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Abstract
Quantum spin liquids(QSL) have fascinated physicists for nearly half a century
since Anderson first introduced this concept with his resonating-valence-bond (RVB)
idea in 1973 [2]. Though many progresses has been made, challenges have emerged
from both theoretical and experimental perspectives. On the theory side, dealing
with quantum mechanics acting on spin system forces theorists to leave the comfort
zone of semi-classical approaches. On the experimental side, high-quality QSL candidates remain very scarce, and the experimental results are often contradictory and
inconclusive. In this thesis, I will present and discuss our thermal transport results
on three different candidate materials with novel thermal conductivity and thermal
Hall features that serve as crucial hallmarks for identifying and classifying the QSL
materials.
We introduce the theoretical framework for the antiferromagnetic (AFM) spin-1/2
Heisenberg system and Kitaev model. Transport theories of spin system, which are
closely relevant to our results, are briefly discussed. After introducing the theoretical
and experimental background, we report our results on Na2 BaCo(PO4 )2 , an AFM
spin-1/2 system with geometry frustration of the triangular lattice. As thermal conductivity and Hall coefficients measured down to 0.3 K, we reveal a novel gapless QSL
state that exhibits unusual Hall effect in this charge-neutral system. Combining our
results with an inelastic neutron scattering study, we confirm the observed QSL state
hosts energy-continuous spin excitations, which is highly related to the theoretically
predicted properties of spinons.
The third and fourth chapters of this thesis are dedicated to BaCo2 (AsO4 )2 and
α-RuCl3 , which are promising candidates for realizing the Kitaev model. We report
thermal conductivity and Hall coefficients of both materials measured down to 0.3
K. The observed thermal conductivity oscillations with novel angle dependence in αRuCl3 strongly suggests a quantum oscillation mechanism that arises from the chargeiii

neutral Fermi surface. Oscillatory behavior of thermal conductivity in BaCo2 (AsO4 )2
appears to be ’chaotic’ and remain unexplored theoretically. With the magnetic
hysteresis carefully subtracted, we obtain the intrinsic thermal Hall effects of both
materials and compare our results with other related works. We discuss the insights
and limitations of our experiments, as well as future work.
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Chapter 1
Introduction
’What is a quantum spin liquid?’ To find a satisfying and accurate definition of a
quantum spin liquid(QSL) is inherently challenging [63]. A classical liquid-to-crystal
phase transition can be understood by breaking the continuous translational symmetry, so that both classical liquid and solid can be defined by symmetry-breaking. However, quantum phase transitions are often beyond the paradigm of Landau symmetrybreaking theory [4, 66]. When the ingredient of ’quantum’ is added into the spin
system, a series of nontrivial properties such as fractionalized excitations, long-range
quantum entanglement and topological orders emerge together with the absence of
any conventional magnetic order [62]. These key properties have fascinated physicists
for almost half a century after the first proposal by Anderson [2]. Although the field
of QSL has a rather long history, challenges and debates remain in both theoretical
and experimental sides of the research. Except for a few exactly solvable models, the
quantum many-body nature of the interacting quantum spin system leaves theorists
rather few methods beyond mean-field treatments [99, 90, 63, 75]. Aside from the
limited number of very few QSL candidate materials [41], experimental methods for
studying QSL are also limited and rather indirect compared to those for electronic
materials. The results are difficult to interpret and sometimes they contradict each
1

other. Despite the difficulties, research on QSL has attracted significant amount of attention, especially in recent years. Among all the available experimental techniques,
thermal transport distinguishes itself by providing the unique insight on the lowenergy excitations, especially when the charges degrees of freedom are gapped in the
system. In this thesis, we present our thermal transport results on three QSL materials. We highlight thermal transport measurements as crucial methods for identifying
novel QSL states.
This thesis is structured as follows. The first chapter introduces the theoretical background followed by the description of our experimental techniques. Chapter
2 presents our result of unconventional thermal Hall effect of Na2 BaCo(PO4 )2 . A
comparison of related theoretical predictions and experimental results on other comparable materials are then discussed. Chapter 3 and Chapter 4 describe the results
of Kitaev candidate BaCo2 (AsO4 )2 and RuCl3 . Unusual thermal conductivity oscillations of these two materials are presented with the discussion of possible explanations.
Following the thermal Hall results, we explain the importance of our results as the
key probe of QSL together with the limitations and outlooks of our experiments.

1.1

Theoretical Background

Frustrated magnetic systems were studied long before the concept QSL was introduced. The simplest example is the classical Ising model on a triangular lattice
researched by Wannier at 1950 [74]. The proposed system and theory remained fairly
classical before Anderson’s famous idea of resonating-valence-bond (RVB) state of
quantum spins. Though the RVB state was later proved not to be the ground state of
spin-1/2 Heisenberg model on the triangular lattice (which has 120◦ -Néel-order), the
idea of RVB triggered the field of QSL and was later found to be deeply connected
with Mott physics and the theory of high-temperature superconductivity. As the di2

rect products of RVB idea, the concept of ’spinon’ and the method of ’parton’ were
later widely adopted in the field. In the rest of this section, we briefly review the
key concepts of spin representations and parton method, and then we turn to introduce the QSL models with fermionic representation and Kitaev’s honeycomb model
that are closely related to our experimental results. Other aspects of QSLs such as
topological order and other solvable models are beyond the scope of this thesis and
reviewed in details in the references Ref. [99, 63].

1.1.1

Parton Construction of Spin

In condensed matter physics, spin-charge separation is one of the most counterintuitive result of the interacting quantum system. It originates from the exactly solvable
model proposed by Luttinger in 1963 [47] and developed by Haldane in 1981 [15]. As
a result of spin-charge separation, electrons can be theoretically fractionalized into
spinons and chargons( holons):
ci,σ = h†i fi,σ

(1.1)

ci,σ = h†i bi,σ

(1.2)

or,

where ci,σ is the electron annihilation operator, h† is the spinless hole creation operator, and fi,σ , bi,σ are the spin operator. In order to preserve the fermionic statistics
of the electron, the spin operator is chosen to be fermionic (that is fi,σ ) if the holon
is bosonic, and vice versa.
The duality that exists in these two representations is resolved by complete fractionalization of electron studied independently by Weng and Sachdev[34, 83]. As proposed, the electron is completely fractionalized into a bosonic spinon, a bosonic chargon, and Majorana fermion or Chern-Simons gauge field that preserves the fermionic
3

statistics. With Chern-Simons gauge field, the spinon and chargon experience each
other as a π vortex and the electron can be seen as a bond state of spinon and chargon.
On the other hand, Majorana fermions which carry neither charge nor spin emerge
when both degrees of freedom (spin and charge) are condensed.
For the quantum spin system which the focus of this thesis, these equivalent
representations lead to fermion representation and boson (or Schwinger-boson) representation of spin-1/2 spins. They are called slave-parton formalism historically [99],
and are widely used in theories of QSL. Meanwhile, Majorana representation of spin is
proposed by Kitaev in his famous Honeycomb model [31]. These three representations
of a spin are written as follows,
X †
~i = 1
f ~σα,β fi,β ,
S
2 α,β=↑,↓ i,α

(1.3)

X †
~i = 1
S
b ~σα,β bi,β ,
2 α,β=↑,↓ i,α

(1.4)

i
Siγ = bγi ci ,
2

(1.5)

†
where fi,↑
creates a charge-neutral spin-up fermionic spinon at site i, b† represents

the bosonic spinon operator, ~σα,β = (σ 1 , σ 2 , σ 3 ) is the vector of Pauli matrices, and
bγi , ci denote the Majorana modes.
These parton-constructions simplify the theoretical analysis. However it remains
a question whether the quasiparticles in a quantum spin system are truly the fractionalized partons [63, 99]. These representations are often introduced as a starting
point that transforms the spin Hamiltonian to another form for analysis. We will
discuss how these representations of spin help us analyze and even solve the model.
It is worth pointing out that a gauge redundancy is usually introduced with the spin

4

representation[99]. For example, a U (1) gauge transformation of fi,α :
0

fi,α → fi,α = eiθ(i) fi,α

(1.6)

~i . In other words, the spins are reprewon’t change any physical aspect of the spin S
sented as fermions in an enlarged Hilbert space. Moreover, the gauge redundancy is
origin of the classification of the QSL with invariant gauge group [76], which will be
discussed in the following section.

1.1.2

Mean-field Approach and Classification

One of the direct results of the parton-construction is the slave-particle mean field approach. With parton representation, the spin-spin interaction is rewritten as partoninteraction which can be further treated in a mean-field manner. For example, we
can rewrite the Heisenberg spin interaction as:
~i · S
~j = 1 f † ~σαβ fiβ · f † ~σγδ fjδ
S
jγ
4 iα
1 †
1 †
†
†
fiβ fjβ
fjα − fiα
fiα fiβ
fiβ
= fiα
2
2
E
D
E
1D †
1 †
†
†
→
fiα fjα fjβ
fiβ + fiα
fjα fjβ
fiβ + const.
2
2

(1.7)

†
where we use the constraint fi,α
fi,α = 1. Here we replace the four fermion operator
D
E
D
E
†
†
†
†
†
fjα with fiα
fjα fjβ
fiβ term and treat fiα
fjα as constants that are infiα
fiβ fjβ

dependent of index i, which is how mean-field approximation is made. Employing
Eq.1.7 turns the Heisenberg interaction into an effective quadratic Hamiltonian term.
We can further separate terms on different sites in a way analogous to the textbook
Curie-Weiss mean-field method. Though many problems remain in the mean-field
treatment [63, 99], fermionic representations and gauge theory serve as the starting
point to analyze the quantum spin system and to construct a low-energy effective
5

theory. Beyond the aforementioned U (1) gauge redundancy, there is an additional
SU (2) gauge structure due to the particle-hole symmetry in fermionic representation
[1]. With the following matrix representation:


f↓†



 f↑

Ψ=

f↓ −f↑†

(1.8)

~i can be rewritten as:
the spin operator S


~i = tr Ψ†~σ Ψi
S
i

(1.9)

~i remain unchanged under SU (2) transformation:
so that S
Ψi → Ψ0i = Ψi Wi , Wi ∈ SU (2).

(1.10)

The emergent SU (2) symmetry leads to the classification of quantum spin liquids
by the invariant gauge groups (SU (2), U (1), Z2 ), which are extensively researched by
X.G. Wen[76]. In particular, U (1) and Z(2) spin liquid states are widely studied
by the community. It worth mentioning that U (1) spin liquids in a ”weak” Mott
insulator with Hubbard-type Hamiltonian is proposed to have spinons as Landaulike quasiparticles and therefore host spinon Fermi surface [51, 100], which is closely
related to the results presented in this thesis.
To elaborate on this spinon Fermi surface a bit more, we adapt Fig.1.1 from
Ref.[100]. It is shown that a Mott transition emerges as a consequence of large
enough U/t, where U is the Hubbard interaction and t is the hopping integral. Even
though the charge degree of freedom is gapped out by a large Hubbard U as a result
of strong electron-electron correlation, a QSL phase exists at finite temperature with
a spinon FS. Hence the spin excitation is gapless in the QSL phase. In contrast to the
6

Figure 1.1: Phase diagram for the Mott transition (a)Schematic zerotemperature phase diagram for the Mott transition. U is the strength of the Hubbard
interaction, and t is the hopping integral. (b) Schematic phase diagram showing
finite-temperature crossovers and spinon Fermi surface (FS). Figure adapted from
[100].
spinon Fermi surface, the Z2 spin liquid state is expected to be stable when SU (2)
gauge fields are gapped [75]. In addition to spinons, a different type of excitation,
which is a π flux in the Z2 gauge field, emerges in the Z2 QSL.

1.1.3

QSL Models on a Triangular Lattice

The antiferromagnetic(AFM) spin-1/2 Heisenberg system on a triangular lattice is
one of the most studied models. The Hamiltonian is commonly written as,

H=

1X ~ ~
Jij Si · Sj ,
2 i,j

(1.11)

Jij is non-zero for either nearest-neighbor (NN), or a set of neighboring bonds within
a finite range. Though RVB state was originally proposed on this model, studies later
proved the 120◦ -Néel-state [21, 78] to be the ground state of the triangular lattice with
only NN interactions considered. However, spin liquid phases are stabilized when
more interactions added in addition to the NN coupling. Studies found a gapped spin

7

Figure 1.2: Phase diagram for the Hamiltonian in Eqs.1.13 Figure adapted
from Ref.[50].
liquid phase in the J1 − J2 model:

H = J1

X

~i · S
~j + J2
S

hiji

X

~i · S
~j ,
S

(1.12)

hhijii

when 0.08 ≤ J2 /J1 ≤ 0.16, where J1 is the NN coupling and J2 is the next-nearestneighbor (NNN) interaction [101, 20]. In addition to J1 − J2 model, Motrunich found
a projected spinon Fermi sea state to be stabilized against long-range(AFM) order
by introducing a four-spin ring exchange:

Hring = J

X

P12 + Jring

1
2


†
,
P1234 + P1234

(1.13)

ring

NN

~1 · S
~2 +
where P12 = 2S

X

is the exchange of NN sites and the four-spin exchanges

are taken in a closed loop around all rhombi of the triangular lattice [50]. Using
variational methods, Motrunich obtained that the QSL state is of lower energy than
the ordered state when Jring /J > 0.14, as illustrated in Fig.1.2.
Theoriests seem to agree that, for significantly large J2 or Jring , a projected Fermi
sea state is present in the QSL phase of the AFM spin-1/2 Heisenberg system, which
is gapless with U (1) symmetry. More recently, a novel Z2 spin is also proposed for
realistically large Jring /J [49], where fermionic spinons are paired and Z2 vortices (visons) emerge in analogy to superconductivity. To summarize the existing theories on
AFM spin-1/2 Heisenberg system as a guidance to experimentalists, a projected Fermi
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sea state with gapless excitations serve as the hallmark of the QSL state. Therefore
demonstrating the low-energy excitation behaviors - gapped or not, fermionic or not
- is crucial to identify and classify QSL states.

1.1.4

Kitaev Honeycomb Model

The Kitaev honeycomb model[31] is among the most studied exactly solvable QSL
models. As the direct results of the solution of Kitaev model, the Majorana fermion
in QSL phase become a hot topic in both theoretical and experimental research. By
constructing NN bond with bond-dependent Ising interactions, the Hamiltonian of
Kitaev honeycomb model is written as
X

H=−

Kγ Siγ Sjγ

(1.14)

hijiγ ,γ∈{x,y,z}

where hijiγ the corresponding NN bond for γ ∈ {x, y, z} illustrated in Figure1.3.
That is to say the Kitaev coupling Kγ differs on different type of bonds.
The exact solution of the Kitaev model involves fractionalizing the spin-1/2 operator Siγ into Majorana fermions with different flavors using Eq. 1.5. The Kitaev
Hamiltonian is rewritten as

H=−

1X
Kγ uγij ci cj
4

(1.15)

hijiγ

where uγij = bγi bγj are the bond operators. The constraint bxj byj bzj cj = 1 preserves
S = 1/2 algebra. We can further define a operator WP on the hexagon plaquette
shown in Fig.1.3 as
WP =

Y

uγij γ.

(1.16)

hiji∈P

It is straightforward to show that uij commutes with the Hamiltonian in Eq.1.15.
Hence the plaquette operator WP commutes with the Hamiltonian with eigenval9

Figure 1.3: Kitaev honeycomb model (a) The S=1/2 spins on a honeycomb
lattice with bond-dependent Ising interactions. The operator WP is defined on the
plaquette P with sites 1 − 6. (b) Emergent Majorana fermions on the honeycomb
lattice. The color bonds depict the bond operator uγij = bγi bγj with eigenvalues ±i.
The product of uγij defines WP with eigenvalues ±1.
ues WP = ±1 representing conserved quantities. bγ is treated as bonded Majorana
fermion since uγij = bγi bγj is conserved. The flux ΦP through the plaquette can be
calculated using
exp [iΦP ] =

Y

tij / |tij | = in WP ,

(1.17)

hiji∈P

where tij is the hoping integrals between site i and j and in = ±1 or ±i is the hopping phase. Therefore the flux ΦP , which generate effective lattice magnetic flux for
dispersing fermions ci , can only take two values: 0 or π. As a consequence, bonded
Majorana fermions bγi act as an emergent Z2 lattice gauge field for c - Majorana
fermions, where the action of Siγ flip a flux and destroy/create a c - Majorana. Diagonalizing the Hamiltonian using a Fourier transformation leads to the following
energy spectrum for c - Majorana fermions:

k = ±2 Kx eik·n1 + Ky eik·n2 + Kz

10

(1.18)

√

where n1,2 = (±

3 3
, ).
2 2

It is explicit that this energy function is gapless when the

equation Kx eik·n1 + Ky eik·n2 + Kz = 0 has solution, which gives rise to the following
conditions:

|Kx | ≤ |Ky | + |Kz |

|Ky | ≤ |Kx | + |Kz |

|Kz | ≤ |Kx | + |Ky |

(1.19)

If the above conditions are satisfied, the system is in a gapless phase where Dirac
cones appear in two symmetric points of the Brillouin zone. The Majorana fermions
are gapped when an perpendicular field is applied to the system, which leaves only the
edge modes in analogy to the quantum Hall edge state. However, since the Majorana
fermion carries only half of the degrees of freedom of an electron, all the observables
are ”half” of those in a complex fermion.
The hunt for Majorana fermions in real materials began after Kitaev’s
proposal[31].

However, it is challenging to find a real material that is exactly

described by the Kitaev model. Therefore more realistic models are studied and
discussed in the following section together with materials. Many measurable properties of the fractionalized excitations(Majorana) have been predicted including the
thermodynamics[52] and the dynamic spin structure factor[32]. The half-quantized
thermal Hall conductivity κxy of the chiral edge state of Majorana fermions,
κxy /T = 1/2(π/6) (kB2 /h̄) has been predicted by Nasu et al. [53]. More recently,
Kasahara et al.[28] reported the discovery of the predicted half-integer quantized
thermal Hall conductance, which motivated part of the research presented in this
thesis.

1.1.5

Realization of Kitaev model

Realization of the Kitaev model become possible when Jackeli and Khaliullin investigated the iridates in Ref.[25]. As described in the original proposal and illustrated in
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Figure 1.4: Ir4+ electronic states and realization of Kitaev model (a) Cubic
crystal field ∆ splits d5 Ir4+ into the eg and t2g levels. (b) Spin-orbit coupling λSO
further splits the t2g into Jeff = 1/2 doublet and Jeff = 3/2 quartet. (c) The edge
sharing IrO6 octahedra forms two 90◦ Ir-O-Ir bonds. (e) The edge sharing bonds of
one IrO6 octahedra with its neighbors give rise to Kitaev-type interaction. Figure
adapted from Ref.[71].
Fig.1.4(a) and (b), the d5 Ir4+ electron states are split into the eg and t2g levels, and
the t2g levels are further split by spin-orbit coupling (SOC) λSO , which leaves the Ir4+
ion with the spectrum of an effective Jeff = 1/2 moment. When two IrO6 octahedra
share one edge (Fig.1.4(c)), two 90◦ Ir-O-Ir bonds are formed between super-exchange
coupling of Jeff = 1/2 moment of Ir4+ . The destructive quantum interference of these
z
z
two super-exchange paths gives rise to a Kitaev-type interaction −KJeff,i
Jeff,j
, where

z presents the direction perpendicular to the Ir-O2 -Ir plane [71]. In a honeycomb
lattice of IrO6 octahedra with shared edges, the three easy axes of the neighboring
moments are perpendicular to each other and form x, y, z type bonds that exactly
match the Kitaev honeycomb model, as displayed in Fig.1.4(d). The aforementioned
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mechanism that realizes a suppression of Heisenberg J coupling by the cancellation
of the t2g − t2g super-exchange in 90◦ M-O-M bonding geometry is well-known as the
Jackeli-Khaliullin mechanism.

Figure 1.5: Phase diagrams of K − J − Γ model (a) Phase diagram of K − J − Γ
model for Γ > 0. (b) Phase diagram of K − J − Γ model for Γ < 0. The diagram is
plotted under the parameterization of J = sin θ cos φ, K = sin θ sin φ, Γ = cos θ.
FM is short for ferromagnetic phase. Sp is short for spiral phase. AFM is short for
antiferromagentic phase. 120◦ is the three sublattice 120◦ phase.
Figure adapted from Ref.[57]
However, it was soon realized in the following work that using Kitaev model to
describe honeycomb iridates is incomplete [57] and more realistic models need to be
considered. On the one hand, the direct d orbital coupling between neighboring Ir4+
which realizes a Heisenberg interaction is not negligible. On the other hand, a bonddependent symmetric off-diagonal exchange Γ has to be included as well. The more
sophisticated Hamiltonian is written as

H=

X

h

i
~i · S
~j + KS γ S γ + Γ S α S β + S β S α ,
JS
i j
i j
i j

(1.20)

hiji∈αβ(γ)

where J is the Heisenberg exchange, K is the Kitaev exchange and Γ denotes the offdiagonal exchange. The model is also know as the K − J − Γ model for short. A more
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complete phase diagram of the K −J −Γ model is displayed in Fig.1.20. Magnetically
ordered phases such as zigzag, spiral and 120◦ phase occupy most of space of the
parameter phase region of (K, J, Γ) and the Kitaev mechanism is recovered when
the Kitaev coupling K is sufficiently larger than Heisenberg interaction J and offdiagonal exchange Γ [57]. A sufficient suppression of Heisenberg coupling J is needed
in order to realize the Kitaev model with the Jackeli-Khaliullin mechanism. A similar
mechanism holds for other materials with Co2+ in CoO6 octahedra and Ru3+ in RuCl6
octahedra, which are discussed in detail in the following chapters [46].

1.1.6

Spinon Themal Hall Effect

Katsura et al. proposed a general theory for spinon Hall effect in Ref.[29]. The theory


~i · S
~j × S
~k
considered the ring exchange process that couples the scalar chirality S
to the external field Φ in the Hamiltonian:

Hring = −



24t3
~i · S
~j × S
~k .
sin
Φ
S
U2

(1.21)

Akin to the conduction electrons in metals, they predicted a thermal-Hall effect of
spinons that experience the Lorentz force. By assuming a spinon Fermi surface, the
longitudinal thermal conductivity is obtained to be:

xx

κ

sp

2
T1
π 2  εF  k B
=2
τ
,
3 h̄
h d

(1.22)

where εF is the spinon Fermi energy, τ is the spinon life time and d is interlayer distance. With the spinon gauge flux comparable to applied magnetic flux, the thermal
Hall conductivity is estimated to be:

xx
κxy
sp ∼ (ωc τ ) κsp =

14

eBτ xx
κ .
mc sp

(1.23)

where ωc is the cyclotron frequency, and mc is the effective mass of spinon. As
mentioned in Ref. [54], the low-energy density of states is expected to be insensitive
to the Zeeman magnetic field as in a Fermi liquid. This direct analogy to the Hall
effect of free electrons under the Lorentz force serves as a pedagogical picture to
understand and estimate the thermal Hall effect of the spinon Fermi surface.

1.2

Thermal Transport Measurements and Data
Analysis Techniques

This section is dedicated to discussing the experimental techniques utilized for the
measurements presented in this thesis. We discuss the thermal transport measurements with temperature controlling from 300K down to 300mK and applied magnetic
field up to 14T in detail. We start with introducing basic thermal transport experiments with sample setup, equipment and electronics and then discuss the experimental precautions and data analysis methods. Readers are also invited to review recent
thesis from our lab, such as Refs. [18, 44]

1.2.1

Basics of Thermal Transport Coefficients

Before discussing thermal transport coefficients, we briefly revisit the electrical transport coefficients since these two are share a lot in common. Recall that the electrical
resistivity tensor is defined as local linear response tensor relating the local electrical
current density J e to the electric field E that is written as




 ρxx ρxy 
E = ρ · Je = 
 · Je
ρyx ρyy
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(1.24)

where ρ is the resistivity tensor. The corresponding electrical conductivity tensor
can be derived using matrix inversion

σ = ρ−1

(1.25)

In the practice, resistivity tensor ρ is calculated with experimental data and σ
is derived from ρ inverting the matrix. For example, as illustrated in Figure 1.6(a),
when the electrical current I is injected into bar-shaped sample and the longitudinal
and transverse voltage-drop are measured to be V x and V y respectively, ρxx and ρyx
are calculated using:
Vx · w · t
I ·l

(1.26)

Vy · w · t
Vx · t
=
I ·w
I

(1.27)

ρxx =
and

ρyx =

Using Onsager’s relations, we can get ρxy = −ρyx which are anti-symmetric under
positivie and negative fields along z-axis. Assuming isotropic resistivity(ρxx = ρyy ,
we get the full resistivity tensor ρ.
For thermal measurements, we deploy a similar Hall bar geometry. In analogy
to resistivity, the thermal resistivity tensor λ is defined as the linear response tensor
between local heat-current density J Q and local temperature gradient −∇T ):




 λxx λxy 
−∇T = λ · J Q = 
 · JQ
λyx λyy
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(1.28)

Figure 1.6: Experimental setup for electrical and thermal measurements
with Hall bar geometry (a) The experimental setup for electrical measurements on
a sample with there dimensions label as thickness = t, width = w, length = l. (b)The
experimental setup for thermal measurements on a sample with the same dimensions.
Similarly, the thermal conductivity is defined as the inverse of λ:






−1

 λxx λxy 
 κxx κxy 
−1
κ=

=λ =
λyx λyy
κyx κyy

(1.29)

As shown in Figure 1.6(b), for a bar-shaped sample with the cross-sectional area
A = w · t and the heat power PH (labeled as the power generated form the heater)
applied along x-axis, the averaged local heat current density is calculated using J Q =
x̂PH /A. The temperature gradient −∇T equals to:



−∇T =


−∂x T −∂y T



 x̂ 
· =
ŷ
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δTx /l δTy /w



 x̂ 
· 
ŷ

(1.30)

where the δTx and δTy are directly measured quantities using thermometers mentioned in the following section. The thermal resitivities are calculated in the same
way as ρ using the following equations:

λxx =

δTx · w · t
δTx
=
,
l · |J Q |
PH l

(1.31)

δTy · t
δTy
=
.
w · |J Q |
PH

(1.32)

λyx =

Therefore, the thermal resistivity is a direct calculated quantity from the experimental data. Similarly with λxx = λyy (isotropic assumption) and λxy = −λyx (Onsager’s relations), we may get the thermal conductivities κ form directly measured
thermal resistivity λ:
κxx =

κxy =

λxx
+ λ2yx

(1.33)

λyx
λ2xx + λ2yx

(1.34)

λ2xx

We emphasize that the thermal resistivity λ is the directly measured quantities
and thermal conductivity κ is the derived coefficient, because the measurement noise
level directly affects λ rather than κ whose noise level is highly depended on both
λxx and λyx . We discuss the noise analysis in detail in Appendix.A.

1.2.2

Sample Mounting

Sample preparation - For thermal transport measurements, the samples are required
to be isolated from any thermal contact except for heat bath, in order to ensure the
direction of injected heat current. When handling large (over 3 mm) single crystals,
we first determine the crystal directions and polish the crystal into a thin platelet with
the chosen crystal direction. The ideal shape of a sample is a rectangle with optimal
18

Figure 1.7: Sample setup for thermal Hall measurements (a) The photo of
a single crystal Na2 BaCo(PO4 )2 mounted on the brass sample holder and a 3/4inch button side-by-side under optical microscope aperture for size comparison. (b)
Enlarged photo of mounted Na2 BaCo(PO4 )2 . Thermal contacts are made using Ag
paint joining 100 µm-thick gold wires. The sample covered by Ag paint is thermally
connected to the heat bath. (c) The cartoon of thermal Hall measurement setup.
TA , TB and TC represent the temperatures measured with thermometers. Heat current
J Q is injected along x̂ and the magnetic field is usually applied along ẑ.
thickness for optimal Hall resolution. As indicated in Eq.1.32, the thinner of sample
thickness t results in a larger directly measured temperature gradient δTy under same
heating power PH and thermal resistivity λyx . However, magnetic torque τ = m × B
inevitably challenge the mechanical strength of magnetic samples. Therefore in order
to improve the resolution on the typically small Hall signal, it is crucial to polish
down the sample to a optimal thickness (balance the mechanical strength and Hall
resolution) typically around 70 to 120 µm. For a van de Waals layered sample like αRuCl3 , we support the sample with a thin Delrin post. This method is fully discussed
and verified in Ref.[18].
Sample mounting - After polishing and cutting the samples into a favored shape,
the crystals are then bonded to the small brass plates (Fig.1.7(a) with 1.5 by 2.5mm in
size). On of the advantages of the set up is that the brass sample holder can be easily
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transferred from one insert to another without taking off the sample. Thick (100
µm) gold wires are attached to the sample with Ag paint(Dupont 4922N), Ag epoxy
(Epotek H20E), or Stycast 2850FT epoxy. Different thermal adhesives are chosen
based on aspects such sample conductance, contact-size, stickness and reusability.
Conductive adhesives are chosen for better thermal contact for insulating samples
while Stycast is used for conductive samples. Silver epoxy is often chosen for being
immune to thermal cycling, great mechanical strength and thermal conductance,
whereas silver paint and Stycast are more vulnerable to thermal cycling. A large
contact-size causes uncertainties in the measured sample dimensions and therefore we
minimize the contact-size without affecting the good thermal contacts. Different types
of thermometers, which are chosen based on temperature range, are then attached
to the gold wires using silver Epoxy for good thermal coupling. A thin metal film
heater (1kOhm) is then bonded to the top gold wire contact of the crystal to generate
heat current. In the last step, we attach four thin (20 µm) phosphor bronze wires,
which have negligible thermal conductance at cryogenic temperatures, to each heater
or thermometer in order to inject the current or measure resistance respectively. All
the phosphor bronze wires are eventually fixed to the nylon post on the brass sample
holder using silver epoxy for further mounting onto the sample space of cryogenic
inserts.
Thermometry - The Hall bar geometry requires at least three thermometers. As
shown in Fig.1.7, three temperature values are measured and marked as TA , TB and
TC . The longitudinal and transverse temperature differences are calculated using
δTx ≡ TB − TC and δTy ≡ TA − TB . All the thermometers are measured in a fourpoint resistance configuration. DC current IH (applied) and voltage VH are measured
across the 1kOhm chip heater to determine the heating power PH = IH · VH , also in
a four-point configuration to eliminate the contact resistance.
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Precautions for sample thermal couplings - The sample is thermally connected to
the cold finger heat bath on the cryogenic inserts via the brass sample holder. The
good thermal connection between sample and brass holder is ensured by using the
aforementioned adhesives. In order to optimize the thermal conductance between
brass sample holder and the cold finger, we combine the screw mechanical holding
and GE vanish pasting. Good thermal links between sample and thermometers are
guaranteed with the chosen adhesive and thick gold wires. Thermal isolation between
the thermometers and the heat bath owes to the negligible thermal conductance of the
alloy phosphor bronze wires. In addition, the heat and thermometers are hanged on
the nylon posts with phosphor bronze wires which makes sure that the heat current is
injected into the sample without leaking into unwanted heat path, and thermometers
are thermally equilibrated to the measured sample point. For He-3 temperature
measurements, a radiation shield at 0.3 K is employed to protect the radiation heat
emitted from the vacuum shield at 4.2 K.

1.2.3

Magnets and Cryogenic Inserts

After mounting the samples onto the cold finger of the cryogenic insert, the sample
space is sealed and evacuated with a turbo-pump to a high vacuum (< 10−5 torr) to
prevent any heat flow carried by heat-exchange gas. For thermal transport measurements down to 3K, we use our home-built thermal transport insert in a commercial
Quantum Design PPMS cryostat, which can maintain the temperature from 2K to
300K and apply a maximal 14T magnetic field. For sub-Kelvin measurements, we use
our Janis He-3 insert or IceOxford He-3 insert, as displayed in Fig.1.8(a), together
with commercial Oxford-14T magnet cryostat or AMI-15T magnet cryostat.
Most of the results presented in this thesis are taken with the Janis He-3 insert.
The He-3 insert comes with two sets of 12 twisted-pairs wires which minimize the
cross-section of Faraday pick-up and Eddy current during field-ramps. The probe
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Figure 1.8: Cryogenic inserts (a) A photo of Janis He-3 insert for temperature.
(b) A schematic draw of He-3 insert. (c) Home-built thermal insert with vacuum
chamber for PPMS.
is sealed with compressing indium wires by the screws on the metal can and then
pumped to a high vacuum after leak-checking. Once cooled down to 20 K, He-3
circulation can be started to accelerate further cooling and He-3 condensation. As
illustrated in Fig.1.8(b), the He-3 gas is first condensed to liquid at 1.6K by pumping
He-4 in the cryostat through the 1K-pot, and then pumped by cooling the charcoal
sorb. Therefore the cool finger is further refrigerated to a minimal 260 mK. If He-4
heat-exchange gas is introduced into the vacuum chamber for cool-down acceleration,
the exchange gas must be pumped out using turbo-pumps before the sorb temperature
reaches 70 K.
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For quick sample-screening and high temperature measurements, the PPMS thermal insert is employed together with PPMS cryostat. As displayed in Fig.1.8(c), the
home-built insert also has a metal shield for indium sealed vacuum which also serve
as a radiation shield. A commercial PPMS puck is soldered onto the end of the metal
can, which can be plugged onto the PPMS cold fingers. One of the advantages of
this home-built insert is the convenience for changing sample and cryogenic cooling,
which is ideal for higher temperature measurements and rapidly sample-screening.

1.2.4

Temperature Regulation and Stability

It is import to point out that heat bath temperature stability is a crucial factor for optimizing thermal Hall resolution. For the purpose of maintaining stable temperatures
at different temperature ranges, different adaptive temperature control procedures
are employed during the experiments and discussed below.

Figure 1.9: Temperature controlling and stability (a) The relation between
sorb temperature and He-3 port temperature. (b) Heat bath temperature stability at
0.7 K. The overall noise level less than 40 µK is achieved.
For Tbath ∈ [0.3, 1.6] K in Janis He-3 setup: the temperature of the He-3 port
is determined by the sorb temperature, as shown in Fig.1.9(a). We use the PID
temperature maintaining option of Lakeshore 340 or Lakeshore 336 to keep the sorb
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temperature at a target value. As a result, the He-3 port temperature is stabled
at certain value (Tbath -100mK) within ±0.1 mK and will slowly drift up because of
the liquid He-3 boiling-off. To compensate for the boil-off of He-3, we slowly ramp
down sorb temperature at a rate of 2 mK/min. On top of that, we use the heater
on the heat bath of sample holder to maintain the bath temperature at Tbath through
PID controlling option of Lakeshore 372. As depicted in Fig.1.9(b), the temperature
stability less than 40 µK is achieved by carefully tuning these two layers of PID
temperature stabilizing.
For Tbath ∈ [1.6, 6] K in Janis He-3 setup: the temperature stability is challenged
by the 1K-pot temperature stability. At this temperature range, we keep the sorb
temperature in an intermediate range(22 < Tsorb < 30 K) and heat up the He-3 port
to a temperature around Tbath − 0.2K. Since the majority of He-3 remains at the
gas form at this temperature range, the He-3 pot is highly coupled to the 1K-pot
thermally and therefore the temperature stability relies on the 1K-pot gas flow. We
normally achieve a noise level around 1mK on He-3 port temperature. With careful
tuning of the PID response time of the heat bath temperature, the noise level can be
further reduced.
For Tbath ∈ [3, 300] K in PPMS setup: the temperature of the sample holder(heat
bath) is stabilized using temperature controller Lakeshore 340 by PID control of the
heating power on a 50Ohms heater mounted on the heat bath. The heat bath temperature, which is the input of the PID, is measured with a commercially calibrated
reference thermometer CX1010. The temperature of PPMS cold finger is set to be
Tbath − 1.2K to produce enough cooling power for the sample heat bath. The temperature stability is around ±0.1 mK.
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1.2.5

Thermometer Calibration

Thermometry - We use various small bare chip thermometers form Lakeshore Cryogenics for low-temperature thermometry. For temperatures above 10K, Cernox bare
chip sensors, such as CX1010 and CX1030, are attached directly to the gold wire
contacts on the sample. For temperatures below 10K, ruthenium oxide RX102A-BR
thermometers are chosen instead of Cernox sensors for a better resistance-temperature
(RT) response and lower field induced errors. Commercially calibrated thermometers
CX1010 and RX202A-AA are mounted on the sample stage as reference thermometers. All the thermometers are measured in a four-point geometry. We never use
thermocouples due to its large field-induced errors (> 5%) [95].

Figure 1.10: Thermometer calibration in the Janis He-3 setup (a) Typical
calibration plot showing He-3 port temperature and sample heat bath temperature
Tbath (shifted up by 0.5 K). Note that Tbath has a lower noise level above 2 K. (b) Typical calibration curves showing the resistance of RX102 thermometers as a function
of Tbath , while Tbath is inferred from RX202 reference thermometer(black curve) on
the sample stage.
Electronics - Thermometer resistances are read out using Lakeshore temperature
controllers of various models: LS336, LS340, LS370 and LS372. LS336 and LS340 are
employed for high-temperature (T >10 K) measurements and He-3 diagnostic control.
We take extra care of the ’cross-talk’ noise when using LS336 and LS340 channels
on neighboring twisted-pairs wires. LS370 and LS372 with AC lock-in technique
25

are used for He-3 temperature measurements for a higher precision and immunity
to ground-noise. Measurement excitation ranges are carefully chosen to minimize
the Joule heating(≈300 pW at sub-Kelvin temperature). We find out that Keithley
2400 current source has a current off-set of 1 to 3 µA, which causes significant biased
heating on the sample during calibrations and measurements at low temperatures.
Therefore sample heater current IH is applied using a Keithley 6221 current source
for negligible current off-set. The heater voltage is read by a Keithley 2182A voltage
meter.
Thermometer calibration - The thermometers we use are semiconducting with
one-to-one relation between temperature and resistance(RT relation). The aim of
thermometers calibration is to establish the RT relation in the form of T = f (B, R).
For a typical thermal transport measurement, we first calibrate all the thermometers
with reference thermometer under zero magnetic field. For PPMS setup, we ramp
the cold finger temperature up at a fairly slow rate dT /dt (≈ 0.1 K/min) to keep
thermal equilibrium between reference thermometers and sample thermometers, so
the entire calibration process can take hours. In the He-3 setup, we first slowly ramp
the sorb temperature from 8 K to 30 K at a rate of 0.8 K/min, which brings the
He-3 port temperature from 0.28 K to 1.2 K with 7 mK/min. Secondly, we keep the
sorb at 30 K and ramp the He-3 port heater to heat up He-3 port at 7 mK/min.
A typical calibration process is plotted in Fig.1.10(a). All the resistances of sample
thermometers and reference thermometers are recorded for further reference. The
collected RT curves for each thermometer are then processed using Origin and Python
programs then fitted using Chebychev polynomials to the 8th order using the method
reported in Ref.[18]. Elaborated field-dependent thermometer calibration process is
inherited from M. Hirschberger and discussed in detail in his thesis [18].
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1.2.6

Thermal Hall Precautions

Thermal Hall measurements are inherently challenging for the following reasons:
• Field-antisymmetrized δTyAS signal is relative small. For example δTyAS /δTxSY ≈0.01
is considered as relatively large signal-background ratio form experience.
• Contamination from longitudinal temperature gradient δTx in transverse δTy
due to the contact-misalignment can be significant.
• Any heat bath temperature drift during field-ramp disqualify the antisymmetrized δTyAS .
• Magneto-caloric effect and eddy-current heating strongly affect the thermal
equilibrium between the sample and the heat bath.
• Magnetic hysteresis of sample can shatter the transverse signal and result in
misleading artificial Hall effect.
Some of the issues have been carefully discussed in Ref.[18]. In this thesis, we elaborate on measurement process and dealing with magnetic hysteresis.
Step-wise field sweep - Magnetocaloric effect and eddy-current heating during the
continuous field ramping are the acceptable signal contamination source for thermal
Hall measurement. As illustrated in Fig.1.11(a), we abandon the method of changing
the magnetic field continuously and change the field in a step-wise routine. During the
measurement, the magnetic field is increased from -13.5 to 13.5 T step-by-step, leaving enough relaxation time (typically > 100s) for the thermal equilibrium between the
sample and the heat bath. Equilibrant temperature data within the reading window,
as shown in Fig.1.11(b) are then averaged, based on which the temperature gradients
δTx , δTy are calculated. The sign change across zero-field (cooling to heating) of magnetocaloric effect is clearly manifested in Fig.1.11(b), where the temperature peaks
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Figure 1.11: Details of experimental raw data (a) displays time-traces of the
temperatures TA , · · · , Tbath in a λyx measurement with the bath temperature fixed
at 280 mK. The field is gradually increased from -13.5 to 13.5 T over 14 hours by a
step-wise change of 125 mT every 420 s. After each step-increase, transients caused
by heating (or cooling) of the spins via the magnetocaloric effect combined with eddycurrent heating of the brass bath are seen in all channels. (b) shows an expanded
view of 5 transient pulses bracketing H = 0 (vertical dashed line). For t < 26,000
s, the 2 effects partially cancel whereas for t > 26,000 s, they add to give large
transients. Readings are recorded within the grey-shaded interval after all transients
have decayed. The average over the readings gives δTy to a resolution of ±3 µK.
Because of systematic errors.
suddenly become huge as a result of the change from cancellation to the combination
between magnetocaloric effect and eddy-current heating.
Hysteresis removal - Due to the inevitable misalignment of the Hall contacts, the
observed signal in the transverse (Hall) channel includes both the intrinsic thermal
Hall signal δTyintrinsic and a fraction of the longitudinal signal δTx , which can be
written as:

δTy (H) = δTyintrinsic (H) + α · δTx (H),

(1.35)

where δTy (H) and δTx (H) are the measured transverse and longitudinal temperature gradient under magnetic field H, and α < 1 measures the contamination
caused by Hall contact misalignment which is independent of field. As a result of
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Figure 1.12: Hysteretical butterfly-loop in δTyAS and intrinsic δTyintrinsic (a)
δTyAS data for field sweep-up and sweep-down form a hysteretical butterfly-loop. The
black and red arrows indicate the field changing direction. The data in four quadrants
are label as decrease-negative (DN), decrease-positive (DP), increase-negative (IN)
and increase-positive (IP). (b) The intrinsic Hall signal δTyintrinsic after removing
hysteresis shows no Hall effect with in resolution 0.1mK.
Onsager’s relation, the intrinsic Hall signal should always be field-antisymmetric, i.e.
δTyintrinsic (H) = δTyintrinsic (−H). So we can further write down:


1
δTyintrinsic (H) − δTyintrinsic (−H)
2
1
α
= (δTy (H) − δTy (−H)) + (δTx (H) − δTx (H))
2
2
α
= δTyAS + (δTx (H) − δTx (−H))
2

δTyintrinsic (H) =

(1.36)

If the δTx (H) is symmetric under positive and negative magnetic fields, then
δTyintrinsic (H) = δTyAS . It is problematical if δTx (H) is hysteretic and therefore
δTx (H) 6= δTx (−H), which often results in a butterfly-loop in δTyAS as plotted in
Fig.1.12(a).
In order properly eliminate all hysteretic contributions from δTx (H), we use the
following method which combines sweep-up and sweep-down data curves [18]. We
use δTyI (H)(I for increasing) to denote the data obtained when H is swept from -14
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T to +14 T. Curves recorded in the reversed direction (+14 to -14 T) will be named
as δTyD (H)(D for decreasing).
Even when the longitudinal signal δTx (H) is strongly hysteretic, the mirror symmetry is still held, which is written as:

δTxI (H) = δTxD (−H),

(1.37)

that is to say δTxD (−H) is identical to its mirror image of δTxI (H) (reflection across the
H = 0 axis, which changes H → −H due to the axial vector), where the superscripts
D and I stand for decreasing (14T→ -14T) and increasing (-14T→ 14T). As illustrated
in Fig.1.12(a), the DN and DP quadrant of data are symmetric in field while the IN
and IP quadrant of data are also symmetric in field.
By contrast, the intrinsic Hall signal δTyintrinsic,I (H) is antisymmetric under the
mirror reflection, i.e.

δTyintrinsic,I (H) = −δTyintrinsic,D (−H),

(1.38)

which is the same rule that we get from Onsager’s relations.
Operationally, when we sweep H from -14 to +14 T, we record the data expressed
as:

δTyI (H) = δTyintrinsic,I (H) + α · δTxI (H).

(1.39)

In the reverse sweep (+14 → -14 T), we obtain:
δTyD (−H) = δTyintrinsic,D (−H) + α · δTxD (−H)
=

−δTyintrinsic,I (H)

where we used Eqs.1.37 and Eqs.1.38.
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+α·

δTxI (H).

(1.40)

By subtracting both sides of Eqs.1.39 and Eqs.1.40, we then achieve the isolation
of the intrinsic thermal Hall signal δTyintrinsic (H) explicitly as,
δTyintrinsic (H) =


1
δTyI (H) − δTyD (−H) .
2

(1.41)

We denote this procedure as hysteresis-removing antisymmetrization (HRA).
As plotted in Fig.1.11, all the thermal Hall data in this thesis are acquired under
a non-stop measurement process with magnetic field changing from H to −H and
then from −H to H in a step-wise routine, in order to minimize the calibration and
temperature drift, and then analyzed with the HRA procedure for further thermal
transport coefficients calculations.
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Chapter 2
Thermal Hall Effect in a
Triangular Antiferromagnet
The triangle lattice with natural geometry frustration was proposed as the first
platform for frustrated magnets and QSLs.

Many theoretical studies have pre-

dicted the existence of the QSL state under certain circumstances as discussed in
Sec.1.1.3. In this chapter we focus on the experimental results on a QSL candidate,
Na2 BaCo(PO4 )2 , which has a perfect triangle lattice. We start with a summary of
experimental evidence of other existing materials with triangle lattices, and then
present our thermal conductivity and thermal Hall results on Na2 BaCo(PO4 )2 . In the
previous study by Zhong et al. [97], the spin system of Na2 BaCo(PO4 )2 is reported
to retain a tremendous amount of magnetic entropy at low temperatures. In addition
to the large magnetic entropy, we discovered that the thermal conductivity κxx shows
a clear phase transition around 2 T and the existence of gapless excitations at 0 T.
Moreover a clearly-resolved thermal Hall effect in the QSL phase is observed below
1 K which vanishes with higher temperatures and magnetic fields. Inelastic neutron
scattering (INS) results show a broad excitation spectrum below 0.3 meV, which
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disappears as the magnetic field creates a gap and a magnon band emerges above
the critical field. Possible theoretical explanations are discussed briefly.

2.1

Antiferromagnets with Triangular Lattices

Experimental studies on triangular antiferromagnets aiming at identifying non-trivial
ground states usually face two types of challenges:
• Material candidates are scarce and often imperfect with disorders such as sitemixing and lattice distortion.
• Experimental results are often difficult to interpret and sometimes contradict
each other.
In this section, we briefly summarize the experimental results on organic materials, κ
-(BEDT-TTF)2 Cu2 (CN)3 and EtMe3 Sb[ Pd(dmit)2 ]2 , together with inorganic ones,
Ba3 CoSb2 O9 and YbMgGaO4 , for the purpose of using them as comparisons for our
better candidate material Na2 BaCo(PO4 )2 .

2.1.1

Organic κ-(BEDT-TTF)2 Cu2 (CN)3 and EtMe3 Sb[Pd(dmit)2 ]2

Organic materials, κ-(BEDT-TTF)2 Cu2 (CN)3 and EtMe3 Sb[Pd(dmit)2 ]2 , are among
the most studied triangular antiferromagnets. These two materials share many similarities. The two organic materials shares similar imperfect triangle lattices with very
weak interlayer coupling due to the large layer separation. These two magnetic systems have exchange energy J ≈ 250K that results in a very large frustration factors
(J/TN > 3000). So no-magnetic order has been observed down to millikelvin temperatures in both materials. This strongly suggests a frustrated ground state. Thus the
nature of low-energy excitations has attracted a tremendous amount of attention in
the QSL community since first proposed.
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Figure 2.1: Crystal structure of κ-(BEDT-TTF)2 Cu2 (CN)3 (a) Molecular
arrangement and the triangle lattice in a two-dimensional magnetic layer of Cu2 (CN)3 .
The coupling of NN bonds are J and J 0 respectively. (b) Two-dimensional layered
structure viewed in the crystallographic a∗ − c plane. The magnetic Cu2 (CN)3 layers
are well separated by non-magnetic BEDT-TTF layers. Figure adapted from Ref.[22]
κ-(BEDT-TTF)2 Cu2 (CN)3 - As shown in Fig.2.1, this material has a stretched
triangular lattice of 2D layer of Cu2 (CN)3 in b − c plane, which is a separated by
BEDT-TTF layers. Despite the inevitable spatial anisotropy due to the imperfect
triangle lattice space-group symmetry [68], the ratio of exchange interaction J 0 /J is
close to one. So far, no magnetic order has been reported down to 80mK. Thermodynamic investigations on this material were performed by measuring heat capacity and
thermal transport at ultra-low temperatures. Depicted in Fig.2.2, the low-T heat capacity shows a finite intercept of Cp /T when extrapolated to zero-temperature which
suggests that the low-energy excitation is gapless [88]. On the contrary, the subsequent thermal transport study[86] demonstrated that the thermal conductivity κxx
fits to an exponential form at millikelvin temperatures. This indicates a thermally activated mechanism which implies the presence of excitation gap at zero temperature.
The debate between the gapped and gapless picture remains unresolved.
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Figure 2.2: Thermodynamic properties of κ-(BEDT-TTF)2 Cu2 (CN)3 (a)
Heat capacity over temperature Cp /T of κ -(BEDT-TTF)2 Cu2 (CN)3 shows a finite
intercept, γ = 12 ∼ 15 mJ/K2 mol, which differs from other similar antiferromagnets.
(b) Arrhenius plots of thermal conductivity suggest κxx fits to thermal activated
form κxx = α exp(−∆/kB T ) and therefore the low temperature excitations might be
gapped. The Figure adapted from Ref.[88, 86].
EtMe3 Sb[Pd(dmit)2 ]2 - Similar to κ-(BEDT-TTF)2 Cu2 (CN)3 , the organic material
EtMe3 Sb[Pd(dmit)2 ]2 has a nearly perfect triangle lattice with spin S = 1/2 and
J 0 /J ≈ 1[23, 24]. A linear temperature-dependent feature of specific heat was also
reported as the evidence of gapless excitations [89]. Meanwhile, thermal transport
results reported in [87] show a finite intercept of κxx /T approaching zero-temperature
supporting the gapless nature of low-energy excitations. The gapless phase turned
out to be unstable under applied magnetic field [23].
As proposed by Lee et al.[29], a measurable thermal Hall effect may arise from
the spinon Fermi surface which is likely to be present in the organic QSL materials
κ -(BEDT-TTF)2 Cu2 (CN)3 and EtMe3 Sb[Pd(dmit)2 ]2 . However, as reported by Yamashita et al. in Ref.[87], the observed Hall angle is orders of magnitude smaller than
the predicted value.
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Figure 2.3: Crystal structure of EtMe3 Sb[Pd(dmit)2 ]2 (a) Side view of the
crystal structure of EtMe3 Sb[Pd(dmit)2 ]2 shows that 2D magnetic Pd(dmit)2 layers are separated by non-magnetic EtMe3 Sb layers. (b) and (c) are the molecular
arrangement and illustration of the 2D magnetic layer. Figure adapted from Ref.[23].

Figure 2.4:
Thermal transport properties of EtMe3 Sb[Pd(dmit)2 ]2
(a)Thermal conductivity κxx and Hall angle under applied magnetic field. The measured Hall angle is orders of magnitude smaller than the value predicted in Ref.[29]
(b)kxx /T versus T 2 plot shows linear dependency and finite intercept extrapolated to
zero-temperature. Figure adapted from [87].

2.1.2

Inorganic Ba3 CoSb2 O9 and YbMgGaO4

To overcome the imperfection of triangle lattices in the aforementioned organic materials, Ba3 CoSb2 O9 , with Co2+ on a perfect triangular lattice, was proposed as
a promising platforms for QSL states. As shown in Fig.2.5, the crystal structure
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of Ba3 CoSb2 O9 contains triangular magnetic CoO6 octahedra layers sandwiched by
SbO6 and Ba2+ ions. As predicted for AFM Heisenberg system with only NN interactions, Ba3 CoSb2 O9 undergoes an AFM phase transition at TN ≈ 3.8 K and develops the three-sublattice 120◦ -Néel-state below TN . With large-enough applied magnetic field, the system favors a up-up-down (UUD) spin state with 1/3 magnetization
plateau [27], as illustrated in Fig.2.5. Though consistent with theoretical predictions
and calculations, no solid evidence is reported for QSL phase in Ba3 CoSb2 O9 , possibly as a result of non-negligible 3D magnetic coupling due to comparable intralayer
and interlayer lattice constants [43].

Figure 2.5: Crystal structure and phase diagram of Ba3 CoSb2 O9 (a) Spin
structure of UUD state in the quasi-2D lattice. (b) Crystal structure of Ba3 CoSb2 O9 .
(c) Magnetic phase diagram of Ba3 CoSb2 O9 for H||c. Figure adapted from [27, 98].
The situation is better for YbMgGaO4 . As depicted in Figure 2.6, the crystal
structure of YbMgGaO4 is similar to Ba3 CoSb2 O9 with triangle magnetic layers of
effective spin-1/2 Yb3+ ion separated by MgO6 and GaO6 octahedrons. As noted,
the lattice constant, c = 8.4 Å, is much larger than the triangular NN bond 3.4
Å. Therefore the interlayer exchange is negligible [48]. A power-law temperature
dependence of specific heat reported in recent thermodynamic measurements [84]
suggests a gapless spectrum for low-energy spin excitations. However, the reported
thermal conductivity κ/T in Ref.[84] shows a negative intercept which is interpreted
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as the evidence for the absence of thermal conductivity at zero temperature. This
does not seem to be consistent with the reported gapless behavior.

Figure 2.6: Crystal structure and thermal conductivity of YbMgGaO4 (a)
Crystal structure from side view, c=8.4 Å. (b) Triangular lattice of magnetic Yb3+
layer. (c) Thermal conductivity results on YbMgGaO4 plotted with cousin compounds. Figure adapted from [43, 48].
Neutron scattering studies present continuous excitation spectra that suggest a
spinon Fermi surface [67, 55]. However, ac susceptibility χ0 results exhibit a significant
frequency-dependent peak as shown in Figure 2.7 suggesting the freezing of spin in a
spin-glass phase resulting from disorder and bond randomness[48]. The natural cause
of disorder in YbMgGaO4 is the site-mixing of Mg2+ and Ga3+ , which is similar to
the case of Herbertsmithite [16]. The spin-glass phase destroys the long range order
in YbMgGaO4 and maintains the short range spin-spin correlation. Therefore the
evidence for QSL state in YbMgGaO4 are compromised and the search for the ideal
platform for QSL phase with triangular lattice continues.
To summarize the discussion in this section, the existing QSL materials of triangular antiferromagnets, both organic and in organic, suffer from inherent drawbacks
that impede the research on QSL properties. It should be emphasized that the imperfect lattice, interlayer coupling and site-mixing disorder all complicate the situation
and prevent the finding of ”smoking gun” evidence.
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Figure 2.7: Neutron scattering and ac susceptibility results of YbMgGaO4
(a) and (b) Measured and calculated momentum dependence of the spin excitations
correspondingly. (c) Calculated spinon Fermi surface. (d) AC susceptibility χ0 shows
spin-glass feature. Figure adapted form [67, 48].

2.2

Previous Study of Na2BaCo(PO4)2

For the purpose of overcoming the aforementioned disadvantages in existing triangular AFM materials, Zhong et al. synthesized high-quality single crystals of
Na2 BaCo(PO4 )2 and reported observing a very large amount of residual magnetic entropy in the system [97]. As shown in Fig. 2.8, the crystal structure of
Na2 BaCo(PO4 )2 consists of the magnetic CoO6 octahedra in a perfect triangular
lattice separated by nonmagnetic BaO12 polyhedra. Therefore stacking faults and
lattice distortions in the van der Waals bonded materials are strongly suppressed
naturally. Unlike the situation with regard to site-mixing in YbMgGaO4 and Herbertsmithite ZnCu3 (OH)6 C12 , the large difference in the element charge and ion size
prevent the unwanted site-mixing disorder [97]. The Co2+ ions reside in the CoO6
octahedra which feature a cubic crystal field and have effective J = 1/2 magnetic
moments similar to Ba3 CoSb2 O9 [69]. Super-super exchange mechanism, which relies
on the Co-O and O-O bonds through the Co-O-O-Co path [77, 11], establishes the
AFM coupling between the nearest neighbors, which is marked as J1 . The closest
path between interlayer Co2+ is Co-O-O-O-Co and therefore the interlayer magnetic
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coupling is exponentially weaker than the NN coupling, thus to be negligible. Hence
this 2D magnetic system with nearly perfect triangular lattice is expected to be an
excellent candidate to study QSL based on the spin-1/2 antiferromagnet.

Figure 2.8: Crystal structure of Na2 BaCo(PO4 )2 (A) The crystal structure
for Na2 BaCo(PO4 )2 (B) The triangular layer of CoO6 octahedra in the ab plane. J1
and J2 mark the exchange coupling between the nearest neighbor Co2+ ions in the
intralayer and interlayer respectively. (C) Layers of CoO6 octahedra viewed from
the b axis. (D) Top view of the relative orientation of the CoO6 octahedra to other
groups. (E) A photo of large single crystals of Na2 BaCo(PO4 )2 . Figure adapted from
[97].
Magnetic susceptibility results measured in both dc and ac fields, shown in Fig.2.9,
indicate nearly isotropic magnetization and the absence of magnetic ordering down
to millikelvin. Fitting the dc susceptibility χ with Curie-Weiss law results in similar
Curie-Weiss temperatures for field parallel and perpendicular to c axis, ΘCW,⊥ ≈
ΘCW,k ≈ -32 K. The estimated exchange J1 /kB interaction based ΘCW is calculated
to be -21.4 K. No long-range magnetic order and phase transition are observed down
to 50 mK in the ac susceptibility χ0ac data. Thus the frustration facto, f = |J|/TN , is
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estimated to be larger than 400, which is significantly larger than those of Ba3 CoSb2 O9
and YbMgGaO4 . The ac susceptibility χ0ac also shows negligibly small frequency
dependence at sub-Kelvin temperatures. That rules out spin-freezing and spin-glass
phases presented in YbMgGaO4 [97, 84].

Figure 2.9: Magnetic susceptibility of Na2 BaCo(PO4 )2 (A) Temperature dependence of the dc susceptibility measured with µ0 H = 0.1 T applied field oriented
perpendicular to the c axis and parallel to the c axis. (Inset) Field dependence of
magnetization measured in both orientations. (B) Temperature dependence of the
real part of the ac magnetic susceptibility. Figure adapted from Ref.[97]
More interestingly, thermodynamic measurements show the specific heat Cp
of Na2 BaCo(PO4 )2 behaves nearly independent of temperature in the sub-Kelvin
temperature range under zero applied field, in contrast to conventional power-law
temperature-dependence. As plotted in Fig.2.10, the specific heat Cp remains nearly
constant below 1K, which shows a significant difference from its non-magnetic cousin
compound Na2 BaMg(PO4 )2 . Further, an applied magnetic fields diminishes Cp blow
1K, implying a sharp transition under a field between 2T and 3T. The constant Cp
give rise to a 1/T divergence feature in Cm /T , as distinct from any aforementioned
R
QSL candidates. The integral magnetic entropy calculated using S = Cm /T dT
recovers Rln2 for applied fields larger than 3T, where R = 8.31J · K −1 · mol−1 is the
ideal gas constant. Hence the recovered entropy matches the expectation of entropy
for S = 1/2 magnetic system. However, when the applied field is smaller than 2T,
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the integrated entropy only recovers a fraction of Rln2 showing Sentropy = 0.71Rln2
at 0T, which means Cm /T must be even larger below the measured temperature limit
0.26 K. The tremendous amount of uncovered magnetic entropy left in the system
strongly suggests a highly frustrated QSL state.

Figure 2.10: Magnetic specific heat of Na2 BaCo(PO4 )2 (A) Heat capacity
Cp versus temperature for Na2 BaCo(PO4 )2 under different applied fields. Cp of nonmagnetic compound Na2 BaMg(PO4 )2 is plotted as a contrast. (B) Cm /T as a function
of temperature under several magnetic fields. (Inset) Temperature dependencies of
the integral of magnetic entropy under corresponding magnetic fields.

2.3

Experimental Results: Thermal Conductivity

As pointed out to be a promising QSL candidate in the previous study [97], we performed thermal transport measurements on large single crystals of Na2 BaCo(PO4 )2
down to 0.3 K. We start by showing our result of the temperature-dependence of
thermal conductivity κxx (T ) at zero magnetic field at high temperatures. As depicted in Fig.2.11, for temperatures larger than 5 K, κxx is mainly dominated by
phonon contribution. A broad peak feature of κxx that starts increasing above 50 K
and decreasing around 18 K is observed. This broad peak feature of κxx is commonly
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seen in almost all materials that can be interpreted by two competing effects, namely
the enhancement of phonon mean free path relative to sample boundary and the decrease of phonon population as a result of decreasing the temperature. They can be
fitted with the Callaway model of phonon thermal conductivity [9]. A similar feature
is also reported in EtMe3 Sb[Pd(dmit)2 ]2 , as shown in Fig.2.11 insets [87].

Figure 2.11: Thermal conductivity of Na2 BaCo(PO4 )2 at zero-field (a) The
temperature dependence of κxx of Na2 BaCo(PO4 )2 . A clear peak is resolved around
19K, which can be fitted to the Callaway model. The inset is the κxx of dmit-131
(pink) and dmit-221 (green), adapted from Ref.[87]. (b) The temperature dependence
of of κxx /T of Na2 BaCo(PO4 )2 . κxx /T of dmit-131 (pink) and dmit-221 (green) are
plotted in the inset for comparison.
Measurements of κxx under magnetic fields (H k c) at fixed temperatures reveal
a ’W’ shaped profile with field-symmetric κxx minima as plotted in Fig.2.12 (a). A
phenomenological analysis of the data shows a good linearity between T, κmin
xx and
corresponding fields, as shown in Fig.2.12 (c) and (d). Since spin-phonon scattering
complicates the high temperature κxx , the mechanism of the ’W’ shape feature remains unclear. However we point out the linear relationships between T, κmin
xx and
corresponding magnetic fields might be related to a spin-flip scattering that involves
Zeeman splitting of the S-1/2 spins with a ’critical’ field around 2 T, which is illustrated in Fig.2.12 (b). This is further evident by the inelastic neutron scattering
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Figure 2.12: Field-dependence of κxx of Na2 BaCo(PO4 )2 and zeeman splitting (a) Field-dependence of κxx at various temperatures display a clear ’W’ shape
and the minimums of κxx fall on a straight line (black dash). (b) A schematic drawing of zeeman-splitting above a field (B0 ≈ 2 T). (c) T vs. field of κmin
xx follows
approximately linear relationship. (d) κmin
vs.
field
also
displays
a
good
linearity.
xx
(INS) results in Fig.2.18. The off-set B0 , which is uncommon to Zeeman splitting,
indicates the unusual behavior of the system below 2T that possible relates to QSL
phase.
By applying magnetic fields along the c direction(H k c) and holding the magnetic
fields at different values, we may study the field induced modulation in κxx (T ) down
to 300 mK with our Janis He-3 setup. Fig.2.13 plots the κxx /T 2 under a field (B)
varying from 0 to 14 T. For B less than 2 T, κxx /T 2 gradually decreases as the
temperature falls from 3 K to 300 mK. Starting at 2 T, κxx (T )/T 2 displays an upturn
at sub-Kelvin temperatures. A sharp transition of κxx (T )/T 2 between 1.5 T and 2
44

Figure 2.13: Temperature dependence of κxx /T 2 and κxx /T under magnetic
fields (H k c) (a) Temperature dependence of κxx /T 2 measured down to 0.3 K
under various applied fields shows a sharp change between 1.5T and 2T. κxx /T 2
values diminish gradually from 2 K to 0.3 K below 2 T. When µ0 H > 2 T, κxx /T 2
increases sharply with magnetic field as a result of spin polarizing in the paramagnetic
state. The cross-over region from 2K to 1K shows a diminishing phonon contribution.
(b)κxx /T vs. T at different magnetic fields at sub-Kelvin temperatures. Linear fitting
of κxx /T = α + βT 2 at zero-field is plotted as the black dash line.
T is clearly resolved. For a field large than 4 T, the magnetization plotted in Fig.2.9
shows a slow saturation of magnetic moment in the paramagnetic regime. Therefore
κxx can be explained by spin-waves scattered phonons. The κxx /T vs. T 2 curves,
plotted in Fig.2.13(b), demonstrate that the temperature dependence of κxx /T at
low temperatures is well fitted by κxx /T = α + βT 2 , where α, β are constants. As
pointed out in Ref.[87], the intercept term α = limT →0

κxx
T

is treated as evidence of

gapless fermionic excitations. However, the inferred α calculated with fits to our data
is vanishing small (α = 0.0392(W/K 2 m) and β = 0.5432(W/K 4 m)), which is around
20% of the value reported for EtMe3 Sb[Pd(dmit)2 ]2 [87].
The field dependence of κxx /T 2 at low temperatures is plotted in Fig.2.14 (a). At
the lowest temperature of 0.36 K, κxx /T 2 remains nearly a constant at an ultra-low
value below 2 T and starts to increase rapidly with the magnetic field above 2 T. In
the paramagnetic phase µ0 H > 4 T, κxx gently increases with applied magnetic field
due to of spin polarization. A large magneto-thermal conductivity is implied by the
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Figure 2.14: Field-dependence of κxx /T 2 and colored contour plot (a) Fielddependence of κxx /T 2 at various temperatures show a clear ’U’ shape (<1K) to ’W’
shape (>1K) transformation. Curves are shifted up by a constant for separation. (b)
The contour plot of κxx /T 2 in parameter space of (µ0 H, T ) shows a sharp transition
across 2T, which indicates the region of T∈ (0, 1)K and µ0 H ∈ [−2, 2]T with ultra
low κxx for possible QSL state.
min
large ratio of maximum and minimum of κxx (κmax
xx /κxx ) ∼ 7.85 at 11 T. In order to

show the magnetic phase transition more intuitively, we have made a colored contour
plot of κxx /T 2 in the phase space of (µ0 H, T ), as shown in Fig.2.14 (b). The region
of T< 1K and |µ0 H| < 2T (dark blue) shows a ultra-low κxx that distinguishes from
the intermediate region (green) and spin-wave region (red). Recall that the specific
heat Cm of Na2 BaCo(PO4 involves a large amount of magnetic entropy Sm below
1 K. The ultra-low κxx suggests magnetic excitation with a large heat capacity is
somehow unable to conduct heat efficiently. These seemingly unusual behavior of the
spin excitations in the system may be intrinsic to the QSL ground state.

2.4

Experimental Results: Thermal Hall Effects

Thermal Hall measurements were carefully performed in our Janis He-3 setup with
the magnetic field applied along c direction. As previously discussed in Sec.1.2.6,
the first things to check for Hall measurement are the intrinsic Hall signal δTyintrinsic
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and the hysteresis contamination from δTx . We start with plotting the raw data of
δTy vs. field as displayed in Fig.2.15. It is clear from the graph that the raw data
of δTy contains two parts: the αδTx resulting from contacts misalignment, which
is field-symmetric, and δTyintrinsic which is field-antisymmetric. The black and red
color mark the step-wise field sweeping directions as indicated by the arrows. The
hysteresis emerges within 2 T but remains relatively negligible compared to those
of the materials in following chapters. Using the aforementioned hysteresis removal
antisymmetrization (HRA) discussed in Sec.1.2.6, we isolate the intrinsic Hall signal
δTyintrinsic and plot it in Fig.2.15 (b). Antisymmetric peaks of the signal are resolved
to be as large as 0.2 mK. Although the intrinsic Hall signal is still tiny (<10%)
compared to longitudinal temperature gradient background (αδTx ≈ 3.3 mK) at the
same field, it is well-above the noise level at this temperature.

Figure 2.15: Raw data δTy and calculated δTyintrinsic thermal Hall data of
Na2 BaCo(PO4 )2 . (a) Raw data of δTy shows a negligible hysteresis for field sweeping
in opposite directions (marked with black and red arrows). δTy contains both αδTx
background due to contact misalignment and intrinsic Hall signal δTyintrinsic . (b)
The isolated δTyintrinsic at different temperatures. Clear field-antisymmetric peaks are
resolved which are embedded in the raw data plotted in (a).
The calculated thermal Hall resistivity using Eq.1.32 is plotted as a function of the
magnetic field in Fig.2.16. At 0.32 K, λyx shows that the Hall signal increases linearly
with the applied field µ0 H up to 0.74 T, and then decreases as field increases further.
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The λyx Hall signal which peaks around 0.74 T vanishes completely about 2 T, which
is consistent with the phase boundary that we obtained from κxx . The λyx thermal
Hall peaks also decrease abruptly with higher temperatures and becomes completely
unmeasurable above 0.97 K, which coincides with the temperature at which we start
to observe a ’W’-shape profile for κxx . The thermal Hall conductivity κxy is inferred
using Eq.1.34. As shown in Fig.2.16, the κxy /T reveals good linearity below 1 K
and 0.74 T and the slopes seem independent of the temperature. The peak feature
in κxy /T also disappears above 1 K. We notice the noise become unbearably large
for κxy at higher temperatures as a consequence of large κxx , which is described in
Eq.A.6. The well-fitted linearity of κxx /T = α + βT 2 implies that κxx = αT + βT 3
in the sub-Kelvin temperatures, which results in error(κxy ) ∝ α2 T 2 + 2αβT 4 + β 2 T 6 .
These terms grow steeply with T . Therefore we consider that all the κxy data above
1K buried in the noise level.

Figure 2.16:
Thermal Hall resistivity λyx and conductivity κxy /T of
Na2 BaCo(PO4 )2 (a) Thermal Hall resistivity λyx display field-antisymmetric peaks
at ±0.74 T which vanish quickly as temperature rising to 0.97 K. (b) The converted
thermal Hall conductivity κxy /T change linearly with magnetic fields below ±0.74 T
and the slopes are independent of the temperature. The linearity disappears abruptly
as the temperature exceeding 1K.
We analyze the thermal Hall angle tan(ΘH ) = κxy /κxx = λyx /λxx and find that
though tan(ΘH ) is still tiny (maximal value measured is 0.018), the antisymmetric
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Figure 2.17: Thermal Hall angle tan(ΘH ) and κxy /T B vs. magnetic field (a)
Thermal Hall angle tan(ΘH ) vs. magnetic field at various temperatures. (b) Field
dependence of κxy /T B reveals a shoulder-like feature below 0.7T. (c) The peak value
of thermal Hall angle tan(ΘH ) decrease rapidly as temperature approaching 1K. (d)
Linear fitted curve of κxy /T = γB at 0.66K. The inset plots the fitted γ as a function
of temperature. A sharp transition occurs around 1K.
peaks are clearly revealed as plotted in Fig.2.17 (a). The temperature dependence of
the tan(ΘH ) peak seems to show a possible 1/T behavior, though more data points
are needed to be conclusive. The linearity of κxy /T vs. B below 0.7T is investigated:
Fig.2.17 (d) displays the data and fitting curve of κxy /T against magnetic field, the
slop γ is determined to be 2.43 ×10−3 W/K2 mT which is comparable to the values reported for Tb2 Ti2 O7 in Ref. [19]. The field dependence of κxy /T B reveals a
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shoulder-like feature below 0.7 T which is related to the linear relation of κxy /T vs.
B.

2.5

Summary and Discussion

Presented in Fig.2.18 is additional inelastic neutron scattering (INS) result on the
powder samples of Na2 BaCo(PO4 )2 obtained by Ruidan Zhong.
As shown in Fig.2.18, a broad excitation continuum that ranges from 0 to 0.3 meV
is observed for magnetic fields below 2 T. Similar excitation continuum was founded
in other QSL materials, such as YbMgGaO4 and Herbertsmithite [16, 67, 12]. Starting at 2 T, a field-induced Zeeman gap appears. The gap size is proportional to the
applied field, i.e. ∆ ∝ (B − B0 ), where B0 = 2 T, which matches the schematic
picture of field induced Zeeman-splitting in Fig.2.12 (b). Therefore it provides additional evidence for the spin-phonon scattering explanation for the ’W’-shaped thermal
conductivity profile. Although more measurements with better energy resolution at
lower temperatures are needed, the broad continuum of spin excitation below 2 T is
also consistent with our gapless inference of finite residual of κxx /T as T → 0.
Summary of results - We summarize our results with colored contour plots of
κxx /T 2 , Cp , Hall angle and tentative phase diagram of Na2 BaCo(PO4 )2 in Fig.2.19.
Intuitively speaking, the spin excitation of triangular AFM spin-1/2 system of
Na2 BaCo(PO4 )2 carries a very large amount of entropy as seen in the reserve large
specific heat. The excitations are very ’immobile’ by as shown by ultra-low thermal
conductivity. They also exhibit a novel Hall effect. Based on these results, a QSL
phase is likely to emerge for the system under temperatures below 1 K and applied
field less than 2 T. To demonstrate the results for a QSL state more accurately,
we summarize the properties of the spin excitation of the proposed QSL phase as
follows:
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Figure 2.18:
Inelastic neutron scattering (INS) spectrum of
Na2 BaCo(PO4 )2 powder under various magnetic fields (a) to (d) the INS
intensity as function of E and Q at applied fields from 0 to 3 T. When field is less
than 2 T, an scattering energy continuum is revealed, while a Zeeman gap is opened
above 2 T. (e) The integrated intensity as a function of E shows an intensity peak
that corresponds to Zeeman energy is induced by applied field above 2T. (f) Peaked
energy plotted against applied field shows a Zeeman mechanism that is consistent
with Fig.2.12 (b). Figure credit to R. Zhong. Figure adapted from Ref.[14]
• Large residual magnetic entropy Sm is revealed by non-power law behavior of
Cm at low temperatures.
• Vanishing small κxx (< 13% of κspin−wave
) behaves as κxx /T = α + βT 2 with
xx
finite intercept.
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Figure 2.19: Contour plots of κxx /T 2 , Cp , Hall angle and a tentative phase
diagram of Na2 BaCo(PO4 )2 (a) Contour plot of κxx /T 2 indicates extremely low
thermal conductivity (green) in the QSL region (T<1 K and µ0 H <2 T). (b) The
contour plot of Cp displays relatively high specific heat in the QSL region. The
color of Cp represents an anti-correlated behavior when compared to κxx /T 2 in (a).
(c) Thermal Hall angle peaks in the QSL phase and vanishes anywhere else. (d)
Tentative phase diagram including the QSL phase.
• Clear thermal Hall effect that peaks at 0.74 T and diminish above 1 K and 2 T
is uncovered.
• A broad gapless excitation continuum is observed in the INS spectrum.
All the evidence listed above are consistent with each other in terms of phase
boundary of temperatures and magnetic fields.
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Possible theoretical explanation - In Sec. 1.1.6, the theory of spinon thermal
Hall effect describes the Hall effect as a deconfined spinon with a Fermi surface that
reacts to gauge field in analogy to the electron under Lorentz force. The direct
consequence of spionon Hall effect is expressed in Eq.1.23, i.e. κspinon
∝
xy

eBτ spinon
κ
,
mc xx

where τ is the spinon lifetime and mc is the spinon cyclotron mass. In the spinon
Fermi surface system, the thermal conductivity of spionon κspinon
is proportional to
xx
T at low temperatures as a direct result of Boltzmann transport theory and FermiDirac distribution. Therefore the observed linearity of κxy /T ∝ B is consistent with
the prediction of the theory, and the temperature-independent slope of κxy /T B are
revealed by the constant τ 2 /mc . On the other hand, the break of the κxy /T ∝ B
linearity may be explained as ’melting’-down of the spinon Fermi surface by Zeeman
field. Although the theory is consistent with the observed thermal Hall effects, it
doesn’t agree with the results of the large magnetic entropy with nearly constant
specific heat Cm . In contrast to our result, the spinon Fermi surface should have a Cm
that behaves as a power-law of T. Despite the disagreement, the spinon Fermi liquid
theory captures the key features of κxy and can serve as a starting point to understand
the novel QSL state of triangular AFM spin-1/2 system of Na2 BaCo(PO4 )2 .
Comparison to other materials with triangular lattices - As a summary of this
chapter, we list the comparison between existing experimental evidence of aforementioned materials and available results of Na2 BaCo(PO4 )2 in Table 2.1. Compared
with other materials, Na2 BaCo(PO4 )2 distinguishes itself as being a nearly perfect
triangle of lattice that free of disorder and site-mixing. As confirmed by various evidence, our results strongly support the QSL state presents as the ground state with
gapless spin excitation that exhibit novel thermal Hall effect in a magnetic field.
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Materials

κ-ET & dmit

Ba3 CoSb2 O9

YbMgGaO4

Na2 BaCo(PO4 )2

Equilateral
triangle

No

Yes

Yes

Yes

Disorder
Long-range
order

Yes
No

No
Yes

Site-mixing
No

No
No

Spin-freezing
or spin-glass

No

-

Yes

No

NN coupling J
Interlayer
coupling

≈ 250K
negligible

18.2K
finite

≈ 2K
negligible

21K
negligible

Transition
temperature TN

<80mK

3.8K

<40mK

<50mK

Frustration
factor, J/TN

> 3000

≈5

> 50

> 400

Magnetic
Specifi Heat Cm

Cm ∝ T

-

Cm ∝ T 0.7

Cm ≈ const.

Magnetic Entropy
Sm (T → 0K)
Inelastic neutron
scattering
Thermal
conductivity

Unknown

0

< 0.6%Rln2

< 0.29%Rln2

Unknown

Spin-wave

κ-ET: gapped
dmit: gapless

Ordered

Excitation
continuum
Vanishing

Excitation
continuum
Gapless
small κ/T

κ-ET: unknown
dmit: small

Unknown

Unknown

reported
in this thesis

Thermal Hall

Table 2.1: Comparison of experimental results of triangular antiferromagnetic materials κ-ET is short for κ -(BEDT-TTF)2 Cu2 (CN)3 and dmit is short for
EtMe3 Sb[Pd(dmit)2 ]2
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Chapter 3
Thermal Transport Properties of a
Kitaev Candidate BaCo2(AsO4)2
In contrast to the quantum spin liquid(QSL) states studied in a geometrically frustrated system like the aforementioned triangular antiferromagnets, the QSL state predicted by Kitaev model naturally present Majorana fermions as fractionalized excitations. Considerable attention has been attracted among the experimental community
since Jackeli and Khaliullin proposed the famous mechanism in iridates previously
discussed in Sec.1.1.5. In this chapter, we present our results on a Co-based Kitaev
candidate - BaCo2 (AsO4 )2 . We discover multiple competing magnetic phases that
are extremely sensitive to an in-plane magnetic field within the ordered phase. When
the magnetic order is suppressed by a rather weak in-plane field (∼ 0.53 T), distinct
phase regions with oscillatory κxx and anomalous thermal Hall effects (ATHE) are
revealed by thermal transport measurements. With the comparison with α-RuCl3 in
mind, we suggest the material - BaCo2 (AsO4 )2 - to be another promising candidate
for realizing the Kitaev QSL state.
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3.1

Realization of Kitaev Model in d7 Cobalt Compounds

Following the Jackeli-Khaliullin mechanism that we previously discussed in Sec. 1.1.5,
a similar but more sophisticated mechanism that is proposed to realize Kitaev model
in d7 cobalt compounds was analyzed by Liu and Khaliullin in Ref.[46].

Figure 3.1: Co2+ electronic states and exchange coupling between edgesharing CoO6 octahedra (a) t52g e2g configuration of d7 Co2+ in a cubic crystal field.
(b) S = 3/2, L = 1 manifold under spin-orbit coupling λ forms a pseudospin-1/2
doublet. (c) Schematic of the exchange channels for d7 Co2+ ions: t2g − t2g (black),
t2g − eg (blue) and eg − eg (green). (d) Schematic of edge-sharing CoO6 octahedra. (e)
Oxygen mediated super-exchange paths via 90◦ Co-O-Co bond. The z-axis marks the
easy axis for the moment on the NN bond and labels the spin axis for bond-dependent
Kitaev interaction Kz . Figure adapted from Ref. [46, 45]
As shown in Fig.3.1 (a) and (b), the electronic orbitals of d7 Co2+ ion are split into
eg and t2g orbitals in an octahedral crystal field. The t52g e2g configuration has a S = 3/2
and an effective L = 1 moment, forming a pseudospin-1/2 Kramer doublet ground
state. Unlike the case of iridates where the t2g − t2g channel dominate the coupling,
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there are three exchange channels: t2g − t2g , t2g − eg and eg − eg , due to the spin-active
orbital eg [46]. By comparing the coupling strength of each channel, it was discovered
that the ferromagnetic exchange of eg electrons largely suppresses the Heisenberg
coupling J and therefore favors Kitaev interaction K [46, 45]. This mechanism is referred to as the Liu-Khaliullin mechanism to distinguish it from the Jackeli-Khaliullin
mechanism. The Liu-Khaliullin mechanism requires a change-transfer insulator instead of Mott insulator. A series of Co-based compounds such as Na2 Co2 TeO6 and
Na3 Co2 SbO6 , was proposed to satisfy the requirements [46, 45]. Among the candidates, BaCo2 (AsO4 )2 , which was studied in the 1970s, has a rather long history and
was investigated as a quasi 2D magnet with negligible interlayer coupling.

3.2

Weak-field Induced Magnetic Phases of a
Kitev Candidate BaCo2(AsO4)2

Though studied since the 1970s, BaCo2 (AsO4 )2 has been re-examined within the LiuKhaliullin mechanism. Compared with other Kitaev candidates such as iridates and
α-RuCl3 , BaCo2 (AsO4 )2 stands out for its symmetric cubic crystal field, absence of
structural distortion, and minimal disorder and stacking faults due to van der Waals
bonding. In contrast to α-RuCl3 where Hc ∼ 7.3 T, an in-plane magnetic field only
fraction of Tesla is sufficient to suppress the magnetic order. In this section we briefly
introduce the background knowledge of the material and report multiple field-induced
magnetic phases.
Crystal structure and exchange couplings - As sketched in Fig.3.2, BaCo2 (AsO4 )2
contains honeycomb CoO6 layers separated by Ba2+ and AsO4 tetrahedra, and the
lattice constants are a = b = 5 Å, c = 23.49 Å, within hexagonal unit-cell representation. The in-plane (ab) NN Co-Co distance is
distance is larger than

c
3

√a
3

≈ 2.88 Å and the out-of-plane Co-Co

≈ 7.83 Å due to ABC stacking. The large distance ratio
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Figure 3.2:
Crystal structure of BaCo2 (AsO4 )2 (a) Crystal structure of
BaCo2 (AsO4 )2 shows the stacking of CoO6 octahedra honeycomb layers along c axis.
(b) A honeycomb layer of edge-sharing CoO6 octahedra. (c) In-plane projection of
crystal structure showing the honeycomb lattice of Co2+ ions. J1 , J2 , and J3 label the
NN, NNN and third neighbor exchange-couplings. Figure adapted from Ref.[96, 58].
(≈ 2.72) of interlayer path and in-plane NN path results in a 2D magnetic character
[96, 58]. The edge-sharing CoO6 in a 2D honeycomb lattice matches the geometry
proposed by Liu and Khaliullin [46]. The exchange-couplings are estimated to be
J1 ≈ 38 K, J2 ≈ 1.3 K and J3 ≈ −10 K using a XXZ Heisenberg model [59]. Note
that the NN exchange is of a rather strong ferromagnetic type J1 , which is consistent
with the ferromagnetic exchange of eg electrons proposed in Ref.[46]. Thus the crucial ’ingredient’ that suppress the Heisenberg J emerges naturally in this magnetic
system.
Susceptibility and specific heat - The susceptibilities χ⊥ , χk measured with applied
in-plane (H ⊥ c) and out-of-plane (H k c) fields differ by orders of magnitude at low
temperatures, as plotted in Fig.3.3 (c). Employing Curie-Weiss fittings of 1/χ gives
rise to the results: Θ⊥ = 33.0K and Θk = −167.7K, consistent with the ferromagnetic
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Figure 3.3: Anisotropic susceptibility χ and specific heat Cp /T (a) Lowtemperature specific heat Cp /T under magnetic fields H ⊥ c. The λ peak of Cp /T
that indicate magnetic phase transition vanishes at H > 0.5 T. (b) Specific heat
Cp /T under a field H k c. The peak feature remain field-independent. (c) Magnetic
susceptibility χ of BaCo2 (AsO4 )2 under H k c and H ⊥ c. The inset display CurieWeiss fittings of 1/χ which reveal the anisotropic Cuire-Weiss temperatures: Θ⊥ =
33.0 K and Θk = −167.7 K. (d) A previous study of specific heat of BaCo2 (AsO4 )2
showing TN equals to 5.29K. Figure adapted from Ref.[96, 60].
in-plane coupling. The strong planar magnetic character suggests the easy axes of
magnetic moments lie in the ab plane, which is further supported by specific heat measurements. As presented in Fig.3.3 (a) and (b), a λ-peak feature appears at TN = 5.29
K and becomes broad under an in-plane field µ0 H < 0.5 T. It completely disappears
when µ0 H > 0.7 T. The out-of-plane fields do not seem to affect the Cp /T noticeably.
Our results agree with previous measurements in Ref.[60], where the low-temperature
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specific heat is proposed to fit the relation Cp = AT 2 + f (T ) exp(−∆/T ), which is
interpreted as 2D spin-wave contribution (AT 2 ) and thermally activated magnetic
excitations (such as vortices) with a gap ∆. The frustration factor is estimated to
be f ≈ 7.18 using aforementioned J1 and TN . Note that J1 is obtained using a XXZ
Heisenberg Hamiltonian, not K − J − Γ Hamiltonian, therefor f is estimated for
reference only.
Magnetization under in-plane fields - Detailed magnetization study shows competing magnetic phases under lower temperatures and magnetic fields. As depicted
in Fig.3.4, for field µ0 H ≤ 0.26 T, a broad transition marked as TN 1 is revealed
below the sharp transition at TN 2 . It vanishes above a critical field Hc1 = 0.26 T,
which implies field-induced competing phases. The AFM phase transition defined
by TN 2 becomes non-detectable above a critical field Hc2 = 0.53 T, which is qualitatively similar to the case of α-RuCl3 (Hc = 7.3 T). However the in-plane critical
field of BaCo2 (AsO4 )2 (Hc2 = 0.53 T) is more than an order of magnitude smaller
than Hc = 7.3 T of α-RuCl3 , which suggests a more frustrated system and a smaller
Heisenberg exchange.
Competing magnetic phases - Further low temperature magnetization data reveal
a magnetic hysteresis in an in-plane field µ0 H < 0.26 T which is related to the
competition of two magnetic phases, as shown in Fig.3.5. Previous neutron scattering
results have demonstrated that the collinear AFM phase forms with ferromagnetic
chains along the b direction [58]. Therefore, combining our data together with the
neutron studies, we propose the magnetic phase diagram of BaCo2 (AsO4 )2 under
the applied in-plane field illustrated in Fig.3.5 (d). At least two magnetic phases,
namely AF-collinear phase (Fig.3.5 (a)) and spin-spiral phase (Fig.3.5 (b)), emerge
under in-plane weak magnetic fields and compete with each other in terms of energy,
which results in multiple phase transitions. A magnetic field of a half-Tesla is able
to suppress the magnetic order, suggesting a highly frustrated exchange interaction.
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Figure 3.4: Magnetic phase boundaries determined by susceptibility and
magnetization (a) and (b) Temperature dependence of the magnetization under
various in-plane magnetic fields (H ⊥ c) : (a) for H ≤ 0.26 T and (b) for H > 0.26 T
TN 1 and TN 2 make both phase transitions. (c) Left panel: ac magnetic susceptibility
as a function of in-plane dc field up to 1 T, measured at several temperatures. Dashed
curve indicates the critical field Hc2 at different temperature, obtained from the peak
0
positions of χac . The box area has been zoomed in to the right panel. Right panel:
Dashed curves illustrate the critical field Hc1 at each temperature. Figure adapted
form Ref.[96].
The inherent ferromagnetic coupling serves as the key evidence to support the LiuKhaliullin mechanism. Consequentially, the K − J − Γ model is likely to be more
suitable than the XXZ model for the system.
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Figure 3.5: Weak-field induced magnetic phase transitions. (a) A sketch shows
collinear AFM phase of BaCo2 (AsO4 )2 . (b) Spin spiral phases with ferromagnetic
chains. (c) Magnetization data exhibits hysteresis loop under 1.8K. (d) A summarized
magnetic phase diagram of BaCo2 (AsO4 )2 under in-plane magnetic fields. Figure
adapted from Ref.[96, 58]

3.3

Experimental Results: Thermal Conductivity

In this section, we present the thermal transport measurements on BaCo2 (AsO4 )2
measured in our PPMS setup (down to 2 K) and Janis He-3 setup (down to 0.3
K) with the heat flow applied in the ab plane. As shown in Fig.3.6, the thermal
conductivity κxx /T of BaCo2 (AsO4 )2 displays a broad feature peaked at 30K where
the thermal conductivity is dominated by phonon contribution. A similar feature is
also observed in Na2 BaCo(PO4 )2 and many other materials and can be explained by
the enhancement of the phonon mean free path in a finite-sized sample and phonon
population depletion as a result of decreasing temperature, as described in the Call62

away model of phonon thermal conductivity proposed in Ref.[9]. At TN = 5.29 K,
the κxx /T takes a dramatic turn upwards as long-range magnetic order onsets due to
the phase transition. The κxx /T is greatly enhanced by the spin-wave contribution.
The spin-wave thermal conductivity also exhibits a broad feature peaked at around
2.7 K as displayed in Fig.3.6 (b) inset. We plot the κxx /T vs. T 2 to compare the
behavior with that of Na2 BaCo(PO4 )2 in Fig.2.13. In contrast to the good linearity κxx /T = α + βT 2 - of Na2 BaCo(PO4 )2 , the low-temperature κxx /T of BaCo2 (AsO4 )2
can not be fitted well with a linear function. Recall that κ ∝ 31 cv vl, where cv is the heat
capacity, v is the mean velocity, l is the mean free path; and cv = AT 2 + f (T )e−∆/T
as aforementioned for the 2D spin-wave in this magnetic system. Therefore we expect
the low-temperature κxx /T to follow a function of T with activated form.

Figure 3.6: Temperature dependence of κxx /T of BaCo2 (AsO4 )2 at zero field
(a) Temperature dependence of κxx /T at high temperatures. A broad peak feature
is resolved at 30 K. κxx /T displays a sharp increase below TN . The insets are the
photo and schematic of thermal transport measurement setup. The magnetic field is
applied in ab plane and so is the heat flow. x, y mark the longitudinal and transverse
directions respectively. (b) Temperature dependence of κxx /T at low temperatures is
plotted as κxx /T vs. T 2 in order to compare with Fig.2.13 of Na2 BaCo(PO4 )2 . κxx /T
vs. T 2 can not be fitted with linear function. The inset is the κxx /T at cross-over
temperatures ranging from 1K to 8K.
The temperature dependence of κxx /T under the in-plane (ab) magnetic fields is
presented in Fig.3.7. As expected for the field-induced phase transition, the spin63

Figure 3.7: Temperature dependence of κxx /T of BaCo2 (AsO4 )2 at various
magnetic fields (a) κxx /T vs. T at selected magnetic fields. A broad peak feature
appear at the order phase for µ0 H < 0.6 T. For 0.6 ≤ µ0 H ≤ 1.2 T, κxx /T remain
constant between 1K and 4K (guided by the dark yellow dash line) before take a turn
and decrease with temperatures. (b) κxx /T vs. T at lower temperatures. κxx /T is
well fitted with a linear function: κxx /T = γ + ηT for µ0 H = 0.8 T and µ0 H = 1.2
T. The inset is the fitting results plotted together with the κxx /T data at 0.8 T.
wave contribution with broad-peak feature is completely suppressed for the applied
field µ0 H > µ0 Hc2 . For µ0 H ≥ 0.6 T, κxx /T remains nearly independent of T
for intermediate temperatures between 1.5K and 4K, where the phonon contribution
is not negligible and the long-range magnetic order is suppressed by the external
field. To explain this behavior: κ/T ∼ const., a complex mechanism has to be
introduced, which includes the interplay between magnetic excitation (spin excitation)
contribution, phonon and their scattering. However, as the temperature decreases
to the sub-Kelvin regime where the phonon population is further depleted, κ/T is
well-fitted with a linear function, κ/T = γ + ηT , with a small but finite intercept
γ. This intercept γ = limT →0 κxx /T is commonly interpreted as the signature of
gapless fermionic excitation of spin system at low temperatures [87]. The value of γ
increases with applied fields and γ|0.8T equals to 0.0231 W/K2 m which is 59% of the
value of Na2 BaCo(PO4 )2 and 12% of the value observed in EtMe3 Sb[ Pd(dmit)2 ]2 [87].
Experiments at a lower temperature T < 0.3 K are needed to pin down γ more
precisely.
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Figure 3.8: Field dependence of κxx at various temperatures (a) and (c) Field
dependence of κxx at various temperatures shows a sharp transition corresponding to
the AFM phase transition. The minimum κxx positions are used to determine the
critical field Hc2 . Hc1 mark the maximum of κxx . (b) κxx vs. µ0 H up to 9 T at 4.4
K. κxx increases nearly monotonically with magnetic fields by more than an order of
magnitude except for several ”wiggles” and shows non-saturating magneto-thermal
min
conductivity. The ratio κmax
xx /κxx is as large as 53. (d) κxx vs. µ0 H at 0.49 K. κxx
increases monotonically with magnetic fields and exhibit a change of slope at 3.5 T.
min
κmax
xx /κxx is about 11.
The field-dependence of κxx varies dramatically in different field ranges. For the
low-field range µ0 H < 0 T, the features are dominated by magnetic phase transitions as expected for spin-wave thermal conductivity contribution. As displayed in
Figs.3.8 (a) and (c), a shoulder-like feature appears in κxx as the field is swept form 0
to 0.2 T. We attribute this to the smooth transition from collinear-AFM to spin-spiral
phase, and we mark the maximum of κxx as Hc1 which is loosely defined as a critical
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field. Following the shoulder-like feature, the κxx takes a steep decrease to a minimal
value at Hc2 which is well-defined and matches exactly the critical field measured by
magnetization as shown in Fig.3.5 (c). Therefore we use the Hc1 and Hc2 values to
define the phase boundary in the magnetic phase diagram in Fig.3.5 (d). Note that
κxx is field-independent above TN because of the insensitivity of the pure lattice thermal conductivity (phonons) to magnetic field. κxx exhibits large and non-saturating
magneto-thermal conductivity for µ0 H > 1 T which is demonstrated in Fig.3.8 (b)
and (d). For example at 4.4 K, κxx increases monotonically with field by more than
min
an order of magnitude (κmax
xx /κxx ≈ 53), despite showing several small ”wiggles” at
min
high-field. At 0.49 K, the ratio - κmax
xx /κxx ≈ 11 - is relatively smaller and κxx shows

a break-in-slope at 3.5 T. These features in κxx imply completely different scenarios
of magnetic excitations in different field-ranges. This needs to be further analyzed
and understood.
A detailed analysis of the ”wiggle” features in κxx reveals ”chaotic” oscillations
that appear to be random in both frequency and amplitude in contrast to the
Laundau-level-induced quantum oscillations from a Fermi surface. The ”chaotic”
oscillations appear to be clearer in the derivatives i.e. d(κxx /T )/dH as plotted in
Fig.3.9 (b). The frequency and amplitude seem to be higher and smaller respectively
when temperature decreases, which is further illustrated in the colored contour plot
of d(κxx /T )/dH in the phase space of (T, µ0 H), as displayed in Fig.3.9 (d). It is clear
that the phase space is separated into four different regions labeled by numbers:
1. Phonon-dominated region where κxx is independent of applied fields and the
derivative d(κxx /T )/dH is nearly zero.
2. Cross-over region where κxx increases monotonically with applied fields.
3. Chaotic-Oscillation region where ”chaotic” oscillations emerge with ”random”
frequency and amplitude field-dependence.
66

4. Magnetic-ordered region which corresponds to the collinear-AFM and spin spiral
phases of the system.

Figure 3.9: Chaotic oscillations of κxx /T (a) Field dependence of κxx shows oscillatory behaviors that differ each other at different temperatures (marked with blue
dashed ellipse). Curves are shifted up for better separation. (b) The smoothed fieldderivative d(κxx /T )/d(H) at different temperatures. The derivatives show clearer
chaotic oscillations. The sharp derivative peaks correspond to the magnetic phase
transition. (c) A schematic of different regions in phase-space identified with κxx
labeled with numbers: 1. Phonon-dominated region; 2. Cross-over region; 3.
Chaotic oscillation region; 4. Magnetic ordered region. (d) Colored contour plot
of d(κxx /T )/d(H) in the phase-space (T, µ0 H) shows distinct regions.
It is worth noting that the thermal conductivity κxx fits well the linear function
- κxx /T = γ + ηT - in the cross-over region. We expect more investigation to fully
understand the mechanism in the cross-over region and chaotic oscillation region.
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3.4

Experimental Results: Thermal Hall Effects

Inspired by the anomalous thermal Hall effect reported in α-RuCl3 in Ref.[28], we
performed thermal Hall measurements on BaCo2 (AsO4 )2 samples with the magnetic
field applied in-plane (H ⊥ c), as illustrated in Fig.3.6 (a) inset. In order to verify
the intrinsic thermal Hall signal, we checked the raw data for δTy , which is plotted in
Fig.3.10. In contrast to the aforementioned case of Na2 BaCo(PO4 )2 , the raw data δTy
exhibit hysteresis arising from hysteric magnetization in the ordered phase. As shown
in Fig.3.10 (b), the hysteresis becomes explicit in the simple field-antisymmetrized
data of δTyAS and displays a clear butterfly-loop. The δTyAS has sharp peaks (p1) at
Hc2 corresponding to the peaks in the raw data δTy , followed by a secondary peak
(p2) with the opposite sign. Using the method discussed previously in Sec.1.2.6,
we isolated the intrinsic Hall signal δTyintrinsic which is plotted in Fig.3.10(d). The
result δTyintrinsic has only one field-antisymmetric peak (p3) which we attribute to
the asymmetric peaks of secondary peak (p2) between up-sweep and down-sweep.
Though p1 is larger in value, the symmetric peaks of p1 cancel each other in the
Eq.1.41. Therefore we identify this peak feature (p3) in the δTyintrinsic as the intrinsic
Hall signal peak (Hp) and HHp = 0.6 T, which is slightly larger than Hc2 = 0.55 T
by 0.05 T. Since the features of Hall signal and magnetic phase transitions are close
to each other, we need to analyze possible artificial causes to further validate the
intrinsic Hall signal.
In order to eliminate any possible cause of artifact in δTyintrinsic , we summarize
the commonly encountered artifacts as follows:
1. Magneto-caloric effect that affects the temperatures on the sample before thermal equilibrium is reached.
2. Trapped flux in the superconducting magnet which lead to magnet field values
inaccuracy.
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Figure 3.10: Verification of thermal Hall signal (a) The raw data of transverse
temperature gradient δTy at 2.25 K with field H ⊥ c displays hysteresis. The raw
data δTy is dominated by αδTx due to the contacts misalignment. Black and red
arrows indicate the field-sweeping directions. (b) The simple antisymmetrized data
δTyAS displays a clear hysteresis with peaks (p1 marked with blue dash line) at the
critical field Hc2 , followed by secondary peaks which are labeled as p2 (red dash
line). Black and red arrows indicate the field-sweeping directions. (c): The isolated
intrinsic transverse temperature gradient δTyintrinsic at various temperatures. The
two peaks are marked as p1 (blue dash line) and p2 (red dash line). (d) δTyintrinsic at
2.25K is calculated using aforementioned method and display a peak feature (p3) at
HHp = 0.6T which is slightly larger than Hc2 .
3. Artificial field-asymmetric resistance of the thermometers.
Firstly, the magneto-caloric effect is eliminated using step-wise field-sweeping
method in which the field is set to a fixed value for more than ten minutes in order
to let the system thermally relax to its equilibrium before taking any data. Secondly,
the field reading error induced by the trapped flux in the superconducting magnet is
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Figure 3.11: Thermal Hall coefficients: λyx and converted κxy /T (a): The
thermal Hall resistivity λyx calculated using δTyintrinsic in Fig.3.10. (b) The calculated
thermal conductivity κxy /T with features corrupted by measurement uncertainty.
Black errorbar mark the measurement uncertainty of κxy /T at 1.25 K.
typically ∼0.01 T, which is smaller than the field separation of 0.05 T between the
intrinsic Hall peak (Hp) HHp = 0.6 T and Hc2 . Finally, the artificial field-asymmetric
resistance of the thermometers (RX102) that we use is negligibly small below 2 T
[18], and therefore can not produce an artificial Hall signal of several millikelvins as
shown in Fig.3.10(c). Ruling out all the artifacts leaves nothing but the intrinsic Hall
signal and we calculate the thermal Hall resistivity λyx and thermal Hall conductivity
κxy as plotted in Fig.3.11. The λyx appears to be nearly temperature-independent in
the data, but the κxy results are dominated by measurement uncertainty as a result
of large thermal conductivity which is discussed in Appendix. A.

3.5

Discussion and Future Work

Summary of experimental results - We can summarize the thermal transport results
(H ⊥ c) according to the phase regions identified in Fig.3.9 as follows,
1. Phonon region: (T > TN and |µ0 H| < 1T)
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• κxx /T broad peak related to phonon mean free path and population.
• κxx field-independent since phonon is not coupled to magnetic fields
2. Cross-over region: (Ribbon region next to Phonon region)
• κxx increases monotonically with field at all temperatures.
• κxx is well-fitted with κxx /T = γ + ηT for temperatures below 1K.
• Intrinsic thermal Hall resitivity λyx peaks at HHp = 0.6 T.
3. Chaotic oscillation region: (Higher field region beside cross-over region)
• Chaotic oscillatory features in the field-dependence of κxx .
• Large and non-saturating magneto-thermal conductivity.
4. Magnetically ordered region: (T < TN and |H| < |Hc2 |)
• Strong field dependence of κxx due to spin-wave contribution.
• Hc1 is determined for collinear-AFM to spin spiral phase.
Challenges of thermal Hall measurements - We discuss the challenges that results
in the thermal Hall measurements. First of all, the intrinsic thermal Hall signal is too
close to the magnetic phase transition which leaves the result under the suspicion of
artifacts, and the hysteresis that appears in both magnetization and thermal conductivity (longitudinal δTx ) contaminates the Hall signal badly. Secondly, even though all
the known artifacts can be ruled out as discussed, the uncertainties in the converted
κxy are greatly amplified by the strongly varying κxx (H). Hence measurements with
better resolution are definitely needed. We also attempted to perform thermal Hall
measurements under angled field with both in-plane component Hk and out-of-plane
component H⊥ . However, the large magnetic torque - τ = m × B - always cleaved
the thin sample because the easy axis of the magnetic moments lie in the ab plane.
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Making the sample thicker with better mechanical strength worsen the thermal Hall
resolution. Therefore we need to use the Delrin post method in Ref.[18].
Discussion and future work - There still is a large gap between the predicted Kitaev
physics and the experimental evidence in BaCo2 (AsO4 )2 and the ongoing thermal
transport results are far from being conclusive. However, our results serve as a strong
evidence for the frustrated nature of the magnetic system in the material and help
identify different phase regions. The chaotic oscillations together with large magnetothermal conductivity reveals unprecedented exotic behavior and implies novel physics
beyond spin-wave perspective. We also note the similarity of the intrinsic thermal
Hall signals between α-RuCl3 and BaCo2 (AsO4 )2 , which strongly suggest a common
origin. The cross-over region with the linearity of κxx /T = γ + ηT and explicit
intrinsic Hall effect may be the hallmarks of Kitaev physics in the QSL state. Future
measurements such as low-temperature inelastic neutron scattering, X-ray diffraction
and thermal Hall measurements with a better resolution are warranted.
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Chapter 4
Thermal Transport Properties of
α-RuCl3
Although the Jackeli-Khaliullin mechanism was originally proposed for Ir-based compounds, α-RuCl3 was soon discovered to be one of the most promising candidates
for realizing the Kitaev model. Therefore it has attracted a lot of attention of both
theoretical and experimental communities. Soon after Kasahara et al. [28] reported a
half-integer quantized thermal Hall conductivity, extensive measurements have been
performed on this material, which provide new insights on the exotic state of the magnetic system. In this chapter, we summarize previous studies and report our recent
results1 of the thermal transport study on α-RuCl3 with thermal conductivity and
thermal Hall coefficients measured down to 0.3 K. Unprecedented thermal conductivity oscillations with novel angle-dependence of applied magnetic fields is discovered
at low temperatures, which provide new insights on the QSL state. Possible scenarios
are discussed in detail for the purpose to reconcile different experimental observations.
1

All the measurements presented in this chapter are taken in collaboration with Peter Czajka.
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4.1

α-RuCl3 as a Kitaev candidate material

In this rapidly evolving research area, some of the properties of α-RuCl3 are still
under debate. This section reviews some of the key hallmarks of α-RuCl3 .
Crystal structure - The crystal structure of α-RuCl3 was originally proposed to
be P 31 12 in Ref.[13]. More recent calculation [30] and experiments [26, 10] suggested
monoclinic C2/m. A structural transition from monoclinic C2/m to trigonal R3̄
structure was reported in Ref.[35]. All the structures - (P 31 12, C2/m, R3̄) - share
the ABC stacking of honeycomb layers of RuCl6 octahedra as displayed in Fig.4.1 (a).
Note that the RuCl6 octahedra suffer monoclinic and trigonal distortions resulting
in bond angle deviation from 90◦ , which is similar to the case of iridates. As a
consequence, the Kitaev coupling acquires a moderate anisotropy under the JackeliKhalliulin mechanism.

Figure 4.1: Crystal structure and electronic states of α-RuCl3 (a) The ABC
stacking of RuCl6 layers. (b) Honeycomb lattice of RuCl6 octahedra. (c) Detailed
view of RuCl6 octahedra showing bond angles. Figure adapted from Ref.[56]. (d)
Crystal field splitting and spin-orbit coupling. (e) The lowest electronic transitions
from the spin-orbit split ground state into t2g 4 and eg 1 levels. (c) Schematic electronic
density of states in the band picture calculated including spin-orbit coupling and
electronic correlations. Figure adapted from Ref.[61].
Electronic structure - Similar to the case d7 electrons in Co2+ and d5 electrons in
Ir4+ , the cubic crystal field (with monoclinc and trigonal distortions) splits the 5-fold
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degeneracy of d5 electrons of Ru3+ ion into a doublet eg and a triplet t2g resulting in a
gap of 1.9 eV. The t2 g levels are further split under spin-orbit couplings λ ≈ 100 meV
with a gap of 3λ/2. Taking into account the electron correlation with a Hubbard U
forces the J = 1/2 states of the t2g electrons into the lower Hubbard band (LHB) and
leaves the upper Hubbard band (UHB) empty, as shown in Fig.4.1 (f). Hence RuCl3
is a Mott insulator with strong SOC [61].

Figure 4.2: Susceptibility and specific heat of RuCl3 of different qualities
(a) The inverse susceptibility of α-RuCl3 measured with H k ab and H k c. CurieWeiss fittings give the result of Θab ≈ 32 K and Θc ≈ −130 K as a signature of
strong anisotropy. Figure adapted from Ref.[8]. (b) and (c) The susceptibility of
α-RuCl3 with stacking faults show an additional transition at 14 K. Figure adapted
from Ref.[35]. (d) The heat capacity of an as-grown single crystal of α-RuCl3 shows
the one sharp transition at TN 1 = 7 K while the early samples which featured multiple
stacking faults exhibits a broad peak around 14K. Figure adapted from Ref.[10].
Susceptibility and specific heat - The magnetization and susceptibility of α-RuCl3
strongly depend on the magnetic field orientation[8, 71]. The Curie-Weiss fits of the
inverse susceptibility 1/χ result in Θab ≈ 32 K and Θc ≈ −130 K which highlight
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the Kitaev ferromagnetic interactions and significant antiferromagnetic couplings.
Long-range magnetic order occurs at TN = 7 K indicated by a peak in the specific
heat results as shown Fig.4.2 (d). However, due to the relative weak van de Waals
bondings of the magnetic layers, stacking faults like ABAB can be easily introduced
by deforming the α-RuCl3 samples. As a consequence of significant stacking faults,
the system develops a secondary magnetic transition around 14K (Fig.4.2 (b) (c) and
(d)), and therefore the features of the secondary phase transition in susceptibility and
specific heat can be utilized to identify the sample quality.

Figure 4.3: Schematic of α-RuCl3 phase diagram with H k a Zig-zag AFM
order with ferromagnetic chains along the zig-zag direction appears below TN =
7K. There are three equivalent domains label with bond-type(X, Y, Z). Appling a
magnetic field along a axis reduces the three domains to two energy-favored ones
and results in a ZZ2 phase before the magnetic order is completely suppressed above
Hc . A QSL liquid(Kitaev or not) is suggested by both theoretical and experimental
studies, followed by a paramagnetic phase where the field is strong enough to polarize
the spin.
Magnetic order and phase diagram - Numerous results [8, 64, 10, 6, 65, 36, 26],
though differ in detail, agree on the zig-zag AFM state being the ground state of
α-RuCl3 at zero field. Despite a small canted angle out of ab, the magnetic moments
form ferromagnetic chains along the zig-zag direction. The chains align with each
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other in the a direction forming the collinear AFM pattern as illustrated in Fig.4.3.
Three equivalent domains labeled with the bond-type are suppressed in an external
magnetic field along a and only two of those become energy favored at higher fields.
When H > Hc ≈ 7.3 T [65, 26], a QSL phase exists with evidence from both experimental results and theoretical studies, it is now generally believed to be a QSL state
[73, 3, 81, 28]. A strong-enough magnetic field eventually polarizes the moments to
force the system into a paramagnetic regime [7, 3, 85].
Kitaev physics with K − J − Γ model - Though a dominant ferromagnetic Kitaev
coupling K is confirmed[37], a more realistic model to describe α-RuCl3 contains
Heisenberg coupling J from the direct exchange of the NN Ru3+ d orbitals and offdiagnoal exchange Γ. This points to the K − J − Γ model. It is estimated for α-RuCl3
that K = −6.7 meV, J = −1.7 meV and Γ = 6.6 meV [79]. Hence the significantly
large Γ term drives the system out of the Kitaev phase in zero magnetic field, as
illustrated in Fig.1.5. Recently several theoretical reports [39, 40] suggest that a
field-induced Kitaev QSL phase emerges in the K − J − Γ model in an intermediate
field regime. This research area is still evolving rapidly.

4.2

Evidences for Fractionalized Excitations and
Majorana Ferimion

There have been extensive experimental investigations exploring the evidence for
fractionalized excitations for a QSL, particularly Majorana fermion, in the α-RuCl3
system using various probes such as Raman spectroscopy, Inelastic Neutron Scattering(INS) and thermal transport, especially thermal Hall conductivity. In this section,
we discuss the results that support the presence of exotic spin excitations.
Spectroscopy - INS measurements on the single crystal α-RuCl3 reveal the coexistence of sharp spin-waves and broad continuum in the ordered state [6, 7, 71]. An
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Figure 4.4: Spectrum of spin excitation energy continuum(a) INS result
reveal two magnetic modes M1 and M2 corresponding to the spin-waves at zero field,
which coexist with excitation continuum. Figure adapted from Ref.[6]. (b) and (c)
Field dependence of the INS data shows a clear spin-wave spectrum at 0T which is
completely suppressed at 8T. A energy continuum at the Γ point is hugely enhanced
by the field. Figure adapted from Ref.[7]. (d) and (e) Terahertz absorption spectrum
displays two modes M1 and M2 below Hc and reveals excitation continuum for H > Hc
Figure adapted from Ref.[73]
in-plane magnetic field H > Hc completely suppresses the spin-waves and leaves the
scattering continuum, as depicted in Fig.4.4 (b) and (c). More remarkably, this scattering continuum remains above TN where the spin-wave feature disappear, suggesting
the presence of continuous spin excitation survives under higher thermal fluctuations
[7, 71]. However it is hard to tell whether the scattering continuum is attributed to
Majorana fermions from the INS results alone [71], and there are arguments that explain the excitation continuum as the break-down of magnons [80]. Meanwhile, THz
and Raman spectroscopy results are consistent with INS and show the coexistence
of spin-wave modes of M1 and M2 and energy absorption continuum [73, 82], as dis78

played in Fig.4.4 (d) and (e). Weak inter-planar interactions of AFM type are also
revealed which suggest a weak 3D magnetic coupling that complicates the situation
[93, 73].

Figure 4.5: Thermal conductivity under magnetic fields (a) Field dependence
of κ/T below 0.6 K. Figure adapted from Ref. [93]. (b) κ(T, H) and corresponding
color contours show a κ minimum at Hc . Figure adapted from Ref. [38] (c) κxx under
angled fields display same minimums at Hc,k . Figure adapted from Ref. [28]. (d) B
and T dependence of the thermal conductivity of α-RuCl3 with the heat current and
the magnetic field B parallel to the ab planes. Upper panel: field dependence. Lower
panel: temperature-dependence for H > Hc . Figure adapted from Ref. [17].
Thermal conductivity - The temperature dependence and field dependence of the
thermal conductivity of α-RuCl3 has been reported by Hentrich et al.[17], Leahy et
al.[38], Kasahara et al.[28] and Yu et al.[93]. As summarized in Fig.4.6, all thermal
transport results consistently reveal the κxx minimum feature at in-plane Hc below
TN , as a consequence of magnetic phase transition. For H < Hc , thermal conduc79

tivity decreases as magnetic field suppresses heat-carrying spin-waves. κxx increases
monotonically with H above Hc where the magnetization is weakly polarized. Except
these features, the early results of thermal conductivity are relatively less interesting, possibly because of either relative high measurement temperatures (above 2.5
K) or sparse field values chosen. These leave a largely unexplored phase space where
our exotic quantum oscillations are reported discussed in our results in the following
section.

Figure 4.6: Quantized thermal Hall conductivity κxy /T of α-RuCl3 (a),(b) and
(c) Quantized thermal Hall conductivity κxy /T as a function of in-plane H measured
under 60◦ tilted magnetic field. The dotted line indicates a half-quantized value.
(d) The quantized κxy changes sign with the relative direction between heat flow
and in-plane field. (e) The temperature dependence of the κxy /T under different
configurations. Figure adapted from Ref.[28, 92]

Quantized thermal Hall effect - Kasahara et al. reported a half-integer quantized
κxy /T in α-RuCl3 as the key signature of Kitaev Majorana fermion in Ref.[28]. The
reported results, which has attracted a lot of attention, are briefly summarized in
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Fig.4.6. A half-quantized value of κxy /T = 1/2(π/6) (kB2 /h̄) plateau after a topological phase transition at Hc is observed under angled magnetic fields with Hkab and
H⊥ab at temperatures 3.6 < T < 5.5 K. A later manuscript form Yokoi et al. [92],
reported a quantized anomalous thermal Hall effect with half-integer κxy /T where
the signal of the Hall effect depends on field orientation, corresponding to the Chern
number Ch = ±1 of the Majorana band structure. These fascinating results triggered
quite a few theoretical explanations that tried to formulate the quantization of thermal Hall conductivity at a small hall angle with in the presence of strong phonon
coupling (Ref. [91, 72]). However, more questions are raised regarding the experimental reproducibility especially at lower temperatures (the reported data stops at
3.6 K).

4.3

Experimental Results: Thermal Conductivity

In order to explore a larger part of the phase space, we performed thermal transport
experiments at much lower temperatures with better field resolution than the previous
studies. The samples, grown at Oak Ridge National Lab(ORNL) by our collaborators,
are famous for high quality as evidenced by many import results discussed [6, 8, 7,
10, 36]. To minimize the stacking-fault problems, we took extra care to avoid the
stress during sample mounting process. We also applied the Delrin post method [18]
to provide mechanical support to prevent sample bending due to the magnetic torque
→
−
→
−
−
τ =→
m × B . The ultra-low thermal conductivity and large aspect ratio of the Delrin
post minimize the heat flow along this shunt path[18].
It is well known to the community that there is considerable sample-to-sample
variation in the α-RuCl3 samples, which depends on the sample qualities affected by
growing methods and sample handling. In order to minimize the sample related problems and to study the same sample at various field directions, we performed thermal
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transport measurements on four different samples under multiple angled configurations. For clarity, we list the samples and measurement configurations in the following
table 4.1:
Sample Name

S1

S2

S3

S4

In-plane field
Hk direction

Hk k a

Hk k b

Hk k a

Hk k a

0◦ ∗
39◦ †
55◦ †
S1 - θ1,2,3

0◦ †
⊗
⊗
S2 - θ1

0◦ ∗
⊗
⊗
S3 - θ1

10◦ †
45◦ †
⊗
S4 - θ1,2

Angle between
H and ab plane: θ

θ1
θ2
θ3

Configuration and
dataset name

Table 4.1: Summary of the samples and field-configuration Here θ marks the
angle between ab plane and the total external field H direction, and the in-plane field
Hk direction is either along a (zigzag) or b (armchair). ⊗ labels the ongoing research
without available dataset.
The experimental setup details are further illustrated in Fig.4.7 (A), where the
heat flow J is always parallel to in-plane field component Hk which is either along
crystal axis a or along b.
As the experimental setup and naming convention are clear to the reader, we
report our thermal conductivity measurements to the temperatures T ∼ 0.4 K. We
uncovered unprecedented quantum oscillations in κxx that exotic behaviors of θ and
dependence. As explicit in Fig.4.7 (b), strong oscillations emerge in κxx (H) below 4K
and under magnetic fields 4 < Hk < 11 T (S1 - 0◦ ). The oscillations vanish abruptly
above 11T, possibly due to the weak polarization of moment.
In order to verify that quantum oscillations observed in S1 - 0◦ (H k a) are not
sample-dependent, we next show the κxx of S2 - 0◦ in Fig.4.8 (a). Oscillations in
κxx appear starting at 3.9 K, consistent with T ∼ 4K of S1 - 0◦ . Comparing the
two κxx (H) curves of S1 - 0◦ and S2 - 0◦ in Fig.4.8 (b), we find that the oscillation
∗
†

Experiments performed by Peter Czajka
Experiments performed by Tong Gao
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Figure 4.7: Measurement setup illustration and quantum oscillations in κxx
(A) A schematic of the measurement setup shows the directions of crystal orientations,
magnetic field direction and the heat flow direction. θ is defined as the angle between
ab plane (xy plane) and the magnetic field. (B) The oscillations in κxx (H) emerge
(H k a) as T decreases below 4 K.
amplitude of κxx (H) in S2 - 0◦ is relatively smaller than that in S1 - 0◦ . However, even
though the extrema of the oscillations of these two curves do not match each other
exactly, we can find a one-to-one relation correlating all the extrema of the two curves.
As noted that S2 - 0◦ is from different sample batch and the field direction H k b, the
amplitude and period of the oscillations seems to differ from each other. The question
whether the differences of the oscillation amplitude and period are caused by in-plane
field direction (not sample variation) requires further experiments involving in situ
field in-plane rotation. In addition to S1 and S2, similar oscillations also appear in
another sample S3. Therefore we demonstrate that the quantum oscillations in κxx
are not particular to one sample. This gives us the confidence to regard the quantum
oscillations in κxx as analogies to the conventional Shubniknov de Haas oscillations
in metals. Despite the similarity, the large band gap of 1.9 eV in α-RuCl3 leaves no
possibility for a Fermi surface (FS) with free-moving charge. Therefore we suggest the
quantum oscillations arise form charge-neutral Fermi surface (NFS) that originates
in the QSL state in α-RuCl3 .
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Figure 4.8: Quantum oscillations of κxx at different in-plane field directions
(a) κxx of S2 - 0◦ under field H k b (armchair) shows oscillations emerges blow 3.9K.
(b) The comparison of the oscillations between two in-plane field directions H k a
(zigzag) and H k b (armchair) shows different amplitudes but similar periods which
is further illustrated in the index plot Fig.4.10.
Investigation of the oscillations in a tilted H yields an unexpected angledependence. In Fig.4.9 (a), (b) and (c), we plot the κxx /T versus H of S1 at three
different angles θ1 = 0◦ , θ2 = 39◦ and θ3 = 55◦ respectively, in the purpose to reveal
NFS shape. The angle-dependence of the quantum oscillations turns out to obey a
concise rule that only the in-plane component matters. In Fig.4.9 (d) we plot the
curves of κxx (H)/κxx (12T ) versus the in-plane field component Ha = H cos(θ). It
is clear that the extrema match each other well for the curves at 0◦ and 39◦ , which
indicates the period is predominately determined by Ha . Whereas, for θ = 55◦ , a
moderate decrease in the period is observed at large Ha , possibly due to the large
out-of-plane component. The evident angle-dependence of the quantum oscillations
strongly suggest a large anisotropy of NFS.
In analogy with the well-known Landau quantization of states in metals, we plot
the oscillations extrema index n versus the 1/Hn (Hn locates the extrema of κxx (H))
in Fig.4.10. For S1 - 39◦ and S1 - 55◦ , the in-plane component Hk values are used. All
the five curves are linear in 1/H but display a break-in-slop near 7 T just below the
in-plane critical field Hc = 7.3 T. Interpreting the oscillations as arising from NFS,
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Figure 4.9: Quantum oscillations in the QSL phase in α-RuCl3 at multiple
out-of-plane angles (a), (b) and (c) display the field dependence of κxx /T at various
temperatures for out-of-plane field angles θ1 = 0◦ , θ2 = 39◦ and θ3 = 55◦ respectively
with the in-plane field component Hk k a. (d) The relative variation κxx (H)/κxx (12T )
is plotted against the in-plane field component Ha = H cos(θ). Every extrema of the
oscillations between S1 - 0◦ and S1 - 0◦ match each other with a small deviation at
high fields. S1 - 55◦ exhibits a larger deviation compared to the other two curves.
This implies the period of the quantum oscillations is predominately determined by
Ha .
we infer the NFS area SF using the period. Below 7 T, the SF is around 31T which
is about 1% of the Brillouin zone (BZ), whereas values of SF are 41 T for H k a and
64 T H k b. The large θ of S1 - 56◦ results in a larger period but the available data
points are limited by maximum field range. The 1/H periodicity strongly supports
the NFS origin of the quantum oscillations.
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Figure 4.10: Periodicity comparison with index plot The index n versus 1/Hn
(located with extrema) are plotted for S1 - 0◦ (blue dot), S1 - 39◦ (triangle), S1 55◦ (circle), S2 - 0◦ (green dot) and S3 - 0◦ (red star). All the curves exhibit 1/H
linear behavior with a break-in-slope near 7 T. The curves are manually shifted by a
constant ∆nc for clarity.
The sample variation emerges when we measure S4 which appear to be qualitatively different from S1, S2 and S3. As plotted in Fig.4.11. κxx of S4 - 10◦ displays a
large minimum at the in-plane critical field and exhibits relatively weak oscillations
above 8T. In contrast, the oscillations in other samples start at Hk > 4 T. The oscillations vanishes at a larger tilted angle θ = 45◦ , which is either due to the large H⊥
or limited field range. κxx features of S4 - 45◦ seems to match the existing results
from other groups[28, 93, 38, 17], however, with a much lower value of κxx . Therefore
we consider this sample has a higher level of disorder, even though the oscillations
survive.
To summarize the results of κxx , we uncovered novel quantum oscillations with
1/H periodicity in κxx below 4K in three different samples and five angle configura86

Figure 4.11: κxx Oscillations in Sample 4 (S4) (a) Oscillations emerges in S4 10◦ above the critical field. (b) κxx of S4 - 45◦ does not exhibit oscillation behavior
down to 1.8K. S4 is considered to be in compromised quality
tions: S1 - 0◦ , S1 - 39◦ , S1 - 55◦ , S2 - 0◦ and S3 - 0◦ . The θ-dependence of oscillations
reveals large neutral Fermi surface anisotropy.

4.4

Experimental Results: Thermal Hall Effect

Motivated by the report of Kasahara et al.[28, 92], we extended the Hall measurements
to T ∼ 0.3 K. We encountered a previously unreported hysteresis problem which is
discussed in detail in Sec.1.2.6. The hysteretic effects greatly complicate the thermal
Hall measurements. It bears repeating that the hysteretic κxx gives rise to hysteretic
δTx which contaminate the Hall signal δTy with αδTx due to contacts misalignment.
As plotted in Fig.4.12 (a) and (b), δTy and κxx exhibit visible hysteresis under opposite
field stepping directions. If we simply field-antisymmetrize the raw signal δTy , we
obtain δTyAS which is presented in Fig.4.12 (c). The ”butterfly” hysteresis loop is
artificial in the sense of reflecting the κxx hysteresis. Employing the method described
in Sec.1.2.6, we can obtain the intrinsic transverse temperature gradient δTyintrinsic .
For the example shown in Fig.4.12(d), the calculated δTyintrinsic (H) spreads within
√
the statistical noise level of ± 2σ(T ) which is ±56µK at 0.43K. It is interesting to
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notice that the hysteresis predominately emerges below in-plane critical field, which
implies the origin is from the magnetic order, possibly related to magnetic domains.

Figure 4.12: Verification of the intrinsic thermal Hall signal δTyintrinsic The
thermal Hall measurement of S2 - 0◦ at 0.43K is plotted as an example. (a) The raw
data of transverse temperature gradient δTy with field H k b displays hysteresis which
is dominated by αδTx due to the contacts misalignment. Black and red arrows indicate
the field-stepping directions. (b) The κxx calculated with raw data exhibits large
hysteresis. (c) Simple antisymmetrized transverse gradient δTyAS display a ”butterfly”
hysteresis loop. (d) The intrinsic Hall signal δTyintrinsic obtained using aforementioned
method spreads within the noise level at 0.43K.
After eliminating the hysteretic artifacts, we plot the intrinsic Hall signal δTyintrinsic
in Fig.4.13. For S2 - 0◦ where H k b, the intrinsic Hall signal δTyintrinsic is buried
inside the noise level for 0 < H < 14 T and 0.3 < T < 6 K. By contrast, for S1 - 56◦
where H k a, δTyintrinsic increases out of the noise window in the QSL phase for 4.3K.

88

Figure 4.13: Comparison of δTyintrinsic (a) The intrinsic hall signal δTyintrinsic of S1 56◦ shows an abrupt increase about Hc (purple dash line) at 4.3K while displays only
noise for lower temperatures. Panel (b) plots the δTyintrinsic of S2 - 0◦ . The overall
data spreads within total uncertainty of ±200µK.
Inferring κxy using Eq.1.34, we find that κxy exhibits a dome profile that grows
with T in the QSL phase in S1 - 0◦ (Fig.4.14 (a)). Surprisingly, the inferred κxy
displays similar trends despite the abnormal dome at Hk = 7 T at 1.8K, where the
magnetic transition happens. As noted that similar features of κxy are observed in
S1 - 0◦ , S1 - 56◦ and S4 - 45◦ , but not in S2 - 0◦ , this anomalous thermal Hall
effect appears to be very sensitive to in-plane field directions (zigzag is preferred than
armchair). The trends of our κxy are nominally consistent with those in Ref.[28, 92].
However, we note that the strong T dependence of κxy appears difficult to reconcile
with a quantized thermal Hall conductance value occuring between 3.8 < T < 6 K.
Our κxy values are around 30% smaller at overlapping temperatures (4-5 K). Since
our sample dimension uncertainty is considerably larger due to the large contact size,
there is still a chance for reconciling the results.
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Figure 4.14: The anomalous thermal Hall response in Sample 1 and Sample
4 (a) The T and H dependence of the anomalous thermal Hall (ATH) κxy in S1 - 0◦ .
(b) The T and H dependence of the ATH κx in S4 - 45◦ .

4.5

Discussion and Future Work

We summarize our results of quantum oscillations in κxx and ATHE of κxy in the
following Table 4.2. With multiple samples under different field-tilted angles studied,
we are able to conclude that prominent quantum oscillations emerges in α-RuCl3
within the intermediate in-plane field range 4 < Hk < 11T, and the 1/H periodicity
strongly suggest a NFS origin. We discuss two commonly received comments that
argue against the NFS origin of the quantum oscillations:
• The oscillations in κxx originate from multiple magnetic phase transitions caused
by stacking faults.
• The oscillations in κxx arise from magnetization oscillations induced by the
modulation of a narrow gap (e.g. SmB6 ).
First, we didn’t observe multiple phase transitions in the susceptibility χ measurements which are described in Ref.[35]. On the other hand, the strain-induced
phase transitions exhibit a random pattern and strong sample-to-sample dependence.
By contrast, our oscillations appear in multiple samples (S1, S2, S3) with same and
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Dataset
name

Hk direction

QO

QO region (T)

ATHE

S1 - 0◦

Hk k a

Yes

4 < Hk < 11

Yes

S1 - 39◦

Hk k a

Yes

4 < Hk < 11

⊗

55◦

Hk k a

Yes

4 < Hk

Yes

S2 - 0◦

Hk k b

Yes

4 < Hk < 11

No

S3 - 0◦

Hk k a

Yes

4 < Hk < 11

⊗

S4 - 10◦

Hk k a

Weak

7 < Hk

⊗

S4 - 45◦

Hk k a

No

N/A

Yes

S1 -

Table 4.2: Summary of quantum oscillations(QO) in κxx and anomalous
thermal Hall effect(ATHE) of κxy . Here ⊗ mark the ongoing research without
available dataset
systematic 1/H periodicity. All the oscillations appear at the same temperature T 4
K, while the multiple phase transitions typically happen at different TN . More importantly, as shown in Fig.4.9, the oscillations in S1 at different field-tilted angles θ
demonstrate a predominate in-plane field Hk dependency, which narrows the possibility of strain-induced transitions to a negligible small chance. Also, S1 had to be
cycled between room temperature and 0.3K for multiple times for changing θ angles
in our set-up, with wait-times varying from a day to six months. The probability of
accidentally achieving these systematic variations with strain from one measurement
to another is also very small.
Secondly, it is recently proposed that quantum oscillations may occur in a narrowgap semiconductors such as Kondo insulators like SmB6 [33, 94]. Existing theories
describe the mechanism of a periodic modulation of hybridization gap ∆hyb under
Landau quantization of the original bands in the magnetic field. This periodic modulation leads to quantum oscillation in magnetization. However, in α-RuCl3 , no such
oscillatory magnetization has been reported. More importantly, for the magnetization
oscillation to be resolvable, ∆hyb has to be comparable to the Landau-level splitting
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h̄ωc . While, in α-RuCl3 , the gap is 1.9eV ∼ 22,400 K, which is orders of magnitudes
larger than any realistic Landau-level spacing.
Ruling out these two scenarios, we move on to discuss the coexistence of zigzag
states and quantum oscillations in the field region 4 < Hk < 7.3 T. It bears the
repeating that we observe a beak-in-slop in the 1/H linearity of the index plot, which
separate the quantum oscillation in region 4 < Hk < 7.3 T and region 7.3 < Hk < 11
T. The oscillations are more prominent when Hk > 7.3 T that matches the reported
QSL phase region. Therefore we propose a mixed-state between 4 T and 7.3 T where
zigzag order phase coexist with QSL phase that host quantum oscillations. This is
evident by recent reports [7, 5] that use Neutron diffraction measurements to study
the magnetic order phase of α-RuCl3 . The reported results show a decrease in average
magnetic Bragg peak intensity that is consistent with depopulation of domains with
moments aligned by H [7, 5]. Our observation of the hysteresis memory effect are
also consistent with a weakly first-order transition from zigzag phase to QSL as the
decreasing domains. These available results argue against the scenario that QSL
phase appears abruptly above 7.3 T. In addition, a finite thermal Hall conductance is
uncovered for Hk < 7.3 T in Ref.[28], and over available thermal Hall data display the
enhancement by field Hk starting at 5T. All the evidence appear to be consistent with
our conclusion that the persistence of oscillations under 4 < Hk < 7.3 T indicates the
QSL extends to the 4 T as a minority phase in a mixed state.
Comparing the results of α-RuCl3 and BaCo2 (AsO4 )2 reveals intrigue similarities
and differences. Though drastically different in field ranges, both materials exhibits
relatively large anomalous thermal Hall effect (ATHE) when a large-enough in-plane
(ab) field Hk is applied to suppress the AFM order. Both systems display oscillatory
κxx when the magnetic order is suppressed (BaCo2 (AsO4 )2 ) or partially suppressed
(α-RuCl3 ). The differences between the two systems may be very instructive. For
BaCo2 (AsO4 )2 , the ATHE phase region is well separated from the oscillatory region,
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whereas the two features overlap each other in the QSL region 7.3 < Hk < 11 T in
α-RuCl3 . While the K − J − Γ model seems applicable in both systems, considerable differences in Kitaev interaction K, Heisenberg J and off-diagonal exchange Γ
of these two candidates may lead to completely different scenarios. Future studies
of both theoretical and experimental approach are warranted. Thermal transport
measurements will play an uniquely important role in the research of Kitaev QSLs.
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Appendix A
Experimental Noise Analysis
This section is dedicated to the experimental noise analysis on thermal Hall resistivity
and conductivity. When using step-wise field sweep routine, the temperature data is
averaged in a time window and the inferred data falls in a confidential interval(95%
interval, assuming Gaussian noise):

TA = E[TAdata ] ± 2σ(TAdata ),

(A.1)

where TA is the inferred data value for temperature at point A, E[TAdata ] is the mean
value of measured data TAdata and σ stands for the standard deviation. For a temperature gradient δT = TA − TB , we have
δT =

E[TAdata

= E[δT

−

data

TBdata ]

q
± 2 σ 2 (TAdata ) + σ 2 (TBdata )

√
] ± 2 2σ(T data ),

(A.2)

where we assume σ(TAdata ) = σ(TBdata ), which is usually true in real experiments.
For a typical case shown in Fig.1.9, the bath temperature is calculated as Tbath =
699999 ± 19µK with a standard deviation of 9.5µK. The sample thermometers have
similar stability and therefore the standard deviation of the temperature gradient is
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around σ(δT ) = 13.4µK. As a result, the noise-to-signal ratio (NSR) for longitudinal gradient (30mK) is less than 0.045%. Where as the NSR for transverse gradient
(0.2mK) is more than 6.7%. Consequentially, the thermal resitivities which are directly proportional to the temperature gradient have the same NSR.
When analyzing the noise of κxy , we firstly take the simplification λxx  λyx
which is the result of δTx  δTyintrinsic and rewrite the Eqs.1.33 and Eqs.1.34:

κxx =

1
l · PH
1
=
·
,
λxx
w · t δTx

(A.3)

where l, w, t are the sample dimensions and PH is the heating power. Replacing
all the constants with Cxx and plugging in Eqs.A.2 result in:
1
√
E[δTx ] ± 2 2σ(T )
√
1
2 2
± Cxx 2
· σ(T )
≈ Cxx ·
E[δTx ]
E [δTx ]

κxx = Cxx ·

(A.4)

where assume σ(T )  E[δTx ], which is not always true. The assumption breaks
for a sample with ultra high thermal conductivity kappaxx . Take BaCo2 (AsO4 )2 as
min
an example, the κxx of sample changes dramatically (κmax
xx /κxx > 60) during field-

sweep, which causes high NSR in the large κxx regime as shown in Fig.A.1. A clear
correlation between κxx and σ(T ) is capture.
Similarly we can derive the measurement uncertainty expression of κxy :

κxy =

1
t
· λyx = κ2xx λyx =
· κ2 · δTyintrinsic ,
2
λxx
PH xx

95

(A.5)

Figure A.1: Measurement uncertainty of κxx and corresponding δTx (a)
Field-dependence of κxx of BaCo2 (AsO4 )2 shows an enhancement of noise at large
κxx regime. (b) Corresponding longitudinal temperature gradient δTx is plotted in
log-scale shows an increase of NSR(σ(T )/δTx ) due to a smaller gradient caused by
large κxx . Note that the absolute noise σ(T ) remain unchanged.
where l, w, t are the sample dimensions and PH is the heating power. We ignore the errors induced by dimensions and heating power measurements that remain unchanged
throughout the experiments and replace the constants with Cxy to get

σ(κxy ) ≈ Cxy κ2xx · σ(δTyintrinsic ),
where σ(δTyintrinsic ) = σ(δT ) =

√

(A.6)

2σ(T ). It is explicit that the error of κxy explodes

with κ2xx . As shown in Fig.A.2, the measurement uncertainty explodes above 2T as
κxx steeply increases with field above 2T.
As a result, measuring and inferring κxy in a highly thermal-conductive system
are often challenging.
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Figure A.2: Measurement uncertainty of κxy /T and corresponding κxx (a)
κxx as a function of field shows a sharp increasing with field above 2T. (b) The
measurement uncertainty of κxy /T (red error bar) blows up as ∝ κ2xx .
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Appendix B
Quantum Oscillations from Neutral
Fermi Surfaces
In this chapter, we briefly derive the mechanism of quantum oscillations that may
arise from a charge-neutral Fermi surface following Sodemann et al. [70].
As discussed in the previous section 1.1.1, for electrons that couple minimally to
the static external gauge field A = (A0 , A), the emergent fermions (ψi,σ ), which arise
from fractionalizing electrons using ci,σ = ϕi ψi,σ , are coupled to an emergent U(1)
gauge field a = (a0 , a) [42]. The gapped boson is denoted as ϕi , which carries the
physical charge Q = 1. The emergent charge-neutral fermion ψi,σ must carry gauge
charge under a, which we denote as q [50]. Due to the locality of the physical electron,
ϕ and ψ carry opposite gauge charge. The ordinary metallic phase is recovered when
the charged boson is condensed, (hϕi 6= 0), while a charge-neutral Fermi surface
emerges in the insulating state when the boson is gapped, (hϕi = 0). The minimally
coupled Lagrangian can be written with a Ginzburg-Landau expansion for low-energy
effective theory as follows:

L=ψ

†



(p − a))2
i∂t − a0 −
2mψ



1
ψ +|(i∂µ + aµ − Aµ ) ϕ|2 −g|ϕ|2 − u|ϕ|4 +· · · . (B.1)
2
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where u, g, mψ are effective parameters. We are interested in the insulating phase
where the bosons are gapped (hϕi = 0) and there we can integrate them in a meanfield routine. Therefore the mean-field energy density u of the system is
1
1
u(b, B) = nψ (n, b) + χφ (B − b)2 + χB 2 ,
2
2

(B.2)

where ψ (n, b) is the kinetic energy per particle of the neutral fermions, b is the
internal magnetic field and B is the external field. χφ is the susceptibility of the
gapped bosons and χ is the susceptibility of all trivial background. As pointed out
by Sodemann et al. in Ref.[70], the internal b is a dynamical degree of freedom so
that it will adjust itself to minimize the total energy. In other words, for any given
external field B, b is given by minimizing Eq.B.2.
Same as the 2D electron system with quadratic dispersion, Landau quantization
in the internal field b leads to Landau levels (LLs) of degeneracy of G = b/2π and
evenly spaced cyclotron energy ωc . The filling factor is denoted as νψ = 2πn/b and
νψ = νψi + νψf where νψi and νψf are its integer and fractional part respectively. We
can write the total energy of the fermions as


1
1
2
Eψ (n, b) = Gωc νψi + G νψi +
ωc νψf ,
2
2

(B.3)

Where the first term is the energy of fully filled LLs and the second term is for the
last LL which is partially-filled. Therefore the averaged fermion energy ψ is in the
form of
Eψ (n, b)
νψf (1 − νψf )
ψ (n, b) =
= ψ (n, 0) 1 +
n
νψ2

!
.

(B.4)

At a fixed B, we minimize u(b, B) by allowing b to vary. From Eq.B.2, b selects
the nearest value bp = 2πn/p. As a result the internal gauge field b exhibits a stair-like
function of B, which also has a period of 1/B, as shown in the Fig.B.1. Whereas the
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mean-field energy density u display a parabolic shape as the minima locate at 1/Bn
positions.

Figure B.1: Field dependence of system energy and emergent magnetic
field (a) Contribution of the neutral fermion and the gapped boson in fractionalized
neutral Fermi sea to energy. (b) Emergent magnetic field as a function of physical
magnetic field. Figure adapted from Ref.[70].
Hence, increasing external field B leads to an oscillatory profile of system energy
u with a 1/B period, which generates oscillations in the observable quantities such
as transport coefficients.
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