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ABSTRACT

Neutron scattering studies on FeSe, Ce2Zr2O7, BaNi2(AsO4)2, and Ni2Mo3O8

by

Tong Chen

Neutron scattering is a powerful and versatile technique to probe spin-spin cor-

relations in condensed matter physics. In this thesis, we present our work using

neutron scattering to investigate the interplay of magnetism and superconductivity

in the iron-based superconductor FeSe, the ground state of the quantum spin liquid

candidate Ce2Zr2O7, topological magnons in BaNi2(AsO4)2, and the spin dynamics

in the singlet-ground-state compound Ni2Mo3O8.

In FeSe, superconductivity emerges from a nematic phase that breaks the in-

plane four-fold (C4) rotational symmetry without magnetic ordering. Experimental

and theoretical studies of this nematic phase attribute it to orbital ordering, spin

fluctuations, or hidden magnetic quadrupolar order. We performed inelastic neutron

scattering (INS) on an assembly of detwinned single crystals of FeSe to demonstrate

that spin fluctuations are most intense at the antiferromagnetic wavevector QAF =

(±1, 0) in the normal state, and the strong nematic anisotropy is also reflected in

the spin resonance at QAF in the superconducting state. The electronic anisotropy of

the nematic phase supports a highly anisotropic superconducting gap driven by spin

fluctuation.

Besides, in twinned FeSe, we use INS to study the effect of a magnetic field on

spin resonance. Magnetic fields aligned along the c-axis broaden and suppress the



spin resonance more efficiently than fields in the in-plane directions. Our results

are consistent with the anisotropic effect of magnetic fields on the superfluid den-

sity calculated in heat capacity measurements, which suggests that the resonance in

FeSe is associated with the superconducting electrons arising from orbital-selective

quasiparticle excitations between the hole and electron Fermi surfaces.

Among spin systems where unpaired electrons form local spins, the quantum spin

liquid (QSL) is an exotic one that does not magnetically order at all temperatures.

The agreement of experiments and theories in one-dimensional (1D) systems proved

the capability of neutron scattering to detect fractionalized quasiparticles. We carried

out INS on single crystals of Ce2Zr2O7 and revealed the presence of the hallmark of a

QSL - a continuum of magnetic excitations - corresponding to fractionalized spinons

at 35 mK. We combined heat capacity, muon spin relaxation, and AC susceptibility

measurements to demonstrate that Ce2Zr2O7 is three-dimensional (3D) QSL with

minimal magnetic and non-magnetic disorder.

The bosonic analogs of topological fermionic quasiparticles arising from spin waves

were reported in two-dimensional (2D) honeycomb lattice ferro/antiferromagnets and

3D antiferromagnets. We performed INS to study spin waves of the S = 1 honeycomb

lattice antiferromagnet BaNi2(AsO4)2, which develops a zig-zag antiferromagnetic

(AF) order below TN = 6 K, and determine the interactions with a Heisenberg model

up to third-nearest neighbor exchange. The Dirac-like band crossing protected by the

glide mirror symmetry was observed in the spectra.

Singlet-ground-state systems, in which the crystal field ground state of the mag-

netic ion is a singlet, are of great interest because the magnetic properties are sensitive

to the ratio of magnetic exchange to single-ion anisotropy. We used thermodynamic

and neutron scattering experiments to demonstrate that Ni2Mo3O8, a bipartite hon-

eycomb lattice comprised of tetrahedral and octahedral Ni2+ environment, is a singlet-

ground-state system. We found ferro- and antiferromagnetic excitonic flat bands in

the neutron scattering spectra.



Preface

Portions of this dissertation are derived from published work and manuscripts to be

published. The publication information of each work is listed with its corresponding

chapter.

Chapter2:

Chen, Tong, et al. ”Anisotropic spin fluctuations in detwinned FeSe.” Nature

materials 18.7 (2019): 709-716. [1]

Chen, Tong, et al. ”Anisotropic effect of a magnetic field on the neutron spin

resonance in FeSe.” Physical Review B 101.14 (2020): 140504. [2]

Chapter3:

Gao, Bin*, Chen, Tong*, et al. ”Experimental signatures of a three-dimensional

quantum spin liquid in effective spin-1/2 Ce 2 Zr 2 O 7 pyrochlore.” Nature Physics

15.10 (2019): 1052-1057. [3]

Chapter4:

Gao, Bin*, Chen, Tong*, et al. ”Spin Waves and Dirac Magnons in a Honeycomb

Lattice Zig-zag Antiferromagnet BaNi 2 (AsO 4)2.” in preparation of publication.

Chapter5:

Gao, Bin*, Chen, Tong*, et al. ”Ferro- and Antiferromagnetic Excitonic Flat

Bands in a Bipartite Singlet-Ground-State System.” in preparation of publication.



Contents

Acknowledgments ii

Abstract iii

Preface v

List of Illustrations viii

List of Tables x

1 Basic Neutron Scattering Technique 1

1.1 Introduction to neutron scattering . . . . . . . . . . . . . . . . . . . . 1

1.2 Nuclear scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3 Magnetic scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.4 Neutron scattering instruments . . . . . . . . . . . . . . . . . . . . . 7

2 Neutron Spin Resonance in FeSe 10

2.1 Superconductivity and neutron spin resonance . . . . . . . . . . . . . 10

2.2 Possible orbital-selective spin fluctuations in FeSe . . . . . . . . . . . 11

2.3 Sample growth and scattering experiments . . . . . . . . . . . . . . . 14

2.4 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.5 Field dependence of the spin resonance mode in FeSe . . . . . . . . . 21

2.6 Experiments and results . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.7 Summary and outlook . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3 Experimental signatures of a three-dimensional quantum

spin liquid Ce2Zr2O7 30

3.1 Spin liquid and spin ice . . . . . . . . . . . . . . . . . . . . . . . . . . 30



vii

3.2 Ce2Zr2O7 as a QSL candidate . . . . . . . . . . . . . . . . . . . . . . 31

3.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.4 Summary and outlook . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4 Spin Waves and Dirac Magnons in a Honeycomb Lattice

Zig-zag Antiferromagnet BaNi2(AsO4)2 39

4.1 Topological magnon and honeycomb structural motif . . . . . . . . . 39

4.2 Spin waves in BaNi2(AsO4)2 . . . . . . . . . . . . . . . . . . . . . . . 44

4.3 Symmetry protected Dirac crossing . . . . . . . . . . . . . . . . . . . 47

4.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

5 Excitonic Flat Bands in the Bipartite Singlet-Ground-

State System Ni2Mo3O8 50

5.1 Bipartite honeycomb lattice compound Ni2Mo3O8 . . . . . . . . . . . 50

5.2 Singlet-ground-state and exciton . . . . . . . . . . . . . . . . . . . . . 53

5.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

Bibliography 62



Illustrations

1.1 Geometry for scattering experiment [4] . . . . . . . . . . . . . . . . . 2

1.2 Geometry for scattering experiment [5] . . . . . . . . . . . . . . . . . 8

1.3 Schematic of the TOF spectrometer MAPS at ISIS [6] . . . . . . . . . 9

2.1 Crystal structure, Fermi surface, spin resonance of FeSe and

schematic of detwinning strategy . . . . . . . . . . . . . . . . . . . . 12

2.2 Detwinning device, temperature dependence of lattice parameters,

and representative neutron diffraction data . . . . . . . . . . . . . . . 15

2.3 Constant energy scans in the normal state . . . . . . . . . . . . . . . 17

2.4 Constant wave-vector and constant energy scans in the

superconducting and normal state . . . . . . . . . . . . . . . . . . . . 18

2.5 Schematic of magnetic scattering in FeSe and orbital contributions at

(1, 0), (0, 1), and (1, 1) . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.6 Schematic of magnetic field effect on spin resonance . . . . . . . . . . 22

2.7 Constant-energy, constant-wavevector scans and 2D images of the

spin fluctuations in in-plane aligned fields . . . . . . . . . . . . . . . . 24

2.8 Constant-energy, constant-wavevector scans and 2D images of the

spin fluctuations in c-axis aligned fields . . . . . . . . . . . . . . . . . 26

2.9 Summary of the field effect on the spin resonance of FeSe . . . . . . . 27

3.1 Structure, CEF spectrum, susceptibility, magnetization, heat

capacity, and entropy of Ce2Zr2O7 . . . . . . . . . . . . . . . . . . . . 33



ix

3.2 Inelastic neutron scattering spectra in Ce2Zr2O7 at 35 mK . . . . . . 36

3.3 Wavevector dependence and dispersions of the magnetic scattering in

Ce2Zr2O7 at 35 mK . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.1 Crystal structure, reciprocal space, susceptibility, and order

parameter of BaNi2(AsO4)2 . . . . . . . . . . . . . . . . . . . . . . . 41

4.2 Measured and calculated neutron spectra in BaNi2(AsO4)2 . . . . . . 43

4.3 Schematic of dispersions and Dirac crossing in BaNi2(AsO4)2 . . . . . 46

5.1 Crystal structure, reciprocal space, order parameter, susceptibility,

heat capacity, and phase diagram of Ni2Mo3O8 . . . . . . . . . . . . . 52

5.2 Powder average spectra and schematic of crystal electric field level in

Ni2Mo3O8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

5.3 Inelastic neutron scattering spectra in Ni2Mo3O8 . . . . . . . . . . . . 56

5.4 Schematic of spin cluster, calculated wavevector dependence of the

magnetic scattering in Ni2Mo3O8 . . . . . . . . . . . . . . . . . . . . 58



Tables

1.1 Properties of the neutron [5] . . . . . . . . . . . . . . . . . . . . . . 2



1

Chapter 1

Basic Neutron Scattering Technique

In this chapter, we discuss some properties of the neutron and introduce the key

formalism of cross-sections. More detailed derivation can be found in reference

books [4, 5, 7]

1.1 Introduction to neutron scattering

The neutron is a basic particle with a mass close to the mass of the proton, spin

1/2, finite magnetic moment, and zero net charge. The zero net charge nature of the

neutron provides huge experimental convenience that the neutron not only weakly

interacts with matter and penetrates deeply into a sample, but it also neglects elec-

tronic charge cloud in the matter which may complicate the results as in X-ray or

other probes using photons. The neutron’s magnetic moment interacts with unpaired

electron spins in magnetic atoms, which makes neutron scattering a powerful probe

of magnetism in condensed matter physics.

In a typical neutron experiment, the sample is put into a beam of neutrons with

the same incident energy Ei. The scattered neutrons that contain information about

structure and magnetism will be detected as a function of scattering angle and neutron

energy. The result is expressed in terms of cross-sections and the partial differential
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Table 1.1 : Properties of the neutron [5]

Quantity Value

Rest mass 1.675 × 10−24 g

Spin 1/2

Magnetic moment 1.913 nuclear magnetons, µN

Charge 0

Figure 1.1 : Geometry for scattering experiment [4]
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cross-section is defined as:

d2σ

dΩfdEf
=

(
number of neutrons scattered into dΩf in the

direction θ, φ with energy between Ef andEf + ∆E

)
/ΦdΩfdEf

(1.1)

where Φ is the flux of the incident neutron beam that has the dimension of [area−1

time−1]. During the scattering process, a general expression for the partial differential

cross-section can be derived for a transition from one quantum state to another from

Fermi’s Golden Rule:

d2σ

dΩfdEf
=
kf
ki

(
mn

2π~2
)2| < ~kfλf |V |~kiλi > |2δ(~ω + Ei − Ef ) (1.2)

where ~ki and ~kf are wavevectors of the incident and final (scattered) neutrons, mn

is the mass of the neutron, λi and λf are quantum numbers of the initial and final

states of the sample, and V represents the interaction operator between neutron and

the sample.

Since the interaction is weak, we treat both incident and scattered neutrons as

plane waves using the Born approximation:

< ~kfλf |V |~kiλi >= V ( ~Q) < λf |
∑
l

ei
~Q·~rl |λi > (1.3)

where

V ( ~Q) =

∫
d~rV (~r)ei

~Q·~r (1.4)

where ~rl are the coordinates of the scattering centers, and ~Q = ~kf − ~ki.

1.2 Nuclear scattering

In the case of nuclear scattering, the potential is a delta function:

V ( ~Q) =
2π~2

mn

b (1.5)
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where b is the nuclear scattering length. We average over initial states and sum over

final states in the Eq. (1.2), then

d2σ

dΩfdEf
=
kf
ki

∑
λi,λf

P (λi)| < λf |b
∑
l

ei
~Q·~rl |λi > |2δ(~ω + Ei − Ef ) (1.6)

where P (λi) is the weight of the initial state |λi >. This formula can also be expressed

as [5]

d2σ

dΩfdEf
= N

kf
ki
b2S( ~Q, ω) (1.7)

where

S( ~Q, ω) =
1

2π~N
∑
ll′

∫ ∞
−∞

dt < e−i
~Q· ~rl′ (0)ei

~Q· ~rl(t) > e−iωt (1.8)

N is the number of nuclei, and t is time. Note that the scattering function S( ~Q, ω)

is what we measure in the neutron experiments.

For elastic nuclear scattering,

S( ~Q, ω) = δ(~ω)
1

N
<
∑
ll′

ei
~Q·(~rl− ~rl′ ) > (1.9)

In the case of a Bravais lattice,

S( ~Q, ω) = δ(~ω)
(2π)3

v0

∑
~G

δ( ~Q− ~G) (1.10)

where v0 is the volume of a unit cell and the vectors ~G are reciprocal lattice vectors.

Therefore, the cross-section for elastic nuclear scattering is

dσ

dΩf

= N
(2π)3

v0
b2
∑
~G

δ( ~Q− ~G)

=
(2π)3

v0

∑
~G

δ( ~Q− ~G)|FN(~G)|2
(1.11)

where the nuclear structure factor

FN(~G) =
∑
j

bje
i ~G· ~dje−Wj (1.12)
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contains information about the lattice structure. Note that the Debye-Waller factor

e−Wj is added to describe the fluctuations of the atoms about their equilibrium po-

sitions in real materials. In neutron diffraction experiments, we use the formula to

determine the structure of the sample.

For inelastic scattering, according to the fluctuation-dissipation theorem

S( ~Q, ω) =
χ′′( ~Q, ω)

1− e−~ω/kBT
, (1.13)

the scattering function is related to the imaginary part of the dynamic susceptibility

χ′′( ~Q, ω). In the case of phonon creation scattering, we have

χ′′( ~Q, ω) =
1

2

(2π)3

v0

∑
~G,~q

δ( ~Q− ~q − ~G)
∑
s

1

ω~qs
δ(ω − ω~qs)|F( ~Q)|2 (1.14)

where

F( ~Q) =
∑
j

bj√
mj

( ~Q · ~ξjs)ei
~Q· ~dje−Wj (1.15)

is the dynamic structure factor, s is the phonon mode, and ~ξjs is the polarization

vector associated with the mode s. Then we will have

d2σ

dΩfdEf
=
kf
ki

(2π)3

2v0

∑
~G,~q

δ( ~Q− ~q − ~G)
∑
s

1

ω~qs
(n~qs + 1)δ(ω − ω~qs)|F( ~Q)|2 (1.16)

where n~qs = 1/(e~ω~qs/kBT − 1) is the Bose factor. In inelastic neutron scattering

experiments on a triple-axis spectrometer to measure phonons, we determine the

phonon dispersion by carrying out constant-Q scans. The integrated intensity for

such scans on a triple-axis spectrometer (TAS) is

I = A
1

ω~qs
|F( ~Q)|2 ×


n~qs + 1 for neutron energy loss,

n~qs for neutron energy gain.

(1.17)

.
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1.3 Magnetic scattering

As we mentioned, the neutron has a magnetic dipole moment, it can scatter from the

magnetic moment of the sample, and thus, neutron scattering can be used to detect

the spin-spin correlation in the magnetic materials. By generalizing the Eq. (1.2) the

differential cross-section via dipole-dipole interaction is

d2σ

dΩfdEf
=
kf
ki

∑
i,f

P (λi)| < λf |
∑
l

ei
~Q·~rlU

~si ~sf
l |λi > |2δ(~ω + Ei − Ef ). (1.18)

where U
~Si
~Sf

l =< sf |bl − pl ~S⊥l · ~σ + Bl
~Il · ~σ|si > is the atomic scattering amplitude

from spin state si to sf , B is the spin-dependent nuclear amplitude, I is the nuclear

spin operator, and S is the net spin amplitude of the atom l.

From ~S⊥ = Q̂× (~S× Q̂) = ~S− Q̂(Q̂ · ~S)), we have | ~S⊥|2 =
∑

α,β(δαβ− Q̂αQ̂β)S∗αSβ

where α and β are the Cartesian coordinates x, y, and z.

Then the partial differential cross-section for magnetic scattering can be written

as

d2σ

dΩfdEf
=
N

~
kf
ki
p2e−2W

∑
α,β

(δαβ − Q̂αQ̂β)Sαβ( ~Q, ω), (1.19)

where

Sαβ( ~Q, ω) =
1

2π

∫ ∞
−∞

dt e−iωt
∑
l

ei
~Q·~rl < Sα0 (0)Sβl (t) >, (1.20)

Here p = (γr0/2)2g2f( ~Q)2, γr0/2 = 0.2695× 10−12 cm, g is the Landé factor, f( ~Q) is

the magnetic form factor, and e−2W is the Debye-Waller factor.

Integrating over all energies (frequencies), we have

Sαβ( ~Q, t = 0) =

∫ ∞
−∞

dω Sαβ( ~Q, ω). (1.21)

In the first Brillouin zone (BZ), we have the sum rule:∫ ∞
−∞

dω

∫
BZ

d ~Q Sαβ( ~Q, ω) =
(2π)3

3v0
S(S + 1)δαβ. (1.22)
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1.4 Neutron scattering instruments

Different kinds of neutron spectrometers are designed for different scientific purposes.

In the thesis, since we focus on the magnetism in the systems, most results are from

the triple-axis spectrometers (TASs) and time-of-flight (TOF) chopper spectrometers.

TASs make use of continuous neutron beams from reactors. Figure 1.2 shows a

schematic of a TAS experimental setup, in which the three axes correspond to the

monochromator, the sample, and the analyzer. The monochromator and the analyzer

are both single crystals and define incident energy Ei and momentum ki, and final

energy Ef and momentum kf , respectively.

In typical neutron experiments on a TAS, we usually fix the final energy Ef and

change the incident energy Ei to do constant-Q scans, or fix both energies and vary

~Q to do constant-energy scans. For example, when we measured the wavevector-

dependence of the spin resonance mode (Er = 3.6 meV) in FeSe, we fixed Ef = 3.7

meV and Ei = 7.3 meV and did transverse and longitudinal scans around the ~QAF

in the reciprocal space; while when we measured the energy-dependence of the spin

resonance, we fixed Ef = 3.7 meV and ~Q at ~QAF , and varied Ei from 3.7 meV to

13.7 meV. More details will be discussed in the following chapters.

TOF spectrometers are increasingly popular in the community due to their high

efficiency. Most TOF spectrometers are built on spallation neutron sources, in which

pulsed neutrons are produced by hitting heavy metal targets with high-energy pro-

tons. Figure 1.3 shows a schematic of a TOF experiment setup. The Eis are de-

termined and selected by the time it takes neutrons to reach the Fermi chopper.

Scattered neutrons are collected by detectors and their Ef and ~Q can be calculated

with the knowledge of neutron time of flight and the position of the detectors.
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Figure 1.2 : Geometry for scattering experiment [5]
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Figure 1.3 : Schematic of the TOF spectrometer MAPS at ISIS [6]
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Chapter 2

Neutron Spin Resonance in FeSe

FeSe is a very special compound in the family of iron-based superconductors, in

the following aspects: (1) Superconducting transition temperature Tc increases up

to 100 K in thin film [8]; (2) Fermi surface significantly deviates from that in iron

pnictides [9]; (3) These are no magnetic order in the parent compound [10]. In this

chapter, we discuss the study on the neutron spin resonance mode in FeSe.

2.1 Superconductivity and neutron spin resonance

The neutron spin resonance is a collective mode existing below Tc whose tempera-

ture dependence is similar to the superconducting order parameter[11]. First discov-

ered in hole-doped YBa2Cu3O6+x [12], spin resonance has been observed in different

families of unconventional superconductors including heavy-fermion compounds [13],

cuprates, and iron pnictides [14]. The resonance mode usually occurs below Tc with

an energy related to Tc at the antiferromagnetic (AF) ordering wavevector ( ~QAF ) of

the parent compounds. It is generally believed that this mode arises from the sign

reversed quasiparticle excitation between the hole and electron Fermi surfaces near

the Γ and M points in the reciprocal space, and its intensity gain below Tc is at the

expense of opening a gap at energies below it [15].

Most iron-based superconductors exhibit a tetragonal-to-orthorhombic structural

transition at Ts and form two domains before ordering antiferromagnetically at TN .
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Therefore, to elucidate the intrinsic electronic properties below Ts (Ts < Tn), the

sample must be detwinned by a uniaxial pressure along one axis of the orthorhom-

bic lattice. In uniaxial pressured iron pnictides, an in-plane resistivity anisotropy

has been observed above Ts, which was ascribed to an electronic nematic phase that

spontaneously breaks the rotational symmetry while preserving the translation sym-

metry of the underlying lattice [16, 17]. Below TN , the AF structure is collinear,

consisting of columns of antiparallel spins along the orthorhombic ao axis and paral-

lel spins along the bo axis with an in-plane AF ordering wave vector ~QAF = (±1, 0)

in reciprocal space.

2.2 Possible orbital-selective spin fluctuations in FeSe

Iron-selenide (FeSe) is highly unusual in the family of iron-based superconductors be-

cause it exhibits an orthorhombic structural distortion and superconductivity without

static AF order [18, 19, 20]. The origin of the nematic order and superconductivity

is still unclear. It has been argued that orbital fluctuations induce a sign-preserving

s++-wave electron pairing, which is fundamentally different from other iron-based

superconductors [21, 22]. Alternatively, the absence of static AF order in FeSe has

been attributed to a quantum paramagnet arising from the d-orbital spin-1 localized

iron moments [23, 24]. In this picture, the nematic phase is driven by magnetic fluc-

tuation due to competition between low-energy spin fluctuations associated with AF

collinear order and those associated with various types of staggered order [25]. Third,

the nematic superconductivity in FeSe without AF order is interpreted as a nematic

quantum spin liquid state, which predicts a significant suppression of the magnetic

spectral weight at ~Q = (0,±1) in a detwinned sample, and explains the observed su-

perconducting gap anisotropy by angle-resolved photoemission spectroscopy [26, 27].
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Figure 2.1 : a, Crystal structure of FeSe, where blue and orange colours mark Fe
and Se positions, respectively. The red arrows indicate the uniaxial strain direction
applied through detwinned BaFe2As2. b, Hole-electron Fermi surfaces of the tight-
binding model for FeSe. c, S( ~Q,E) integrated around (1, 0) above and below Tc on
detwinned FeSe. d, Schematic diagram of the sample arrangement. [1]
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Fourth, the nematicity may arise from a hidden magnetic quadrupolar effect [28, 29].

Finally, the nematicity and superconductivity in FeSe have also been studied in terms

of itinerant electrons interacting among quasi-nested hole-electron Fermi surfaces, as

in other iron-based superconductors [30, 31]. In this case, the electronic correlation

effect is taken into account using orbital-dependent quasiparticle weights. Without

electron correlations effects, spin fluctuations exhibit only a minor C4 asymmetry.

Including correlations renders the spin fluctuations highly C2 symmetric with negligi-

ble weight at (0,±1), and a neutron spin resonance exhibited only at ~QAF = (±1, 0)

driven by the dyz orbitals. In the local moment picture, the spin excitation is also

predicted to be highly anisotropic [28].

In FeSe, the neutron spin resonance, a key signature of unconventional supercon-

ductivity, was observed below Tc = 8 K at ~QAF = (±1, 0) with Er = 4 meV in neutron

scattering experiments [32, 33]. Although the existence of the spin resonance already

suggests that spin fluctuations play an important role in the superconductivity of

FeSe, the experimental results provide no information on the possible orbital-selective

nature of the spin fluctuations, which may lead to a highly anisotropic electron pairing

state[26, 30, 34, 35]. From scanning tunneling microscopy (STM) quasiparticle inter-

ference measurements on single-domain (detwinned) FeSe, where the Fermi surface

geometry of electron bands can be determined in the nematic phase, sign-reversed

superconducting gaps are found at the hole (Γ or ~Q = (0, 0)) and electron (X or

~QAF = (±1, 0) Fermi surface states derived from dyz orbitals of the Fe atoms along

the orthorhombic ao axis direction [36]. Moreover, similar STM measurements show

that the same orbital-selective self-energy effects are already present in the normal

state of FeSe above Tc [37].

The orbital-selectivity of the quasiparticle excitations between the hole and elec-
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tron pockets can be detected by performing inelastic neutron scattering on detwinned

FeSe single crystals. In particular, it is expected that the neutron spin resonance as-

sociated with s± superconductivity should only occur along the orthorhombic ao axis

direction at ~QAF = (±1, 0) in detwinned FeSe, as the orbital-selective superconduct-

ing gap with the dyz orbital character is large for scattering vectors along the ao

axis.

2.3 Sample growth and scattering experiments

High-quality FeSe single crystals used in the experiments were grown by a chemical

vapor transport method. Fe and Se powders are sealed in quartz tubes with KCl-

AlCl3 flux. The growth takes 28 days in a temperature gradient from 330 ◦C to

400 ◦C. Typical samples are 1 × 1 mm2 in area and < 0.1 mm in thickness. The

square-shaped BaFe2As2 crystals are aligned using a Laue camera and cut along the

orthorhombic [1, 0, 0] and [0, 1, 0] directions by a high-precision wire saw. Since single

crystals of FeSe have one natural 45◦ rotated from the orthorhombic ao direction, we

can use an optical method to co-align FeSe on the surface of BaFe2As2. We carried

out resistivity measurements on detwinned FeSe as the feasibility test. Our data is

consistent with published results using a uniaxial pressure device to directly detwin

FeSe [38].

Elastic neutron experiments were carried out on the HB-3A four-cycle diffrac-

tometer at the High-Flux-Isotope Reactor (HFIR), Oak Ridge National Laboratory

(ORNL), United States to further check if the method works well in detwinning FeSe

on a single piece of BaFe2As2. HB-3A uses a silicon monochromator and a scintillator-

based 2D Anger Camera. To detwin FeSe, we apply uniaxial pressure on one single

crystal of BaFe2As2. We can clearly see shifts below Ts for the nuclear (4, 0, 0) and
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Figure 2.2 : a, FeSe samples on a single piece of BaFe2As2 mounted on a detwinned
device. b, Temperature dependence of lattice constant calculated from positions of
nuclear (4, 0, 0) and (0, 4, 0) Bragg peaks. c-h, Temperature dependence of the (4, 0, 0)
and (0, 4, 0) Bragg peak intensity and position. The experiment was carried out on
HB-3A, ORNL, USA. [1]
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(0, 4, 0) Bragg peaks. Based on our knowledge of the lattice constant, we confirm

that the FeSe samples are essentially fully detwinned using this strategy.

We prepared a sample assembly of FeSe on multiple BaFe2As2 single crystals

for our inelastic neutron scattering experiments. From the splitting of (2, 0, 0) and

(0, 2, 0) Bragg peaks below Ts, we estimated the detwinning ratio to be 50%.

Our inelastic neutron scattering experiments on detwinned samples were carried

out on the PANDA cold neutron and PUMA thermal neutron triple-axis spectrom-

eters, at Forschungs-Neutronenquelle Heinz Maier-Leibnitz (MLZ), Garching, Ger-

many, and on the MAPS time-of-flight chopper spectrometer, at ISIS, Rutherford-

Appleton Laboratory, Didcot, United Kingdom. For PANDA experiments, a double-

focused pyrolytic graphite [PG(002)] monochromator and analyzer with fixed scat-

tered neutron energy Ef = 5.1 meV were used with collimations of none-40-40-none

for inelastic measurements. For elastic measurements, we used Ef = 4.39 meV with

collimations of 80-80-80-80. For thermal neutron measurements on PUMA, we used

Ef = 14.69 meV with double-focusing monochromator and analyzer and no colli-

mators. For MAPS neutron time-of-flight measurements, we used an incident beam

energy of Ei = 38 meV with the incident beam along the c-axis of the crystal.

2.4 Results and discussion

Figure 2.3 summarizes the energy evolution of the normal state spin fluctuations

at ~QAF = (1, 0) and (0, 1) in the (H, K) plane in the partially detwinned FeSe

assembly. Although spin excitations in BaFe2As2 are at approximately the same

position as those in FeSe, the spin waves are gapped below 10 meV in BaFe2As2 at low

temperature, providing a clean background to study excitations in FeSe. We carried

out constant- ~Q scans at ~QAF = (1, 0) and (0, 1) from 2.5 meV to 11 meV as shown
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Figure 2.3 : a, Energy dependence of the scattering at (1, 0) and (0, 1) above back-
ground at T = 11 K. The positions of signal and background are marked as large and
small spots in the inset. b, Wave-vector scans at E = 8 meV along the [1, K] and
[H, 1] directions at T = 11 K. Linear backgrounds have been subtracted from the
data. [1]

in Fig. 2.3a. As we can see, magnetic scattering at (1, 0) increases in intensity with

increasing energy approximately twice as fast as the increase of magnetic scattering

at (0, 1). Figure 2.3b shows wave-vector scans along the [1, K] and [H, 1] directions

at E = 8 meV. The scattering at (1, 0) dominated the signal while spin fluctuations

at (0, 1) are only one-third of those at (1, 0). After taking into account the finite

detwinning ratio into account, there is almost no magnetic scattering at (0, 1) above

the background, suggesting that the spin fluctuations between 6 meV and 10 meV

are strongly C2 symmetric.

Figure 2.4a,b show temperature difference plots below and above Tc as a function

of energy at (1, 0) and (0, 1), respectively. In previous work on twinned samples, su-

perconductivity was found to be associated with a neutron spin resonance appearing

below Tc at (1, 0) and (0, 1) around Er = 3.6 meV (Fig. 2.1c). While Figure 2.4a

shows clear evidence of the resonance with negative intensity below the mode indi-

cating a spin gap, there is no observable difference across Tc at (0, 1). Figure 2.4c,d
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Figure 2.4 : a,b, Difference of the scattering in the superconducting state (below Tc)
and the normal state plotted as a function of energy for momentum transfer (1, 0)
and (0, 1). The peak seen at E = 3.6 meV in a marks the neutron spin resonance. c,
Wave-vector scans below and above Tc at Er = 3.6 meV and (1, 0). d, Similar scans
at (0, 1). e,f, (1, 0) and (0, 1) scans with background subtracted and detwinning ratio
corrected. [1]
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show wave-vector scans along the [H+1, 0] and [0,K +1] directions, respectively. In

the normal state (T = 12 K), we see well-defined peaks centred at (1, 0) and (0, 1).

On cooling below Tc, the scattering at (1, 0) increases in intensity and forms a spin

resonance, while it does not change across Tc at (0, 1). Figure 2.4e,f show the same

data after background subtraction and correcting according to the detwinning ratio.

Again, we find that superconductivity induces a C2 symmetric resonance on a back-

ground of approximately C4 symmetric normal-state magnetic scattering. Therefore,

it is the highly anisotropic pairing state of FeSe that drives the C2 symmetric magnetic

scattering at these energies below Tc.

Figure 2.5a,b summarize the key results of our INS experiments on detwinned

FeSe. The deviation of magnetic scattering intensity ratio at (1, 0) and (0, 1) from 3:1

provides evidence for the existence of an unexpected mode. In the normal state, spin

fluctuations have approximate C4 symmetry near the resonance energy but become

C2 symmetric for energies above 6 meV. On entering the superconducting state, a

resonance with C2 symmetry is formed at ~QAF .

To qualitatively understand the experimental results, our collaborators applied an

itinerant five-band model which matches the low energy electronic structure of FeSe

in its nematic state and computed the magnetic scattering S( ~Q,E) ∝ χ′′( ~Q,E)/(1−

e−E/kBT ) where the imaginary part of dynamic susceptibility was calculated using a

standard random phase approximation formulation. The ’plain vanilla’ approach that

does not take weights for spectral functions into account fails to reproduce the (1, 0)-

(0, 1) anisotropy. A simple means to incorporate the orbital selectivity is through

the introduction of orbital-dependent quasiparticle weights. As seen in Figure 2.5c,d

the dyz-dominated (1, 1) scattering can be strongly reduced and the C4 symmetry

breaking is enhanced. In the superconducting state, our collaborators employ a gap
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Figure 2.5 : a,b, Schematic illustrations of the magnetic scattering at (1, 0) and
(0, 1) in the normal state and superconducting state estimated from the twinned
and detwinned samples. c, Orbital-selective model yields spin fluctuations at low
energies that are dominated by peaks at (±1, 0). d, The spin fluctuations at (1, 0)
are dominated by the contributions of the dyz orbital. [1]
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structure that is known to faithfully describe the gap in FeSe, and recalculate the

bare susceptibility accordingly. When entering the highly anisotropic superconduct-

ing state, a neutron spin resonance is generated by the orbital-selective spin fluctu-

ations at (±1, 0), in agreement with experiments. The associated neutron resonance

is highly orbital selective with a predominant dyz character. Therefore, both the very

strong C4-symmetry breaking in the 5-10 meV range and the unidirectional neutron

spin resonance observed experimentally are captured by the itinerant orbital-selective

scenario.

2.5 Field dependence of the spin resonance mode in FeSe

For superconductors with very weak spin-orbit coupling (SOC) [39], the spin reso-

nance is isotropic in spin space and arises from the spin-1 singlet-triplet excitations

of the electron Cooper pairs [11, 40]. In a magnetic field, the spin-1 of the res-

onance would split into three energy levels following the Zeeman energy (Er and

E± = Er ± gµBB, where g = 2 is the Landé factor, B is the magnitude of the field,

and µB is the Bohr magneton). On the other hand, if superconductivity coexists

with AF order or large SOC-induced anisotropy, the resonance can be a doublet in

which the application of a magnetic field will split the mode into two peaks, as seen

in the heavy-fermion superconductor CeCoIn5 [41, 42]. In cuprates, the application

of a 14 T magnetic field along the c axis, where Tc and the superconducting gap

is two orders of magnitude large, only slightly suppresses the intensity of the spin

resonance [43, 44].

For iron-based superconductors [45], where electrons in an Fe 3d t2g band with

dxy, dyz, and dxz orbitals are close to the Fermi level, superconductivity may occur

in multiple orbitals through the hole-electron Fermi surface nesting [46]. As a conse-
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Figure 2.6 : a, Schematic illustration of the Zeeman splitting of the spin resonance
from singlet |0 > to triplet |1 > excited states. b, Schematic illustration of a singlet-
to-doublet excitation. [2]

quence, the resonance may have more than one component in energy [47, 48] and be

anisotropic in spin space due to SOC [49, 50, 51]. Since the effect of Zeeman energy

for a maximum possible applied field of 14 T is still small compared with the intrinsic

energy width of the resonance for optimally doped iron pnictide/chalcogenide super-

conductors [52, 53], there is no confirmed evidence of Zeeman field-induced triplet

splitting of the resonance. Nevertheless, a c-axis aligned magnetic field suppresses

the intensity of the spin resonance mode much more efficiently than for an in-plane

field [53, 54]. These results are consistent with lower upper critical fields required to

suppress superconductivity in c-axis fields [45], suggesting that the intensity of the

resonance is a measure of superconductivity electron pairing density.

To reveal whether the resonance in iron-based superconductors is a spin exciton

associated with singlet-triplet or singlet-doublet transition, we found FeSe an ideal

platform due to the following reasons. First, FeSe has a relatively low spin resonance

energy Er = 3.6 meV. Second, superconductivity in FeSe is orbital selective from

our previous work. It occurs mostly through hole-electron Fermi surface nesting of
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quasiparticles with dyz orbital characters, resulting in a resonance only at the in-plane

AF wave-vector ~QAF = (1, 0). Third, neutron polarization analysis of the resonance

indicates that the mode is anisotropic in spin space and essentially c-axis polarized

due to SOC [33], which means the resonance cannot split into triplet in magnetic

fields. Finally, the upper critical fields of FeSe are about 16 T and 28 T for the c-axis

and in-plane aligned fields, respectively [33, 55].

2.6 Experiments and results

We performed inelastic neutron scattering experiments to investigate the effect of

magnetic fields on the resonance of FeSe with the multi-axis crystal spectrometer

(MACS) at NIST Center for Neutron Scattering, and the cold neutron triple-axis

spectrometer PANDA at Heinz Maier-Leibnitz Zentrum, Germany. The experiments

with c-axis aligned field were carried out on MACS with a fixed Ef = 3.7 meV

and PANDA with a fixed Ef = 5.1 meV. The magnetic fields were in the vertical

direction (along the [0,0,1] and perpendicular to the [H, K, 0] scattering plane. The

experiments with in-plane magnetic fields were carried out on MACS with a fixed

Ef = 3.7 meV in the [H, 0, L] scattering plane. Note that the in-plane magnetic

field will not induce orbital currents within the FeSe layer, therefore its effect on the

resonance will be mostly the Zeeman effect.

In zero field, superconductivity in FeSe is associated with a spin resonance at

Er = 3.6 meV and a gap of about 2.8 meV [32, 33, 1]. Figure 2.7 shows the effect of

an 8.5 T in-plane magnetic field on the resonance. At E = 2.5 meV, an 8.5 T field

induces magnetic scattering at ~QAF = (1, 0) above the flat background, suggesting a

reduction of the spin gap energy. Near the resonance (3.5 meV), the field suppresses

the resonance as expected. Above the resonance energy, the applied fields have little
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Figure 2.7 : a-d, Constant-energy scans along the [1,0] direction at E = 2.5, 3.5, 4.5,
and 5.5 meV in zero and 8.5 T in-plane magnetic fields at 2 K. e,f, 2D images of
wave-vector and energy dependence of the spin fluctuations in 0 and 8.5 T in-plane
fields at 2 K. g,h, Constant- ~Q cuts at the ~QAF position from e and f, respectively. [2]
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effect on the magnetic scattering. Figure 2.7e,f show the 2D wave-vector-energy

images of the resonance above the background at 0 and 8.5 T field, respectively. The

effect of the 8.5 T in-plane field is to suppress and broaden the resonance, with no

evidence for the splitting of the mode. Figure 2.7g,h show the cuts along the energy

at ~QAF = (1, 0), which reveals the resonance in 0 T and 8.5 T field.

Figure 2.8 illustrates the effect of a 5 T c-axis aligned magnetic field on the

resonance. Figure 2.8a-d show constant-energy scans along the [1, 0] direction with

different energies in 0 T and 5 T fields in the superconducting state. At E = 2 meV,

a 5 T c-axis field induces magnetic scattering near ~QAF , which is 1.6 meV below the

spin resonance energy Er. Above 3 meV, the field has a slight effect on the resonance.

Figure 2.8e,f show the 2D images of the wave-vector and energy dependence of the

spin resonance in 0 and 5 T fields, respectively. For a c-axis aligned magnetic field, the

upper critical field Bc2(⊥) is around 16 T, meaning that a 5 T field is already 31% of

Bc2, which is similar to the fraction of 30% achieved for the 8.5 T in-plane field given

the 28 T critical field. Although qualitatively the broadening in energy is similar to

that of the in-plane field, the amplitude of the broadening is more significant. Figure

2.8g,h show the constant- ~Q cuts at the ~QAF from e and f, respectively. We see that

an applied field shifts the magnetic spectral weight to lower energies. Compared with

the in-plane field, we conclude that a 5 T c-axis aligned field has a larger impact on

the resonance than that of an 8.5 T in-plane field.

To understand these results, we first consider the effect of Zeeman energy ±gµBB

on the resonance. For an isotropic resonance with weak SOC, such as for cuprate

superconductors, the application of a magnetic field is expected to split the mode

into a triplet. This is similar to the magnetic field effect on quantum magnets such as

TlCuCl3 and Sr14Cu24O41, in which the ground state is a singlet and the excited state
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Figure 2.8 : a-d, Constant-energy scans along the [1,0] direction at E = 2, 3, 4, and
5 meV in zero and 5 T c-axis aligned magnetic fields at 2 K. e,f, 2D images of wave-
vector and energy dependence of the spin fluctuations in 0 and 5 T in-plane fields at
2 K. g,h, Constant- ~Q cuts at the ~QAF position from e and f, respectively. [2]
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Figure 2.9 : Schematic of normalized peaks and excitation positions of the resonance
in FeSe as a function of increasing magnetic field. Solid lines are E± = Er ± 2µBB
and Er. Dashed lines are guides to the eye for a c-axis aligned field. . [2]

is a triplet, and the system undergoes a so-called magnon Bose-Einstein condensation

in magnetic fields. With SOC as in the case of iron-based superconductors, low-

energy spin excitations become anisotropic in spin space. In the case of FeSe, neutron

polarization analysis suggests that the resonance is highly anisotropic in spin space.

As a consequence, the resonance should not be split by a Zeeman field into a triplet.

If the resonance is a magnon-like excitation, two polarizations perpendicular to the

applied field are needed to form a doublet. Since the resonance is reported to be

mostly polarized along the c-axis, a Zeeman field should be unable to split the mode

into a doublet.

Figure 2.9 summarizes the field effect on the resonance of FeSe. In the case of

g = 2, the field-induced Zeeman splitting equals 0.58 and 0.98 meV in 5 T and 8.5 T

fields, respectively. In the 8.5 T in-plane field, the lowest energy in which excitation

is observed at ~QAF = 2.5 meV, which is 1.1 meV below the peak of resonance at the

zero field. For a 5 T field along the c-axis, the magnetic signal can be observed down

to 2 meV. Since the Zeeman splitting should have no field directional dependence, the

wider in-plane field-induced resonance must be due to field-induced orbital current
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that suppresses superconductivity. As a function of the increasing magnetic field

along the c-axis, the intensity of the resonance is gradually suppressed and broadened,

qualitatively consistent with the field-induced suppression of superconductivity and

superfluid density.

2.7 Summary and outlook

We carried out two sets of experiments to investigate the orbital-selectivity of the spin

resonance in detwinned FeSe and the magnetic field effect in twinned FeSe. Regard-

less of the microscopic origin of the C4 spin excitations, our first set of experiments

support the notion that the spin fluctuations in the nematic phase of FeSe are highly

anisotropic, and are consistent with superconductivity being driven by spin fluctu-

ations arising mainly from the dyz orbital states. Our measurements highlight the

need for a quantitative understanding of the extreme spin anisotropy, as well as the

emergence of C4-symmetric magnetic excitations at very low energies.

With the second set of INS experiments, we determined the effect of c-axis and in-

plane magnetic fields on the neutron spin resonance of FeSe. We find that an in-plane

field increases the width of the resonance following the field-induced Zeeman effect. A

c-axis aligned field suppresses and broadens the resonance much more effectively than

the in-plane fields, clearly related to the orbital effect and vortex currents induced by

the c-axis field. Our results are consistent with the hypothesis that the resonance is

associated with electron pairing density in FeSe superconductors.

While it is believed that spin fluctuations mediated pairing is the common thread

linking different classes of unconventional superconductors, the precise mechanism

behind remains elusive in compounds, such as cuprates, iron-based superconductors,

and heavy fermion superconductors. The work focusing on FeSe forms an integral part
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of the effort of understanding magnetism in unconventional superconductivity from

an experimental perspective. Future neutron studies may be dedicated to FeSe under

high fields and high pressure. Detailed comparison of FeSe and other superconductors

may shed light on the intimate connection between magnetic and unconventional

superconductivity.
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Chapter 3

Experimental signatures of a three-dimensional

quantum spin liquid Ce2Zr2O7

A quantum spin liquid is a state of matter where unpaired electrons’ spins do not

show magnetic order at all temperatures. The realization of a quantum spin liquid is

a long-sought goal in condensed matter physics.

3.1 Spin liquid and spin ice

The original idea of the QSL state was from Anderson’s 1973 proposal on spins

forming resonating valence bonds instead of long-range magnetic order on a triangle

lattice [56]. Later, such a state was proposed to be closely related to high-temperature

superconductivity and expected to be of special potential in quantum information [57,

58]. It is called ’an exotic state’ due to its deviation from Landau’s symmetry-breaking

phase transition theory [59, 60, 61], and in recent years, the QSL state evokes more

interests since experimental progress begins to uncover its exotic behavior [62, 63].

The defining feature of a QSL state is the presence of a fractionalized continuum of

spin excitation due to fractionalized quasiparticles - spinons that carry spin 1/2.

Although 1D QSL is qualitatively different from QSL in high dimensions (e.g.

there is no braiding in 1D [64]), spinons have been observed in experiments [65],

suggesting that the hallmark of a QSL can be detected by inelastic neutron scat-

tering (INS) [66, 67]. QSL has been actively studied in different classes of ma-

terials beyond one dimension. In 2D spin 1/2 triangular organic salts such as κ-
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(ET)2Cu2(CN)3 [68] and EtMe3Sb[Pd(dmit)2]2 [69], while transport and nuclear mag-

netic resonance measurements suggest the presence of a QSL, there has been no INS

evidence for a spin continuum due to the lack of large single crystals. On the other

hand, while a continuum of spin excitations is observed by INS in the spin 1/2 2D

kagome lattice ZnCu3(OD)6Cl2 [66] and in the effective spin 1/2 2D triangular lat-

tice YbMgGaO4 [67, 70] and NaYbSe2 [71], the magnetic site disorder in the kagome

lattice and non-magnetic site disorder in the triangular lattice case complicate the

interpretation of the data.

In 3D rare-earth pyrochlores such as Ho2Ti2O7, Ising-like magnetic moments dec-

orate a lattice of corner-sharing tetrahedra and form the ’2-in/2-out’ spin ice arrange-

ment, analogous to the ’2-near/2-far’ rule of the covalent 2H+-O2− bonding distances

in the water ice, to stabilize classical spin ice [72, 73]. In the presence of quantum

fluctuations, a QSL state could emerge in the so-called quantum spin ice regime char-

acterized by the emergent U(1) quantum electrodynamics [74]. Here, the QSL state

has a U(1) gauge degree of freedom, similar to the gauge symmetry of Maxwell’s

equations, and the emergent photon-like gapless excitations [75]. It is further shown

that the U(1) QSL can extend much beyond the ice limit and thus does not necessar-

ily show classical spin ice characteristics such as the Pauling entropy or pinch point

feature in INS spectra [76].

3.2 Ce2Zr2O7 as a QSL candidate

Recently, the Ce-based pyrochlore Ce2Sn2O7 has been proposed as a 3D QSL from

thermodynamic and muon spin relaxation(µSR) measurements on powder samples [77].

The Ce local moment in this system is the peculiar dipole-octupole doublet that may

support distinct symmetry-enriched U(1) QSLs [78, 79]. However, in the absence of
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single crystals of Ce2Sn2O7, there have been no INS experiments to search for the

expected spin excitations continua. Our collaborators at Rutgers University success-

fully synthesized high-quality single crystals of Ce2Zr2O7, an isostructural compound

of Ce2Sn2O7, which provides us with an ideal platform to study QSL in pyrochlore

lattice. Polycrystalline Ce2Zr2O7 was synthesized using a solid-state reaction method.

Stoichiometric powders of CeO2 and ZrN were mixed, ground, pelletized, and sintered

at 1,400 ◦C in air. The sintered pellet was then ground, pelletized, and sintered in a

forming gas (8% H2 in Ar) flow at 1,400 ◦C for 20 hours. Single crystals of Ce2Zr2O7

were synthesized using a laser diode floating-zone furnace at the Center for Quantum

Materials Synthesis of Rutgers University.

In the stoichiometric Ce2Zr2O7 pyrochlore structure with the Fd3̄m space group,

cerium ions stabilize in the magnetic Ce3+ (4f1, 2F5/2) state in the crystal field of

eight oxygen anions. Ce3+ with J = 5/2 has an odd number of f electrons and the

crystal electric field (CEF) potential from oxygen will split them into three Kramers

doublets, indicating a spin 1/2 single ion ground state.

Figure 3.1c shows the temperature dependence of the magnetic susceptibility with

on evidence of magnetic transition down to 0.5 K. The dashed lines are low- and

high-temperature Curie-Weiss fits to the data, suggesting a Curie-Weiss temperature

θCW = −0.51 ± 0.01 K, a Curie constant of about 0.2 emu mol−1 K−1 and an ef-

fective moment of 1.28 µB per Ce3+ from the low-temperature fit. Therefore, the

ground state of Ce2Zr2O7 is an effective spin 1/2 Kramers doublet. Due to the hybrid

multipolar nature, the Ce3+ local moment has Ising-like anisotropic g-tensors with

a parallel component (along the [1, 1, 1] direction) g// = 2.57 and a perpendicular

component g⊥ = 0, different from Er2Ti2O7 and Yb2Ti2O7 XY pyrochlores where all

three components of the effective spin carry dipole moments [80].
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Figure 3.1 : a, Schematic of the structure of Ce2Zr2O7 with lattice parameters a = b =
c = 10.71 Å. b, Inelastic neutron scattering spectra from powder samples with Ei =
250 meV at 5 K. Phonons and other background measured in the non-magnetic analog
La2Zr2O7 were subtracted. c, The temperature dependence of the d.c. susceptibility.
d, Magnetization as a function of applied magnetic field at different temperatures. e,
The magnetic contribution to the specific heat for different magnetic fields. f, C/T
versus T plot and the magnetic entropy calculated from C/T in zero field. [3]
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Figure 3.1d shows magnetization curves for Ce2Zr2O7 at 0.5 K, 1.8 K, and 4 K,

which saturates at approximately half of the value of the effective magnetic moment

observed in the moderate temperature plateau similar to that of Ce2Sn2O7. Figure

3.1e illustrates the temperature dependence of the magnetic contributions to the

specific heat as a function of applied magnetic fields along the [1, 1, 1] direction.

At zero field, we see a broad peak centered around 0.2 K, which may arise from the

onset of coherent quantum fluctuations similar to other QSL candidates, different

from the XY pyrochlores with long-range magnetic order. After subtracting the

phonon contributions to the specific heat and assuming a power-law extrapolation

to 0 K below the lowest measured temperature 50 mK, we calculate the magnetic

entropy by integrating the magnetic contribution to the specific heat Cmag/T from

T = 0 to 4 K. The temperature dependence of the magnetic entropy saturates at

Smag ≈ 1.01Rln2 at 4 K, consistent with a free-spin system (Fig. 3.2f). The absence

of an entropy plateau and Pauling entropy in the magnetic entropy indicates a key

difference of Ce2Zr2O7 from classical spin ice, suggesting Ce2Zr2O7 is a non-spin-ice-

type pyrochlore QSL.

To confirm the CEF ground state and investigate the low energy spectra in

Ce2Zr2O7, we carried out systematic neutron scattering experiments. Inelastic neu-

tron scattering experiments were carried out on 5 g Ce2Zr2O7 and 5 g La2Zr2O7 poly-

crystalline samples on the fine-resolution Fermi chopper spectrometer, SEQUOIA,

at the Spallation Neutron Source, ORNL. For each compound, we collected data

for 4 h with 250 meV incident energy at 5, 100, and 200 K. Since La2Zr2O7 is the

non-magnetic analog of Ce2Zr2O7 , it can serve as the background, which helps us

to subtract phonon contributions from the measured spectra. INS experiments were

carried out on a 2.3 g Ce2Zr2O7 single crystal on the cold neutron chopper spec-
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trometer, CNCS, at the Spallation Neutron Source, ORNL. The sample was aligned

in the (h,h,l) scattering plane on an oxygen-free copper holder and the temperature

was regulated using a 3He inset. Three incident neutron energies (1.55, 3.32 and 12.0

meV) were used with instrumental resolution at elastic positions of 0.05, 0.11, and 0.8

meV, respectively. The data in Figs. 3.2 and 3.3 are obtained by subtracting the 12

K data from the 35 mK data, based on our assumption that the magnetic scattering

at 12 K is diffusive enough and would be wavevector/energy independent.

3.3 Results and discussion

Figure 3.1b shows the INS spectra from the Ce3+ CEF levels revealing two ex-

cited states at 55 and 110 meV. Based on the point-group symmetry at the Ce3+

atomic site and using the Stevens operator formalism, the CEF Hamiltonian with

the quantization axis along the local [1,1,1] direction can be written as HCEF =

B0
2Ô

0
2 + B0

4Ô
0
4 + B3

4Ô
3
4, where B0

2 , B0
4 , and B3

4 are second-, fourth-order CEF pa-

rameters and Ô0
2, Ô

0
4, and Ô3

4 are the corresponding Stevens operator equivalents.

Fitting the susceptibility data and the two levels in INS spectra with HCEF , we have

B0
2 = −1.27, B0

4 = 0.32, and B3
4 = −1.86 meV, with the Ce3+ ground state doublet

being Jz = ±3/2, where Jz is along the [1,1,1] direction. As such state in the doublet

is a 1D irreducible representation of D3d point group, the Ce3+ ground-state doublet

in Ce2Zr2O7 is the dipole-octupole doublet, identical to that of Ce2Zr2O7 [78].

Figure 3.2b shows the energy dependence of the integrated neutron scattering at

35 mK and 12 K. On cooling from 12 K to 35 mK, the scattering intensity at 35

mK increases around the neutron energy loss side (positive energy). Assuming that

the temperature different scattering between 35 mK and 12 K is entirely magnetic

in origin, the imaginary part of the generalized dynamic spin susceptibility χ′′(E)
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Figure 3.2 : a, Schematic of the (h,h,l) zone and high-symmetry directions. b,
Wavevector-averaged spectra within the (h,h,l) scattering plane at 35 mK and 12 K.
The incident neutron energy is 1.55 meV. c, The energy dependence of χ′′ obtained
by subtracting 12 K scattering from 35 mK scattering. The data were obtained with
incident energy Ei = 3.32 meV and the integration range is shown in a. d-g, Wavevec-
tor dependence of the magnetic scattering at 35 mK and differnet energies obtained
using Ei = 3.32 meV. The data were collected from 0 to 180◦, but expended to 180
to 360◦. [3]

Figure 3.3 : a, Wavevector dependence of the integrated magnetic scattering from
-0.05 to 0.15 meV at 35 mK. b-d, Dispersions of the spin excitations along different
high-symmetry directions and constant-energy cuts along (0,0,l), (h,h,0), and (h,h,h)
directions. [3]



37

can then be calculated via Eq. (1.13). Figure 3.2c shows the energy dependence of

χ′′ near the K and X points in the reciprocal space, which can be well described by

χ′′(E) ∝ ΓE/[(E −E0)
2 + Γ2] with Γ = 0.04 meV and E0 = 0.06 meV characterizing

the damping and energy scale of the spin excitations, respectively. Figure 3.2d-g

summarizes the wavevector dependence of spin excitations in the (h,h,l) zone at 35

mK for different energies. As expected, we see no evidence of magnetic scattering

from -0.05 to 0 meV. On moving to 0 to 0.05 meV, we see a continuum of spin

excitations around the Brillouin zone boundary of the system. On further increasing

the energy to 0.05 to 0.1 meV, the spin excitation continuum remains the same shape

but with increased intensity. Finally, spin excitations at 0.1 to 0.15 meV are less clear

but may still have the same wavevector dependence as those at lower energies. In

the temperature range of the Pauling entropy plateau for classical and quantum spin

ice pyrochlore lattices, one would expect to find pinch points around M , Γ1, and Γ2

points in reciprocal space. However, we find no clear evidence of such pinch points in

our data.

Figure 3.3a shows the wavevector dependence of the energy-integrated magnetic

scattering from E = −0.05 to 0.15 meV. Consistent with the data in Figure 3.2d-g,

the magnetic scattering reveals a broad continuum confined to the zone boundary.

Plotted in Figure 3.3b-d are wavevector-energy dispersions of the spin excitations and

wavevector cuts at different energies. Along all directions, the magnetic scattering is

confined to below 0.2 meV, an energy scale considerably small than that of the spin

excitations reported in classical spin ice and quantum XY pyrochlores [80, 73].

Assuming that the Ce3+ ions are dipole-octupole doublets, the generic model is the

XYZ spin model with Hamiltonian H =
∑

ij JzS
z
i S

z
j +JyS

x
i S

x
j +JyS

y
i S

y
j +Jxz(S

x
i S

z
j +

Szi S
x
j ), where Sz is the magnetic dipole moment defined along the [1,1,1] direction,
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and Sx and Sy are the magnetic octupole moments. Theoretically, the XYZ model for

the dipole-octupole doublets has two symmetry-enriched U(1) QSLs dubbed a dipolar

QSL and an octupolar QSL [79, 81]. They are distinct by the roles of the dipole and

octupole components in each phase. The application of an external magnetic field can

in principle induce an emergent Anderson-Higgs transition by condensing the spinons

in the octupolar QSL.

3.4 Summary and outlook

We have discovered a 3D pyrochlore lattice QSL candidate, Ce2Zr2O7, that has all

of the hallmarks of a QSL but with considerably reduced complications of magnetic

and lattice disorder, or oxygen vacancy, and up to 4% anti-site disorder. We further

demonstrate that Ce2Zr2O7 may be a non-spin-ice pyrochlore QSL and differ from

the prevailing examples of spin-ice-based pyrochlore QSL candidate materials.

Our measurements indicate the absence of long-range order or spin glass behavior,

while neutron spectroscopy finds conclusive evidence for a continuum of fractionalized

excitations, as theoretically expected in a QSL. As Ce2Zr2O7 is the only QSL can-

didate with minimal disorder and shows promising characteristics of a QSL beyond

2D, future work should focus on synthesizing high-quality single crystals of more QSL

candidates.
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Chapter 4

Spin Waves and Dirac Magnons in a Honeycomb

Lattice Zig-zag Antiferromagnet BaNi2(AsO4)2

The topological properties of massive and massless fermionic quasiparticles have

been intensively investigated over the past decade in topological materials without

magnetism. Recently, the bosonic analogs of such quasiparticles arising from spin

waves have been reported in the two-dimensional (2D) honeycomb lattice ferromag-

net/antiferromagnet and the 3D antiferromagnet. In this chapter, we present the

time-of-flight INS study on the spin waves of the S = 1 honeycomb lattice anti-

ferromagnet BaNi2(AsO4)2. We determine the magnetic exchange interactions in the

zig-zag AF ordered phase, and show that spin waves in BaNi2(AsO4)2 have symmetry-

protected Dirac points inside the Brillouin zone boundary.

4.1 Topological magnon and honeycomb structural motif

Elucidating nontrivial crossing points in the band structure of a crystalline solids

plays an important role in understanding its momentum space topology [82, 83, 84].

The discovery of massless Dirac fermions in the electron bands of graphene has led

to intensive studies of topological phases in metallic systems [85, 86]. A plethora of

topologically nontrivial electron band structures with massless and massive fermionic

quasiparticles have been proposed and studied in electronic systems [87, 88]. How-

ever, band topology is not restricted to fermionic systems and can also be extended

to bosonic quasiparticles [89, 90, 91, 92, 93]. In magnetically ordered materials where
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spin waves are bosons, topological bosonic quasiparticles (magnons) are characterized

by chiral edge states and a spin gap at the Dirac points induced by the next-nearest-

neighbor Dzyaloshinskii-Moriya (DM) interaction, as found in the 2D honeycomb

ferromagnet CrI3/CrBr3 [94, 95], or symmetry-protected band crossings, such as the

magnon Dirac cones in the 3D antiferromagnet Cu3TeO6 [96, 97] and the 2D honey-

comb lattice antiferromagnet CoTiO3 [98]. Recently, topological properties of magnon

bands in collinear magnetic orders have been investigated on the honeycomb lattice.

While the ferromagnetic (FM) phase exhibits a magnon spectrum similar to the elec-

tron dispersion of graphene, the antiferromagnetic (AF) phases show an even richer

magnon structure. In particular, the zig-zag AF ordered phase, shown in Figure.

4.1a,b, can host a Dirac nodal line protected by nonsymmorphic symmetry combined

with time-reversal symmetry [99, 100].

In addition to potentially hosting topological magnon bands, 2D honeycomb lat-

tice magnetic materials themselves are of great interest because the Kitaev spin model

[101], consisting of a network of spins with S = 1/2 on a honeycomb lattice, is pre-

dicted to host quantum spin liquid (QSL) with Majorana fermions as its excitations

important for quantum computation [102]. Although there is no confirmed Kitaev

QSL material, α-RuCl3 has been identified as a candidate with a zig-zag AF ground

state [Fig. 4.1b)] [103]. Therefore, to extract Kitaev interactions in α-RuCl3, one

must first determine magnetic exchange couplings giving rise to the zig-zag AF order

in a honeycomb lattice magnet where a classical Heisenberg Hamiltonian can describe

spin waves [104].

There are many 2D honeycomb lattice magnets with a zig-zag AF ground state [105,

106, 107, 108, 109, 110, 111]. Although inelastic neutron scattering (INS) experiments

carried out on powder samples of some of these compounds provided constraints on the
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Figure 4.1 : a, Crystal structure of BaNi2(AsO4)2. b, Top-down view of the nickel
honeycomb lattice with Heisenberg exchange paths. c, The Brillouin zone boundaries
and high symmetry points in the [H, K ] plane. d, Susceptibility of BaNi2(AsO4)2
measured with 1 T magnetic field applied parallel to the c axis and ab plane. e,
Order-parameter-like (1/2, 0, 1/2) magnetic Bragg peak.
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magnetic exchange couplings [109, 112, 113], no measurements on single crystals have

conclusively unveiled the magnetic couplings giving rise to the zig-zag AF structure.

BaNi2(AsO4)2 is a honeycomb lattice magnet with S = 1 and a zig-zag AF structure

[Figs. 4.1(a) and 4.1(b)] [114]. Although INS experiments have been carried out

on single crystals of BaNi2(AsO4)2 and related compounds [115, 116, 117], the entire

spin-wave spectra have not been measured and magnetic exchange couplings have not

been completely determined. In addition, the isostructural compound BaCo2(AsO4)2,

which has a helical magnetic ground state at the zero field [118], has been recently

proposed as a candidate for a field-induced Kitaev QSL state [119]. Therefore, it is

of great interest to map out spin waves in BaNi2(AsO4)2 and determine the magnetic

exchange couplings and topological properties.

Here, we investigate the INS spectra of spin waves on single crystals of BaNi2(AsO4)2.

Using neutron time-of-flight spectroscopy, we map out spin waves in the AF ordered

state and fit the data with a Heisenberg Hamiltonian to determine the magnetic

exchange couplings. The spectra reveal signatures of Dirac points around the high

symmetry point X in the 2D Brillouin zone. Our symmetry analysis and calculation

based on linear spin-wave theory shows that the Dirac point is due to the coexistence

of easy-axis and easy-plane anisotropy, and is protected by symmetry. On warming to

temperatures above TN , spin waves in the ordered state become paramagnetic scat-

tering but still have short-range in-plane spin correlations that decay with increasing

temperature. Our results, therefore, determine the magnetic exchange couplings of a

zig-zag AF honeycomb lattice magnet and provide a basis to compare with theoretical

calculations using a Heisenberg-Kitaev Hamiltonian.
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Figure 4.2 : a-d, Neutron scattering E-Q spectra along high-symmetry directions
experimentally at 6 K (left), compared with the calculated intensities and dispersion
(twinned) discussed in the text (right). The experimental data were integrated over
−4 ≤ L ≤ 4 and −0.1 ≤ K⊥ ≤ 0.1. e-h Constant-energy cuts at selected energy-
transfers in the [H,K] plane at 6 K compared with the calculated pattern. The
experimental data were integrated over −4 ≤ L ≤ 4.
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4.2 Spin waves in BaNi2(AsO4)2

BaNi2(AsO4)2 crystallizes in a tetragonal structure with the in-plane and c axis lattice

parameters a = 4.94 Å, c = 23.43 Å, respectively (space group R3̄) [Fig. 4.1a]. The

magnetism in BaNi2(AsO4)2 is from octahedrally coordinated Ni2+ ions forming a 2D

honeycomb network [Fig. 4.1b], separated by AsO4-Ba-AsO4 layers. The compound

has an ABC stacking along the c axis. The distance between nearest-neighbor Ni2+

ions is 2.85 Å, while the interlayer distance is 7.89 Å, making an ideal 2D honeycomb

lattice. Upon cooling, the system orders antiferromagnetically below TN ≈ 18 K with

Ni2+ spins forming zig-zag chains parallel or anti-parallel to the a-axis [Fig. 4.1b]

[114]. Figure 4.1c shows a schematic of the reciprocal space in which the momentum

transfer Q = Ha∗ + Kb∗ + Lc∗ is denoted as (H,K,L) r.l.u. The zig-zag AF tran-

sition at TN ≈ 18 K is confirmed by magnetic susceptibility [Fig. 4.1d] and neutron

diffraction measurements [Fig. 4.1e].

The left panels in Figs. 4.2a-d show measured Q-E spectra of spin waves along

high symmetry directions within the [H,K] plane at T = 6 K. The left panels in

Figs. 4.2e-h are Q-dependence of spin waves in the [H,K] plane at energies E =

2± 0.5, 3± 0.5, 4± 0.5, 6± 0.5 meV, respectively. The measured intensity below the

line plots (white lines) between the K and Γ points in Fig. 4.2(a) and 4.2(d) are due

to the finite integration range perpendicular to the cutting direction (−0.1 ≤ K⊥ ≤

0.1). The spin-wave spectra consist of four branches, consistent with the zig-zag

AF structure that has four Ni2+ ions in the magnetic unit cell within the 2D plane.

For magnetic ordered systems, the ordered moment direction is typically determined

by dipolar interactions or single-ion anisotropy associated with spin-orbit coupling

(SOC), both can induce a spin gap at the ordering wave vector [120]. The size of

the spin gap indicates the finite energy cost for the spins to fluctuate away from the



45

ordered direction. The presence of the spin gaps at the M points [Figs. 4.2a-c],

especially the double-gap modes in Figure 4.2b and 4.2c, reveals that both easy-plane

and easy-axis anisotropies should be taken into account to understand spin waves of

BaNi2(AsO4)2.

In order to determine the magnetic exchange couplings in BaNi2(AsO4)2, we com-

pared the measured spin waves with the spectra calculated using the linear spin

wave theory via the SpinW program [121]. We assumed a general Hamiltonian

H =
∑

i<j(J1Si ·Sj +J2Si ·Sj +J3Si ·Sj) +
∑

j Dz(S
z
j )2 +

∑
j Dx(S

x
j )2, where the Dz

and Dx terms in the equation describe the easy-plane and easy-axis anisotropies of the

Ni2+ ions, respectively. The overall Hamiltonian is similar to the ones used to describe

the similar compounds BaNi2(PO4)2 and BaNi2(VO4)2, where single-ion anisotropies

are introduced [114, 116]. We do not consider in-plane anisotropic interactions (Ki-

taev term) due to the small SOC for Ni2+ ions in an octahedral local configuration.

Interlayer magnetic exchange couplings were also not included because there were no

evidence of spin wave modulation along the L direction, suggesting negligible c-axis

magnetic exchange coupling.

Since BaNi2(AsO4)2 has zig-zag AF order, spin waves stem from the M point

where there is a strong magnetic Bragg peak [Figs. 4.2b,c]. To fit the spin-wave

spectra, we set the signs of initial magnetic exchange interactions to be consistent

with the zig-zag magnetic order. Then the exchange parameters were varied manually

to compare the simulated spectra with the experimental data. The best fit yields J1 =

−0.69, J2 = −0.03, J3 = 1.51, Dz = 0.15, and Dx = −0.12 meV [The right panels

in Figures 4.2a-h]. These results are compatible with the susceptibility measurement

[Fig. 4.1d] through the relation ΘCW = −S(S + 1)(g− 1)2Σi=n,nn,nnnziJi/3kB, where

S = 1 is the spin value, kB is the Boltzmann constant, g is the Landé factor, and zi
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Figure 4.3 : a,b, Line plots of spin wave dispersion along high-symmetry directions
with Dz = 0 (a) and 0.5 meV (b). The signs of the eigenvalues were labeled. c,d,
Calculated line plot of spin wave dispersion (not twinned) along the [H , H , 0] direction
with Dz = 0 (c) and 0.2 meV (d). e,f, Calculated line plot of spin wave dispersion
(not twinned) along perpendicular direction across the Dirac points in (c) and (d).
g,h, Constant-energy cuts at selected energy-transfer in the [H,K] plane at 6 K. The
experimental data were integrated over −4 ≤ L ≤ 4.
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is the number of neighbors coupled to each magnetic ion by the magnetic exchange

Ji [122, 112]. We note that the exchange couplings extracted from our measured spin

waves are different from previous reports [114]. In spin-wave dispersion along the

[H,H, 0], [H, 0, 0], [H − 0.5, H + 0.5, 0], and [H − 1/6, 1/3, 0] directions [Figs. 4.2a-

d], and constant-energy cuts with different energies [Figs. 4.2e-h], the calculations

describe the measured data quite well. In particular, the anisotropy terms Dz and

Dx reproduced the observed double-gap modes in the dispersion along the [H, 0, 0],

and [H − 0.5, H + 0.5, 0] directions [Figs. 4.2b,c].

4.3 Symmetry protected Dirac crossing

The spin-wave dispersions of the model under different conditions are summarized

in Fig. 4.3. Along the X-M line, every band is doubly degenerate, which is due to

an antiunitary symmetry, the combination of time-reversal symmetry, and a glide

mirror, that squares to −1 [100]. Along the Γ-X line, several band crossings appear.

We now focus on the crossings circled in orange, which we will argue is inevitable

for small Dz. To understand this band crossing, we first look at band dispersion

without Dz [Fig. 4.3(a)]. Every band on the Γ-X line is doubly degenerate, which

is due to two anticommuting operators Sx and My. Sx =
∑

i Sx is the spin angular

momentum, which is conserved without Dz. My is the mirror operation in the y

direction. {Sx,My} = 0 indicates that every band on the Γ-X line contains states

with both +1 and −1 My eigenvalues and is thus doubly degenerate. At X point,

the band is four-fold degenerate, owing to the same antiunitary symmetry mentioned

above [100]. A finite Dz breaks the conservation of Sx. As a result, each band on the

Γ-X line splits into two, and the four-fold degeneracy at X point is broken into two

two-fold degenerate bands.
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Here we present some symmetry analysis of the magnon band structure. For DZ =

0, Γ−X is doubly degenerate with {+1,−1}My eigenvalues, we will show here, with a

finite Dz, the doubly degenerate bands at the X point have My eigenvalues {+1,+1}

or {−1,−1}. The relevant symmetries at the X point are My, C2y := t(a2)C2y (the

combination of two-fold rotation symmetry and a translation along a2) and Mx. Here,

a1 = (1, 0) and a2 =
(
1/2,
√

3/2
)

are the lattice vectors of the nonmagnetic unit cell.

We now work out the commutation relation between the symmetry operators:

MxMy = MyMx;

MyC2y = Myt(a2)C2y

= t(−a2 + a1)MyC2y

= t(−2a2 + a1)C2yMy

= C2yMy;

MxC2y = Mxt(a2)C2y

= t(−a1 + a2)MxC2y

= t(−a1)C2yMx

= −C2yMx;

where we have used the fact that t(−2a2 + a1) = 1 and t(−a1) = −1 at X point.

We now use proof by contradiction and assume one doubly degenerate band at X

point contains states {ϕ+1, ϕ−1} with My eigenvalues {+1,−1}. Since Mx commutes

with My, Mxϕ+1 should also be a My eigenstate with +1 eigenvalue. Therefore,

Mxϕ+1 ∝ ϕ+1, which means ϕ+1 is also an eigenstate of Mx with eigenvalue λ.

Furthermore, since Mx anticommutes with C2y, C2yϕ+1 should be an eigenstate of
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Mx with eigenvalue −λ. As a result, C2yϕ+1 ∝ ϕ−1. Finally, My commutes with C2y,

indicating C2yϕ+1 ∝ ϕ−1 is an eigenstate of My with eigenvalue +1. This contradicts

the original assumption that ϕ−1 is an eigenstate of My with eigenvalue −1.

Therefore, every doubly degenerate band at X has My eigenvalues {+1,+1} or

{−1,−1}, and the compatibility relation requires at least one band crossing on the

Γ-X line [Fig. 4.1b], forming a topological Dirac point. This Dirac point is visualized

in several other line cuts in Fig. 4.3c-f. In Fig. 4.3g-h, we show constant-energy cuts

at and slightly above the energy E = 5.2 meV where we expect Dirac crossings. Al-

though twinned domains and finite energy resolution give rise to complicated features

in the constant-energy cuts, we can clearly see the maximums of intensity are around

X points, which provides direct evidence of the existence of the Dirac points in the

spectrum.

4.4 Summary

We have mapped out spin waves of the S = 1 zig-zag AF honeycomb lattice BaNi2(AsO4)2.

We were able to completely determine the magnetic exchange couplings in the sys-

tem, and provide evidence that spin waves in BaNi2(AsO4)2 have symmetry-protected

Dirac points inside the Brillouin zone boundary. These results unveil microscopic

magnetic interactions of the zig-zag AF order and associated Dirac magnons in a

honeycomb lattice magnet, and are also important for establishing the magnetic in-

teractions in Kitaev quantum spin liquid candidates.
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Chapter 5

Excitonic Flat Bands in the Bipartite

Singlet-Ground-State System Ni2Mo3O8

Singlet-ground-state systems, in which the crystal field ground state of the magnetic

ion is a singlet, are of great interest because the magnetic properties are sensitive

to the ratio of magnetic exchange (J) to single-ion anisotropy (D). They are also

platforms to study excitons, the crystal field transitions propagating through the

lattice. In this chapter, we use thermodynamic and neutron scattering experiments

to investigate Ni2Mo3O8, a bipartite honeycomb lattice comprised of tetrahedral and

octahedral Ni2+ environments.

5.1 Bipartite honeycomb lattice compound Ni2Mo3O8

It has been proposed in singlet-ground-state systems, both experimentally [123, 124,

125, 126, 127] and theoretically [124, 128], that magnetic ordering and properties are

sensitive to the ratio of magnetic exchange (J) to single-ion anisotropy (SIA, D). With

negligible magnetic exchange (J << D), the system is paramagnetic at all tempera-

tures; as the exchange increases (J D), the system can be a spin glass that does not

require static frustration and disorder; when the exchange is relatively large (J >>

D), magnetic order will be induced through a polarization instability of the singlet

ground state, thus such systems are also called induced-moment systems. Excitons,

the basic magnetic excitations in singlet-ground-state systems, describe the crystal

field transitions propagate through the lattice [123, 124, 125, 126]. They are funda-
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mentally different from spin-waves (magnons), which describe the collective modes of

spin precession on the lattice in most magnetic materials [129]. In particular, magnons

are mostly defined in magnetically ordered states; while excitons are well defined in

both ordered and paramagnetic states. Although excitons in singlet-ground-state sys-

tems have been studied for years, only a few materials show characteristic magnetic

properties of such systems, such as Pr [123, 125], P3Tl [123, 124], PrAu2Si2 [127, 130],

Ho3Ga5O12 [131, 132], and NiRh2O4 [133, 134], and some of them are still controver-

sial.

Recently, a set of materials, namely M2Mo3O8 (M = Fe, Mn, Ni, Co, Zn) [135,

136, 137, 138, 139, 140, 141], have drawn increasing attention due to their multifer-

roic properties. The crystal structure of M2Mo3O8 consists of magnetic bipartite

honeycomb M-O layers, separated by sheets of Mo4+ layers (Fig. 5.1a), where the

Mo4+ ions inside each layer are trimerized and form a singlet. The two M2+ sites

have different coordinates, with one site being MO6 octahedron and the adjacent

one being MO4 tetrahedron. This feature makes systematic doping possible, which

provides a potential for novel complex physics in the system [135]. Large magnetoelec-

tricity and thermal Hall effect have been reported on Fe2−xZnxMo3O8 [139, 140], as

well as high-temperature terahertz optical diode effect [141]. Multiferroic properties

in Fe2−xMnxMo3O8, Co2Mo3O8, and Ni2Mo3O8 have been reported, but no detailed

neutron scattering experiments have been carried out on this series of compounds.

In this family, Ni2Mo3O8 was the first compound studied as a platform to explore

the physics of S = 1 on the geometrically frustrated lattice [135, 136]. We use the

chemical vapor transfer method to grow high-quality single crystals of Ni2Mo3O8 to

further study the singlet-ground-state nature and excitonic magnetism in this com-

pound. Unlike the co-linear magnetic structure in Fe, Co, and Mn compounds in the
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Figure 5.1 : a, A schematic of the structure of Ni2Mo3O8 with lattice parameter a = b
= 5.76 Åand c = 9.76 Å. b,c, Side (along the b-axis) and top (along the c-axis) view of
the magnetic structure of Ni2Mo3O8. d, A schematic diagram of the Brillouin zone.
High symmetry points and directions are labeled. e, Temperature dependence of the
intensities of two magnetic Bragg peaks at (3/2 0 1) and (1/2 -1/2 0). f, The d.c.
susceptibility with 1-8 T magnetic fields perpendicular to the c-axis. Data are shifted
by magnetic field × 0.01 emu / mol T. g, The magnetic contribution to the specific
heat Cmag with 0-8 T magnetic fields perpendicular to the c-axis. h, Temperature
versus magnetic field phase diagram from d.c. susceptibility and specific data.
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family, the spins of Ni2+ ions form a stripy AFM order (Fig. 5.1b,c) below TN = 6 K

(Fig. 5.1e). According to our neutron diffraction refinements on single crystals, the

ordered moments of tetrahedral and octahedral Ni sites are 1.469 µB and 1.097 µB,

respectively. The refinements also show that doping of non-magnetic ions like Zn2+,

Mg2+ prefers to occupy the tetrahedral sites as reported before [135].

Figure 5.1f shows the temperature dependence of the d.c. susceptibility with 1-8

T magnetic fields applied along the [1, 1, 0] direction perpendicular to the c-axis. The

data in the 1 T field (orange line) shows a clear peak around TN = 6 K, while the

data in the 8 T field (blue line) shows no evidence of a magnetic transition. In-plane

susceptibility is much larger than c-axis susceptibility, which is consistent with our

neutron refinements, indicating easy-plane anisotropy. The Curie-Weiss fitting to the

in-plane and c-axis susceptibility above 200 K gives θCW,⊥ = −454.12 ± 0.53 K and

θCW,// = −100.52± 0.11 K, respectively, suggesting a quasi-2D system where the in-

plane magnetic exchange is larger than the c-axis exchange. The difference between

our analysis and previous results on single crystals mainly comes from the direction

of the in-plane magnetic fields [136]. Fig. 5.1g shows the temperature dependence of

the specific heat as a function of applied magnetic fields perpendicular to the c-axis.

In zero field (red line), we see a typical λ-shaped transition around TN = 6 K, while in

8 T field, there is no evidence of a magnetic transition above 2 K, which is consistent

with our susceptibility measurements. We combined the transition temperatures from

our susceptibility and specific heat data and present a phase diagram in Fig. 5.1h.

5.2 Singlet-ground-state and exciton

To demonstrate the singlet-ground-state and induced-moment nature of Ni2Mo3O8,

we carried out INS experiments on single crystalline and powdered samples with 2.5
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Figure 5.2 : a, Powder average of the low energy spin waves of Ni2Mo3O8 single
crystal at 1.7 K with Ei = 2.5 meV, which cannot be resolved in the spectrum using
Ei = 40 meV. b, Powder average of the spin excitation spectrum of Ni2Mo3O8 single
crystal at 1.5 K with Ei = 40 meV. Balck arrows denote three crystal field levels at
13.8 meV, 16.9 meV and 20.3 meV. c, Temperature dependence of the constant- ~Q
([1.5 - 2.5] Å−1) cuts at 1.5 K from data in panel b. Blue arrows denote three peaks
at 13.8 meV, 16.9 meV and 20.3 meV. d,e, Schematics of crystal field levels of the
tetrahedral coordinated and the octahedral coordinated Ni ions.
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meV, 3.7 meV, 40 meV, 250 meV, and 1.5 eV incident energy (Ei). We see clear spin

waves dispersions at 1.7 K with 2.5 meV Ei (Fig. 5.2a). Fig. 5.2b and 5.2c show a

powder averaged INS spectrum and a constant-Q cut with 40 meV Ei, revealing at

least three excited states from Ni2+ at 13.8 meV, 16.9 meV, and 20.3 meV. There

are no visible crystal field levels above 40 meV. We analyze the single-ion crystal

fields using Stevens operator formalism, in which, due to the point-group symmetry,

both tetrahedral and octahedral Ni sites are described by the Hamiltonian HCEF =

B0
2Ô

0
2 +B0

4Ô
0
4 +B3

4Ô
3
4, where B0

2 and B0
4 are the second- and fourth-order crystal field

parameters and Ô0
2 and Ô0

4 are the corresponding Stevens operator equivalents. The

lowest states in trigonal crystal field are 3-fold degenerated for both tetrahedral and

octahedral sites (Fig. 5.2d,e) and the degeneracy can be further lifted by spin-orbital

couplings. Since Ni2+ ions in Ni2Mo3O8 tend to occupy octahedral sites, we performed

INS experiments on the powder sample of Ni2Mo3O8 to study the single-ion crystal

fields of octahedral sites. We find that the intensity of the scattering in the range

of 12 meV - 21 meV is considerably reduced, indicating the three levels observed in

Ni2Mo3O8 all come from the first excited doublet of the tetrahedral Ni site. Since the

magnetic unit cell doubles the structural unit cell in the ordered state, the doublet can

split up to four levels. Combined with susceptibility data, we construct the single-ion

crystal fields as shown in Fig. 5.2d and 5.2e: two sites share the same configuration

in which ground-state is a singlet and the first excited state is a doublet; the SIA,

i.e. the gap between ground-state and first excited state, on tetrahedral sites is 17

meV, while the SIA on octahedral sites is less than 1 meV. Therefore, we identify

Ni2Mo3O8 as a singlet-ground-state system and expect that the magnetic ordering is

induced by the magnetic interactions.

To determine the energy, wavevector, and temperature dependence of the excitonic
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Figure 5.3 : a-c, Energy - momentum plots of the dispersions along [H, H, 0] at 1.5
K, 10 K and 120 K measured with 40 meV incident energy Ei. The data is integrated
along the L direction since the scattering above 12 meV has no modulation along L.
Dashed lines indicate the energy integration range in d-i. d-f, Momentum dependence
of the scattering at 1.5 K, 10 K and 120 K, where high intensity is near the zone center.
The energy integration range is 18 meV - 22 meV. g-i, Momentum dependence of the
scattering at 1.5 K, 10 K and 120 K, where high intensity is near the zone boundary.
The energy integration range is 12 meV - 16 meV.
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magnetism in Ni2Mo3O8, we co-align high-quality single crystals in the [H, H, 0] × [-

K, K, 0] scattering plane (Fig. 5.1d). Figure 5.3a-c are wavevector-energy dispersions

of the excitons at 1.5 K, 10 K, and 120 K. We observed magnetic scattering in two

separated energy regions, 12 - 16 meV and 18 - 22 meV, at 1.5 K. Above TN , the

scattering below and above 17 meV merge and become dispersive. The dispersion

persists up to 120 K, which is one of the signatures of excitons. Fig. 5.3d-i summarizes

the wavevector dependence of spin excitations in the [H, K, 0] plane in two energy

regions at 1.5 K, 10 K, and 120 K. The scattering remains the same shape at different

temperatures: in the high energy region, the scattering is more intensive near the

Brillouin zone center (Fig. 5.3d-f); while in the low energy region, the scattering is

like the complementary part of the high energy scattering that forms a continuum

around the zone boundary (Fig. 5.3g-i). The low energy scattering below TN , that

consists of two flat modes of the same pattern at 13.8 meV and 16.9 meV, can be

resolved by a supplementary INS experiment in the [-K, K, 0] × [0, 0, L] scattering

plane.

Several unusual features are present in Ni2Mo3O8. First, the band top of low

energy spin waves is below 1.5 meV and the magnetic order is destroyed by an in-

plane field of 8 T, indicating a low energy scale of the magnetic exchange, compared

to the crystal field levels of tetrahedral Ni sites at 12 meV. In singlet-ground-state

systems, a paramagnetic state at zero temperature is expected in this region (J <<

D), but the system does order at 6 K. Second, excitons only hybridize with spin

waves when they have similar energy scales, while the excitations will be featureless

if the crystal fields are much higher in energy. In Ni2Mo3O8, the excitonic bands

at high energy (12-20 meV) are very flat in energy but show noticeable wavevector

dependence. We would like to explain the dichotomy of magnetic order and low energy
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Figure 5.4 : a, Schematic of spin clusters used to calculate the structural factors.
The 120◦ configurations with approximately zero net spin give rise to the pattern
in which high intensity is near the zone boundary. The ferromagnetic clusters lead
to the pattern where high intensity is near the zone center. b-d, Comparison of
the structural factors by the cluster and flavor wave calculations. Both methods
reproduce the scattering in Ni2Mo3O8 at 12-16 meV (b), 18-22 meV (d), and the sum
of two (c).

spin waves, and high energy scales for crystal field splitting and their dispersion.

In general, the system is described by a S=1 XXZ Hamiltonian:

H = H1 +H23 +HSIA (5.1)

where first-neighbor coupling

H1 =
∑
i∈t

J1(~Si · ~Si+a − γ(~Si · êa)( ~Sj · êa) + d(ẑ× êa) · ~Si × ~Si+a) (5.2)

second- and third- neighbor coupling

H23 =
∑

<ij>∈t

J2t~Si~Sj +
∑

<ij>∈o

J2o~Si~Sj +
∑

<ij>∈3NN

J3~Si~Sj (5.3)
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and SIA term

HSIA =
∑
i∈t

Dt(S
z
i )2 +

∑
i∈o

Do(S
z
i )2. (5.4)

For J=0, the Hamiltonian in Eq. (5.1) has a unique gapped ground state (Szi = 0

on all states). Perturbation for J<<D preserves the gap and the system remains

in a unique, trivial ground state. For J>>D, the single-ion terms are unimportant,

and we expect an ordered ground state. Consequently, a quantum phase transition

is expected as a function of J. We capture the transition by a Curie-Weiss mean-field

approach. At the simplest level, if we only consider nonzero J1, γ and Dt,Do, the

critical value of J1 is found to be

J̃ = J1(1 + γ/2) =
√
DtDo/2 (5.5)

In Ni2Mo3O8, Dt ≈ 17 meV and Dt ≈ 1 meV, according to our crystal field analysis.

Therefore, the scale of magnetic exchange required to induce moment is largely re-

duced due to the bipartite nature of the lattice. From Eq. 5.5, we have J̃ ≈ 2.06 meV,

which is consistent with the low-energy scale of the magnetic order. The anisotropic

exchange γ, which is originated from the combined effects of crystal field and SOC,

can be used to energetically favor the experimentally observed four-sublattice state.

The Dzyaloshinskii-Moriya interaction d is responsible for the small out-of-plane spin

canting.

At high energies, empirically, the scatterings resemble short-range ferro-and anti-

ferromagnetic scattering, respectively. We first consider three tetrahedral Ni atoms

on the vertices of an equilateral triangle and the spins form a 120◦ configuration (Fig.

5.4a). The Fourier transform of the spins on this cluster is:

~Sc(h, k) =
2∑
j=0

~S0R1/3FNi(| ~Qhkl|)exp(−i2π(xih+ xjk)) = ~S0MFNi(| ~Qhkl|) (5.6)
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where ~S0 is the direction of one of the spins, R(1/3) is the 120◦ rotational matrix, FNi

is the magnetic form factor of Ni2+, andM is the magnetization matrix. The observed

scattering S(Q,E) intensity is proportional to |κ̂ × (~Sc × κ̂)|2, where κ̂ = ~Q/Q.

Fig. 5.4b shows the calculated structural factor for the 120◦ antiferromagnetic spin

configuration. Similarly, the structural factor for a ferromagnetic spin configuration

can be calculated by canceling the off-diagonal term of M, which is shown in Fig.

5.4d. The calculated factors fit well with the observed spin excitations in the INS

experiments, indicating that crystal field excitations - excitons - have a preference for

dynamic textures when propagating through the lattice.

Theoretically, our collaborators modeled the inelastic spectra using an effective

Hamiltonian describing a ground singlet and excited doublet on each octahedral and

tetrahedral site, which may be represented as effective S = 1 spins, with a Hamiltonian

containing SIAs and symmetric and anti-symmetric exchange interactions. Notably,

the large SIA on the tetrahedral site gives rise to the apparent high energy crystal

field modes, which disperse due to the exchange couplings. The spectral function

of the excitations in the ordered state is calculated using a flavor wave expansion

based on the SU(3) representation of the triplet of levels on each site. This method

captures the partial suppression of ordered moment by the tendency to single-ion

singlet formation, while still describing the ordering and associated magnons.

Focusing on the high energy excitations, the flavor wave calculation predicts the

formation of four bands, which are spin-split and folded due to the antiferromagnetic

enlargement of the unit cell. The predominant momentum dependence arises from

antiferromagnet exchange coupling between closest pairs of tetrahedral sites (second

neighbors in the honeycomb structure), which leads to high intensity at the lower

edge of the band near the zone boundary, and at the upper edge of the band near the
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zone center.

These features match qualitatively and semi-quantitatively the experimental ob-

servations, and the model passes two key tests for physical correctness. First, the

model and its parameters are consistent with a microscopic analysis based on the

two distinct crystal field environments. Second, the same model predicts the ordered

magnetic structure in detail, including not only the wave vector but the orientation

of the in-plane moments and the canting out of the ab planes.

5.3 Summary

We use thermodynamic and neutron scattering experiments to demonstrate that

Ni2Mo3O8, a bipartite honeycomb lattice compound is a singlet-ground-state system.

We report ferro- and antiferromagnetic excitonic flat bands in the inelastic neutron

scattering spectra on single crystals of Ni2Mo3O8. Since the magnetic exchange is

much smaller than the single-ion anisotropy of tetrahedral Ni2+ sites (J << Dt), the

ordering of the tetrahedral sites is highly unusual. We capture the quantum phase

transition of tetrahedral Ni2+ sites by a mean-field approach. Our spin cluster and

flavor wave calculations account for the excitonic scattering in measured spectra. This

work highlights the exotic spin dynamics from the interplay between crystal fields and

magnetic interactions on a bipartite lattice.
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D. Talbayev, “High-temperature terahertz optical diode effect without magnetic

order in polar feznmo 3 o 8,” Physical review letters, vol. 120, no. 3, p. 037601,

2018.


	CommitteeChairTitle: Professor of Physics & Astronomy
	CommitteeFTitle: 
	ThesisTitle: Neutron scattering studies on FeSe, Ce2Zr2O7,
BaNi2(AsO4)2, and Ni2Mo3O8
	CommitteeCTitle: Professor of Engineering, Electrical & Computer Engineering, Applied Physics, Physics & Astronomy, and Materials Science & NanoEngineering
	CommitteeETitle: 
	CommitteeBTitle: Professor of Physics & Astronomy, Chemistry, and Materials Science & NanoEngineering
	CommitteeDTitle: 


