A" . Honeycomb layers of edge-sharing CoOg4 octahedra
are stacked in an ABC pattern along the c-axis such that no direct exchange
path exists between layers and the system may be thought of as highly two-

dimensional. Additionally, the interlayer bonding is ionic between Ba and
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Figure 5.1: (a) Nuclear structure of BaCo,(AsOy); showing idealized ABC stacking
pattern. O ions have been removed for clarity. (b) Honeycomb lattice of a single layer
of CoOg octahedra.

AsQOy octahedra, meaning that the material is not van der Waals like H3LilryOg
or «—RuCl3 and does not have any measurable stacking faults [150]. Magnetic
order in BaCoy(AsOy), has been long known, with the first reports appearing
in the literature in 1977 [151]. Here, magnetic susceptibility studies revealed a
highly anisotropic response which is indicative of the two-dimensional nature
of the system. A phase transition is detected at T=5.4 K, and following neutron
diffraction studies reveal a dominant in-plane contribution to the moment
of pa, = 2.95 up and y. = 0.48 ug. Upon cooling, incommensurate order is
observed with propagation vector k = (0.261, 0, —%). This corresponds to an
incommensurate spiral structure with no correlations between layers. Upon
application of a field at low temperatures in the ab-plane, an intermediate
commensurate phase of wavevector k = (1/3,0,0) is observed at critical
tield uoH, = 0.33 T, and a second critical field of yoH, = 0.55 T pushes

the system into a nearly field-polarized phase [151-154]. Heat capacity and
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magnetization studies also affirm this, and have been used to map the full

H — T phase diagram of BaCoy(AsOy)s.

Until recently, BaCo,(AsOy), (BCAO) remained a peculiar frustrated anti-
ferromagnet outside a sophisticated 3D neutron polarimetry study suggesting
that the order was actually that of an 11 type structure rather than an incom-
mensurate spiral [153]. The proposal of Kitaev interactions in the honeycomb
cobaltates inspired a review of long forgotten systems in this context, including
BaCo,(AsOy),. The critical field and temperature are all small for a transition
metal oxide, indicating the tenuous nature of the magnetic order. Yet, the field
driven state is nearly fully magnetized suggesting dominant ferromagnetic
interactions. This argument was used to suggested that BaCo,(AsOy),, like
a-RuCl3 before it, may enter into a field induced Kitaev quantum spin-liquid
phase [154], but with large defect-free single crystalline samples available. For
a time, BCAO was hailed as a more ideal next generation Kitaev spin-liquid

candidate.

5.2 Determination of magnetic exchange hamilto-
nian

Though there was a suggestion of the realization of Kitaev interactions in
BCAOQ, an ab-initio study suggested a different description [155]. Here it was
reported that trigonal distortions in the CoOg octahedra played an important
role in the physics of BCAO and that it forms an easy-plane XXZ magnet

with nearest neighbor ferromagnetic interactions and frustrated third-nearest
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neighbor AFM interactions (we refer to this as the XXZ-J;-J3 model). Addi-
tionally, previous studies on the isostructural material BaCo,(POy), were able

to completely describe the ground state using a similar model [156].

The goal of this work was to scrutinize in detail the magnetic interactions in
BCAO via a combination of inelastic neutron scattering studies and a classical
theoretical analysis. To this point, little experimental work had been done to
distinguish the JKTT’model with large Kitaev interactions from the XXZ-J;-J3
model in BCAO or, in fact, any cobaltates. We take advantage of the fact
that BCAO polarizes at relatively low values of field, meaning that unlike «-
RuCl3 we can access the ferromagnetic regime where linear spin-wave theory
describes the excitations very well. In the highly fluctuating zero field state
linear spin-wave theory breaks down entirely, as we will demonstrate by

detailed comparisons of the scattering to both models.

Here, we will make this determination using one neutron experiment
at zero field with wavevector transfer Q in the (hk0) scattering plane and a
second experiment with Q in the (h0/) plane with a magnetic field applied
along the perpendicular [010] direction. The magnetic excitation spectrum is
fully mapped and enables a critical examination of the two competing models.
The results tightly constrain where BCAO may lie in parameter space in each
model using a linear spin-wave theory model in the field-polarized regime,
and an analysis of the allowed classical order from these constraints are used

to make conclusions about which model is more appropriate.

Before going into details of the work, in summary it highlights the need

for a more thorough examination of exchange interactions in the honeycomb
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Figure 5.2: (a) Honeycomb lattice of BCAO viewed along the c-axis. Cobalt ions
are in blue, oxygen in red, and arsenic in green. The first Brillouin zone of the
hexagonal lattice is presented with the reciprocal lattice vectors g; and g,. The high
symmetry points M and K are depicted by the red and blue squares, respectively. (b)
Representation of the couplings in the XXZ-J;-J3 model. The crystallographic frame
is shown to the right in the black axes. (c) Local spin-frame for Kitaev interaction on
the honeycomb lattice as seen from above. The x, y, and z bonds are shown in blue,
green, and red coloring respectively.
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cobaltates, a number of which have been proposed as KSL candidates. Even if
a set of exchange parameters with a large Kitaev interaction may reproduce
observed INS spectra in the field-polarized state using LSWT, it is important to
examine if the extracted parameter set is consistent with the zero-field ordered

state and other thermodynamic measurements.

5.2.1 Experimental methods

Two sets of crystals were grown for these experiments. The MACS experiment
used 0.88(1) g of sample while the SEQUOIA and HYSPEC samples totaled
0.96(1) g. All these crystals grown by a flux method and have a dark purple
coloring [154]. No stacking faults or secondary phases were detected through
single-crystal x-ray diffraction. The T = 293(2) K lattice constants observed
area = b = 5.007(1) A, and ¢ = 23.491(5) A [150], and the system crystallizes
in space group R3 (No. 148).

Three neutron scattering experiments were performed. The first was per-
formed on the MACS instrument at NIST in an "orange" *He flow cryostat
with a 1.5 K base temperature. For this experiment, many plate-like crystals
of BCAO were coaligned in the (hk0) scattering plane. The final neutron
energy was fixed at Ey=5 meV, and the monochromator was in the double-
focusing high flux mode. Measurements were performed at T = 1.7(1) K and
T =15.0(1) K, with 16 hours and 18 hours of counting time respectively. Mea-
surements were taken at energy transfers of 0 meV, 2 meV, 4 meV, and 8 meV

for both temperatures. No magnetic field was applied in this experiment.

The second experiment was conducted at the SEQUOIA instrument at
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ORNL on a second set of crystals with a total mass of 0.96(1) g. These crystals
were coaligned in the (h0l) scattering plane and the experiment was per-
formed in a vertical field magnet such that the field was applied along the
b-axis, which is parallel to the (120) direction. Measurements were taken
using the E; = 21 meV high flux configuration with Fermi chopper frequency
of 120 Hz. Measurements were conducted with the samples at T = 2 K, 15K,

and 50 K and total proton charge of 74 C, 80 C, and 40 C, respectively.

The third experiment was run on the HYSPEC instrument at ORNL using
the same set of crystals as on SEQUOIA aligned in the (h0!) plane. We
used an Oxford instruments 14 T vertical field magnet with HYSPEC in the
unpolarized high flux 300 Hz configuration with incident energies E; = 6 meV
and E; = 27 meV. The main configuration was the low energy E; = 6 meV
mode at fieldsof 0T,04 T, 055T,0.75T,1T,2T,3T,4T, and 5 T. The net
proton charge on target for each field was 140 C, 72 C, 30 C, 101 C, 30 C, 30 C,
75 C, 30 C, and 30 C respectively, with a Fermi chopper frequency of 360 Hz.
The higher energy E; = 27 meV configuration was used for poH = 3 T with a
total proton charge of 44 C and a 420 Hz Fermi chopper frequency. Analysis
of the scattering from ORNL experiments was performed using the MANTID

software package [107].

Low T Magnetization measurements were performed on a high-quality
single crystal of BCAO as a function of the applied magnetic field strength
and orientation within the honeycomb planes. The sample was a 0.88(2) mg
plate that was aligned using a Laue diffractometer to an accuracy better than

1 degree. The sample was mounted on a quartz rod and oriented such that
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the applied field was along the § direction as indicated in Fig. 5.2(b). The
sample was then cooled from 300 K to 2 K in zero field. A full hysteresis loop
was measured at T = 2 K in the applied field range yoH € [—1,1] T. The
sample was then warmed to 20 K, cooled back to T = 2 K in zero field, and
the hysteresis loop was remeasured to establish reproducibility. The sample
was then carefully rotated in 15° steps until the field was along the % direction,
repeating the zero field cooled magnetization scans for each orientation. These

measurements were run in a Quantum Design MPMS3 SQUID magnetometer.

5.2.2 Static and dynamic spin correlations

Two inelastic neutron scattering experiments were performed on plates of
single crystalline BCAO. Constant energy slices in the (h0¢) scattering plane
captured in the MACS experiment are shown in Fig. 5.3. Slices at T=1.7(1)
K are shown in Fig. 5.3(a-d), and slices at T=15.0(1) K are in Fig 5.3(e-h).
Fig. 5.3(a) shows elastic scattering at 1.7 K where the 15 K data in Fig. 5.3(e)
were subtracted as a background. Magnetic satellite peaks surrounding the
(010) and (110) nuclear Bragg peak evidence the incommensurate magnetic
order that forms below Ty. Magnetic satellite peaks are even apparent near
the origin. The different intensities of the six satellite peaks surrounding a
given nuclear Bragg peak reflect the structure factor of the magnetic order.
The full width at half maximum (FWHM) vertical Q—resolution of MACS at
Q = (100) is AQ = 0.09 A~! = 0.2¢*. Thus this (1k0) plane measurement
does not access the nominal k = (0.27,0, —1.3) magnetic wave vector. The

appearance of the magnetic Bragg peaks in Fig. 5.3(a) despite of this is a first
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Figure 5.3: Zero field neutron scattering intensity for BaCo2(AsQOy); as a function
of energy transfer and temperature in the (1k0) scattering plane. Panels (a-d) show
scattering at T = 1.7(1) K, and (e-h) at T = 15.0(1) K. Energy transfers for each
quadrant varies as labeled. Sample out measurements were used as backgrounds
for all measurements except (a), which shows the difference between elastic data
acquired at T = 1.7(1) Kand T = 15.0(1) K.
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Figure 5.4: Elastic magnetic scattering from BaCoy(AsOy), at T = 1.7 K (a-d) as
a function of field applied perpendicular to the scattering plane and along the
(120) direction. The scattering has been averaged in the energy transfer window of
+0.1 meV, and k € [—0.1,0.1] along the (0k0) direction. The short ranged nature of
the correlations is evident at zero field (a) and in the commensurate ordered state at
toH = 0.4 T (b) through the broadness of the peaks in the (00!) direction. Panels (e-f)
further highlight this, comparing cuts at the respective incommensurate wavevectors
q(H) = {q1,(H),0,q;(H)}. For yoH = 0T, q = (0.27,0, —1.31) and for yoH = 04 T
q = (1/3,0,—1.31). Panel (g) compares cuts along the (h00) direction over the (003)
structural Bragg peak. The increase in intensity in the field-polarized 3 T phase may
be directly accounted for by the induced in-plane moment. The full width of the
averaging windows for cuts in (e) and (g) are Ak = 0.1, Al = 0.6, and for (f) from
Ah = Ak = 0.1. (h-k) Constant energy slices around the I' point gap energy at four
representative fields. The energy windows for panels (h-j) begin at iw = 0.4 meV and
extend to iw = 1.58 meV, 1.80 meV, 1.90 meV, and 2.29 meV, respectively. Dashed
white lines are shown at the incommensurate ordering wavevector for each respective
tield, with no lines for the magnetized phases without AFM order.

indication of the quasi-2D nature of the magnetic order: The magnetic peaks
have tails extending along c* so they can be detected near I = 0. This is
distinct from resolution effects and is made clearer in the second measurement
in the (h0!) scattering plane (Fig. 5.4).

The spectrum of excitations extends well beyond kg Ty ~ 0.5 meV, which is

characteristic of a quasi-two-dimensional magnet with competing interactions

where the ordering temperature is deeply suppressed relative to the exchange
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energy scale[157]. With increasing energy transfer, a faceted ring of intensity
centered at I' points with increasing diameter is observed (Fig. 5.3(b-d)). This
indicates anisotropic dispersive excitations with the lowest energy mode at

the I' point as for a ferromagnet.

Even though BCAO is in the paramagnetic phase at T = 15 K, dynamic
spin correlations give rise to a peak in low energy inelastic neutron scattering
at the I' point (Fig. 5.3(f)). This indicates dynamic ferromagnetic correlations
and is consistent with previous THz and inelastic neutron scattering studies
[153, 158, 159]. While some broadening indicating loss of spin-wave coher-
ence is apparent, hexagonally faceted rings of inelastic magnetic scattering
centered at the I' point are clearly seen in Fig. 5.3(g,h). This indicates dynamic

correlations within honeycomb planes are established well above Ty.

Elastic scattering in the (h0¢) plane is shown in Fig. 5.4 for three different
magnetic fields applied within the honeycomb plane. Complex peak structures
are observed at the nuclear Bragg peaks (101) and (102). These reflect the
mosaic distribution of the multi-crystal sample that defines the transverse
momentum resolution within the (h0¢) scattering plane. Fig. 5.4(b,d) show
that elastic magnetic scattering beyond the nuclear allowed Bragg peaks is
absent for in-plane fields of 0.75 T and beyond. In zero field (Fig. 5.4(a)),
magnetic Bragg peaks are seen at the incommensurate ordering wavevector
k. = (0.27(1),0, —1.31(1)). The ordering wavevector becomes commensurate
within the honeycomb plane k. = (1/3,0,—1.31) in a field of yoH = 04 T
applied along the (120) direction (Fig. 5.4(c)). In both the 0 T and 0.4 T

measurements, the magnetic scattering extends along the (00¢) direction,
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which indicates a reduced correlation length along the c-axis.

Fig. 5.4(f) shows cuts through these elastic scattering data along the (00/)
direction through the magnetic peaks for both ygH = 0 Tand yoH = 0.4 T. The
Lorentzian fits (dashed red lines) indicate correlation lengths of ¢ = 70(2) A
and ¢ = 22(1) A along ¢ in the incommensurate and the commensurate
phases, respectively. These may be compared to the interlayer spacing of
d=17.64 A, indicating a quasi-two-dimensional order and weak interactions
between honeycomb layers. Correlations along (%00), in contrast, are limited
by the instrumental resolution. After correcting for the resolution measured
at the nuclear (003) Bragg peak, we infer a correlation length exceeding ~300
A or ~ 20 x a as shown in Fig 5.4(e). Fig. 5.4(g) shows that in the fully field
polarized state at yoH=3 T, the (003) Bragg peak gains strength, which is
consistent with magnetic diffraction from the magnetized cobalt. The 24(1)%
increase of the (003) peak intensity in the 3 T applied field corresponds to
an induced magnetization of 2.4(7) up/Co, which may be compared to the

magnetization of 2.9(1) up/Co obtained from magnetization data.

It is interesting to contrast the Q-dependence of the elastic magnetic scatter-
ing as depicted in Fig. 5.4(a-g) with that of the low energy inelastic scattering
in Fig. 5.4(h-j). Integrating over energy transfer from iw = 0.4 meV through
the I" point excitation energy for each value of the applied field, we find a rod
of scattering extending along ¢ and passing through the I" point. This contrast
with the Q-dependence of the elastic magnetic scattering, which at 0 T and
0.4 T has a finite in-plane component as apparent in Fig. 5.4(a-c) and also

indicated by the dashed lines in Fig. 5.4(h-i). The dynamic spin correlations in
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BCAO thus resemble those of a 2D FM at all fields and contain no evidence of

a soft mode with a wave vector matching that of the low field AFM order.

5.2.3 Dispersive magnetic excitations

Q — hw slices through inelastic neutron scattering data for Q varying along
high symmetry directions in the hexagonal Brillouin zone are shown for four
values of magnetic field applied along the (120) direction in Fig. 5.5. The
momentum space labels used on the horizontal axis are defined in the inset.
In the almost fully magnetized state at 3 T (Fig. 5.5(d) and (e)), the scattering
qualitatively follows expectations for a 2D easy plane honeycomb ferromagnet.
There is a coherent gapped mode with the lowest energy at the I' point. In this
partially polarized state a sharp flat two-magnon mode is visible near 4.3(1)
meV (Fig. 5.5(d,e)). At the lower fields (Fig. 5.5(a-c)), there are strong diffuse
contributions to the scattering near twice the field dependent gap energy. At
zero field in Fig. 5.5(a) where the magnetic order has an incommensurate
modulation within the basal plane there are multiple modes at the M points
indicative of a large unit cell. The first panels of these subplots show there
is no observable dispersion along (00¢), again pointing toward very weak

magnetic interaction between honeycomb layers.

Once the AFM order is suppressed at j1oH=0.75 T, a magnon remains with
a gap of w=1.0 meV and a continua of two magnon excitations centered at
hiw = 2.0 meV. This can be more clearly seen through cuts of the intensity at
the I point as a function of field, as shown in Fig. 5.6. An unusual feature of

the scattering is a difference in the dispersion relation between high symmetry
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Figure 5.5: Magnetic excitation spectrum of BCAO as a function of field along high
symmetry directions in the hexagonal Brillouin zone at T=1.7 K. The path in r.L.u. no-
tation is (00 [¢ + 3])-(00£)-(30¢)/(03¢)-(00¢)-(13¢)/(32€)-(00¢) / (10£)-(300)-(110).
This is represented by the dashed blue lines pictured in the diagram of the Brillouin
zone, where Hey denotes the direction of the applied field. In (a-d) ¢ € [1, 3] for the
in-plane slices in the high resolution E;=6 meV configuration. For the I'-A direction,
the pathof Lto L + % is averaged over several Brillouin zones (L = 1,2,3,4). For the
I'; — M path, intensity has been scaled by a factor of three as indicated and R3m sym-
metry operations have been applied to enhance statistics. The transverse-Q averaging
window is 0.1 A~ in all cases. Panel (e) shows the uoH = 3 T and E;=27 meV high
energy configuration where ¢ € [1,9]. Data dominated by the tail of elastic scattering
at energies below the FWHM elastic instrumental resolution of Ahw=0.15 meV for
the low energy configuration and Aliw =1.5 meV for the high energy configuration
have been masked. In frames (a-d) the enhanced count rate at 3.4(1) meV arises from
a spurious accelerator-related process.
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paths that differ only in their orientation with respect to the applied magnetic
tield and thus the magnetization. The high symmetry zone boundary points
nearest to the horizontal scattering plane are denoted M; and Kj, whereas the
points closest to the vertical field direction are denoted M and K (see sketch
in Fig. 5.5). Though the geometry of the instrument limits experimental access
along the latter directions, a flattening of the mode may be observed at all
non-zero fields in Fig. 5.5 for the K>-I'1 and Mj-I'; paths that lie along and at
30° to the field direction respectively when compared to the K;-I'; and M;-I'y
paths that form larger angles with the field direction. This is direct evidence

of spin-orbit coupling and anisotropic magnetic interactions.

Fig. 5.5(e) shows a complementary higher energy measurement in the 3 T
field-polarized phase. A second magnon mode is observed near fiw = 12 meV
for wave vector transfer between I'; and M;. For a fully polarized magnet
with two magnetic ions per unit cell, one indeed expects two magnon bands.
This upper mode provides additional constraints on the model Hamiltonian.
At the I point, the intensity of the upper magnon mode is zero due to the spin-
structure factor, so that this excitation is not visible in Raman or THz optical
spectroscopy. The broad excitation visible near fiw=15 meV in Fig. 5.5(e) is

identified as a phonon through Raman scattering [158].

Fig. 5.6(a-d) show the spectrum of inelastic magnetic scattering at the
I' point. For the lower fields where BCAO is not fully magnetized, a two-
magnon continuum is visible as a broad peak centered at twice the gap mode
energy. Fig. 5.5(a) shows an anomaly in the main magnon dispersion relation

as it enters the two-magnon continuum[160]. The broad two-magnon peak is
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Figure 5.6: (a-d) Magnetic excitation spectrum for BaCo,(AsOj); at the I point for
four different magnetic field strengths applied along the (120) direction. Intensity
data near the main peak in each spectrum has been scaled down by a factor of 10 and
are shown as filled symbols. (e) The lowest I'—point mode energy as a function of
magnetic field applied along the (120) direction. In frames (a-d) the enhanced count
rate at 3.3 meV arises from a spurious accelerator-related process.
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particularly strong when the one-magnon gap is smallest at 0.75 T (Fig. 5.6(c))
and magnons with energies beyond the two-magnon energy scale acquire
significant physical width even though BCAO is uniformly magnetized at
0.75 T. Such interaction effects do not occur for the Heisenberg ferromagnet
in a field where single magnons are exact eigenstates. At lower fields, the
non-collinear and incommensurate nature of the ground state may play an
important role in allowing spin waves to interact with the two-magnon con-
tinuum. These effects cannot be captured by the conventional 1/S expansion
and the associated LSWT. When the system is fully magnetized at 3 T, the
gap increases, the intensity of the two-magnon excitation decreases, and it
approaches the resolution limit (Fig. 5.6(d)). Though the magnon dispersion
relation still intersects the two-magnon mode, there is no longer an anomaly.
LSWT should provide a good account of the one magnon branch in this almost
fully magnetized state. Here, LSWT dispersions were calculated using both
analytical methods and the SpinW package [114]. The full field dependence

of the gap at the I" point is consistent with previous THz studies [158].

5.2.4 Competing exchange Hamiltonians

In this work we consider two competing theoretical proposals for the micro-
scopic description of BCAO. Following theoretical predictions that a dominant
Kitaev interaction can be obtained in high-spin 3d” cobaltates [48, 147], recent
experiments were interpreted in terms of a JKI'T' model

Hyrr = Y. STHY)S), (5.1)
(ij)ey

152



where

J+K T T J T
Ho=| 1 ] T]H,=|I'" J+K '],
T r roj

j T T
H)=|T ] T (5.2)
' T J+K

with a large ferromagnetic Kitaev coupling and small isotropic and off-diagonal
terms (i.e., K < 0 and |K| > |]|,|T],|I’|). The spins in this model are rep-
resented in the Kitaev frame (KF) defined in Fig. 5.2(c). The most general
form of the nearest-neighbour coupling matrix consistent with the symmetry
of BCAO contains six independent terms and is given in the supplementary
information. The simpler form used here neglects the lifting of C;, symmetry

associated with the puckering of the honeycomb layer.

Alternatively, ab initio calculations [155] suggest that BCAO can be de-
scribed by an XXZ-J;-J3 model where the spin Hamiltonian is approximately

isotropic within the basal plane

Hozns = L STHgz,S+ L STHYS; (5:3)
(Lj)ey (i)
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with

Wip B0
1
H)(ng,z = E ] 3%) —D 0 ’
0 o JW

H T (1)
Hyxz,y = Uar/3Hxxz,.Uan /3,

1 (1) T
HXXZ,x - u27f/3HXXZ,zu2n/3'

3 120 0
Hy,=10 19 o |, (5.4)
o o J©®

where the second sum is taken over third nearest-neighbors, the spins are
represented in the crystallographic frame (CF) (see Fig. 5.2(b)), and U, /3
denotes a 271/3 rotation about the crystallographic c-axis perpendicular to
the honeycomb plane. The most general form of H>(<1>zz , consistent with the
symmetry of BCAOQ is given in the supplementary material. The simpler four
parameter form used here is based on Ref. [155]. In this model the global U(1)
symmetry of the pure XXZ model is broken by the D and E terms. These

are assumed to be small albeit finite to open a gap in the magnetic excitation

spectrum as observed in this work (see Fig. 5.4(a) and and Fig. 5.4(h+j)).

It is important to note that both models can be described in either the
crystallographic frame (CF) or the Kitaev frame (KF). This transformation is
shown explicitly in Appendix 7.3, and expressing the XXZ nearest neighbor
interaction in terms of the Kitaev frame results in K = D — v/2F = 0. The two
models are then distinct approximations relative to the most general form of

the interactions, where the XXZ-J;-J3 model is the case of low anisotropy and

154



the JKI'T'model is the case of high bond-dependent anisotropy.

It is also assumed that the essential physics of BCAO can be captured by a
purely two-dimensional model. This assumption can be tested using LSWT.
Using the dispersion from A-T'; (Fig. 5.5, column 1), we place an upper limit
on the interlayer coupling J;. As can be seen in Fig. 5.5, there is no noticeable
dispersion along this path. By tuning Ji in LSWT, we find an upper limit
of |J1| = 0.3 meV, at which point the dispersion predicted in LSWT exceeds
the instrumental resolution of Afiw = 0.06 meV (FWHM). We therefore may

reasonably model BCAO as a purely two-dimensional spin system.

5.2.5 Analysis

To fit a model with a large number of free parameters, it is useful to identify
constraints that restrict the problem to a smaller region of phase space. In our
case, a straightforward method to initially restrict the set of coupling constants
to an experimentally relevant subspace is to fit the field dependence of the I
point magnon gap in the polarized regime illustrated in Fig. 5.6(e), and the
position of the second mode at the zone center (Fig. 5.5(e)). Within LSWT, the

energies of these modes in the field-polarized state at the I" point are

Ejgrr (k = 0) =\/|h|2+3S(T+2F’)|h| (5.5a)
E( (k= 0) = [((6] + 2K — 2T —4T")S — |h|)

((6] + 2K +T +21")S — |h|)]*/? (5.5b)
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and

EQ, (k= 0) =\/|h 2+ 35 + 1O — J) _ /)y (5.62)
ek =0) = [(6(74) +15)s — In|)

1/2
(30 + 15 + 1+ )8 — ) | (5.6b)

for the JKTT’ and XXZ-J;1-J3 models respectively. Here h = gupB and we use
the ab initio determined g—factors g,, = 5 and g, = 2.7 [155] for in-plane and
out-of-plane fields respectively. For both models these mode energies only
depend on two specific combinations of the exchange parameters: 3] + K and
[ + 2T” for the JKTT’ model. For the XXZ-J;-J3 model, the ' point magnon
energies are controlled by ]fql/) +] J({;) and ]Z(l) + ]Z(3). They are independent of

D and E, which must therefore be constrained by other data.

To find a specific combination of couplings, a x> goodness of fit parameter
is introduced comparing the calculated energies at the I' point to those experi-
mentally observed by neutron scattering in the field-polarized regime. The
result is a normalized map of x? in parameter space presented in Fig. 5.7(a,b)
for the two models. For each, we obtain two localized regions in parameter

space that reproduce the field dependence of the zone center magnon energies.
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These regions are given by

3]+ K = —12.1(1)meV (5.72)
I 420" = 3.0(1) meV '
and
3]+ K =152(1) meV (5.7b)
[ 421" = 3.0(1) meV '
for the JKI'T’ model, and
W+ 1) = —5.0(1)meV
1 G (5.8a)
V478 = —2.0(1) meV
and
19+ 78 = 4.0(1) meV
) 3) (5.8b)
Iz + ] =7.0(1) meV.

for the XXZ-J;1-J3 model. The remainder of the analysis is restricted to these

four sets of constraints.

To further constrain the parameters, we investigate if the two models can
reproduce the observed incommensurate magnetic order within this restricted
parameter set. Despite recent suggestions of a fluctuating double-zigzag struc-
ture [153], this is close in energy to the originally proposed incommensurate
spiral structure. Subtle effects like quantum fluctuations or distortions may
favor one phase or the other. As such, we do not address these issues ind look

to stabilize the single k incommensurate spiral order for simplicity.

To obtain a classical magnetic phase diagram, we employ the Luttinger-

Tisza approximation [161, 162], in which a direct solution of the classical model
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Figure 5.7: (a)-(b) Normalized goodness of fit x* for the field dependence of the
I'—point mode for the JKTT” and XXZ-J;-J3 models. (c)-(e) Classical phase diagram
around the only regions where incommensurate order was observed for the restricted
parameter space that reproduces the field-dependent I'—point mode energies. (c)
and (d) correspond to the constraints I' 4+ 2I"" = 3.0 meV and 3] + K = —12.1 meV,
whereas (e) corresponds to ],(C;) + ],g) = —5.0 meV and ]2(1) + ]2(3) = —2.0 meV.
The red dashed lines enclose the regions where the Luttinger-Tisza approximation
fails, and the ground state is instead determined by a combination of simulated
annealing and a variational single-Q Ansatz. The contour lines in the spiral phase of
(e) represent the magnitude of the ordering wavevector. The black stars in panels (c)
and (e) are the representative points used for both models (see (5.11) and (5.10)). (f)-(i)
Representative spin configurations for the reported classical commensurate phases
with the corresponding color in the phase diagrams.
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can be obtained by relaxing the constraint of fixed spin length at every site.
In regions where the Luttinger-Tisza approximation fails (i.e., the resulting
solution does not respect the hard constraints on the spin length on all sites),
we have employed a combination of simulated annealing on finite clusters

with 2 - 26 sites, and variational single-Q Ansatz of the form

Si =1/1—a? [cos(Q - 1;)& +sin(Q- ri)éﬂ + €7, (5.9)

where the canting out of the rotation plane «; and the orthonormal frames
(&7, é? , &7) are sublattice-dependent variational parameters. Here, we report
the experimentally relevant regions where incommensurate magnetic order
was observed for the JKIT' model in Fig. 5.7(c) and (d), and for the XXZ-J1-J3

model in Fig. 5.7(e).

In all cases for the JKI'T’ model, despite spiral order being stabilized it is of
the wrong type. Rather than the experimentally observed propagation vector
that goes from the I to the M point, the JKIT'model predicts order from the
I' to K point. To see if the introduction of further-neighbor exchange could
stabilize the correct type of order, a Heisenberg J3 contribution was also tested
from [3=-5meV to J3=5 meV, which still cannot account for the observed order.
Thus, we find no values of the coupling constants for the JKTT’ model with
large Kitaev interactions that can reproduce the field dependence of the I' point
magnon energies and the correct classical ground state even with the addition
of third nearest-neighbor Heisenberg interactions. This is already a cogent
indication that the JKTT’ model with large bond-dependent interactions may

not provide an accurate description of BCAO.
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In contrast, it has been reported that the XXZ-J;-J3 model on the honey-
comb lattice supports spiral incommensurate order with an ordering wavevec-
tor that smoothly interpolates between the I and M points with a specific
magnitude of [k|=0.27 for J&) /|J%})| ~ 0.34 and J&}) < 0[163]. This incom-
mensurate spiral region is represented in Fig. 5.7(e), where there exists a line
that reproduces the experimentally determined incommensurate wavevec-
tor between zigzag and stripy phases that are stabilized for large values
of | ]él) |. This spiral phase with |k.|=0.27 is also stable to the addition of
anisotropic terms provided they are sufficiently small (i.e., approximately if
|D|, |E| < 0.2 meV). It is consequently natural to account for both the field
dependence of the gap and the incommensurate magnetic structure of BCAO

with the XXZ-J;-J3 model.

Within this restricted parameter space, we can compute the dynamical
spin structure factors (DSSF) of both models to directly compare against

the inelastic neutron scattering results. Based on the previously described
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constraints, we select the parameters
],%) = —7.6meV,

1D = 12 meV,

1) = 25 mevV,

(5.10)
¥ — _0.85meV,
D = 0.1 meV,
E = —-0.1meV
and
J =0.97 meV,
K = —-15.0 meV,
(5.11)
I' =2.5meV,
' = 0.25 meV

as the best-fit for both models. The two models support the incommensurate
spiral and Ir_,x phases respectively, as depicted in Fig. 5.7. For XXZ-];-J3,
The remaining free parameters ]2(1) , D and E were chosen to be small enough
in magnitude to yield the correct spiral order, approximately reproduce the
gap observed at zero field in Fig. 5.5(a), and provide the best reproduction of

the neutron scattering in the polarized regime as presented in Fig. 5.5(c-e).

Using these parameters, the dynamical spin structure factor may now be
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Figure 5.8: Dynamical spin-structure factor obtained by MD between high symmetry
points for both the JKTT” model (a,c) and the XXZ-J;-J3 model (b,d) with an in-plane
fieldof 0TatT =1Kand 3T at T = 2 K, respectively. Parameters used for both
models are given by (5.11) and (5.10). The LSWT dispersion for each model and set of
parameters are overlaid in (c) and (d) using the dashed dotted line. For the XXZ-];-J3
case the dotted black line represents the lower edge of the two-magnon continuum
calculated using the LSWT dispersion. (e) Intensity cut near the I' point (along the
vertical dashed line in (c) and (d)) for both models at 3 T.
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computed for each model. This is done using a technique called Molecular
dynamics, which is discussed in more detail in the publication of this work
[164], but in a nutshell it performs a classical time evolution of spins using the
Laudau-Lifshitz-Gilbert equations of motion. The method is entirely classical,

but captures almost all of the features of our data.

The calculated DSSF as a function of energy between high symmetry points
in the field-polarized regime at ygH = 3 T with the LSWT dispersion overlaid
in Fig. 5.8 (c,d). The MD results for the XXZ-J;-J3 model with our param-
eters show good agreement with experimental measurements reported in
Fig. 5.5(d,e). As can be seen from the intensity cut near the zone center in
Fig. 5.8(e), MD simulations even capture the two-magnon mode reported in
Fig. 5.6(d) and THz spectroscopy [158, 159]. In contrast, the experimental
results are not well described by our parameter set for the JKI'T’ model. LSWT
for the JKI'T' model predicts a magnon dispersion that differs significantly
when comparing the I' — M; with the I' — M, path. Such a large anisotropy is
incompatible with our INS measurements presented in Fig. 5.5. MD further
predicts a continuum with no clear resonances as highlighted by the inten-
sity cut near the I' point presented in Fig. 5.8(e). The sharp magnon bands
observed experimentally are compatible with the XXZ-];-J3 model but clearly

inconsistent with our MD simulation of the JKI'T” model.

Overall the calculated dispersion of both LSWT and MD simulation for
the XXZ-J;-J3 model are in close correspondence to the observed scattering.
The most important discrepancy lies at the I' point, where LSWT predicts a

minima at the incommensurate ordering wavevector whereas MD yields a
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flatter band that is concave up at the I'-point as observed in the data. The
disagreement suggests that the system experiences significant nonlinearities
by magnon-magnon interactions not accounted for in LSWT, leading to an
overall renormalization of the magnon dispersion. Thus, the lack of a minima
in the dispersion relation at the propagation vector is a highly nonlinear effect

that is almost certainly present in other cobaltates.

5.2.6 Field-angle dependent magnetization

As a final comparison between the two models and experiments, we examine
the in-plane magnetization for different magnetic field orientations. Increasing
the field from zero, three successive magnetization plateaus can be observed
in Fig. 5.9(a), where the transitions from one plateau to the next correspond
to the field-induced magnetic phase transitions at H,; and H, respectively.
Measuring the magnetization with magnetic fields along the x and y-axis of
the CF (Fig. 5.2(b)), only a very small anisotropy is observed around the first
and second transitions. Using our parameter set for the XXZ-J;-J3 model, the
qualitative resemblance between the measurements and the magnetization
curves obtained from finite temperature Monte Carlo at T = 0.695 K is striking
(Fig. 5.9(b)) . The three successive plateaus are clearly observed, and the small
anisotropy between the curves for the two different field orientations near
the transitions is reproduced. We have verified that the intermediate field-
driven phase also has an ordering wavevector of magnitude |k.| = 1/3 as
observed experimentally. In contrast, the JKIT' model does not have the

correct number of transitions and polarizes at far higher field scales than
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Figure 5.9: (a) In-plane angle-dependent magnetization for BaCo;(AsOy), measured
on a small single crystal sample. The red (blue) curve corresponds to a field orienta-
tion along the X-axis (§-axis) as depicted in the inset. For clarity, the magnetization
curves are only shown for an increasing field from 0 T. (b) Magnetization curves cal-
culated using Monte Carlo methods for the XXZ-J;-J3 model with the set of exchange
parameters given in (5.10) at a temperature of T = 0.695 K, and (c) for the JKTT’
model with the parameter set in (5.11) (T = 0 K).

expected. The temperatures in each case are chosen such that they most

closely reproduce the experimentally observed M(H) curves.

5.3 Discussion

Though our initial interest in BCAO was as a candidate Kitaev material, our
results strongly favor the XXZ-J;-J3 over the Kitaev model. We are able to
differentiate between the two models by examining the zero-field ground

state of BCAO using constraints from LSWT. We find that the JKTT” model
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cannot simultaneously reproduce the field dependence of the I' point modes
and the magnetic order found in BCAO. Our work stresses the need for a
critical reexamination of the proposal for Kitaev physics in cobaltates. These
materials may not in fact fall within the regime of interest that was considered

in the theoretical proposals for Kitaev physics in 3d systems [48, 147].

In contrast to the XXZ-J;-J3 model, at high fields, the thermodynamic
properties of the JKI'T' model vary strongly with the in-plane field direction
(Fig. 5.9(c)) [165, 166]. Such strong in-plane anisotropy has in fact been ob-
served for the leading Kitaev candidates a-RuClj [167, 168] and B—LiyIrO3
[98], but it is not present for BCAO (Fig. 5.9). Magnetization measurements
versus in-plane field direction can thus be an effective method to screen poten-
tial model systems. For cobaltates whose magnetization cannot be accounted
for by the XXZ-J;-J3 model, single-crystal INS with an in-plane field can sub-
sequently be employed to establish the spin Hamiltonian as we have done for

BCAO in this work. This work culminated in the publication of Ref. [164]

Although BCAO does not appear to realize large Kitaev-type interactions
but rather an XXZ-J;-J3 model, its physical properties are still of great interest.
BCAO now presents a rare case of an almost perfect two-dimensional honey-
comb magnet with well-known values for its dominant exchange interactions
((5.10)). Previous theoretical investigations indicate that a QSL ground state
may be possible for in-plane isotropic models with competing interactions
on the honeycomb lattice[169-171]. Thus the competition between first and
third nearest-neighbor interactions that we have documented for BCAO, may

place this materials in proximity to a QSL. Although the theoretical work
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indicates a second nearest-neighbor interaction (which seems to be negligible
tor BCAO) is needed to stabilize a QSL, a QSL might be accessible for BCAO
in the presence of a suitably oriented external magnetic field. This possibility
has, to our knowledge, not been explored yet. The continuum scattering re-
ported by THz spectroscopy with a large c-oriented field [158] may signal the
onset of such a phase. Possibly related to this, the strong interaction between
the one and two-magnon modes reported here (Fig. 5.4) is also unusual and
interesting. Thus there are promising directions for future studies of BCAO

and the extended family of honeycomb cobaltates.

5.4 Pushing BCAO towards a spin-liquid phase by
tilted fields and doping

Before concluding this dissertation, I would like to briefly discuss two attempts
that I have participated in to try to push BCAO into a QSL phase. The
tirst, inspired by THz spectroscopy studies [158], used a unique tilted field
geometry in an inelastic neutron scattering experiment to try to suppress the
order with a small in-plane field and push the system into a fluctuating regime
by an out of plane field. The second is another inelastic neutrons scattering
study of V-doped BCAO where the vanadium doped on the non-magnetic
site slightly changes the lattice parameter and thus the exchange constants,
potentially pushing the system towards a quantum critical regime. The goal
of this brief section is not a full description of the physics gleaned from each
experiment, but instead to briefly share the experimental results and to give

examples of the types of studies I would like to pursue in the future.
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Figure 5.10: Tilted field geometry used in second BCAO experiment.
5.4.1 Tilted field experiments

The idea of a QSL phase induced by a tilted out of plane field was inspired by
the recent THz results suggesting a continua emerging upon the application of
a primarily out of plane field [158]. To test this, we performed inelastic neutron
scattering studies in the a such that the scattering vector Q was primarily
in the (hk0) plane, but tilted such that the field was 5deg from the ¢-axis as
depicted in Fig. 5.10. The design uses the same plate of samples used in the
previous study of BCAO, but encased in a coffin to help brace against the
torque applied by the out of plane magnetic field. While the details of the
study will be left to a future work, the measurements were all performed at
T=1.7(1) K on the HYSPEC instrument. The measurement was performed
in a 14 T vertical magnet at fields of H=0T,5 T, 7 T, 9 T, and 11 T. Equal
counting times were devoted to each field. The instrumental configuration
was for incident energy E;=7.5 meV neutrons and the high flux chopper at
300 Hz. The results are entirely compatible with the previous THz studies,

and a sample of the full INS dataset is shown in Fig. The results are not
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Figure 5.11: Observed magnon dispersion through a long path in the Brillioun zone
in BaC02(ASO4)2.
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compatible with a QSL state, with the magnetic order being of the k = (%, 0,0)
commensurate type. This order appears to be stable up to at least 9 T, above
which the signal becomes unusable. This is due to the massive torque applied
to the crystals in the out of plane field, which caused a significant fraction to be
ripped from the plate. In Fig. 5.11(b) the "flat band" contribution around 7w=4
meV originates from the contribution of the loose samples. We are currently
in the process of analyzing these data, but this experiment was unsuccessful
in producing a QSL phase in tilted fields. Still, this type of experiment will be
helpful in the study of future candidate spin-liquid materials as the effect of
tilted fields in Kitaev spin-liquids is an actively discussed topic in large part

due to the thermal hall effect measurements of « —RuClj3 [172].

5.4.2 Tuningthe magnetic exchange Hamiltonian in BaCo,(AsO,),
by chemical doping

A second attempt to induce a spin-liquid state in BCAO was through the in-
troduction of chemical doping. Colleagues in the McQueen group performed
a detailed study of BaC0,(AsO4)7—2x(VOy)2y, 0.025 < x < 0.70. Upon increas-
ing vanadium content, a gradual suppression of order is observed with the
order being absent for substitutions around x =0.1. The ground state of this
material was thought to be a highly fluctuating variant of BCAO with slightly
modified exchange interactions, perhaps pushing it into a QSL phase [173]. To
test this, we performed studies on the CNCS instrument at ORNL. The single
crystalline samples were very small, requiring 149 coaligned crystals for a total
mass of 0.90 g.A unique mount was designed consisting of nine hexagonal

aluminum plates of width 12 mm, upon which crystals were coaligned.
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Still, the results clearly showed the presence of static spin correlations
at a commensurate propagation vector of k = (1,0,0). This is shown most
obviously in the elastic scattering, using a T=30 K measurement as background
as depicted in Fig. 5.12(a). The order parameter extracted from this is sharp,
showing a clear transition between T=5 K and T=6 K shown directly in Fig.
5.12(b). One may also extract a spin-spin correlation length using a Lorentzian

form of

4
1+ {(Q — 90)&}’

where ¢ is the correlation length, Q is the wavevector along the (H00) direc-

1(Q)=A (5.12)

tion, and g, is the position of the magnetic Bragg peak ((3,0,0) is used in
this case). In this experiment, we find the static spin-spin correlation length
to be merely x ~ 15 A", This is only three unit cells, reflecting the highly
fluctuating nature of the ground state. Further support of the highly fluctu-
ating nature of the ground state comes from the calculated static moment.
Assuming the 11/ is the magnetic structure we observe, one may compare
a calculation of the magnetic structure factor of the magnetic Bragg peak to
the observed intensity. We find a moment of only st = 0.7(3) pp, which is
only a small fraction of the expected moment from magnetization of 5 yg. In
BCAO in particular, it appears that doping serves to stabilize the 11/ ordered
phase. The nature of this phase is highly fluctuating, as evidenced through the
broad excitations shown in Fig. 5.12 and the lack of long-range order in bulk
characterization measurements. While the exact details of this system have

not been worked out yet, it is a promising example of the doping of a highly
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Figure 5.12: Summary of neutron scattering results on BaCo(AsO4)2-2x(VO4)2y. ()
Commensurate order in the elastic scattering along the (400) direction with propaga-
tion vector k = (,0,0). (b) Integrated intensity of the (3,0,0) peak as a function of
temperature. (c) Dispersion of magnetic excitations through a wide path in the first
and second Brillouin zones. Backgrounds have been subtracted by a detailed balance

method. Intensity scale is arbitrary.
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frustrated magnet on the nonmagnetic site to tune exchange parameters. This
is reminiscent of the famous cuprate superconductors, which require doping
to achieve high superconducting critical temperatures [174]. This approach
is relatively unexplored in the realm of frustrated magnetism, and I believe
this type of study to be a promising direction for the future study of QSL’s in

general.
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Chapter 6

Discussion and Conclusion

The work discussed in this dissertation was squarely focused upon the study
of quantum spin-liquid candidate materials, with a particular focus on the
search for the realization of Kitaev interactions. Though a number of other
numerical and experimental techniques were used for this aim, the primary
focus was on inelastic neutron scattering studies of both powder and single

crystalline samples.

The trimer-based materials Ba4NbRu3zO1, and BagNblr;O4, were the first
materials discussed. Detailed analysis of specific heat revealed the coexistence
of spin-freezing and fermionic heat carriers through a large y term in C (T)/T.
Elastic powder scattering confirms the presence of short-ranged frozen spin
correlations, and powder inelastic neutron studies reveal a highly fluctuat-
ing ground state consistent with a nearest-neighbor description and trimer
molecular magnetic units. Little work has been performed on BasNblIrzOq,,
but both present rare and interesting cases of inorganic quantum molecular

magnetism.
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Next, the honeycomb lithium iridates B-LirIrO3 and D;Lilr,Og are dis-
cussed. A study of B-LiIrO3 combining inelastic neutron scattering in the
ordered state, THz spectroscopy, heat capacity, and linear spin-wave theory
confirms a dominant ferromagnetic Kitaev interaction with tighly constrained
Heisenberg | and off-diagonal I' contributions to the spin exchange. The
results place the material proximate to a KSL phase. Powder inelastic neutron
scattering of D3Lilr,Og reveals a disordered ground state, with an extracted
magnetic signal consistent with that of a KSL described by only nearest-

neighbor interactions.

Finally, a comprehensive study of the spin exchange in BaCo(AsOy), was
performed by inelastic neutron scattering in a magnetic field applied in the
(HO0) plane. A detailed analysis carefully differentiates between two different
potential Hamiltonians, finding that the honeycomb cobaltate is better describe
by a XXZ-J1J3 model rather than the suggested Kitaev interaction. The work
demonstrates the level of care required when searching for Kitaev interactions

in next generation materials.

Of the work performed in this thesis, the work on BCAO certainly had the
greatest impact on my long term outlook of the topics I would like to study. I
believe that field-angle dependent phenomena are largely unexplored, and
that the tilted field experiment briefly described at the end of Chapter 5 is
an excellent example of the types of studies that I would like to pursue on
other spin-liquid candidate materials, Kitaev or otherwise. I look forward
to applying these ideas during my upcoming postdoc at the NIST Center

for Neutron Research, and hope to continue to collaborate with the many
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wonderful friends and colleagues that I have made during my graduate

studies at Johns Hopkins.
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Chapter 7

Appendix

7.1 Calculated scattering J, K,I' dependence for p-
LizII‘Og

The fits to the measured INS data were performed by the systematic calcu-
lation of neutron scattering spectra for many sets of exchange parameters.
Spectra were first calculated globally in the region of | — K —I' parameter
space that stabilizes the incommensurate magnetic order [1]. Then the calcula-
tions were refined for the smaller range of parameters that best reproduce the

observed spectra.

The pattern of scattering varies differently with each of the exchange
parameters, as illustrated in Fig. 7.1. | has very little effect on the spectra. The
value of I' has the greatest impact on the excitation spectra, controlling the
overall energy scale of the spin-waves. The influence of K is more subtle. It
impacts the energies and intensities of select bands at energies higher than I'.
This is seen in the second row of spectra in Fig. 7.1. Thus, inelastic magnetic

neutron scattering scattering from a powder sample of “Li and *Ir can be
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Figure 7.1: Calculated powder averaged INS intensities for E; = 30 meV with
variations in |, K, and I'. The magnetic form factor of Ir** is not considered in
the calculation, and a constant broadening in energy of width 1 meV is used to
approximate instrumental resolution effects. While I' and K are well constrained by
this method, | has little influence on the scattering data that is accessible for E; = 30
meV. The intensity scale is arbitrary but consistent across the calculations.
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Figure 7.2: Normalized scattering intensity from the MACS instrument for the four
main experimental configurations. E¢=3.7 meV T=1.72(1) K is shown in (a), Ef=3.7
meV T=55.0(1) K'is shown in (b), Ef=5.0 meV T=1.72(1) K is shown in (c), and Ef=5.0
meV T=55.0(1) K is shown in (d). Scattering has been corrected for absorption and a
background measurement has been subtracted.

used to extract values for K and I but not J.

7.2 Isolation of D;Lilr,O¢ magnetic scattering from
MACS measurement

Scattering from the 2 g sample in an aluminum sachet was normalized to
nuclear Bragg scattering as described in Sec. 2.2.4. As this sample geometry
was not as well optimized as the annular can used later, multiple scattering is
a significant problem despite the halved sample mass. After normalization to
Bragg peaks and subtraction by a sample out measurement with an appropri-
ate self-shielding factor, absorption was corrected by a Monte-Carlo method
implemented in the DAVE software suite [2]. The resulting scattering for all
instrumental configurations is shown in Fig. 7.2. One immediate observation
in the Ef=3.7 meV measurements is what looks like the (001) Bragg peak
extending far into the inelastic channel. While at first glance this seems to be

associated with the instrumental resolution, the energy resolution FWHM of
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the MACS instrument in this configuration on the order of Afiw =0.1 meV.
Instead, the origin of the spurious scattering may be summarized as the elastic
line leaking into the inelastic channel. This has been seen before both on
MACS and other triple-axis spectrometers and originates from allowed inelas-
tic phonon scattering processes from the monochromator. For the inelastic

channel, we consider both of the following processes to be equally likely:

* Bragg (002) reflection from graphite monochromator (strong process),

followed by inelastic magnetic scattering at the sample (weak process).

¢ Acoustic phonon scattering originating from the (002) Bragg position at
the graphite monochromator (weak process), followed by elastic scatter-

ing at the sample position (strong process).

Because elastic cross sections are in general an order of magnitude higher than
inelastic, we assign these to be strong and inelastic scattering such as phonon
or magnetic scattering to be weak. Before discussing the precise mechanism
of this effect, we may describe the scattering using the following functional

form:
[(Q w) = A(w)L(Q) + B(w) Iinag (Q) + Ln(Q, w). (7.1)

The lineshape I,;(Q) is the elastic lineshape that persists to finite energy trans-
fers, Inag(Q) is Q-dependent form of the magnetic scattering, B(w) describes
the spectral weight of the magnetic scattering at each energy transfer, and
I,,(Q, w) is the dominant contribution to the background which is phonon

scattering. Performing the same Bose-Einstein subtraction of phonons as
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Figure 7.3: Scattering from the MACS experiment after subtraction of high tempera-
ture data as defined by Eq. 7.2 from the E;=5.0 meV (a) and E¢=3.7 (b) configurations.

before produces the following:

- 1 _e*.BHw
I(Quw)=1I(Qw)— WIH(Q’CU)

1(Qw) = Alw)(1 - =) 14 (Q) + Ble)hues (@) 72

The nearest neighbor distance d is 3.54 A, and the parameters C(w) and
B(w) are constants allowed to fit at each energy transfer. In Fig, 7.3 the
quantity I is presented for both Ef configurations. The remaining scattering
of elastic origin is completely dominant in the E¢=3.7 meV I (Fig. 7.3(b)) and
the elastic Bragg peak is seen in the E¢=5.0 meV measurement clearly up to
energy transfer of iw=2 meV.

To understand the origin of this background, we consider allowed phonon
scattering processes from the MACS monochromator. MACS is a unique spec-

trometer in that it features an extremely large double focusing monochromator
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Figure 7.4: Sketch showing generic scattering process for a triple-axis spectrometer,
where the incident energy setting defines the value of 26,,,,,. The inset shows the
density of incident neutron energies from the cold source.

which provides an intense beam, but also admits any spurious features inher-
ent to pyrolytic graphite. The intended Bragg reflection from the monochroma-
tor is the (002) Bragg peak, which under the assumption of elastic scattering
defines the scattering angle of the monochromator 26;,,0,,. This solely depends
on the incident neutron energy setting. The instrumental configuration also
defines the final neutron energy at the detector position k; using a double
analyzer crystal array. Any scattering process that simultaneously satisfies the
20,010 and k £ requirements is allowed including phonons originating from

the (002) peak in pyrolytic graphite. The scattering process is sketched in Fig.

7.4, and is summarized by the scattering condition
2mono = k? + kaf - stkaOS (zemono)- (7.3)

The wavevector ks is an arbitrary wavevector for incident neutrons, and the
momentum transfer at the monochromator is no longer fixed to be | o2 ]2 but
instead an arbitrary value Qy;0n0. Of course, the elastic scattering condition

with Q = |702|? will satisfy this condition, but using the distribution of
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Figure 7.5: Depiction of allowed scattering vectors on the MACS instrument consid-
ering inelastic scattering at the monochromator for representative incident energy
settings for the Ey=3.7 meV and E;=5.0 meV used in the experiment. The Q direction
is along the (00L) axis of pyrolytic graphite, and the color map shows potential scat-
tering vectors that satisfy the 26 condition to scatter from the monochromator to the
sample. Solid black lines show phonon dispersion of pyrolytic graphite along the
(O0L) direction reproduced from Ref. [3].

neutrons incident on the monochromator from the cold source we find a large
map of allowed scattering in Q — w space. We may now weight this map by

the spectral density of neutrons from the cold source which will be referred to

as S(w), which is reproduced in the inset of Fig. 7.4.

The color map in Fig. 7.5 depicts all allowed scattering paths that satisfy
the scattering condition in Eq. 7.3. 20,0 is fixed by the E; setting, kf is

fixed by the Ey setting, so using Eq. 7.5 one may calculate the ks wavevector
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for incoming neutrons for any momentum transfer at the monochromator
Q. The result is the color map, upon which the low energy dispersion of
pyrolytic graphite along the (00L) direction has been plotted in black lines.
The intercept of the color plot and the black lines represents a direct allowed
paths for inelastic scattering from the monochromator to reach the sample
for these particular E; configurations. This results in lower incident energy
neutron incident on the sample than intended, providing a measured energy
transfer for elastic scattering processes which was previously described as the
"leaking" of the elastic line into the inelastic channel. The spectral weight from
the cold source and the 1/w contribution to the neutron phonon cross section

both contribute to the absence of this effect at higher energy transfers.

This simple result has a tremendous effect on the background in the MACS
measurements. To model this, the lowest accessible energy transfer in each
E configuration is treated as purely elastic scattering. An elastic lineshape is
then extracted to this by fitting a combination of a flat elastic incoherent term
with Gaussian functions for Bragg peaks, which defines the elastic lineshape
L;(Q). The quantity I(Q, w) is then fit using the following form to find the

elastic contribution

Q@) = C@)a(@ +Blw)(1+ ) 7.4

The nearest neighbor distance d is 3.54 A, and the parameters C(w) and
B(w) are constants allowed to fit at each energy transfer. The extracted elastic
line I,;(Q) and its fitted contribution to the inelastic scattering are depicted in

Fig. 7.6.
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Figure 7.6: Extracted elastic contribution to inelastic signal from DsLilr,O¢ for Ef=5.0
(a) and E¢=3.7 (b) configurations. Plots (c) and (d) show the elastic line shapes used to
generate these inelastic backgrounds for the Ey=5meV and E¢=3.7 meV configurations
respectively.

The clearest way to track the elastic contribution to the background is by
the Bragg peak, which will have a constant scattering angle 26 at every mea-
sured energy transfer as it is actually an elastic process. Fig. 7.6 clearly shows
that the background completely dominates the E¢=3.7 meV measurement
up to about 0.5 meV energy transfer, well beyond the expected resolution
limited elastic FWHM of 0.1 meV. The issue is less significant in the E¢=5
meV measurement, where the Bragg peak becomes insignificant by about 2

meV energy transfer. These color plots are the backgrounds which are directly

subtracted from I(Q, w), giving the magnetic scattering scattering in Fig. 4.15.

In retrospect, a better method of subtracting this scattering would have
been to use a detailed-balance approach as was done for f—Lip[rO3. As

the origin of the scattering is from the monochromator and elastic sample
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scattering, it is in theory temperature independent and would be removed

quite easily using that method. Unfortunately for TAS spectrometers the

negative energy transfer is not normally measured, as the beam time is better

spent collecting statistics on faint signals. If possible in the future I would like

to repeat this measurement using the new superior sample can on the MACS

instrument and measure negative energy transfers to use the detailed balance

method, which is much better constrained.

7.3 Transformation between Kitaev and XXZ coor-
dinate systems

The XXZ-J;-J3 model can be related to the J[KTT' model by rotating the CF to

the KE. Written in the KF, the local basis vectors of the CF are given by

&= \% (1,1,-2)" (7.5a)
7= \% (-1,1,0)" (7.5b)
5= \% (1,1,1)7 (7.5¢)

It follows that the spins written in the CF and the KF are related by the

following transformation

1 1 1
e 2P

NG 2 3 (7.6)
—./2 o L
3 V3
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The local exchange matrices are accordingly mapped from the CF to the KF by

Hyy = UHS, U,

(7.7)

Mapping general bilinear couplings on the nearest-neighbor z bond in the CF

of the form
W+D E F
Hy.=| e JW-D ¢
F G W

to the KF, we obtain the exchange matrix
" J+n T I3
HKF,z = r J-n T,
F’l I"2 J+K

with the following identification

(1) (1)
D 2F 2]y 2
V2 N Jy+]

J==3173 3 3
E 2
77—___ J—
V3 3
o v
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We may write an equivalent conversion from the KF to the CF

I =
i =
D =
E=

F =

G =

(-T —T] =T, +3] +K)

oa|>—\

(2T + 2T} + 2T + 3] + K)

UJI»—\

(2T — T} =T} + K)

wIH

(3T} — 3% — 27)

(2r — T} — T — 2K)

m\% @\E m\&

(=T7 +T5 —27n).

(7.11a)

(7.11b)

(7.11¢c)

(7.11d)

(7.11e)

(7.11f)

It should be noted that assuming ideal edge-sharing bonds with C;, symmetry,

the NN couplings in the KF of (7.9) are constrained to 7 = 0 and I’} = TI'.

These constraints translate to E = G = 0 for the couplings in the CF of (7.8).

The R3 spacegroup associated with BCAO does break the Cy, symmetry for

the nearest-neighbor bond. Co occupies the 6¢ Wyckoff site at (00z) where

z = 0.17014[4]. This corresponds to a puckering of Co in and out of the

honecomb plane by a distance £ (z — 1)c=0.082A.

The values in Eq. (14) of the main text are then represented in the KF by
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the following

J1) = —55meV, (7.12a)
K® = 0.1 meV, (7.12b)
71 = 0.06 meV, (7.12¢)
') =22 meV, (7.12d)
) =20 meV (7.12€)
T =22 meV (7.12f)
J©®) = 1.38 meV, (7.12g)
K®) = 0.0 meV, (7.12h)
7 = 0.0 meV, (7.12i)
r®) = —1.2meV, (7.12j)
% = —1.2meV, (7.12K)
% = 12 meV. (7.121)

Here, the superscripts denote the NN and third NN bonds. Equivalently, the

set of test parameters in Eq. 5.11 the main text may be written in the CF as

J4) = —5.0 meV, (7.13a)
7D = _2.0mevV, (7.13b)
D = —3.5meV, (7.13¢)
E =0meV, (7.13d)
F =8.1meV, (7.13e)
G =0meV. (7.13f)
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