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Abstract

Multiferroic materials attract significant attention due to their potential utility

in a broad range of device applications. The inclusion of heavy metal centers in

these materials enhances their magnetoelectric properties, yielding fascinating phys-

ical phenomena such as the Dzyaloshinskii–Moriya interaction, nonreciprocal direc-

tional dichroism, enhancement of spin-phonon coupling, and spin-orbit-entangled

ground states. This dissertation provides a comprehensive survey of magnetoelec-

tric multiferroics containing heavy metal centers and explores spectroscopic tech-

niques under extreme conditions. A microscopic examination of phase transitions,

symmetry-breaking, and structure-property relationships enhances the fundamental

understanding of coupling mechanisms.

In A2Mo3O8 (A = Fe, Zn, Ni, and Mn), we use optical spectroscopy to analyze

the electronic properties and compare our findings with first principles electronic

structure calculations. We find that Fe2+ ions in the A site create a many-body

effect from a valence band due to screening of the local moment – similar to a Zhang-

Rice singlet. These findings advance the understanding of unusual hybridization

with orbital occupation and the structure-property relationships in various metal-

substituted systems.

In a chiral, polar magnet, Ni3TeO6, we explore toroidal geometry to complete the

set of configurations and develop structure-property relations by combining magneto-

optical spectroscopy and first-principles calculations. The formation of Ni toroidal
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moments is responsible for the largest effects near 1.1 eV - a tendency that is cap-

tured by our microscopic model and computational implementation. Furthermore, we

demonstrate deterministic control of nonreciprocal directional dichroism in Ni3TeO6

across the entire telecom wavelength range. This discovery will accelerate the devel-

opment of photonics applications that take advantage of unusual symmetry charac-

teristics.

In Co4B2O9 (B = Nb, Ta), we combine variable temperature infrared spec-

troscopy, lattice dynamics calculations, and several different models of spin-phonon

coupling to reveal the mechanism of magnetoelectricity. We reveal a spin-phonon

coupling in Co2+ shearing mode near 150 cm−1 with coupling constants of 3.4 and

3.4 cm−1 for Co4Nb2O9 and the Ta analog, respectively. These coupling constants

derive from interlayer exchange interactions, which contain competing antiferromag-

netic and ferromagnetic contributions. Comparison to other contemporary oxides

shows that spin-phonon coupling in this family of materials is among the strongest

ever reported, suggesting an origin for magnetoelectric coupling.
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Chapter 1

Introduction

Multiferroics are multi-functional materials that exhibit multiple ferroic orders

simultaneously [1]. A ferroic order is a spontaneous alignment of electric polariza-

tion, magnetic moment, or strain, and toroidal moment. When two or more of these

ferroic orders coexist and are coupled with each other, multiferroicity is achieved,

which can be categorized by the space-inversion and time-reversal symmetries. Mag-

netoelectric multiferroics, therefore, break both space-inversion and time-reversal

symmetries with the coexistence of ferroelectricity and magnetism. These broken

symmetries play an important role in determining properties. Magnetoelectric mul-

tiferroics can be categorized into Type-I and Type-II by the mechanisms of ferroic

ordering surrounding ferroelectricity and magnetism. Type-I systems host separate

origins for ferroelectric and magnetic orderings whereas Type-II materials display

magnetism-induced ferroelectricity. The former exhibit higher ordering temperature

whereas the latter displays stronger magnetoelectric coupling strength.

Magnetoelectric multiferroics and the cross-coupling of electronic and magnetic

properties are the main subjects of this dissertation. BiFeO3 is a well-known room-

temperature multiferroic, which displays magnetoelectric coupling with ferroelectric-

ity of ∼100 µC/cm2 along [111] and hosts both photovoltaic and photo-capacitance
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applications [2–4]. As a Type-I multiferroic, the magnetoelectric coupling is weak

due to the fact that the electric and magnetic ordering temperatures are different [5].

Type-II multiferroics like MnWO4, CoCr2O4, LiCu2O2 have stronger magnetoelec-

tric couplings, but low ordering temperatures [6–8]. In a search for a stronger mag-

netoelectric coupling, heavy metal centers are highly sought after due to stronger

spin-orbit coupling, which enhances the multiferroicity [9,10]. In general, the energy

of spin-orbit coupling is described as

Eso =
Z4

2(137)2n3

j(j + 1)− l(l + 1)

s(s+ 1)2l(l + 1/2)(l + 1)
. (1.1)

Here, Z is the atomic number, n, j, l, and s, are quantum numbers. Notice that E

∼ Z4. The heavier element introduces larger spin-orbit coupling. This leads to im-

portant consequences in quantum materials, such as the spin-orbit-entangled ground

state of Jeff = 1/2 found in iridates [11]. Mixed metal systems can incorporate tran-

sition metals and heavy metals as well. Thus, the best qualities of both 3d transition

metals and heavy metal centers are combined. Furthermore, mixed metal oxides

with 3-, 4-, and 5d centers offer a perfect platform to perform structure-property

relation analysis. As summarized in Table 1.1, 3d-containing materials are well-

known for strong electron correlations, narrow bandwidths, site- and orbital-selective

states, and robust magnetism whereas 4- and 5d systems are recognized for a strong

spin–orbit coupling, increased hybridization, extended orbitals, and a tendency to-

ward dimerization [12–16]. The tendencies of 3d-containing vs 4d/5d-containing ma-

terials are tabulated in Table 1.1. Examples include interpenetrating sublattices with

independent spin dynamics and ground states in Sr2CoOsO6 [17,18], self-healing pho-

toelectrode materials like CuRhO2 [19], the covalency-driven collapse of spin-orbit

coupling in Ba5CuIr3O12 [20], an ultra-high coercive field in Sr3NiIrO6 [21,22], spinels

such as CdCr2O4 for unraveling trends in frustrated and two-sublattice magnetism
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Table 1.1: Differences of transition metals and heavy metals.

3d center 4d/5d center
Orbital character Localized Diffused
Electron-electron

correlation
Strong

U = 5 - 8 eV
Weak

U ≈ 0.5 eV
Spin-orbit
coupling

Weak
λ ≈ 0.02 eV

Strong
λ ≈ 0.5 eV

Magnetism Robust Fragile
Tendency towards

dimerization
No Yes

Tendency towards
band inversion

No Yes

3



with spin-phonon coupling [23–25], surprising spin entropy effects across the magnetic

quantum phase transition in CoNb2O6 [26], Sm2CoIrO6 with enhanced spin-phonon-

electronic coupling [27]. Combining these qualities in mixed metal materials lead to

a variety of unexpected properties.

We can tune the properties of quantum materials by chemical substitution and

use structure-property relationships to examine how the interactions of spin, orbital,

charge, and lattice degrees of freedom are affected. These substitutions can lead to

changes in hybridization, magnetic properties, and optical properties. Furthermore,

chemical substitution can affect the way in which different ferroic order parameters

interact with each other. For instance, the substitution of one element for another can

introduce different quantum states (L and S) which can affect the magnetic, electric,

and optical properties of the material. As an example, the A2Mo3O8 (A = Mn, Fe,

Co, Ni, and Zn) system is a family of complex oxides that host strong magnetoelectric

coupling and various magnetic structures [28–30]. Here, there are two A-sites that

metal ions can occupy, an octahedral and a tetrahedral environment. By controlling

the substitution of A-site with different transition metals, the magnetic structure

can be controlled [31].

To recapitulate, one of the key concepts in multiferroics is symmetry. There

are several symmetries to discuss, which are rotational, mirror, space-inversion, and

time-reversal symmetries. Rotational symmetry is described by Cn, where the object

rotates on an axis that returns back to the original geometry. Mirror symmetry is a

translation through the plane whereas space-inversion is a translation, going through

a point. Time-reversal symmetry is reversing time (t → −t), and it is incorporated

into materials by magnetism or magnetic field. Using group theory, the properties

of materials can be explained and predicted. Taking an example that will be of

interest in this work, Co2B4O9 (B = Nb, Ta) has a non-polar trigonal space group
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of P 3̄c1. Experimental values of ferroelectricity and the magnetoelectric mechanism

are explained by analyzing the C3 local symmetry of magnetic Co2+ ion sites [32].

One of the interesting symmetries is chirality, which refers to the property of an ob-

ject or a system that is not superimposable onto its mirror image, i.e. broken mirror

planes. In chemistry, chirality has important implications. For example, thalidomide

is a medication for a number of diseases. The desired medication effect is exhibited

by the (R)-enantiomer, whereas the (S)-enantiomer possesses toxicity, causing birth

defects [33]. In multiferroic materials, chirality can arise due to the arrangement of

atoms within the crystal lattice. Chiral multiferroics are of great interest because

they exhibit strong magnetoelectric coupling, which means that their magnetic and

electric properties are strongly linked [9, 34–36]. Chirality also affects the way in

which domains of different ferroic order parameters interact with each other, which

can have implications for the properties and behavior of multiferroics. Chirality also

impacts the magnetic structure. Dzyaloshinskii–Moriya interaction (antisymmetric

exchange interaction) can induce a noncollinear magnetic system including helical

spin structure, skyrmion, spin spirals, and canted spins [37]. Figure 1.1 displays

an example of the magnetic chirality in Cu3Nb2O8 [35]. In the paramagnetic state

(above the magnetic ordering temperature, TN), the crystal structure is centrosym-

metric with a space group of P 1̄. Below the Néel temperature, a coplanar helicoidal

magnetic structure is observed. This chirality in the magnetism leads to the devel-

opment of polarization perpendicular to the plane of spin rotations, thus achieving

magnetoelectric coupling.

Symmetries and properties can be controlled by external stimuli. In multiferroic

materials, symmetry-breaking can cause the coupling of electric and magnetic prop-

erties. For example, a magnetic field can induce an electric polarization in a material

that is normally not ferroelectric, or an electric field can induce a magnetic
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Figure 1.1: (a,b) Crystal structure of Cu3Nb2O8 in b-axis and a-axis views are dis-
played, respectively. (c) Magnetic vectors imposed on the crystal structure are shown
to demonstrate the spin rotations. (d) A diagram of the polarization that is perpen-
dicular to the plane of the spin rotation is shown [35].
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moment in a material that is normally not ferromagnetic. The low symmetry due to

chirality can lead to interesting physics such as phase transitions, magneto-optical ac-

tivities, second harmonic generation, photogalvanic effects, and Hall-effect transport

properties [38]. One example is nonreciprocal directional dichroism. It is one-way

transparency that emerges from symmetry-breaking. An example of nonreciprocal

directional dichroism in Sr2CoSi2O7 is shown in Fig. 1.2 [39].

Overall, chirality, symmetry-breaking, and chemical substitution can all play im-

portant roles in the behavior of multiferroic materials, affecting the way in which

different ferroic order parameters interact with each other and the properties and

behavior. Understanding these effects is important for the design and development

of systems with bespoke properties for a range of applications.

1.1 Spectroscopic methods for complex oxides

Many multiferroics are complex oxides. They exhibit various quantum phase

transitions when tuned by external stimuli such as applied magnetic/electric field,

pressure, light, and chemical substitution [Fig. 1.3] [47]. Unlike traditional tran-

sitions, thermal fluctuation should be minimized to reveal the quantum phases, in

which the ideal temperature is at zero. Then, the external parameter is used as a

tuning parameter, ’g’, to drive the quantum transitions. Quantum transitions result

from the competing ground states due to quantum fluctuations in complex oxides.

Quantum phases in complex materials often host an incredible variety of physical

phenomena, such as insulator-to-metal transitions, colossal magnetoresistance, and

high-temperature superconductivity [48–50]. Multiferroicity is among them. Exam-

ples include the chiral magnetic structure of Cr1/3TaS2 [Fig. 1.4(a,b)] [45, 51] and

magnetic skyrmion and topological solitons in Cu2OSeO3 [Fig. 1.4(c)] [46, 52, 53].

As shown in Fig. 1.4, Cr1/3TaS2 hosts a complicated phase diagram with chiral
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(a) (b)

Figure 1.2: (a) The crystal structure of Sr2CoSi2O7 is displayed. The κ and −κ
represent the rotation of the tetrahedron where the chirality arises. (b) Absorption
spectra as a function of the magnetic field are displayed with different polarization.
Nonreciprocal directional dichroism is observed by the difference in the intensity of
peaks, which is achieved by changing the light propagation k [39].
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Figure 1.3: (a) Colossal magnetoresistance in the perovskite manganite. The
upper panel schematically represents the magnetic-field-induced melting of the
charge–orbital ordered state as the microscopic origin of colossal magnetoresis-
tance [40,41]. (b) Electric-double-layer gating-induced insulator–metal transition in
VO2 thin film. The upper panel shows the concurrent switching of the near-infrared
photo-absorption spectrum, representing radiation device functionality [41–43]. (c)
Photo-melting of the charge-orbital ordered state in manganite [41,44].
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(a)

(b)

(c)

Figure 1.4: (a) Energy-dispersive X-ray spectrum of Cr1/3TaS2 is shown to verify
the chemical composition. The inset is the picture of the crystal [45]. (b) Magnetic
phase diagrams are shown here with magnetization and magnetoresistance measure-
ments [45]. (c) The magnetic phase diagram of Cu2OSeO3 is shown here with magne-
tization measurements on the top left. SkX, C, H, FM, and P represent the skyrmion
lattice, conical, helical, ferromagnetic, and paramagnetic states, respectively. To the
top right, the magnetic resonance spectra ∆L11 at 25 K is corresponding to the mag-
netization [46]. The bottom two plots are also from the magnetic resonance spectra
with the combination of theoretical calculations [46].
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helimagnet, fully polarized, and soliton phases. Figure 1.4(c) summarizes the mag-

netic phase diagram of Cu2OSeO3, another example of a chiral multiferroic. The

space group of Cu2OSeO3 is P213. Similar to Cr1/3TaS2, Cu2OSeO3 also exhibits

complex magnetic phases. It has a Néel temperature of ∼ 58 K with a helical

magnetic structure. With the application of a magnetic field, skyrmion, conical,

and ferromagnetic phases are observed [46,54]. Furthermore, the room-temperature

skyrmion phase can be achieved with pressure [53]. Clearly, complex oxide materials

host a variety of competing and tunable ground states and phase transitions. The

ability to probe the interplay of spin, orbital, charge, and lattice degrees of freedom,

and to drive these quantum phases with external stimuli is absolutely essential to

explore quantum phases and properties of complex oxides.

Optical spectroscopy is a microscopic technique. Hence, these techniques are

highly suitable to dive deeper into underlying physics, unlike bulk measurements for

conductivity, heat capacity, magnetization, and resistance. Our primary interest is

in far-infrared to ultraviolet regions since the energy range of elementary excitations,

such as phonon, crystal field, and charge transfer appear in those regions [Fig. 1.5].

In the low-frequency range, infrared spectroscopy can provide measurements of

vibrational modes (phonons), Drude response, low-lying electronic excitations, and

magnetic excitations (magnons). These features play a major role in many material

properties including magnetic anisotropy [56], thermal, and electrical conductivi-

ties [57]. Also, Raman spectroscopy provides complementary techniques to infrared-

active phonons and reveals magnetic excitations as well. Using a group theory and

symmetry analysis, phonon behavior can be used to probe the local structure and

symmetry [58]. Because phonons are the fundamental excitations of the lattice,

splitting or disappearance of phonon peaks can reveal structural phase transition or

distortion. One example is the onset of ferroelectric transition, which can be
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Figure 1.5: Schematic showing optical processes in solids, with an indication of the
frequencies where these processes typically may be studied [55].
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observed by tracking the soft mode (or modes), revealing the displacive nature or

order-disorder of a ferroelectric phase transition [59]. Another example is the charge

density wave transitions, which must be accompanied by structural distortion. Fig-

ure 1.6 displays Raman spectra of 2H-TaS2 as a function of temperature [60]. New

phonon structures can be observed across the transition temperature at 100 K, which

is associated with the charge density wave transition [Fig. 1.6 (a,b)]. Moreover, lat-

tice can couple with magnetism. For example, the lattice can be sensitive to any

number of spin transitions, such as a spin-flop transition, Néel transition, or spins

aligning towards the fully saturated magnetic state [61, 62]. Figure 1.7 shows an

example of spin-phonon coupling in pyrochlore Y2Ir2O7. Figure 1.7(c) displays three

phonon modes as a function of temperature. As the temperature decreases across the

Néel temperature, those three phonon frequencies soften abruptly, signifying spin-

phonon coupling [Fig. 1.7(d)]. The softening of the phonon frequency is related

to the weakening of the bond strength and a wider bond angle. The O-Ir-O bond

angle is also examined as a function of isotropic exchange and antisymmetric ex-

change interactions, which concludes that spin-phonon coupling is mediated by the

Dzyaloshinskii-Moriya interaction. This is the first report of spin-phonon coupling

mediated by the Dzyaloshinskii-Moriya interaction [63]. Lastly, an example of low-

lying magnetic excitation in FeZnMo3O8 is shown in Fig. 1.8. The excitation is

observed in the terahertz range [Fig. 1.8(a,b,c)]. The emergence of the peak below

the Néel temperature indicates that this is a magnetic excitation. Furthermore, this

excitation is used to explore the nonreciprocal directional dichroism effect. By ap-

plying the magnetic field and switching the light propagation direction, the intensity

of the magnetic excitation is different [Fig. 1.8(d,e,f)]. At 8 T, one-way transparency

is almost achieved [64].

In the higher frequency range, local and charge-transfer excitations dominate the
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Figure 1.6: Raman spectra are displayed as a function of temperature. (a) stacked
spectra are shown to reveal new phonon peaks across the charge-density-wave transi-
tion. (b) Peaks are tracked as a function of temperature and phonon assignments. (c)
Raman spectra of 2H-NbS2 at 300 and 4 K with peak assignments for comparison [60].

14



c

d

Figure 1.7: (a) Crystal structure of Y2Ir2O7 is shown. (b) susceptibility as a function
of temperature is displayed. The TN is at 170 K. (c) σ1(ω) spectra are shown, which
are fitted using the Fano-Lorentz model to get infrared-active phonons. Phonon
frequencies of Ph4, Ph5, and Ph6 have shifted abruptly across the TN, signaling for
spin-phonon coupling. (d) Phonon frequencies and full-width half maximums of Ph4,
Ph5, and Ph6 as a function of temperature are displayed to quantify spin-phonon
coupling for each phonon mode [63].
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(d)

(e)

(f)

Figure 1.8: (a) and (b) Absorbance and refractive index spectra with different po-
larization at around 12 and 14 K are shown. (c) Absorbance spectra as a function
of temperature are displayed. The emergence of the peak below the TN proves that
this peak is a magnetic excitation. (d) Transmittance and absorption spectra as a
function of the magnetic field at 4 K are displayed. The open circles and solid lines
represent the light propagation direction. The difference in intensity between the
open circle and the solid line is due to nonreciprocal directional dichroism. (f) ab-
sorption difference spectra as a function of temperature are shown. Nonreciprocal
directional dichroism persists above the magnetic transition temperature [64].
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absorption spectrum. For complex oxides, oxygen is a strong-field ligand with a -2

charge. A Tanabe-Sugano diagram can be utilized to assign d-to-d excitations using

ligand field strength (Dq or ∆) and Racah parameters (A, B, and C). We also have

to consider the number of electrons in the d-shell, the low/high ligand field, which

will determine term symbols for excitations, high- or low-spin states, the ratio of

excitations, and peak splittings. The point charge model is another semi-empirical

approach [65, 66]. By fitting this semi-empirical model to the experimental data,

both electronic and magnetic properties can be simulated [67]. Furthermore, these

on-site excitations have a spin selection rule and LaPort selection rule, where ∆s =

0 and ∆l = 1, respectively. These rules can be broken by several ways including

broken space-inversion symmetry, spin-orbit coupling, vibronic coupling, and orbital

hybridization. Figure 1.9 presents examples of two models to assign local d-to-d ex-

citations of Ni3TeO6 and Fe2Mo3O8. As another example, Ni3TeO6 assigns on-site

d-to-d excitation using the Tanabe-Sugano diagram [Fig. 1.9(a,b)]. The Dq (∆) and

B parameters were both 0.11 eV [68]. On the other hand, assignments of local exci-

tations in Fe2Mo3O8 are more challenging due to the combination of the tetrahedral

sites [Fig. 1.9(c)] and octahedral sites [Fig. 1.9(d)]. They are determined by the

point charge model. Figure 1.10 provides an example of how these two models can be

compared [69]. Using the Tanabe-Sugano diagram, the crystal field of octahedrally

coordinated Ni2+ ion in NiO is characterized with Dq = 0.11 eV and B = 0.13 eV.

Using the Point-Charge model, crystal field parameters are also derived and calcu-

lated, which results in B4 = 0.0018, B2 = 0.0043, λ = -0.041, and ndd = -0.012 eV.

The B4 parameter is the primary octahedral/tetrahedral parameter, which is related

to Dq by 10Dq ≈ 600·B4 [69]. B2 is the trigonal distortion parameter and n is the

molecular field parameter (due to magnetic ordering). Another common electronic

excitation is the band gap, which is an excitation from the valence to the conduction

17



(c) (d)

Figure 1.9: Two models to calculate local d-to-d excitations. (a,b) Tanabe-Sugano
diagram is used to assign octahedrally coordinated Ni2+ excitations [68] in Ni3TeO6.
(c,d) The Point-Charge model is used to assign excitations of octahedral and tetrahe-
dral Fe2+ environment [29] in Fe2Mo3O8. Parameters are Dq, A2, A4, λ, ρ, and Hm,
which ∼ 303, -33.3, -339, 117, 1.1, and 18.2 cm−1 for the tetrahedral site and -685,
-596, -332, -117, 1.1, and 13.6 cm−1 for the octahedral site were used [29].

18



(a) (b)

Figure 1.10: (a) Tanabe-Sugano diagram of Ni2+ ion in the NiO is shown with
parameters. (b) Crystal field of Ni2+ is calculated using Point-Charge model with
spin-orbit coupling (λ) and molecular field (n) [69].
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band. This type of excitation is often charge transfer in nature. Microscopically, it is

a transition between a fully occupied oxygen 2p orbital to a vacant metal 3d orbital

in these materials. First-principles calculations, such as density of states provide

insight into the electronic structure of material including band symmetry and band

hybridization. These calculations are used to compare with experimental results

[70, 71]. Furthermore, there are collective excitations such as excitons and magnon

sidebands. They can also be revealed by optical spectroscopy. Exictons and magnon

sidebands are typically observed on the leading edge of an electronic transition. The

exchange coupling induces these excitations and is sensitive to changes in magnetism,

resulting in useful probes for magnetic ordering transitions [71–74]. Figure 1.11

displays the magnetic field dependence of both excitons and magnons in BiFeO3 and

α-Fe2O3 [70, 71].

In this dissertation, we will explore the spectroscopic response of several quantum

materials of contemporary interest under magnetic field. To focus our efforts, we

concentrate on bimetallic oxides with both 3d and heavy metal centers. The main

findings are summarized below [Table 1.2].

1.2 Main findings of this work

1.2.1 Band-Mott mixing hybridizes the gap in Fe2Mo3O8

We combined optical spectroscopy and first principles electronic structure calcu-

lations to reveal the charge gap in the polar magnet Fe2Mo3O8. Iron occupation on

the octahedral site draws the gap strongly downward compared to the Zn parent com-

pound, and subsequent occupation of the tetrahedral site creates a narrow resonance

near the Fermi energy that draws the gap downward even further. This resonance

is a many-body effect that emanates from a flat valence band in a Mott-like state due
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Table 1.2: Scientific problems and important findings in this dissertation

Model
Compound

Scientific Problem Our Findings

A2Mo3O8 (A =
Fe, FeZn, Zn,

Mn, Ni)

• Reveal the on-site d-to-d exci-
tations and charge gap energies
• Investigate structure-property
relations of charge excitation

• Local d-to-d excitations assign-
ments of Fe2+ octahedral and
tetrahedral site as well as the charge
transfer energies are determined
• The lowering of band gap energies
with Fe substitution and hybridiza-
tion
• Spin-charge coupling
• Many-body resonance emanating
from a Mott-like state, which is
similar to Zhang-Rice singlet, is
revealed in the tetrahedral Fe2+ ion

Ni3TeO6

• Investigate the nonreciprocal
directional dichroism in the
toroidal configuration
• Reveal structure-property
relations in nonreciprocity

• 1 eV d-to-d excitation exhibits
toroidal characteristics whereas
higher on-site local excitations
indicate strong chiral characteristics
• Antisymmetric behavior of phonon
sidebands with respect to the di-
rections of the light propagation
or magnetic field in the toroidal
geometry
• Nonreciprocal directional dichro-
ism spectra in the entire telecom
wavelength range, where toroidal
geometry displays the largest effect
at almost 50 percent

Co4B2O9 (B =
Nb, Ta)

• Investigate the behavior of
phonon across the TN

• Quantify spin-phonon coupling
• Examine symmetry relations
• Uncovering the origin of mag-
netoelectricity

• Spin-phonon coupling across TN

with the large coupling constants
• Only inter-plane magnetic interac-
tions in spin-phonon coupling
• Competition between the fer-
romagnetic and antiferromagnetic
exchange interaction
• Spin-phonon coupling driving the
magnetodielectric and magnetoelec-
tric coupling

MnPS3 and
CrPS4

• Revisit the temperature depen-
dence of optical properties
• Investigate magnetic properties
using magnetic circular dichroism

• Spin-charge coupling in MnPS3
• Huge magnetic circular dichroic
signal in CrPS4
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(a) (b)

Figure 1.11: (a) ∆α(E,H) of BiFeO3 for different magnetic fields at 4 K. Schematic
illustration of exciton and magnon sidebands [70]. (b) ∆α spectra of α-Fe2O3 at 4.2
K for the α-polarization and B ∥ [111] at selected magnetic fields: 5, 10, 15, 35 T [71].
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to screening of the local moment - similar to expectations for a Zhang-Rice singlet,

except that here, it appears in a semi-conductor. We discuss the unusual hybridiza-

tion in terms of orbital occupation and character as well as the structure-property

relationships that can be unveiled in various metal-substituted systems (Ni, Mn, Co,

Zn).

1.2.2 Nonreciprocal directional dichroism at telecom wave-

lengths

Magnetoelectrics with ultra-low symmetry and spin-orbit coupling are well known

to display a number of remarkable properties including nonreciprocal directional

dichroism. As a polar and chiral magnet, Ni3TeO6 is predicted to host this effect in

three fundamentally different configurations, although only two have been experimen-

tally verified. Inspired by the opportunity to unravel the structure-property relations

of such a unique light-matter interaction, we combined magneto-optical spectroscopy

and first-principles calculations to reveal nonreciprocity in the toroidal geometry and

compared our findings with the chiral configurations. We find that formation of Ni

toroidal moments is responsible for the largest effects near 1.1 eV - a tendency that is

captured by our microscopic model and computational implementation. At the same

time, we demonstrate deterministic control of nonreciprocal directional dichroism in

Ni3TeO6 across the entire telecom wavelength range. This discovery will accelerate

the development of photonics applications that take advantage of unusual symmetry

characteristics.
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1.2.3 Spin-phonon interactions, frustration, and magneto-

electric coupling in Co4Nb2O9 and the Ta analog

In order to explore the consequences of spin-orbit coupling on spin-phonon inter-

actions in a set of chemically-similar mixed metal oxides, we measured the infrared

vibrational properties of Co4B2O9 (B = Nb, Ta) as a function of temperature and

compared our findings with lattice dynamics calculations and several different mod-

els of spin-phonon coupling. Frequency vs. temperature trends for the Co2+ shearing

mode near 150 cm−1 reveal significant shifts across the magnetic ordering tempera-

ture that are especially large in relative terms. Bringing these results together and

accounting for noncollinearity, we obtain spin-phonon coupling constants of -3.4 and

-4.3 cm−1 for Co4Nb2O9 and the Ta analog, respectively. Analysis reveals that these

coupling constants derive from interlayer (rather than intralayer) exchange interac-

tions and that the interlayer interactions contain competing antiferromagnetic and

ferromagnetic contributions. At the same time, beyond-Heisenberg terms are mini-

mized due to fortuitous symmetry considerations, different than most other 4d- and

5d-containing oxides. Comparison with other contemporary oxides shows that spin-

phonon coupling in this family of materials is among the strongest ever reported,

suggesting an origin for magnetoelectric coupling.

1.2.4 Spin-lattice coupling in MnPS3 and giant magnetic cir-

cular dichroic signal in CrPS4

In order to explore the optical properties of MnPS3 and CrPS4 as a function of

temperature and magnetic field, we combined optical spectroscopy, magnetic circular

dichroism spectroscopy, and magnetic field in order to understand the local and

charge excitations and reveal the microscopic mechanism in the magnetic properties.
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We reveal spin-charge coupling in MnPS3, which is observed in both local d-to-d

excitations and the band gap across the TN. Furthermore, we reveal a giant magnetic

circular dichroic signal in CrPS4 that is on the orders of magnitude higher than

MnPS3. Through the energy cut of ∆α(E,H) as a function of the magnetic field, the

spin-flop transition is observed for both compounds with magnetic field ⊥ ab-plane.

MnPS3 does not saturate even at 65 T. However, CrPS4 displays a linear increase

above the supposed saturation field, which is another magnetic phase.

1.3 Outline

The remainder of the dissertation is organized as follows: Chapter 2 presents a

literature survey of multiferroics materials, magnetoelectric coupling, magnetoelec-

tric coupling mechanisms, nonreciprocal directional dichroism, spin-phonon coupling,

magnetism and honeycomb lattice, two-dimensional transitional chalcogenides, and

materials of interest. Chapter 3 discusses our experimental and theoretical methods.

Chapter 4 presents our spectroscopic findings of Fe2Mo3O8 and its analogs includ-

ing electronic excitations, Mott vs. band characters, and many-body resonance.

Chapter 5 gives the details of nonreciprocal directional dichroism measurements and

the findings of Ni3TeO6 including toroidal nonreciprocity, chiral vs. polar charac-

ter, and the control of nonreciprocity in the telecom wavelength range. Chapter 6

discusses spin-phonon coupling, impacts of symmetry in the spin hamiltonian and

spin-phonon coupling, and the origin of magnetoelectricity in Co4Nb2O7 and the

Ta analog. Chapter 7 discusses the optical properties of MnPS3 and CrPS4 as a

function of temperature and magnetic field and the findings of spin-charge coupling

in MnPS3, a giant magnetic circular dichroic signal in CrPS4, and a new magnetic

phase in CrPS4. Chapter 8 summarizes my work.
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Chapter 2

Literature survey

2.1 Multiferroic materials

Multiferroic materials often display unusual phase diagrams. This is due to the

cross-coupling of ferroic orders arising from spin, orbital, charge, and lattice de-

grees of freedom [Fig. 2.1] [75]. There are a total of four primary ferroic orders:

ferroelectric, ferromagnetic, ferroelastic, and ferrotoroidic orders. These properties

have structural, charge, and/or magnetic components that can be described by space-

inversion and/or time-reversal symmetries. Table. 2.1 summarizes four ferroic orders

in terms of space-inversion and time-reversal symmetries. Ferroelectric materials ex-

hibit spontaneous electric polarization (P). By applying an external electric field

(E), the direction of the electric polarization can be switched. Ferroelectricity can

be described by broken space-inversion symmetry. On the other hand, ferromagnetic

materials break time-reversal symmetry, which allows spontaneous magnetization

(M) to form. The direction of the magnetic moment can be switched by the external

magnetic field (H). Ferroelastic and ferrotoroidic materials can also be expressed by

space-inversion and time-reversal symmetries. Ferroelastic materials display spon-

taneous strain (σ), which does not break space-inversion or time-reversal symmetries.
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Figure 2.1: A diagram of spin, orbital, charge, and lattice degrees of freedom. They
can couple with each other to form various couplings [75].
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Table 2.1: Spatial-inversion and time-reversal symmetry in ferroics.

Ferroic orders Space-inversion symmetry Time-reversal symmetry
Ferromagnetism Intact Broken
Ferroelectricity Broken Intact
Ferroelasticity Intact Intact
Ferrotoroidicity Broken Broken

28



On the other hand, Ferrotoroidicity breaks both, exhibiting a complicated sponta-

neous magnetic vortex and generating a toroidal moment.

When two or more ferroic orders are present in a material, multiferroicity is

achieved [Fig. 2.2] [1]. For example, the coupling of ferroelectric and ferromagnetic

orders induces magnetoelectricity. This has interesting consequences for the physical

properties because the orders couple with one another. Commonly, the magnetic mo-

ment can be controlled by only the external magnetic field. However, magnetoelectric

materials allow the external magnetic field to manipulate the electric polarization as

well. Furthermore, the external electric field can switch both electric polarization and

magnetization, enabling multi-functionalities. Of course, there are other multiferroic

coupling terms including piezoelectricity (lattice strain + electric polarization) and

piezomagnetism (lattice strain + magnetism). However, we are most interested in

magnetoelectric multiferroics in the form of complex oxides.

2.2 Magnetoelectric coupling

Briefly, we discussed the symmetry and physical example of magnetoelectric cou-

pling and the consequence of the cross-coupling of polarization and magnetism.

We can also mathematically explain the cross-coupling using Landau’s equation

of the free energy of the system [77]:

−F (E,H) =
1

2
ϵ0ϵijEiEj +

1

2
µ0µijHiHj +αijEiHj +

βijk
2
EiHjHk +

γijk
2
HiEjEk + · · ·

(2.1)

where, P s
i = - ∂F

∂Ei
, M s

i = - ∂F
∂Hi

, and αij = ∂Pi

∂Hj
= 1

µ0

∂Mi

∂Ej
, P s

i and M s
i are the static

electric polarization and magnetization, and αij is the linear magneto-electric cou-

pling coefficient. Figure 2.3(a) displays an example of magnetoelectric materials

(Fe2Mo3O8 and Ni3TeO6) exhibiting changes in the magnetism as a function of the
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Figure 2.2: A diagram showing the cross-coupling of ”ferroic”. E, electric field,
is controlling the polarization. H, magnetic field, is controlling the magnetism. σ,
mechanical stress, is controlling the ϵ, which is a strain. The diagram shows how
couplings can affect, for example, polarization with the magnetic field, magnetism
with the electric field, strain with the magnetic field, and so on [1].
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(a) (b) (c)

Figure 2.3: An example of magnetoelectric coupling is shown. (a) Fe2Mo3O8 and
Ni3TeO6 display changes in the magnetism as a function of the electric field [28].
(b,c) A diagram of the experimental setup and the images of propagation of the
domain [76].
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electric field. Furthermore, an example of how these materials can be used for mem-

ory device applications is shown in Fig. 2.3(b,c). However, magnetoelectric materials

are extremely rare in nature [78]. Usually, ferroelectricity and ferromagnetism are

mutually exclusive [79,80]. Ferroelectricity tends to be observed in insulators and re-

quires empty d orbital in general whereas ferromagnetism tends to be found in metals

and requires unpaired d electrons. However, ferrimagnetism and antiferromagnetism

can be found in insulators. The microscopic reason for this behavior is the compe-

tition between the hybridization and the Coulomb interaction. We can understand

microscopically by the occupancy of d-orbital electrons. For d0 non-magnetic metal

centers, the energy of covalent or ionic bonding is higher than the Coulomb interac-

tion between electrons since there are no electrons in the d-orbital, leading to a high

hybridization between the metal center and the oxygen. This breaks centrosymme-

try as the metal center shifts away from the center, inducing electric polarization.

This can typically extend to d1 metals as well. When the d-orbital starts to fill par-

tially, the Coulomb interaction starts to dominate over the hybridization, keeping

the centrosymmetric position without forming an electric polarization. However, this

framework breaks down as dn metal center sits on the asymmetric double potential

well created by the chemistry or the crystal structure. Therefore, a number of other

strategies have been devised. Figure 2.4 summarizes several different ferroelectric

materials depending on their mechanisms for creating ferroelectricity [75].

Multiferroics can be described into two types depending on the ferroelectric and

magnetic ordering transition temperature. Type-I corresponds to materials with sep-

arate transition temperatures whereas Type-II multiferroics have the same transition

temperature. The reason for mismatched temperatures is the different mechanisms

responsible for ferroelectricity and magnetic ordering. Type-II multiferroics have

magnetic ordering breaking inversion symmetry to induce ferroelectricity, leading
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Figure 2.4: A diagram of multiferroic materials represented in a tree. Starting with
conventional ferroelectric d0 materials and dn magnetism, different kinds of multi-
ferroics are organized by various multiferroic mechanisms and mixing of metal cen-
ters [75].
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to the same transition temperature. BiFeO3 is an example of Type-I multiferroics

- the most famous multiferroic material [81, 82]. It has the perovskite structure

where non-magnetic Bi occupies the A-site and magnetic Fe sits on the B-site [Fig.

2.5(a)]. The Bi atoms hybridize with oxygen atoms and move off-center to break

the space-inversion symmetry, inducing ferroelectricity. On the other site, magnetic

Fe has a partially filled d-orbital, providing magnetism. The Fe atoms exhibit anti-

ferromagnetic ordering below the magnetic Curie temperature. Here, the magnetic

ordering transition does not occur concurrently with ferroelectricity, which is the

reason for the classification of Type-I multiferroics. An example of Type-II multifer-

roics is TbMnO3 - another famous multiferroic material [Fig. 2.5(b)]. In contrast to

BiFeO3, the structural phase transition and the magnetic ordering transition tem-

peratures are concurrent for TbMnO3. There are advantages and disadvantages to

both types. Type-I usually provides high ordering temperature (room temperature

or higher) whereas Type-II does not. However, Type-II multiferroics exhibit stronger

magnetoelectric coupling since Type-I has different mechanisms for ferroelectricity

and magnetic ordering, leading to weaker coupling strength. The goal is to develop

multiferroic materials with high transition temperatures with strong magnetoelectric

coupling strength, which is the most challenging part since magnetoelectric materials

are already so rare in nature.

2.3 Magnetoelectric coupling mechanisms

There are various mechanisms that support magnetoelectric coupling including

electronic lone pairs, geometric filling, charge-ordering, and spin-driven mechanisms

as shown in Fig. 2.6. The first three cases fall under Type-I since they are indepen-

dent of magnetism, whereas the spin-driven mechanism induces electric polarization,

leading to the same ferroelectric and magnetic transitions. The latter supports Type-
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Crystal structure of BiFeO3 Crystal structure of TbMnO3

(a) (b)

Figure 2.5: The crystal structure of BiFeO3 and TbMnO3 are displayed. (a) The
crystal structure of BiFeO3 with a-axis view and c-axis view is presented. The space
group is R3c (No. 161) [83]. (b) The crystal structure of TbMnO3 is shown here with
a-axis view and c-axis view. The space group is Pnma (No. 62) [84].
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Figure 2.6: Various mechanisms for multiferroicity are shown. (a-c) The lone-pair
mechanism, geometric ferroelectricity, and charge-ordering are Type-I multiferroic
mechanisms, in which structural distortion occurs independently from magnetic or-
dering. (d) The spin-driven mechanism supports Type-II multiferroics. By the inverse
Dzyaloshinskii-Moriya interaction, exchange striction, and spin-dependent p − d hy-
bridization, magnetism affects structural distortion, creating electric polarization for
ferroelectricity [85].

36



II multiferroics. We will discuss each mechanism in detail.

Lone-pair ferroelectricity is the spatial asymmetry due to the anisotropic distri-

bution of unbonded valence electrons [Fig. 2.6(a)] [85]. BiFeO3 is the most famous

example of this mechanism. The large polarization arises from a pair of Bi3+ valence

electrons in the 6s orbital. They create a local dipole without getting involved in

the sp hybridization. The spontaneous polarization of ≈100µC/cm2 emerge below

TC = 1,103 K [82]. The Néel temperature is at 643 K, where the antiferromagnetic

structure is observed. Surprisingly, BiFeO3 is the only room-temperature multiferroic

among the lone-pair systems. Again, we can see that the ferroelectric transition is in-

dependent of the magnetic ordering transition. Hence, the magnetoelectric coupling

in BiFeO3 is rather weak.

The space-filling effects and geometric constraints are the cause of the geometric

ferroelectricity by creating structural instabilities in materials [Fig. 2.6(b)] [85]. In

other words, the arrangement of atoms in a given space drives the ionic shifts, cre-

ating polarization due to steric effects rather than the bonding chemistry. This can

result in the formation of geometric ferroelectricity. Usually, the small non-magnetic

cation in the A-site allows for the rotation or tilt of the polyhedra centered with the

B-site cation, accompanying the distortion of the A-site and generating polarization.

This can be important because the rotation or tilt of the polyhedra can induce a

canted magnetic structure, offering a coupling between polarization and magnetism.

Furthermore, ferroelectric materials can be identified as a proper or improper type

depending on whether the spontaneous polarization is a primary order parameter

or a secondary effect, respectively. BaNiF4 provides an example of proper ferroelec-

tricity [Fig. 2.7(a,b)]. The softening of a polar phonon mode causes the rotation

of fluorine octahedron, leading to the polar displacement of the Ba cations [86, 88].

Since the distortion is polar in nature, this material represents a confirmed example of
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(c) (d) (e)

Figure 2.7: (a,b) Crystal structure of BaM iF4 (M = Co, Ni, Zn, Mg) where the ro-
tation/tilting creates a noncentrosymmetric structure in panel (a), whereas no distor-
tion maintains the centrosymmetric structure [86]. (c-e) Crystal structure of YMnO3

and electron density distribution maps above and below the Curie temperature [87].
Lu1-O3 bonding can be observed below the TC.
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proper geometric ferroelectrics. An example of improper ferroelectricity is h-RMnO3

(R = Sc, Y, In, or Dy-Lu) [Fig. 2.7(c-e)]. The ferroelectricity emerges at above 1,200

K, with a polarization of 5.6 µC/cm2. The ferroelectricity comes from a coupling

between an unstable zone-boundary mode with a stable zone-center mode [89]. The

polar distortion does not directly cause ferroelectricity, which is why it is a secondary

effect.

Charge-ordering is another mechanism supporting ferroelectricity. The non-

uniform distribution of valence electrons around the metal center in the crystal lattice

forms a periodic superstructure [Fig. 2.6(c)] [85]. LuFe2O4 is the most famous and

studied charge-ordering ferroelectric material. There are Fe double layers hosting

alternatively ordered Fe2+ and Fe3+ sites [Fig. 2.8] [90]. The unequal distribution

of charge inside the Fe bilayers induces an internal electric polarization. However,

there are some studies questioning the ferroelectricity in LuFe2O4 [90, 91]. A recent

development confirms that non-polar crystal structure through a combination of

magnetic circular dichroism spectroscopy and first-principles calculations [92]. For-

tunately, there is some progress in multiferroics with charge-ordering with a polar

charge-ordered state below 100 K in the ferrimagnetic magnetite, Fe3O4 [75, 93].

Lastly, spin-driven mechanisms are more complicated and perhaps the most in-

teresting of all. Magnetic ordering can also break the space-inversion symmetry and

induce a ferroelectric state due to the interaction of spins and charges [85]. Since

ferroelectricity is a secondary effect of magnetic ordering, multiferroics with this

mechanism are improper ferroelectrics. There are three main types of spin-driven

mechanisms [Fig. 2.6(d)]. The first type is the inverse Dzyaloshinskii-Moriya inter-

action. Typically, the Dzyaloshinskii-Moriya interaction promotes an antisymmetric

magnetic interaction by the noncentrosymmetric environment whereas the inverse

Dzyaloshinskii-Moriya interaction has the canted spin structure, driving non-
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Figure 2.8: (a) A crystal structure of LuFe2O4 is displayed. It has a space group of
C2/m. Alternating Fe2+ and Fe3+ local sites can be observed. (b) A distinct local
environment of Fe2+ and Fe3+ [90].
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centrosymmetric displacement of charges by minimizing the lattice energy. This

can be expressed by the antisymmetric exchange interaction of neighboring spins as

Si×Sj. This can cause electric polarization. This type of mechanism was first found

in Cr2BeO4 and CaMn7O12 [36, 94]. As discussed in the Introduction, Cu3Nb2O8

also falls under this category [95]. As a reminder, Cu3Nb2O8 has a chiral magnetic

structure that induces polarization perpendicular to the plane of the spin rotations

as shown in Fig. 1.1(d). The second type is the exchange striction, which is similar

to the inverse Dzyaloshinskii-Moriya interaction. However, the exchange striction

describes a collinear spin structure, which induces a ferroelectric polarization by op-

timizing the spin product as Si · Sj [Fig. 2.6(d)] [85]. Typically, this interaction is

stronger than the antisymmetric exchange interaction (|Si · Sj| > |Si × Sj|), leading

to an order of magnitude larger electric polarization. One example is o-TbMnO3,

where the polarization amplitude dramatically increases during the magnetic tran-

sition from a canted magnetic state to a collinear antiferromagnetic state under

pressure [96]. Lastly, the spin-dependent p-d hybridization mechanism is unlike both

mentioned above. Rather than spin-spin correlation, the hybridization mechanism

with a single spin is responsible for the modulation of charges. Local polar bond

eij arise from the connection between spin site i and the ligand site j by the spin-

orbit coupling [85, 97]. Examples include Ba2CoGe2O7 and CuMnO2 (M = Fe or

Cr) [98, 99]. In rare cases, two mechanisms exist in the same material [100].

Overall, spin-driven multiferroics usually display stronger magnetoelectric cou-

pling, which can lead to potential device applications. In fact, it is thought that the

Type-II mechanism may be the only way to get full coupling. However, the main

challenge of obtaining a high magnetic ordering transition temperature complicates

the development of applications for common usage that requires room temperature.

On the other hand, Type-I multiferroics display a larger electric polarization with
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phase transitions at or above room temperature. Yet, a different challenge is pre-

sented by the weaker magnetoelectric coupling, preventing progress in a contrasting

way.

One way forward is integrating 4d- and 5d heavy metal centers. They offer

stronger spin-orbit coupling, which is one of the crucial ingredients in magnetoelec-

tricity [9]. As mentioned in the Introduction section, heavy metals typically have

diffuse orbital characteristics, which typically have metallic behavior. However, it

is not always true due to dimerization. The first example is Sr2CrOsO6, which

is a ferrimagnetic insulator with magnetic ordering temperature above room tem-

perature [101, 102]. Furthermore, spin-phonon coupling is a well-known mechanism

that is closely associated with multiferroicity. By incorporating heavy metals, gi-

ant spin-phonon coupling is observed such as SrMnO3 (TN = 233 K and ∆ω = 25

cm−1) [103], NaOsO3 (magnetic metal-insulator transition = 410 K and ∆ω = 40

cm−1) [104], Ba2FeReO6 (TC = 305 K and ∆ω = ∼30 cm−1) [105], and Sr2CrReO6

(TC = ∼600–635 K and ∆ω = ∼30 cm−1) [105]. These examples display high transi-

tion temperatures and the largest frequency shifts ever exhibited. Multiferroics with

the integration of heavy metals show extremely promising directions to investigate.

2.4 Nonreciprocal directional dichroism

Magnetoelectric coupling gives rise to exotic physics, complicated phase diagrams,

and practical applications, but it can extend further with certain additonal broken

symmetries - toward a unique property called nonreciprocal directional dichroism.

The fundamental description of nonreciprocity is ‘one-way transparency’. Also, this

is known as the “optical diode effect”. As one measures an absorption in one direction

of the light propagation direction, the absorption in the opposite direction is not the

same [106]. To gain a simple picture of what is required to achieve this effect, we
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can think about symmetry. Nonreciprocity occurs when all of the symmetries are

broken. This includes rotational, mirror, inversion, and time-reversal symmetries.

Figure 2.9 provides examples to illustrate how nonreciprocal directional dichroism

emerges. Specifically, we have a light propagation direction (±k). First, let us

consider a material that has electric polarization (P ) in c-axis, which is perpendicular

to k [Fig. 2.9(a)]. When the light propagation direction is in the opposite direction

(−k), inversion symmetry is broken. In other words, the configuration of k and

−k in Fig. 2.9(a) cannot be related by applying inversion symmetry. However,

mirror, rotational, and time-reversal symmetries can be applied to relate those two

configurations. Therefore, nonreciprocal directional dichroism cannot be observed.

Next, we apply the magnetic field to induce a net magnetic moment (M) parallel to k

[Fig. 2.9(b)]. Then, rotational, inversion, and time-reversal symmetries are broken.

Yet, mirror symmetry is unbroken, unable to observe a nonreciprocal effect. Now, we

apply the magnetic field perpendicular to P , which induces toroidal moment (T = P

×M). Moreover, we apply the magnetic field so thatM is not only perpendicular to

P but also k [Fig. 2.9(c)]. This configuration breaks all of the symmetries (mirror,

rotational, inversion, and time-reversal) with −k. Now nonreciprocal directional

dichroism can be observed. This geometry is called toroidal configuration. There are

other configurations, which relate to chiral structures. Magnetochiral configuration

has k parallel toM and chiral axis. Transverse magnetochiral configuration is similar

except the chiral axis is perpendicular to k and M . We note that k ∥ H is a Faraday

geometry, and k ⊥ H is a Voigt geometry.

To discuss nonreciprocal directional dichroism from a spectroscopic perspective,

we have to describe the response function (χme and χem) since magnetoelectric mul-

tiferroics have a coupling between the electric and magnetic states, resulting in an

optical magnetoelectric effect. The electric and magnetic components of light induce
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Figure 2.9: A diagram is displayed to show the symmetry requirement for nonre-
ciprocal directional dichroism. (a) Only inversion symmetry is broken. (b) Mirror
symmetry is remained unbroken. (c) All of symmetries are broken. Thus, nonrecip-
rocal directional dichroism can be observed.
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the oscillating magnetization (Mω) and polarization (P ω), respectively. The tensors

for oscillating magnetization and polarization become:

Mω = [µ̂(ω)− 1]Hω +
√
ϵ0µ0χ

me(ω)Eω

P ω = ϵ0[ϵ̂(ω)− 1]Eω +
√
ϵ0µ0χ

em(ω)Hω.

(2.2)

The refractive index for a given polarization is solved by the Maxwell equation with

these generalized forms:

N±
ij ≈

√
ϵii(ω)µjj(ω)±

1

2
[χme

ji (ω) + χem
ij (ω)]. (2.3)

Here, the ± signs represent wavevectors in the ±k directions [107].

The optical magnetoelectric effect is observed by transitions where both the elec-

tric and magnetic dipoles moments generated by an absorbed phonon with energy

ℏω are finite:

χme
ji (ω) =

2

V ℏ

√
µ0

ϵ0

∑
n

[
ωn0R{< 0|mj|n >< n|pi|0 >}

ω2
n0 − ω2 − 2iωδn

+
iωI{< 0|mj|n >< n|pi|0 >}

ω2
n0 − ω2 − 2iωδn

]

∆
= χ

′

ji(ω) + χ
′′

ji(ω).

(2.4)

For the nonreciprocal effect to occur, both the electric and magnetic dipole matrix

elements have to be non-zero and the excitation can be determined to be magne-

toelectric. Hence, spin-orbit coupling in these materials is a necessary ingredient.

Without it, the real part of the coupling of M and P matrix elements equals zero,

at least in the linear-response regime. When the strength of this effect is strong,

a material can either be fully absorbing or fully transparent. The magnetoelectric
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ratio is defined as:

γi,j ≡
< n|mj|0 >
< n|pi|0 >

. (2.5)

When the magnetoelectric ratio is one, the material can be fully one-way transparent

[107].

Experimentally, we have to take a few steps to calculate the nonreciprocal di-

rectional dichroism absorption spectra (αNDD). First, we calculate the absorption

difference as ∆α+k,+H(E) = α+k(E, +H) - α+k(E, 0 T) in the +k and +H di-

rection. Next, we reverse the light propagation direction to −k and do the same

operation, which is ∆α−k,+H(E) = α−k(E, +H) - α−k(E, 0 T). Finally, we subtract

the absorption differences to extract the nonreciprocal directional dichroism spectra

as ∆αNDD(E) = ∆α+k,+H(E) - ∆α−k,+H(E). Furthermore, we do not have to re-

verse the k direction. We can reverse the magnetic field direction to have ∆αNDD(E)

= ∆α+k,+H(E) - ∆α+k,−H(E). The symmetry stays the same as reversing k direc-

tion [108]. This offers a more consistent and experimentally accessible method to

achieve ∆αNDD since the magnetic field is easier to switch in the opposite direc-

tion [108].

Most nonreciprocal directional dichroism effects are observed in the terahertz

regions because magnetoelectric excitations tend to arise in low energy regions, sim-

ilar to electromagnons. Several examples are shown in Fig. 2.10 including BiFeO3,

CaBaCo4O7, FeZnMo3, and Ba2CoGe2O7 [64, 109–111]. There are a few examples

in higher energy regions. The strength of spin-orbit coupling plays an important

role since the purely electronic component needs to mix with the magnetic compo-

nent. Two examples of the nonreciprocal effect in d-to-d excitations are GaFeO3 and

CuB2O4, shown in Fig. 2.11(a,b), respectively [112, 113]. These compounds have

excitations that are magnetoelectric because they have strong spin-orbit coupling,

which mixes the magnetic and electric dipole matrix elements. With the combination
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(d)(c)

(b)(a)

Figure 2.10: Nonreciprocal effect of different materials in the terahertz infrared re-
gion. The materials shown are BiFeO3 (a) [109], CaBaCo4O7 (b) [110], FeZnMo3O8

(c) [64], and Ba2CoGe2O7 (d) [111].
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(a) (b)

Figure 2.11: Nonreciprocal effect in the optical region is shown with (a) GaFeO3 [112]
and (b) CuB2O4 [113]
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of low crystallographic and magnetic symmetry, these excitations display nonrecip-

rocal directional dichroism.

The use of the nonreciprocal effect can be extended to the identification of antifer-

romagnetic domains. Typically, imaging and identifying antiferromagnetic domains

are challenging due to the fact that there is no net magnetization. There are tools

such as magnetic X-ray circular/linear dichroism spectroscopy with photoemission

electron microscopy [114], scanning magnetic X-ray diffraction [115,116], and coher-

ent X-ray techniques [117,118]. A recent study of nonreciprocal directional dichroism

in Pb(TiO)Cu4(PO4)4 demonstrated that imaging of antiferromagnetic domains is

possible using the linear polarization microscopy in the transmittance geometry [119]

in the visible range [Fig. 2.12]. This could also extend further to molecular chemistry

and biology since chirality is found everywhere from DNA to pharmaceutical drugs.

2.5 Spin-phonon coupling

One of the fundamental ways for multiferroics to exhibit cross-coupling is by

spin-phonon coupling. As mentioned in the Introduction, spin can couple with the

lattice. Then, magnetostriction emerges, which gives rise to magnetoelastic and

magnetodielectric coupling. Furthermore, magnetoelectric multiferroics also have

spin-phonon coupling that can induce structure distortions and polarization. This

effect has been known to occur [120], but there is a lot of renewed interest in spin-

phonon coupling in multiferroics due to the spintronic applications with the thermal

Hall effect [121] and quantum computing with spin relaxation information [122–126].

Furthermore, the rise of mixed metal oxides has given new mechanisms [63] and

enhanced of spin-phonon coupling [104]. It is therefore of great interest to reexamine

this process in mixed metal systems containing heavy metal centers.

We first have to understand the vibrational spectra of a material, which we can
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(a) (b)

(c) (d)

(e)

(f)

Figure 2.12: (a) Absorption spectra of Pb(TiO)Cu4(PO4)4 at 4.2, 8, and 290 K. (b)
Distorted CuO5 square pyramid. The purple arrow represents the magnetic moment
vector. (c) Absorption spectra with different polarization. (d) Absorption difference
spectra from different polarization. (e) Microscopy images using polarization. (f) The
images are subtracted to show the difference, just like absorption difference [119].
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use as a harmonic oscillator for a simple model. From a macroscopic perspective,

a simple Hooke’s law is used for both a single mass system and a diatomic system.

By treating this problem quantum mechanically, the Schrödinger equation can be

written as [127]:

− ℏ2

2µ

∂2ψ

∂x2
+ V (x)ψ(x) = Eψ(x). (2.6)

Here, µ is the reduced mass, ℏ = h/2π, and the potential energy of the vibration is

V (x) = 1
2
kx2. k is the force constant and x is the displacement from the equilibrium

position (ri − rj). Solving Eqn. 2.6 for quantized energy values yields:

Eω = hω(n+
1

2
), n = 0, 1, 2... (2.7)

with

ω =
1

2π

√
k

µ
, (2.8)

where ω is the frequency of the vibration and n is the vibrational quantum number.

In a crystal, the periodic arrangement of atoms makes vibrational properties

slightly different. The movements of an atom affect all neighboring atoms, which

leads to collective excitations called phonons. Furthermore, the lattice vibrations

have dispersion relations. Infrared spectroscopy probes the gamma point, k = 0,

with high resolution. The inelastic neutron scattering technique can measure k-

space but has poor resolution compared to infrared spectroscopy. The crystal is 3D

with N number of atoms, which contains 3N optical and 3 acoustic branches. Optical

branches describe the vibrations of atoms whereas acoustic branches are translation

modes of atoms. Using group theory, a number of modes can be predicted along with

displacement patterns. Assignments of modes to the experimental spectra can be

made by measuring different crystal axes with linearly polarized light. A comparison

between the experiment and theory is also critical to examine as well. Moreover,
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displacement patterns can provide information about individual atoms’ directions

and contributions of specific vibrational modes.

Returning back to the model, there are many contributions to the potential in-

cluding anharmonicity contribution, electron-phonon interaction, and spin-phonon

coupling [128, 129]. In magnetic materials, a phonon can couple to the spin degrees

of freedom, and the frequency of the mode is renormalized proportionally to the

nearest-neighbor spin-spin correlation function [128, 130–132]. We consider the po-

tential with harmonic oscillator and the spin-phonon coupling since complex oxides

are typically insulators or semiconductors where the electron-phonon interaction is

negligible [129].

V (x)ψ(x) =
1

2
kx2 +

∑
ij

Jij(x)⟨Si · Sj⟩. (2.9)

By taking a second derivative, we can extract the k as [133]:

∂2U

∂x2
≈ k +

∑
ij

∂2Jij
∂x2

⟨Si · Sj⟩. (2.10)

In such cases, the frequency is expressed as [134]:

ω = ωo + λ⟨Si · Sj⟩. (2.11)

Here, ωo is the unperturbed phonon frequency, ω is the renormalized phonon fre-

quency due to spin-phonon interactions, ⟨Si ·Sj⟩ is the spin-spin correlation function,

and λ is the spin-phonon coupling constant.

Experimentally, the phonon frequency as a function of temperature would follow

an anharmonic behavior until the Néel temperature. The anharmoic behavior is
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defined as [129,133,135]:

ωanh(T ) = ωh + A(1 +
2

e
ℏωo

2kBT − 1
). (2.12)

Here, ωh is the harmonic frequency of the optical mode, A is the anharmonic coef-

ficient, ℏ is the reduced Planck constant, kB is the Boltzmann constant, and T is

the temperature. Across TN, The frequency deviates abruptly or splits. The phonon

frequency can either harden (increase in frequency) or soften (decrease in frequency).

For the former case, it indicates a shorter bond length, a wider bond angle, and a

stronger bond strength. For the latter case, the opposite is suggested. Moreover,

phonon splitting is an indication of a structural distortion or a phase transition. The

example is shown by the temperature dependence of infrared-active phonon modes

in pyrochlore Y2Ru2O7 [Fig. 2.13] [133]. The pyrochlore structure of Y2Ru2O7 is a

geometrically frustrated structure, which is relieved by the lowering of its energy by

spin-phonon coupling. This is indicated by the softening of the phonon across the

TN.

We can also consider spin-phonon coupling with more complexity by expressing

the general spin Hamiltonian:

Ĥspin =
∑
i,j

[Jij⟨Si·Sj⟩+DMij⟨Si×Sj⟩+ Si·Γij·Sj] + A
∑
i

(ni·Si)
2. (2.13)

Here, Jij is the isotropic exchange interaction, DMij is the Dzyaloshinskii–Moriya

interaction, and Γij is the anisotropic exchange interaction. A and n are the single-

ion anisotropic interaction coefficient and vectors. The interaction between spins is

influenced by the Coulomb interaction between adjacent electrons, which in turn is

greatly influenced by the positions of neighboring ions. When these ions are dis-

placed, the spin interaction changes, causing the phonon frequencies to be adjusted
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(a) (b)

Figure 2.13: (a) Temperature dependence of each phonon mode in Y2Ru2O7. (b)
Phonon frequency (ω), damping constant (Γ), strength (S), and broad response (1/q)
as a function of temperature. The deviation from the predicted behavior from the
normal thermal effect indicates spin-phonon coupling [133].
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or “renormalized”. Simply, we ignore all of the terms except the symmetric exchange

interaction, Jij, so we can express the force constant (kn,m) as:

kn,m =
∂2Ĥspin

∂um∂un
=

∂2Jij
∂um∂un

⟨Si·Sj⟩+
∂2DM

∂um∂un
⟨Si × Sj⟩+

∂2A

∂um∂un
(n2S2

i )

= λJ⟨Si·Sj⟩+ λDM⟨Si×Sj⟩+ λA(n
2S2

i ).

(2.14)

Here, the un,m’s are the displacements. Typically, a 3d transition metal has dominant

symmetric exchange interaction Jij, which has a collinear spin structure. When 4-

and 5d heavy metals are introduced, spin-orbit increases, leading to the Dzyaloshin-

skii–Moriya interaction and noncollinear spin structure. An example of spin-phonon

coupling mediated by the Dzyaloshinskii–Moriya interaction in Y2Ir2O7 is already

given in the Introduction [Fig. 1.7]. An example of spin-phonon coupling mediated

by single-ion anisotropy term is given by Cd2Os2O7 in Fig. 2.14 [136].

Moreover, spin-phonon coupling can affect the phonon lifetime. The full width

at half maximum of a phonon (Γ) is related to the phonon lifetime as:

τ =
ℏ
Γ
. (2.15)

Here, τ is the phonon lifetime, Γ is the full width at half maximum, and ℏ is the

reduced Planck’s constant [137]. The phonon lifetime is determined by a combina-

tion of many different processes including three-phonon Umklapp, boundary, mass-

difference, electron-phonon scattering, and spin-phonon scattering. By summing

inverse lifetimes for each process, we can express 1/τ as:

1

τ
=

1

τu
+

1

τb
+

1

τm
+

1

τe−ph

+
1

τs−ph

, (2.16)

where τu is Umklapp, τb is boundary, τm is mass-difference, τe−ph is the electron-
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Figure 2.14: Phonon displacement pattern of Cd2Os2O7 is shown on the top. The
parameters (ω = phonon frequency, Γ = damping constant, Ω = phonon plasma
frequency) for phonon modes as a function of temperature are displayed [136].
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phonon scattering, τs−ph is the spin-phonon scattering [138]. Typically, the phonon

lifetime will increase as the temperature decreases. Just like the phonon frequencies,

the line widths will also behave anharmonically as [133]:

Γanh(T ) = Γh +B(1 +
2

e
ℏωo

2kBT − 1
). (2.17)

Here, Γh is the harmonic contribution of line width, B is the anharmonic coefficient,

ℏ is the reduced Planck constant, kB is the Boltzmann constant, and T is the variable

temperature. However, different contributions of scattering will decrease the lifetime,

which is important for spintronic applications [122–126].

2.6 Magnetism in a honeycomb lattice

To fundamentally lay the groundwork in magnetism, we discuss more in detail

about different magnetic models we can use to describe frustration in magnetic in-

teractions. The simplest magnetic model is the Ising model, an isotropic interaction

between nearest-neighbor spins [139]. The spin is described in only two directions as

only ‘up’ and ‘down’:

Ĥ = −J
∑
ij

σiσj with σi,j = 1 or -1. (2.18)

Here, the σi,j is the spin configuration of a discrete value of 1 and -1. The Heisenberg

model is the same, except that spin configuration is in classical vectors as a continuous

symmetry that can point in any direction [140]:

Ĥ = −J
∑
ij

Ŝi · Ŝj (2.19)
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Here, the Si,j are the spin operators. As you can see, the Heisenberg model has

rotational symmetry with the spin operators. Both models have J as the symmetric

interaction energy. If J > 0, the ferromagnetic interaction is favored [Fig. 2.15(a)].

For J < 0, the antiferromagnetic interaction is favored [Fig. 2.15(b)]. If J = 0,

the spin is not interacting. The difference in treatment on the spin description

has consequences in phase transitions, statistical mechanics, and physical properties

with Mermin–Wagner theorem, which states that continuous symmetries cannot be

spontaneously broken at finite temperature in systems of dimensions d ≤ 2 [141].

Furthermore, there are other types of models that are derived from the Heisenberg

model, such as the XXY model, the Kitaev model, the J1-J2 model, the t−J model,

and so forth.

In complex oxides, the direct exchange interaction does not occur often. Metal

ions ‘talk’ through a ligand (oxygens in complex oxides). This is called superexchange

interaction as shown in Fig. 2.16. In this type of exchange, there is a parameter

called the hopping integral t, which is related to J by:

J ∼ − t
2

U
(2.20)

and U is the Coulomb energy [142].

The Goodenough-Kanamori-Anderson rules are the general rules associated with

this hopping parameter t and the geometry of the superexchange interaction [143].

These rules cover the tendencies toward a type of magnetic order. For example, anti-

ferromagnetism is favored when electron transfers between overlapping orbitals that

are half-filled. Ferromagnetism will occur for the electron transfer from a half-filled

to an empty orbital and from a filled to a half-filled orbital. Here, a specific orbital

involved in the exchange is critical. If the same orbital is involved, the antiferromag-

netic state is favored, and ferromagnetism is preferred if the orbitals
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J > 0, ferromagnetic 

J < 0, antiferromagnetic 

(a)

(b)

Figure 2.15: (a) A 1-dimensional ferromagnetic structure with J > 0. (b) antiferro-
magnetic structure with J < 0.
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Metal Metal

Ligand

Figure 2.16: A schematic of superexchange between metal ions through a ligand.
If the angle is 180◦, antiferromagnetic interaction is favored. If the angle is 90◦,
ferromagnetic interaction is favored.
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are different. Furthermore, there is an angular dependence to the exchange. If

the angle of the superexchange is more towards 180◦, then antiferromagnetism is

favored. For an angle closer to 90◦, then ferromagnetism is predicted [143]. However,

when the exchange interactions compete, frustration sets in, and the conventional

Goodneough-Kanamori rules are not enough. These competitions can lower the

magnetic ordering temperature and promote exciting physics through the frustrated

interaction. One of the settings where this appears is a honeycomb lattice.

A honeycomb lattice is a two-dimensional pattern of hexagons that resembles a

honeycomb [Fig. 2.17(a)]. It is a common lattice structure found in various natural

and synthetic materials, such as graphene, transition metal oxides, and magnetic ma-

terials. In recent years, honeycomb lattice has attracted considerable attention due

to its unique electronic and magnetic properties. In particular, magnetic materials

with honeycomb lattices exhibit interesting behavior, such as frustration [144–147],

topological spin textures [148–153], and magnetic ordering [144,154–156]. The frus-

tration arises from the inability of magnetic moments to align in a single direction due

to competing interactions [Fig. 2.17(b)], leading to a degenerate ground state. This

frustration is particularly evident in antiferromagnetic honeycomb lattices, where

neighboring spins tend to align in opposite directions [Fig. 2.17(c)]. Figure 2.18

summarizes the frustration of magnetic interaction in Bi3Mn4O12(NO3), which has

a honeycomb bilayer structure with S = 3/2 ground spin state [145]. The magnetic

interactions include three intralayer interactions (J1, J2, and J3) and four interlayer

interactions (Jc1, Jc2, Jc3 and Jc4) [Fig. 2.18(a,b)]. The compound is predicted to

exhibit a disordered magnetic state because of the competition of interlayer inter-

actions, Jc1 and Jc2 [157]. The neutron scattering verified the theoretical results by

fitting the magnetic excitations [Fig. 2.18(c)].

One of the most famous examples of magnetic behavior in the honeycomb lattice
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(d)

Figure 2.17: (a) A schematic of a honeycomb lattice with one type of atom is dis-
played. (b) A schematic of a honeycomb lattice with two distinct types of atoms
is displayed. (c) A triangular interaction that leads to frustration. (d) One of the
ways is to relieve the magnetic frustration, which leads to a noncollinear magnetic
structure.
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(a)

(b)

(c)

Figure 2.18: (a,b) A schematic of honeycomb bilayer structure and magnetic inter-
actions in Bi3Mn4O12(NO3) is displayed. (c) Calculated neutron scattering spectra
with linear spin wave theory is displayed here. The magnetic field (10 T) is included
perpendicular to the spin directions [145].
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is the Kitaev model, proposed by Alexei Kitaev in 2006 [148]. The Kitaev model

is a spin-1/2 model with interactions between nearest-neighbor spins, in which the

interactions are anisotropic and depend on the orientation of the spins relative to

the bonds connecting them as [158]:

Ĥ =
∑
ij

KSα
i S

α
j +

∑
ij

KSβ
i S

β
j +

∑
ij

KSγ
i S

γ
j . (2.21)

The Kitaev model exhibits a quantum spin liquid ground state, which is a highly

entangled state with no long-range order, even at zero temperature. The quan-

tum spin liquid state has potential applications in quantum computing, as it can

be used to store and manipulate quantum information [159]. The topological spin

textures in honeycomb lattices arise from the presence of topological defects, such

as vortices and skyrmions [151–153]. These defects are characterized by a nontrivial

topology, which results in a protected spin texture that cannot be easily destroyed.

For example, skyrmions form due to the Dzyaloshinskii-Moriya interaction in fer-

romagnetic honeycomb lattices, which breaks the inversion symmetry and induces

a chiral spin texture [160, 161]. The presence of these skyrmions can lead to novel

spintronics applications, such as skyrmion-based memory devices [160]. In antifer-

romagnetic honeycomb lattices, the magnetic ordering can be described by a Kitaev

model, which exhibits a topological phase transition between a trivial and a non-

trivial phase [162] [Fig. 2.19]. This phase transition is related to the presence of

Majorana fermions, which are quasiparticles that are their own antiparticles and

have potential applications in quantum computing [163].

The effect of honeycomb lattice on magnetism has been studied in various mate-

rials, such as Na2IrO3 [165,166] and α-RuCl3 [167,168], and Na2Co2TeO6 [169,170].

For example, Na2IrO3 is a spin-orbit-coupled Mott insulator that exhibits antiferro-

magnetic ordering with a honeycomb lattice structure (space group of C2/m) [Fig.
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(c)

(b)

(a)

Figure 2.19: (a,b) Hybridization and hopping of ‘flux-pair’, respectively. (c) contin-
uous topological phase transition is shown. The h < hc is topologically trivial, but
the h > hc includes six merons [164].
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2.20(a)] [165]. The Iridium has a pseudo spin of Seff = 1/2. The magnetic transi-

tion temperature is TN = 15 K, which is smaller than the Weiss temperature Θ =

-116. This indicates the frustration in the magnetic interaction [165]. The magnetic

frustration index is defined as f = |Θ|
TN

[171]. Using x-ray diffraction and inelastic

neutron scattering, the magnetic order was determined to be a zig-zag structure [Fig.

2.20(b)] [166]. The signature of Kitaev interaction was revealed using resonant in-

elastic X-ray scattering [Fig. 2.20(c)] [172]. Another Kitaev candidate material is

α-RuCl3, which is a layered honeycomb lattice material (also C2/m space group)

[Fig. 2.20(d)] [167]. The crystal has a hexagonal face, which is a result of the crystal

structure as shown in Fig. 2.20(e) [155]. Ru3+ has Jeff = 1/2 state, same as in the

iridate materials. α-RuCl3 exhibits antiferromagnetic ordering at low temperatures

(TN ≈ 13 K) [167]. The magnetic ordering in α-RuCl3 is a zig-zag structure as a

ground state, which is predicted within the framework of the Kitaev model [Fig.

2.20(f)]. Lastly, Na2Co2TeO6 is another promising Kitaev candidate material. The

compound also hosts a honeycomb lattice with Co2+ ion in the octahedral environ-

ment [Fig. 2.20(g)] [170]. The spin-orbit coupling splits the degenerate S = 3/2

states into S = 1/2 ground state. The magnetic structure in the ground state is

argued to be either zig-zag or triple-Q state [169, 173]. With the absence of a lin-

ear magnetoelectric term and the structure distortion/phase transition, the zig-zag

magnetic structure is likely [173]. With the application of the magnetic field, the

spin-liquid phase is reported [169,173].

2.7 Two-dimensional transition metal chalcogenides

The two-dimensional (2D) van der Waals crystals are under extremely high sci-

entific interest for the fundamental understanding of the quantum nature of these

materials as well as application purposes. The ability to exfoliate to a single layer
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Figure 2.20: (a) A crystal structure of Na2IrO3, zig-zag magnetic structure, and
evidence of the anisotropic bonds in RIXS measurement are displayed [165,166]. (b)
A crystal structure of α-RuCl3, a picture of physical crystal, and neutron scattering
measurement are shown [167, 168]. (c) A crystal structure of Na2Co2TeO6 and two
phase diagrams as a function of temperature and magnetic field are shown [169,170,
173].
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improves mechanical, optical, electronic, and magnetic properties, enabling wearable

technologies with thin, flexible, and nano-scale devices [174–177]. These materials

are composed of metal atoms with a ligand arranged in a layered 2D lattice struc-

ture. The chalcogen atoms act as spacers between the metal atoms, allowing for the

formation of strong intra-layer covalent bonds and weak inter-layer van der Waals

interactions. This structure gives rise to their unique properties, such as tunable

band gaps, high carrier mobility, and strong light-matter interactions [178–181].

One of the most studied 2D van der Waals crystals is molybdenum disulfide [Fig.

2.21(a)]. MoS2 is a semiconductor with a direct bandgap [Fig. 2.21(b)], making

it an excellent material for optoelectronic applications. It exhibits strong photolu-

minescence and excellent electrical properties [179, 182], including high carrier mo-

bility and low contact resistance. The unique properties of MoS2 have led to its

use in a variety of applications, including photovoltaics, field-effect transistors, and

sensors [179, 183–185]. Another 2D van der Waals chalcogenide that has received

attention is tungsten diselenide (WSe2). Like MoS2, WSe2 is a semiconductor with

a direct bandgap. However, WSe2 has a larger bandgap than MoS2, making it useful

for applications in the visible range of the electromagnetic spectrum. WSe2 also ex-

hibits high carrier mobility and excellent electrical properties, making it a promising

material for optoelectronic devices [186,187]. Other 2D van der Waals chalcogenides

that have been studied include molybdenum diselenide (MoSe2), tungsten disulfide

(WS2), and niobium diselenide (NbSe2). These materials exhibit similar properties

to MoS2 and WSe2, including direct bandgaps and high carrier mobility.

Strong light-matter interactions are one of the unique properties of 2D transition

metal chalcogenides. The thinness of the materials allows for efficient light absorp-

tion and emission, making them ideal for optoelectronic applications [188]. Therefore,

the electronic and optical properties can be tuned by controlling the number of layers
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(a) (b)

Figure 2.21: (a) Images of exfoliated MoS2 flakes on Si substrate is displayed. The
exfoliation was performed down to 1 layer. (b) Reflection and photoluminescence
spectra of MoS2 layers are shown. The absorption is at 1.85 and 1.98 eV [182].
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and the composition of the material. Unlike graphene, which has a zero bandgap

and therefore cannot be used for electronics [189–192], transition metal chalcogenides

have a finite bandgap that can be tuned by controlling the number of layers and the

composition of the material. For example, single-layer MoS2 has a direct bandgap of

1.8 eV, which makes it suitable for optoelectronic applications, while bilayer MoS2

has an indirect bandgap of 1.2 eV, which makes it suitable for field-effect transistors

[193,194].

2D transition metal chalcogenides also exhibit interesting magnetic properties.

For example, MoS2 has been shown to exhibit ferromagnetic behavior at the edges of

the material, while the bulk material is diamagnetic [195]. This behavior is attributed

to the presence of sulfur vacancies, which act as magnetic dopants. Furthermore,

magnetism in these materials has allowed the concept of low-power ultra-compact 2D

spintronic devices [125,196–199]. Experimental results of ferromagnetism in CrI3 and

Cr2Ge2Te6 at the single layer have opened the doors for layer-dependent magnetism

[200–203], followed by a family of 2D van der Waals magnetic crystals [204–208]. To

give examples, Fig. 2.22(a-d) summarizes the electrical control with CrI3 dual-gate

device by applying a magnetic field, and Fig. 2.22(e,f) displays magnetic control

with Cr2Ge2Te6 with electrostatic gating.

Transition metal phosphorus trisulfides with chemical formula MPS3 (M = Mn,

Fe, Co, Ni, Zn, and Cd) are one of the magnetic family members of 2D van der

Waals [Fig. 2.23(a,b)] [211]. Among them, MnPS3 has an interesting prediction of

ferrotoroidicity [212], although experimental results are absent so far [213]. Further-

more, the ease of exfoliation and tunability in external stimuli of MnPS3 have at-

tracted great attention. Examples include the tunability of electronic and magnetic

properties [Fig. 2.23(c,d,e,f,g)] [214, 215], Dirac cones and topological magnetism

at the monolayer limit [216], the layer-dependent structural and symmetry restora-
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Figure 2.22: (a) A schematic of the CrI3 crystal structure with magnetic ordering
is shown. (b) A schematic of a CrI3 dual-gated device is displayed. (c) the image
of the dual-gated device is shown. (d) The reflectance magneto-circular dichroism
(RMCD) signal as a function of the magnetic field is displayed for CrI3. It starts as
an antiferromagnetic state and transitions to a ferromagnetic state at around 0.75
T [202]. (e) Magnetoresistance signal as a function of the magnetic field and the
angle is shown for Cr2Ge2Te6. (f) A saturated field as a function of the angle γ in
degrees is shown [203].
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j

Figure 2.23: (a) Antiferromagnetic structure of MnPS3. (b) Magnetization and mag-
netic susceptibility as a function of the magnetic field. (c) Resistance of a six-layer
MnPS3 device measured with 1.6 V (red) and 1.8 V (blue) applied bias. (d) Tun-
neling current density j at T = 1.5 K as a function of bias for different thicknesses
of MnPS3. (e) In the Fowler-Nordheim tunneling regime at high bias, ln( j

V 2 is pro-
portional to N

V
. (f) The linear tunneling conductance decreases exponentially with

MnPS3 thickness. (g) the coefficient α decreases linearly with d [209]. (h) Pressure-
induced color change of MnPS3. (i) Absorption spectra and Tauc’s plot as a function
of pressure is displayed with band gap vs. pressure plot. (j) A schematic of pressure
transitions [210].
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tion with near-field infrared spectroscopy [217,218], pressure-induced spin-crossover,

insulator-metal, sliding, and superconducting transition with piezochromism [Fig.

2.23(h,i,j)] [210, 219, 220], linear magnetoelectricity at the ultrathin limit using the

optical second harmonic generation [221], magnetism at the single monolayer [209],

and ripple-induced symmetry crossover at the ultrathin limit [222]. On the other

hand, CrPS4 is a cousin ofMPS3 family with different stoichiometry and the absence

of phosphorus-phosphorus dimer. However, CrPS4 also displays similarly interesting

properties, such as bulk antiferromagnetic to ferromagnetic state in the single-layer

[214, 223], piezomagnetic response under strain [224], pressure-induced insulator-

metal transition [225], structural stability down to the monolayer limit [226], the

control of ferromagnetism with air-stability [227], and pressure-induced symmetry-

breaking [228].

2.8 Materials of interest

2.8.1 Fe2Mo3O8 and its analogs

Fe2Mo3O8 is a polar magnet with giant magnetoelectric coupling, strong Dzyaloshinski-

Moriya interactions, valence bond condensation (creating a cluster magnet), and the

possibility of orbitally-selective transitions [28, 229–235]. Zinc substitution, first on

the tetrahedral Fe site and then on the octahedral Fe site [31, 231], is of interest for

magnetic properties as well [31,230,236,237]. The structure of Fe2Mo3O8 consists of

corner-shared tetrahedral and octahedral sites separated by layers of Mo trimers [Fig.

2.24(a,b)] [229, 238, 239]. The FeO4 tetrahedron is significantly elongated and dis-

torted, and the FeO6 octahedron is trigonally distorted as well, leading to a C3v point

group on both tetrahedral and octahedral Fe sites. As a result, Fe2Mo3O8 has no in-

version symmetry. The system has a 61 K magnetic ordering transition to a collinear
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Figure 2.24: (a) Crystal structure of Fe2Mo3O8. (b) A top view of the Fe-O layer,
where the honeycomb lattice can be seen. The line represents the largest Fe-Fe
exchange interaction J . (c) A schematic of antiferromagnetic (AFM) state and ferri-
magnetic (FRM) state is displayed for Fe2Mo3O8. (d) The change in polarization is
along the c-axis due to the oxygen shift. (e) Magnetic susceptibility reveals TN ≈ 61
K. (f) Heat capacity also displays a phase transition at around 61 K with a picture
of the crystal in the inset [28].
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antiferromagnetic state with a concomitant structural distortion [Fig. 2.24(c,d,e,f)]

[28,29,240–242]. Antiferromagnetic antiphase domain boundaries have been imaged

in this state [117]. Fe2Mo3O8 also displays a 5 T transition to the ferrimagnetic

state with an extremely large magnetoelectric coefficient [28, 231]. Ni2Mo3O8 also

hosts robust magnetoelectric coupling with a field-tunable coupling mechanism [243].

Spectroscopic highlights in Fe2Mo3O8 include (i) nonreciprocal directional dichroism

[64], phonon trends across TN [29, 242], and a variety of magnetic excitations in

the terahertz range [244], (ii) Mössbauer to confirm the 2+ charge on the iron site

[240,241], and (iii) studies of charge transfer via time-dependent optical Kerr effects

[245] complemented by first principles electronic structure calculations [31,242,246].

2.8.2 Ni3TeO6

The crystal structure of Ni3TeO6 is both polar and chiral as expected for an R3

space group [247]. Chains of distorted NiO6 and TeO6 octahedra lie along the c

direction, and the three different Ni centers are distinguished by their local environ-

ments [248]. In this work, we denote the threefold axis of Ni3TeO6 as the ‘chiral

axis’ of the compound [108, 248]. Although Ni3TeO6 hosts interlocking ferroelectric

and chiral domain patterns [Fig. 2.26(a,b)] [248, 249], crystals can be polished to

reveal a single chiral domain [Fig. 2.26(l)] [250]. Below TN = 53 K, the system

displays a collinear antiferromagnetic ground state [Fig. 2.25]. For H∥c, there is

a spin-flop transition at 9 T leading to a conical spin and a metamagnetic transi-

tion at 52 T - both of which are accompanied by magnetoelastic effects [Fig. 2.25

and Fig. 2.26(k)] [62, 251–253]. There are no magnetically-driven phase transitions

when field is applied perpendicular to the c-axis [252]. The optical properties of

Ni3TeO6 consist of several different color bands comprised of on-site Ni2+ d-to-d exci-

tations along with a charge gap near 2.6 eV [68]. These features are sensitive to spin-
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Figure 2.25: (a) A phase diagram of Ni3TeO6 is shown as a function of temperature
and magnetic field. The TN is at 53 K where the antiferromagnetic (AFM) ground
state is displayed. At around 9 T, the spin-flop transition is observed and the meta-
magnetic state is achieved at above 50 T. The saturation field is extrapolated to be
above 100 T. [250].
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Figure 2.26: (a) The basic building block of Ni3TeO6 is displayed, which corresponds
to one-third of one unit cell. We denoted the shortest bonds in red and blue triangles
as bold lines. (b) Two different ferri-chiral states are shown as red and blue colors.
(c) An optical microscope image of a 100 µm-thick single crystal of Ni3TeO6 is shown
with the scale bar equals 1 mm. (d-j) The chiral domains of a Ni3TeO6 crystal are
visible in transmission polarized optical microscope images are shown. Blue and
red bars represent the angles of a polarizer and an analyzer, respectively [248]. (k)
Magnetic structure and magnetic phase transitions are shown [252]. (l) Polished
single crystal of Ni3TeO6 is shown, which has only one chiral domain [250]. (m)
Spectroscopic properties of Ni3TeO6 as a function of the magnetic field. [68].
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flop and metamagnetic transitions [Fig. 2.26(m)], and because spin-orbit coupling

endows the excitations with magnetoelectric character, these phases support nonre-

ciprocal directional dichroism [250]. Here, the excited Ni state (with a hole in the

t2g orbital) provides spin-orbit coupling on the order of 40 meV and assures that the

matrix elements containing polarization and magnetization are non-zero [250]. Sig-

nificantly, the broad band nonreciprocal directional dichroism in the magnetochiral

configuration of Ni3TeO6 can be modeled using a quantitative first-principles-derived

formalism [250].

2.8.3 Co4B2O9 (B = Nb, Ta)

The Co4B2O9 (B = Nb, Ta) system is quasi-two dimensional with a P 3̄c1 space

group [Fig. 2.27(a)] [254]. This corundum-type structure is derived from Cr2O3

where four Cr sites are occupied by the magnetic Co2+ ions and two nonmagnetic

Nb5+ or Ta5+ ions reside in the B sites. The octahedrally-coordinated Co2+ centers

are trigonally distorted and both edge- and face-sharing. The B ions also occupy

trigonally distorted octahedral sites in the buckled layer. Both systems order antifer-

romagnetically at TN = 27 and 20 K for Co4Nb2O9 and the Ta analog, respectively

[Fig. 2.27(b)] [255,256]. Originally thought to host collinear ab-plane spin structure

with a small moment along c [254,257], more recent work establishes a noncollinear

spin arrangement - even sporting a different magnetic space group [258–260]. A

number of teams report magnetostriction across TN - presumably within the same

space group [Fig. 2.27(c,d,e)] [261–263]. Under a magnetic field, these materials re-

veal a spin-flop transition (at 0.3 T for H ∥ ab) [255,256,261], large magnetoelectric

coupling [261,262,264,265], magnetodielectric behavior [266], and a symmetry reduc-

tion with asymmetric distortion [Fig. 2.27(f)] [263]. The magnetoelectric coupling is

approximately α[110] = 20 ps/m for both compounds [261,262,264,265]. Interestingly,
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(f)

Figure 2.27: (a) A crystal structure of Co4Nb2O9. (b) Magnetic structure in a
honeycomb lattice in Co4Nb2O9. (c,d,e) susceptibility, permittivity, and strain mea-
surements reveal a magnetic ordering transition at around 27 K. (f) permittivity as
a function of the magnetic field. Spin-flop transitions are revealed and anisotropic
behavior is displayed as the directions of the magnetic field change [263].
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this interaction is nonlinear [267, 268]. Despite evidence for magnetostriction across

TN [257, 262, 263, 269] and proposals that cast spin-phonon coupling as the under-

lying mechanistic driver for these effects [258, 261, 264, 269], the fundamental exci-

tations of the lattice and their changes across the magnetic ordering transitions are

under-explored with only one recent Raman study of polycrystalline Co4Nb2O9 that

identifies two low-frequency modes at 132 and 178 cm−1 that are sensitive to the

magnetic ordering transition [266]. The absence of lattice dynamics calculations in

that study unfortunately prevents additional analysis. Co4Nb2O9 and the Ta analog

are also ideal platforms for unraveling structure-property relations - not just across

property trends but in higher level coupling processes as well [270].

2.8.4 MnPS3 and CrPS4

MnPS3 has a C2/m space group [271], forming Mn2+ honeycomb lattice in the ab-

plane [Fig. 2.28(a,b)]. The Mn2+ ion with S = 5
2
ground spin state is in the trigonally

distorted octahedral environment surrounded by S atoms, which connects to other

octahedrons by edge-sharing. The layer thickness is≈3.22 Å separated by the van der

Waals gap of ≈3.27 Å [Fig. 2.28(a,b)]. For CrPS4, there is a controversy over the C2

vs. C2/m space group [272–274], which we will discuss later. Regardless, Cr3+ ions

create a rectangular lattice without the P-P dimer [Fig. 2.28(c,d)] [226, 228]. Each

Cr3+ (S = 3/2) ion is also coordinated octahedrally by S atoms with a slight distor-

tion. The layer thickness of CrPS4 is slightly bigger than MnPS3 with 3.69 Å, but a

smaller separation of 2.46 Å van der Waals gap is exhibited [Fig. 2.28(c,d)]. MnPS3

undergoes TN transitions from a paramagnetic state to Heisenberg-type collinear an-

tiferromagnetic state at 78 K [274–276], whereas CrPS4 has TN = 36 K and T ′ ≈ 35

K that is similar to a spin-reorientation [277]. A recent report of MnPS3 suggests

another magnetic transition from Heisenberg to XY system at around 38 K [278].
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Figure 2.28: (a) The crystal structure of MnPS3 in the a-axis view is displayed. The
sheet thickness and size of the van der Waals gap are indicated as 3.22 and 3.27 Å.
(b) the c-axis view shows a clear hexagonal structure in the ab-plane. (c) The crystal
structure of CrPS4 with the sheet thickness of 3.69 Å and van der Waals gap of
2.46 Å. (d) Unlike MnPS3, CrPS4 has a rectangular structure. (e) The experimental
diagram is shown, displaying two light propagation, k, to differentiate the unpolarized
and circularly-polarized measurements for optical spectroscopy and magnetic circular
dichroism. H is the magnetic field. The bottom slab is the sample as indicated with
the crystal structure.
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With the magnetic field along ∥ c-axis, Both MnPS3 and CrPS4 undergoes spin-flop

transition at ≈5 and ≈1 T [209, 279, 280]. Spectroscopic studies of MnPS3 include

characterization and temperature dependence of d-to-d excitations and the band

gap [281–283], exciton-magnon structure [284], a large exciton binding energy, [285]

magnetic dynamics using ultrafast optical spectroscopy [286], vibrational spectra as

a function of layer number [217, 218], piezochromism as a function of temperature

and pressure [210], and Raman-active phonon modes as a function of temperature

that reveals magnetoelastic coupling by spin-phonon coupling with 120, 155, and

160 cm−1 phonon modes [287–290], For CrPS4, absorption and photoluminescence

spectroscopy as a function of layers [225,291,292], infrared- and Raman-active phonon

modes under pressure [228], polarized Raman-active phonon modes [293], and single-

layer phonon modes using near-field [226]. However, the nature of the band gap and

the local excitations in CrPS4 has been misunderstood and mischaracterized.
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Chapter 3

Spectroscopic methods

3.1 Optical theory

Light-matter interactions are determined by the optical properties of a material.

Since electromagnetic wave has electric and magnetic field vectors, they can inter-

act with the electronic and magnetic structure of solids. Therefore, we analyze and

interpret the optical properties to understand the interactions among spin, orbital,

lattice, and charge dynamics in a solid. Experimentally, optical properties can be

determined from the reflectance R(ω) and transmittance T(ω) measurements, which

are frequency dependent. From those measurements, we can extract various opti-

cal constants including absorption coefficient α(ω), dielectric function ϵ1(ω), optical

conductivity σ(ω), plasma frequency ωp, oscillator strength S, and relaxation time

τ(ω) by using Kramers-Kronig analysis [294,295]. Furthermore, external stimuli such

as magnetic field are combined with spectroscopic methods to drive quantum phase

transitions, which will be discussed as well.
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3.1.1 Maxwell’s Equations

Maxwell’s equations of electromagnetic waves lead to the understanding of light-

matter interactions. By using these four equations, we can start to describe the

optical properties of matter [294,296].

▽ ·D = ρext

▽ ·B = 0

▽× E = −∂B
∂t

▽×H = −∂D
∂t

+ Jcond + Jext.

(3.1)

Here, D and B are the displacement field and magnetic induction, E and H are

the electric and magnetic field, ρext is the charge density induced by the external

force, Jcond and Jext are the current densities arising from the conduction electron

and induced by an external force.

By assuming an isotropic media, we can obtain a linear response for D, B, and

Jcond by these relations:

D = ϵE

B = µH

Jcond = σE,

(3.2)

where ϵ is the dielectric function, µ is the magnetic permeability, and σ is the optical

conductivity. Furthermore, polarization and magnetization are also linear functions:

P = χeE

M = χmH,

(3.3)

where P is the polarization, M is the magnetization, χe is the electric susceptibility,

and χm is the magnetic susceptibility. We can now solve these equations for a plane
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wave without any external forces (ρext = 0), we can arrive at a wave equation for a

plane wave propagating in an energy-absorbing medium:

▽2E =
ϵ

c2
∂2E

∂t2
. (3.4)

We describe the light with the complex wave vector with a single plane:

E = E0e
[i(k·r−ωt)], (3.5)

where k is the wave vector and ω is the frequency. Substituting Eqn. 3.4 into Eqn.

3.5, we arrive at the following relation:

k2 =
ω2

c2
ϵ(ω). (3.6)

We can express k by the complex refractive index N =
√
ϵ(ω):

k =
Nω

c
. (3.7)

The complex refractive index is now defined as:

N(ω) = n+ ik. (3.8)

Here, n and k are the refractive index and the extinction coefficient, respectively.

We can also define the complex dielectric function:

ϵ(ω) = ϵ1 + iϵ2. (3.9)

More relationships from complex refractive index and dielectric function can be made
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here:

ϵ1 = n2 + k2

ϵ2 = 2nk.

(3.10)

We can now begin to use these relationships to find the absorption coefficient α.

Rewriting Eq. 3.5 yields:

E(x, t) = E0e
i[(Nω/c)x−ωt] = E0e

−(2πk/λω)xei(kx−ωt). (3.11)

Here, the expression 2πk/λω describes the attenuation of the field, and λω is the

wavelength of light in a vacuum. e−(2πk/λω)x describes the attenuation of wave am-

plitude with distance. We can use Beer’s law since the intensity is proportional to

the square of the electric field:

I(x) = EE∗ = I0e
−αx, (3.12)

which α and the k relates as:

α =
2ωk

c
=

4πk

λω
. (3.13)

Furthermore, α can be related to the imaginary part of the dielectric function as:

α =
ωϵ2
cn

. (3.14)

For a medium with a finite conductivity, the dielectric function is expressed as:

ϵ(ω) = 1 +
iσ(ω)

ωϵ0
. (3.15)
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and for the absorption:

α(ω) =
σ1(ω)

nϵ0c
. (3.16)

This is an important relationship because high conductivity means high absorption

and low conductivity results in low absorption. We summarize the relationship be-

tween the various response functions of ϵ(ω), σ(ω), and N(ω) in Table 3.1 [296,297].

3.1.2 Beer’s law

For transmittance measurements, we must use Beer’s law to convert transmit-

tance spectra as a function of frequency to an absorption coefficient. For a sample

thickness d < δ = c
ωk
, where δ is the penetration depth, the absorption coefficient

can be directly determined from transmittance. This is one of the simplest and

well-known relations.

By controlling the optical density, the Beer-Lambert law can be used:

I = I0e
−αd, (3.17)

with I and I0 being the intensities of transmitted and incident beams, respectively.

α is the absorption coefficient and d is the sample thickness. We know that the trans-

mittance is T = I
I0

and the absorbance is A = −ln I
I0

= αd. By rearranging them, we

arrive at the absorption coefficient directly from the thickness d and transmittance

as a function of frequency T (ω) [298]:

α(ω) = −1

d
ln(Tω). (3.18)

The limitation of Beer’s law requires minimal or negligible reflectance, which is not
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Table 3.1: Relationships between the various response functions ϵ(ω), σ(ω), and
N(ω)

Dielectric constant ϵ(ω) Conductivity σ(ω) Refractive index N(ω)

ϵ = ϵ1 + iϵ2
σ1 = ωϵ2

4π
σ2 = (1− ϵ1)

ω
4π

n = ( 12 ((ϵ
2
1 + ϵ22)

1/2 + ϵ1))
1/2

k = ( 12 ((ϵ
2
1 + ϵ22)

1/2 − ϵ1))
1/2

ϵ1 = 1− 4πσ2

ω

ϵ2 = 4πσ1

ω
σ = σ1 + iσ2

n = ( 12 (((1 −
4πσ2

ω )2 + ( 4πσ1

ω )2)1/2 +

(1− 4πσ2

ω )))1/2

n = (12 (((1 −
4πσ2

ω )2 + ( 4πσ1

ω )2)1/2 −
(1− 4πσ2

ω )))1/2

ϵ1 = n2 − k2

ϵ2 = 2nk
σ1 = nkω

2π
σ2 = (1− n2 + k2) ω

4π
N = n+ ik
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always the case. Otherwise, a correction is needed:

T =
(1−R)2e−αd

1−R2e−2αd
(3.19)

where R is the reflectance at the sample surface [299, 300]. The relationship comes

from the Glover-Tinkham analysis, which accounts for both transmittance and re-

flectance [296,301].

3.1.3 Kramers-Kronig analysis and sum rules

Transmittance experiments are used frequently since it is overall alignment is

more forgiving. Furthermore, it is an easier way to get absorption directly from

transmittance with the knowledge of sample thickness. However, the materials of

interest do not always transmit light. Also, polishing a sample is not an easy skill

to acquire. In these cases, reflectance measurements are used. Optical properties

can be determined by measuring the reflectivity at normal incidence and dispersion

relations. The reflectivity r and the power reflectance R(ω) are given by:

r =
√
Reiϕ

R(ω) = rr∗ =
(n− 1)2 + k2

(n+ 1)2 + k2
.

(3.20)

The power reflectance R(ω) and phase-dispersion shift on reflectance ϕ(ω) are related

by Kramers-Kronig transformation [296]:

ϕ(ω) =
ω

π

∫ ∞

0

lnR(ω)− lnR(ω′)

ω′2 − ω2
dω′. (3.21)
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By combining Eq. 3.20 and 3.21, the refractive index n and the extinction coefficient

k can be determined by R(ω) and ϕ(ω) as:

n(ω) =
1−R(ω)

1 +R(ω)− 2
√
R(ω)cosϕ(ω)

k(ω) =
2
√
R(ω)sinϕ(ω)

1 +R(ω)− 2
√
R(ω)cosϕ(ω)

.

(3.22)

The real part of the dielectric function and optical conductivity can be determined

as listed in Table 3.1:

ϵ1 = n2 − k2

ϵ2 = 2nk.

(3.23)

Our tools include measurements from far-infrared to ultraviolet frequency range,

beyond which proper extrapolations should be used. There are four different models

to consider: (i) a Hagen-Rubens relation (R(ω) = 1−(2ω/πσ0)
1/2 is used for metallic

materials; or as a constant for semiconductors/insulators in the low-frequency range,

(ii) The two-fluid model (R(ω) = 1 − (2ω/πσ0)
2 (iii) Marginal Fermi Liquid model

(R(ω) = 1− (2ω/πσ0) and (iv) Superconducting model (R(ω) = 1− (2ω/πσ0)
4. We

note that the only difference between these models is the power index of ω. For the

high frequency extrapolation, the equation is modeled as R ∼ ω−α, where α varies

from 0 to 4 and does not have to be an integer. The α(ω) can be determined by

comparing the absorption and calculated optical conductivity.

Together with physical arguments about the behavior of the response in certain

limits, the Kramers-Kronig relation can also be used to derive sum rules. That is:

∫ ∞

0

ω′Im(
−1

ϵ(ω′)
dω′ =

1

2
πω2

p, (3.24)

where ωp is the plasma frequency. A partial sum rule [296] is also useful in quantifying
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the change of absorption spectra:

f ≡ 2c

Neπω2
p

∫ ω2

ω1

nα(ω,B)dω. (3.25)

Here, f is the oscillator strength, Ne is the number of electrons per magnetic ion

site, n is the refractive index, ωp is the plasma frequency ∼
√

e2ρ
mϵ0

, e and m are the

charge and mass of an electron, ϵ0 is the vacuum dielectric constant, ρ is the density

of magnetic ion sites, c is the speed of light, and ω1 and ω2 are the frequency limits

of integration.

3.1.4 Drude and Lorentz models

Generally, there are two basic models to consider that fit the descriptions of

materials: the Drude and the Lorentz models. The former describes metals, quan-

titatively characterizing the free carrier response of metallic materials, whereas the

latter quantifies localized excitations, which applies to semiconductors and insula-

tors.

As a result, there are three parts to the dielectric function:

ϵ = ϵfree + ϵbound + ϵ∞. (3.26)

Here, ϵfree is the contribution from free electrons (or holes), and ϵbound is the con-

tribution from bound or localized carriers. For metallic compounds, ϵfree dominates

the optical response at relatively low frequencies, which screens the contributions

from ϵbound due to the large free carrier density. Above the plasma frequency, bound

carriers start to populate and begin to dominate the optical response of a material.

We begin with the Drude model and the description of metals first. There are

four assumptions for the Drude model: (i) electron-electron and electron-metallic ion
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collisions are neglected. The scattering due to electron-electron collisions is also not

considered. (ii) Only the collision between electrons and ion cores is considered. (iii)

There is a mean free time where an electron travels a certain amount of distance

before the collision. This is the relaxation time τ , an average time before its next

collision. 1/τ is the probability per unit of time. (iv) After the collision, an electron

emerges with a velocity with a random direction and with a speed appropriate to

the local temperature.

With those assumptions, we can begin to describe the picture of the metal. Each

metal ion consists of the nucleus and the core electrons. They are immobile. Valence

electrons are weakly bounded to the metal ions. They generate the free electron gas,

which is delocalized. They are also called conduction electrons.

The equation of motion of the Drude model can be written as:

m
d2r

dt2
+mγ

dr

dt
= −eEloc. (3.27)

Here, m is the effective mass of the free carriers, γ is the damping constant (= 1/τ),

e is the charge of an electron, and Eloc is the local electric field acting on the electron.

By assuming the homogeneous electric field is acting on the conduction electron,

we can derive the dielectric function by combining Eqn. 3.27 and Maxwell’s equation

as:

ϵ(ω) = ϵc −
4πne2

m(ω2 + iω/τ)
, (3.28)

where ϵc ≈ 1 when the polarization of the ion core is not considered. Then, the real

and imaginary part of the dielectric function is derived:

ϵ1 = ϵc −
ω2
p

ω2 + 1/τ 2

ϵ2 =
ω2
p

ωτ(ω2 + 1/τ 2)
.

(3.29)
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Here, ωp =
√

4πne2

m
is the plasma frequency.

Using the relations listed in Table. 3.1, we can obtain expressions for optical

conductivity:

σ1 =
ne2τ

m(1 + ω2τ 2)
=

σdc
1 + ω2τ 2

σ2 = ωτ
ne2τ

m(1 + ω2τ 2)
= ωτ

σdc
1 + ω2τ 2

,

(3.30)

where σdc =
ne2τ
m

is the dc conductivity of the material. The relaxation time can be

approximated by ρDC ∼ 1/σDC .

Unlike metallic compounds, semiconductors and insulators have localized excita-

tion. The Lorentz model treats the bound electrons similar to a harmonic oscillator

or a mass-spring system. The electrons vibrate in an electromagnetic field. The

equation of motion becomes:

m
d2r

dt2
+mγ

dr

dt
+mω2

0r = −eEloc, (3.31)

where mω2
0r is the additional term that describes the binding energy between the

bound electrons and the nucleus. Compared to metals, the electric field will cause

an internal polarization in the medium because of the separation between positive

and negative charges. The total electric field acting on an electron is:

Eloc = Eext + Eneighbor + Eint. (3.32)

Here, Eext and Eint are the external and internal electric fields, respectively. Eneighbor

is the electric field due to the neighboring dipoles. Therefore, the total electric field

is the sum of all the fields. The solution to Eq. 3.31 is:

r(ω) =
1

m

−eEloc

(ω2
0 − ω2) + iγω

. (3.33)
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From this, the induced dipole moment µ is related to r through this equation:

µ(ω) =
e2Eloc

m[(ω2
0 − ω2) + iγω]

. (3.34)

Since µ(ω) = α(ω)E(ω), the polarization per unit volume is given by:

P (ω) = Nα(ω)E(ω) = ϵ0χ(ω)E(ω). (3.35)

The susceptibility χ(ω), from the prior equation, is then:

χ(ω) = (
Ne2

ϵ0m
)

1

ω2
0 − ω2 + iΓω

. (3.36)

where (4πNe2/m) is the plasma frequency squared (ω2
p). The dielectric function can

then be written as:

ϵ(ω) = 1 +
ω2
p

ω2
0 − ω2 + iΓω

. (3.37)

where ωp equals:

ωp ==

√
Ne2

ϵ0m
. (3.38)

From this dielectric function, many optical parameters can be calculated, such as

absorption (α(ω)), optical conductivity (σ(ω)), refractive index (n(ω)), and so on.

For this work, several projects call for the use of both the Drude and Lorentz

models. These two models are extremely useful because we can use them to fit the

experimental spectra to obtain the relaxation time, plasma frequency, dc conduc-

tivity, effective mass, and carrier densities of different materials. For example, the

Drude model can give the number of free carriers in a system. By comparing the

fit parameters for various doping concentrations, magnetic fields, or temperatures,

trends can be observed. In this case, we are able to analyze how the material and spe-
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cific excitations can be sensitive to different phase transitions. Figure 3.1(a) displays

reflectance spectra of FexTaS2 (x = 0, 1/3, 1/4). By using Kramer-Kronig analysis,

optical conductivity, σ1, is obtained from reflectance data [Fig. 3.1(b)]. By using

the Drude-Lorentz fit of the optical conductivity, two Drude functions are revealed

for the Fe layer and TaS2 sheet [Fig. 3.1(c)]. The oscillator strength of Fe Drude

is smaller and the plasma frequency is much lower compared to TaS2. Furthermore,

the signature of chirality is captured in the complex free-carrier response emanating

from Ta and Fe bands [302].

3.1.5 Band gap analyses

The band gap is defined as an energy difference between the top of the valence

band and the bottom of the conduction band as shown in Fig. 3.2(a). Microscopi-

cally, a charge transfer excitation defines the band gap energy. In oxides, it is usually

a transition between an oxygen 2p orbital to a metal 3d orbital. Also, there are two

fundamentally different band gaps, direct and indirect band gaps. A direct gap is

when the electron travels from the valence band to the conduction band with ∆k

= 0 [Fig. 3.2(b)]. An indirect gap is the same except ∆k ̸= 0 [Fig. 3.2(c)]. This

change in k-momentum is caused by a phonon. In optical analysis, a Tauc plot can

be calculated, and a gap energy equation can be written to include both of these

terms:

α(E) = A(E − Edirect
g )0.5 +B(E − Eindirect

g ∓ Ephonon)
2. (3.39)

where A and B are parameters, Eg are the direct and indirect gaps, and the phonon

energy is Ephonon. Plots of (αE)2 and (αE)0.5 can extract a direct or indirect gap,

respectively, with line segments that are linear in each graph [303–307]. Figure

3.3 shows a few examples of Si, Ge, ZnO, and TiO2 and a way to extract the gap

energy [308–310]. A linear region is extrapolated linearly to extract the gap energy.
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(c)

Figure 3.1: (a) Reflectance spectra of FexTaS2 is displayed with x = 0, 1/3, and 1/4.
(b) σ1 is shown by using Kramer-Kronig analysis on the reflectance data. (c) Using
TaS2 as a reference to isolate Fe layer conductivity [302].
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Figure 3.2: Energy diagram of the band gap defined by the energy difference between
the top of the valence band to the bottom of the conduction band.
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(a) (b)

(c)

(d)

Figure 3.3: Examples of the extraction of band gaps in Si, Ge, ZnO, and TiO2 using
Tauc plot. A linear region in the graph is extrapolated linearly to obtain the gap
energy.
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Using the Tauc plot to track the gap energy as a function of temperature, physics

can be captured. For semiconductors, there are a few different models describing the

temperature behavior of the gap energy. Varshini model is a semi-empirical model

expressed as:

Eg = E0 − αT 2/(T + β), (3.40)

where α and β are the fitting parameters, which β is supposedly be related to the

Debye temperature [311,312]. Then, there is an improved version of Varshini’s model,

O’Donnell’s model, which is expressed as:

Eg(T ) = Eg(0)− S⟨ℏω⟩[coth(⟨ℏω⟩/2kT )− 1]. (3.41)

Here, Eg(0) is the band gap at zero temperature, S is a dimensionless coupling

constant, and ⟨ℏω⟩ is an average phonon energy. S, in this case, is a notation directly

related to vibronic coupling [313]. Another model is the Bose-Einstein model, which

considers electron interaction within crystals and relates Debye temperature to the

energy shift with temperature. It is described as:

Eg(T ) = Eg(0)−
2αB

exp(ΘE

T
)− 1

, (3.42)

where αB is the parameter related to the strength of exciton-phonon interactions

within the crystal and ΘE is the Einstein characteristic temperature. Debye temper-

ature, ΘD, can be determined by ΘD = 4
3
ΘE.

Not only determine the physical properties using the models to fit but phase

transitions can also be observed by tracking the gap energy as a function of temper-

ature if there is a structural distortion or spin-charge coupling in the system. Figure

3.4 displays band gap energies as a function of temperature for Fe2Mo3O8 and its

analogs [ [314]]. Using Tauc’s plot to determine the band gap energy as a function
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Fe2Mo3O8
(a) (b) (c) (d) (e)

Figure 3.4: Band gap energies as a function of temperature for Fe2Mo3O8 and its
analogs are shown using Varshini’s model. (a) The abrupt change across the TN
signifies spin-charge coupling in the system. (b-e) Normal temperature trends are
shown [314].
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of temperature, the Varshini model is used to fit the trends. For Fe2Mo3O8, we

observe an abrupt change across TN, which signifies spin-charge coupling.

We note that there are other models such as Pässler model and improved models

upon Varshini’s. However, we only use Varshini and O’Donnell models to capture

the physics.

3.1.6 Polarization and crystal anisotropy

Light is a transverse wave where the oscillation is in the plane perpendicular to

the propagation direction, k⃗. We can polarize the light, inducing the directionality

of the oscillation with respect to chosen coordinates (xyz or abc) in order to probe

anisotropy or chirality. There are three types: i) linear, ii) circular, and iii) elliptical

as shown in Fig. 3.5. These classifications can be made by the differences in the

phase between the Ex or Ey. Let Ex = E0xe
i(kz−ωt) and Ey = E0ye

i(kz−ωt+ϕ), where ϕ

is the phase. If the phase difference is an integer n of π, linear polarization is achieved

[Fig. 3.5(a)]. For nπ
2
, right- or left-circularly polarized light is produced [Fig. 3.5(b)].

If the ∆ϕ = constant instead of nπ or nπ
2
, then the elliptical polarization is attained

[Fig. 3.5(c)]. Table. 3.2 summarizes these.

Polarized light is immensely useful for anisotropic materials because the physical

properties of the samples are now directional dependent. The electronic, magnetic,

and vibrational properties are strongly associated with crystal symmetries. Light-

matter interactions can be described by Eq. 3.2 for isotropic materials, which are

highly symmetric. For anisotropic materials, the dielectric constant becomes a ten-

sor. The relationship between the electric displacement D and the electric field E

can be written as:
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Unpolarized light

Unpolarized light
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Figure 3.5: Schematic diagram of the representation of the linear, circular, and ellip-
tical polarization. (a) Linear polarization can be achieved by using a linear polarizer.
(b,c) For circular and elliptical polarization, a quarter wave plate is used with a linear
polarizer.
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Table 3.2: Conditions for differently polarized light

Phase difference ∆ϕ Types of polarization

ϕ, Ex, and Ey are randomly varying on a timescale unpolarized light
that is much shorter than that needed for observation

∆ϕ = nπ, (n = 0, 1, 2...) linear polarization
∆ϕ = nπ

2
, (n = ± 1, 3, 5) left or right circular polarization

∆ϕ = arbitrary but constant, (exclude nπ and nπ
2
) elliptical polarization
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Dx = ϵxxEx + ϵxyEy + ϵxzEz

Dy = ϵyxEx + ϵyyEy + ϵyzEz

Dz = ϵzxEx + ϵzyEy + ϵzzEz.

(3.43)

As written in the equation, ϵxx,xy,... are the dielectric tensor, which is now directionally

dependent. With polarized light, anisotropies can be measured.

3.1.7 Magnetic circular dichroism

Magnetic circular dichroism (MCD) is an absorption difference technique between

the left- and right-circularly polarized light under an external magnetic field. The

origin of the MCD signal is due to the electromagnetic interaction of the external

field with the electronic charge within the sample. We note that natural circular

dichroism is different than MCD, which is caused by the difference in the speed of

light between left- and right-circularly polarized light in a chiral material, whereas

natural circular dichroism is an intrinsic effect for all magnetic materials. The MCD

intensity can be expressed as:

∆α = α+ − α− = ∆ϵMclB, (3.44)

where ∆α is the absorption difference between the right- and left-circularly polarized

light, and α± represents the absorption coefficient of the right- or left-circularly po-

larized light, respectively. ∆ϵM is the difference of the molar attenuation coefficient,

c is the speed of light, l is the penetration depth, and B is the magnetic induction.

It is well established that magnetic circular dichroism originates from Zeeman

splitting in magnetic molecules:

HZeeman = −gµBJ ·B. (3.45)
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Here, µB is the Bohr magneton, J is the total electronic angular momentum, and g

is the Landé g-factor. The general form of the MCD intensity can be qualitatively

expressed as [315]:

IMCD ∼ [A(
∂f(E)

∂E
) + (B +

C

kT
)f(E)]. (3.46)

The A term describes the MCD signal from degenerate excited states whereas the C

term originates from degenerate ground states. Notice that the C term is dependent

on temperature because the population of electrons from the ground state depends on

the thermal energy. The origin of the B term relates to the mixed excited states. The

physics of those terms can be better understood from the following energy diagram.

When the external magnetic field is applied, Zeeman splitting causes the ground and

excited states to split into two different states [Fig. 3.6(a)]. The excitation energies

induced by the right- and left-circularly polarized light is different. This is due to

the different selection rules for the right and left circularly polarized light (∆m =

+1 for rcp; ∆m = -1 for lcp). Notice that the A term has a derivate shape whereas

B and C terms do not [Fig. 3.6(b)].

We can extend this framework to solids. Figure 3.7 displays a schematic view

of how bands split in a magnetic semiconductor. Since the angular momentum of

the circularly polarized light can couple with the spin-angular momentum, the right

and left circularly polarized light can probe the excitations in different spin channels.

For a non-magnetic material [Fig. 3.7(a)], the excitation from the valence band to

the conduction band has no spin-dependence, the corresponding MCD signal is zero

in this case. For a magnetic semiconductor [Fig. 3.7(b)], the Zeeman interaction

induces exchange splitting in the valence and conduction bands that depend upon

the spin direction, forming a spin-polarized band structure which results in an ab-

sorption difference between the right and left circularly polarized light. The MCD
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Figure 3.6: (a) Generic model of excitation with a selection of RCP and LCP for
atomic/molecular transitions (b) Diagram of MCD response shows the derivative-like
A-term response function and show the expected shape for B and C term response
functions. (c) An example of a peak in the absorption spectrum and MCD spectrum.
MCD exhibits a derivative feature as shown in Eqn. 3.48.
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Figure 3.7: Schematic view of the density of states for (a) a non-magnetic and (b) a
magnetic semiconductor [316].
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signal is thus generated. Moreover, since the total magnetic moment in solids equals

to the difference between the density of states in the spin-up and spin-down channel,

the dichroic intensity is directly proportional to the magnetization.

There are other ways to see the connection between MCD and magnetization by

describing the interaction between the circular polarized light and materials with the

dielectric tensor. When the circularly polarized light interacts with materials, it will

probe the off-diagonal components of the dielectric tensor as [317]:

ϵ =

∣∣∣∣∣∣∣∣∣∣
ϵxx iϵxy 0

−iϵxy ϵyy 0

0 0 ϵzz

∣∣∣∣∣∣∣∣∣∣
≈ n2

∣∣∣∣∣∣∣∣∣∣
1 iQmz 0

−iQmz 1 0

0 0 1

∣∣∣∣∣∣∣∣∣∣
, ϵ± = ϵxx ± ϵxy. (3.47)

Here, the ± sign represents the right or left circular polarization, respectively. Notice

in the dielectric tensor, the off-diagonal component is linearly proportional to the

magnetic moment projected on the z-direction. This equation shows how that the

MCD signal is directly proportional to the magnetization.

The magnetic circular dichroism intensity can also correspond to the joint density

of states, and even to specific bands. These relationships are expressed as [318–320]:

∆α(E)MCD = µ⃗i · k⃗ = |µ⃗i||⃗k| cos θ ≈
(α+(E)− α−(E))d

2
≈ ∆E

2

1

α(E)

dα(E)

dE
.

(3.48)

Here, ∆α(E)MCD is the absorption difference between right and left circularly po-

larized light (α+(E) − α−(E)), dα(E)/dE is the energy derivative of the linear ab-

sorption spectrum, d is the sample thickness, ∆E is the energy difference, µ⃗i is the

magnetic moment projected onto the light propagation direction k⃗, and θ is the angle
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between the magnetic moment and the light propagation. The moment is propor-

tional to the magnetic field, so it grows when the magnetic field increases. This

means that the intensity of the α(E)MCD will grow proportionally to the magnetic

field as well. Equation 3.48 highlights the first-derivative relationship between lin-

ear absorption and magnetic circular dichroism. Any inflection point in the linear

absorption spectra will be amplified in the dichroic response [Fig. 3.6(c)].

The dichroic response can be modeled using the calculated matrix elements of

the optical conductivity tensor as [320,321]:

∆αMCD ≈ dω

2c
ℑ(↔n+ − ↔

n−) ≈
2πd

c
ℑ[

↔
σxy

(1 + ı4π
ω

↔
σxx)1/2

]. (3.49)

Here,
↔
n± = (

↔
ϵxx ±

↔
ϵxy)

1/2 is the refractive index of right or left circularly polarized

(RCP or LCP) light arising from the dielectric function ϵ, d is the sample thickness,

and c is the speed of light. In this case, we can have a direct comparison between

the calculated and measured magnetic circular dichroism spectra.

3.2 Spectrometers

Spectroscopy is the study of light-matter interactions. Not only does it study

how matter interacts with light, but it also looks at the frequency dependence of

the interaction, yielding interesting physics inside of materials. The electromagnetic

spectrum covers a wide energy range - from radio waves to ionizing waves. Depending

on the wavelength of light, materials exhibit different physical properties, serving as

an important tool for providing a microscopic understanding of spin, orbital, lattice,

and charge interactions. In this work, we will focus on infrared through ultraviolet

regions. Several different spectrometers were used in the analysis of each of the

different regions. Each of these spectrometers has overlapping energy regions to
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merge and obtain a full range (20 to 55,000 cm−1). The following will lay out the

spectrometers used in this work.

3.2.1 Fourier transform infrared spectroscopy

Before we discuss individual spectrometers, the Fourier transform technique should

be mentioned to understand the ability to obtain a continuous spectrum in a wide

energy range. The Fourier transform is widely integrated into infrared spectroscopy

- Fourier transform infrared spectrometer (FTIR). The central part of the FTIR

spectrometer is the interferometer, introducing an optical path difference between

two beams of light and producing an interference pattern. The interferometer allows

the production of a unique type of signal that has all of the infrared frequencies

“encoded” into it, which is a method for measuring all of the infrared frequencies si-

multaneously rather than individually. A general understanding can be gained from

the basic principles of a Michelson interferometer.

Figure 3.8 displays a schematic view of a Michelson interferometer. The light

source of a choosing - in this case, an infrared beam - transmits incident light to-

wards a beam splitter, splitting the incident beam into two equal parts. Different

types of beam splitters are chosen based on the frequency range of the light source.

One part of the beam is transmitted to a fixed mirror (M1). The other part of the

beam is reflected by the beam splitter and travels to a moving mirror (M2). The

returned beams reflected from the two mirrors (M1 and M2) are merged in the beam

splitter. The recombined beam is then sent to the sample chamber. Signals are

collected by the detector, and then a computer will perform the Fourier transfor-

mation to the raw signal. The moving mirror periodically modifies the optical path

difference between the two arms of the beam, generating constructive or destructive

interference patterns. Therefore, the given intensity of the signal is a function of the
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Figure 3.8: Schematic view of a Michelson interferometer in a Fourier transform
infrared spectrometer setup.
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moving displacement x, known as an interferogram [322]:

I(T ) =
I0
2
[1 + exp(−ln2x2/τ 2)cos(2πv0x)], (3.50)

where I0 = |E0|2, x is temporal delay, v0 is the central frequency, and τ is the

temporal duration [323].

If M2 travels at a constant velocity, the relationship between the interferogram

function I(x) and the source intensity S(ω) is given by [Fig. 3.9]:

I(x) =
1

2

∫ ∞

0

S(ω)cos2πωdx, (3.51)

where ω is the frequency in wavenumbers. I(x) is the cosine Fourier transform of

B(ω) and contains complete information about the spectrum [322]. This function

describes the Fourier transformation of the raw signal, which converts the spatial

displacement x to the frequency domain. This gives the single-beam infrared spec-

trum. The typical transmittance or reflectance spectrum is the ratio spectrum of the

sample to reference.

3.2.2 Bruker IFS 113v Fourier transform infrared spectrom-

eter

The majority of the far-infrared (21-700 cm−1) and middle infrared (450-5000

cm−1) work was obtained by using the Bruker IFS 113v Fourier Transform Infrared

(FTIR) spectrometer. I employed both transmittance and reflectance measurements.

Figure 3.10 displays a detailed design of the optical path inside the Bruker 113v spec-

trometer. The spectrometer contains four chambers – source, interferometer, sample,

and detectors. The interferometer used here is Genzel-type, which is similar to the

Michelson interferometer described in the prior section. The sample chamber
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(a) (b)

(c) (d)

Figure 3.9: Typical interferogram is displayed here. (a,b) The intensity is measured
as a function of a temporal delay (T ) and (c,d) as a function of frequency [323].
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Figure 3.10: Schematic view of the Bruker IFS 113v FTIR spectrometer.
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has front and back channels, which are optimized for transmittance or reflectance

measurements, respectively. This system operates under a vacuum to reduce the

background noise. The Si or B-doped Si bolometer, which is cooled with liquid

helium, provides extra sensitivity. A schematic view of the beam path and optics is

provided in Fig. 3.10.

In order to capture different energy regions most efficiently, the instrument uses

a series of sources, detectors, and beam splitters for optimal resolution and signal.

A list of combinations is shown in Table 3.3.

3.2.3 Bruker Equinox 55 Fourier Transform Infrared spec-

trometer with Bruker IR Scope II

For the middle infrared to visible range (600 - 17000 cm−1), we use the Bruker

Equinox 55 Fourier Transform Infrared spectrometer with the Bruker IR Scope II.

This instrument is a combination of a spectrometer with a microscope attachment.

Compared to the Bruker 113v, this instrument uses several different light sources,

beam splitters, and detectors to provide a broader frequency range as well as a

higher resolution and sensitivity for the measurements. In this case, we have the

overlapped energy regions to compare the spectra from this instrument with the

Bruker 113v, which allow us to double-check the accuracy and reliability of the

shape and reflectance level of a spectrum. Furthermore, the Bruker IR Scope II is

designed for accurate measurement of micro samples or small areas on larger samples

by focusing with the microscope. The different types of sources, beam splitters, and

detectors are listed in Table 3.4. The optical beam path of the spectrometer can be

seen in Fig. 3.11.
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Table 3.3: Bruker IFS 113v operating parameters

Range (cm−1) Source Beam splitter Opt. Filter Polarizer Detector

10-50 Hg arc Mylar 50 µ Black PE 1 Si bolometer, DTGS
30-120 Hg arc Mylar 23µ Black PE 1 Si bolometer, DTGS
50-240 Hg arc Mylar 12µ Black PE 1 Si bolometer, DTGS
100-600 Hg arc Mylar 3.5µ Black PE 1 Si bolometer, DTGS
450-4000 Globar KBr open 2 B-doped Si bolometer, DTGS

Polarizer 1 = wire grid on oriented polyethylene (PE), Polarizer 2 = wire grid on AgBr
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Table 3.4: Operating parameters of Bruker IRscope II

Range (cm−1) Source Beam splitter Detector

600-7500 with middle-infrared polarizer Globar KBr MCT
4000-12000 with near-infrared polarizer Tungsten Quartz InSb

9000 -17000 with visible polarizer Tungsten Quartz Si diode
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Figure 3.11: Optical path diagram of Bruker IRscope II. 1,16: a visible light source;
2,19: visible light aperture; 3,22: motorized switch mirror; 4,18: optional iris or knife
edge aperture; 5,9,10,17: beam splitter changer; 6: objective lens; 7: Sample; 8: iris
or knife edge aperture which defines the area of the sample analyzed; 12: binocular
eyepiece; 13: two position detector selection mirror; 14: mirror routing to detector;
15: detector; 20: condenser; 21: IR beam (from spectrometer); 23,24: camera port;
25,26,27: polarizers.
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3.2.4 Perkin Elmer λ-1050 grating spectrometer

Besides the Bruker 113v and the Bruker Equinox 55 FTIR spectrometers, we

use a Perkin Elmer λ-1050 grating spectrometer to measure spectra in the near-

infrared, visible, and ultraviolet regions (3000 - 52000 cm−1). The Perkin-Elmer

λ-1050 spectrometer features an all-reflecting, double-grating, double-beam optical

system. The spectrometer is operated under nitrogen purging. The optical system

is depicted schematically in Fig. 3.12.

Instead of using the interferometer, this instrument uses grating to get a specific

wavelength of light. An optical grating can split and diffract light into several beams

traveling in different directions. For chromatic light, the diffraction angle depends on

the wavelength and the separation distance d between two successive grooves. This

relation is known as the grating equation, given by:

dsinθ = mλ, (3.52)

where m is an integer and the order of diffraction, d is the groove spacing, λ is

the diffracted wavelength, and θ is diffraction angle. A series of sources, polarizers,

gratings, and detectors are used in order to achieve the optical data. All of them

change automatically when different energy windows are measured. The detailed

information is listed in Table 3.5.

Figure 3.12 displays the detailed optical path diagram for λ-1050. Source change

is controlled by flipping mirror M1. The radiation of the source is reflected by

mirror M2, and M3, and passes optical filter FW. Then, the beam is brought in the

monochromator I through M4, slit SA, and M5. Depending on the desired wavelength

range, the collimated radiation beam strikes either the 2400 lines/mm grating or the

1200 lines/mm grating.
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Figure 3.12: Optical layout of Perkin-Elmer λ-1050.
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Table 3.5: λ-1050 operating parameters

Range (cm−1) Source Grating Polarizer Detector

3100-14250 Halogen Lamp 1200 lines/mm Glan-Thompson prism PbS
11240-31330 Halogen Lamp 1200 lines/mm Glan-Thompson prism Photomultiplier
31330-52000 Deuterium Lamp 2400 lines/mm Glan-Taylor prism Photomultiplier
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The rotation position of the grating effectively selects a segment of the spectrum,

reflecting this segment to mirror M5, go through the exit slit, and enter Monochro-

mator II. The advantage of the double-monochromator is to maintain high spectral

purity with an extremely low stray radiation content. The automatic grating change

during monochromator slewing avoids the time-consuming re-alignment of the optics

pathway due to the monochromator change.

The double beam is achieved via the chopper assembly C. As the chopper rotates,

a mirror segment, a window segment, and two dark segments are brought alternately

into the radiation beam. When a window segment enters the beam, radiation passes

through to mirror M9 and is then reflected via mirror M10 to create the reference

beam (R). When a mirror segment enters the beam, the radiation is reflected via

mirror M10’ to form the sample beam (S). When a dark segment is in the beam

path, no radiation reaches the detector, permitting the detector to create the dark

signal (D). Then, the measured spectrum is expressed as:

spectrum = (S −D)/(R−D). (3.53)

Note that for reflectance measurements, we use an aluminum mirror as the refer-

ence. The spectra signature of the aluminum mirror is corrected by renormalization.

3.3 Spectroscopy under extreme conditions

Quantum materials can display interesting properties as long as the thermal fluc-

tuation is eliminated. Therefore, low temperature is necessary to reveal quantum-

related properties. Furthermore, quantum phase transitions can be driven using

external stimuli such as a high magnetic field or pressure. Spectroscopy under these

extreme conditions provides evidence for new states of matter, a microscopic un-
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derstanding of how physical properties change through phase transitions, broken

symmetries, or spin-orbital-charge-lattice interactions. In this dissertation, we mea-

sure the absorption spectra of different materials to study the optical properties of

materials under variable temperatures and high magnetic fields.

3.3.1 Variable temperature spectroscopy

The low temperature measurements are carried out using an open-flow cryostat.

The variable temperature experiments with the Bruker IFS 113v and Perkin-Elmer λ-

1050 are performed in combination with an APD LT-3-110 Heli-Tran cryostat system

with dual temperature sensors and a Lakeshore Model 330 temperature controller.

Measurements with the Bruker Equinox 55 are made with Oxford Instruments Mi-

crostats He.

Figure 3.13 displays the complete setup of the system for variable temperature

measurements, which includes a helium dewar, a helium gas tank, a transfer line, an

open flow cryostat, a temperature controller, a vacuum pump, and a flowmeter. The

helium dewar is connected to the helium gas tank in order to build pressure inside

the dewar. This allows for the flow of helium to start. The transfer line is connected

to the dewar and the open flow cryostat for the helium to travel from the dewar

and to the sample. The transfer line and the open flow cryostat are connected to

the flowmeter to control the amount of helium flowing into the system. A heater is

attached to the cryostat to control the temperature. The sample chamber is under a

vacuum in order to avoid ice forming as the temperature decreases. A turbo pump

station is thus connected to the vacuum pump-out port. We note that the sample is

mounted on the sample holder at the end of the cryostat and that it is important to

place crycon grease between the cold stage of the cryostat and the sample holder to

improve thermal contact. Since the transfer line and the outside of the cryostat
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Figure 3.13: Set-up of LT-3-110 Heli-Tran liquid transfer line and cryostat .
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are at room temperature, the system undergoes precooling before the liquid helium

will begin flowing, which takes 20-25 minutes. The lowest temperature is ∼4 K.

After cooling the sample, the liquid helium evaporates, and the gas is distributed

in two ways: through the helium exhaust port on the side of the cryostat, and

back through the transfer line with exit at the shield outlet port. The additional

shield/return flow helps to keep the transfer line cold. The base of the cryostat is

also equipped with another heater to prevent ice buildup and vacuum seal freezing.

Cooling rates can be regulated in several different ways: (i) changing and maintaining

pressure in the supply dewar, (ii) adjusting the flowmeter (attached to the helium

exhaust port and the shield gas outlet), and (iii) adjusting the knob that controls

the position of the needle valve at the end of the transfer line. Samples are mounted

with GE varnish, rubber cement, and silver paste. The sample is then mounted

on the heat exchanger/sample holder, under vacuum, and optical access is achieved

through appropriate windows (depending on the frequency range). Two different

thermal sensors are available. One is embedded in the tip of the cold stage and the

other is mounted onto the sample holder.

3.3.2 High magnetic field spectroscopy

A great opportunity for spectroscopic measurements under high magnetic fields

can be found at the National High Magnetic Field Laboratory. There are several

types of magnets, including superconducting, resistive, hybrid, and pulsed magnets

[Fig. 3.14]. These magnets and the facilities at the National High Magnetic Field

Laboratory allow the possibility of measuring and investigating the spectroscopic

response in very high magnetic fields. We use pulsed magnets from Fig. 3.14. How-

ever, we will also discuss resistive magnets even though the experiments did not turn

out well and were not published. For more information, visit the National High
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H(T)

Figure 3.14: (a) A schematic energy scale of various magnets (superconducting,
resistive, hybrid, and pulsed magnets) at National High Magnetic Field Laboratory.
(b) Magnetic field profile of the short pulsed magnet at National High Magnetic
Field Laboratory-Los Alamos National Laboratory. We note that split helix magnet
is resistive, but only goes up to 25 T.
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Magnetic Field Laboratory website at http://www.nhmfl.gov.

For high magnetic field spectroscopic experiments, it is important to notice several

different things. First, the sample here is mounted on an optical probe inside a

vacuum jacket. The vacuum jacket is then slightly filled with He exchange gas in

order to achieve the base temperature. The jacket and probe with the sample are

then immersed in a helium bath for the 4 K measurements. In optical measurements,

the temperature can vary or reach up to around 100 K. In infrared measurements,

the experiments must be done at 4 K as the detector (bolometer) must be used at

the lowest temperatures. Another important issue is that the sample placement,

probe, and vacuum jacket must be measured to be placed directly in the center of

the magnetic field.

For magneto-optical experiments, a pulsed-field magnet was used in Los Alamos,

NM. Magneto-optical spectroscopy was performed in the Faraday geometry at cryo-

genic temperatures (4.0 K) in a capacitor-driven 65 T pulsed magnet at the National

High Magnetic Field Laboratory in Los Alamos, New Mexico. Our focus was on the

0.75 - 2.6 eV range with ≈ 2.4 meV resolution. Broadband light from a tungsten

lamp was coupled to optical fibers and focused onto the sample for transmittance

experiments. A collection fiber brought the light from the top of the probe to the

grating spectrometer, where both charge-coupled device and InGaAs detectors were

employed as appropriate. We designed a Voigt probe in order to measure toroidal

geometry for nonreciprocal directional dichroism [Fig. 3.15]. Since Faraday geome-

try has a light propagation direction parallel to the magnetic field, the easiest way to

achieve Voigt geometry is by reflecting the light with prisms in order to have a light

propagation direction perpendicular to the magnetic field. Polyetheretherketone ma-

terial is mainly used to make the end piece since it is nonmagnetic and extremely

rigid. Those requirements are a must in a pulsed magnetic field in order to avoid
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Figure 3.15: A Voigt geometry sample holder, made of nonmagnetic PEEK
(polyetheretherketone) material. It consists of three pieces: a mountable sample
slide, a prism holder to reflect the light onto the sample and back into the detector,
and a piece to hold everything together and attach at the end of the magneto-optics
probe. (a)-(d) shows the process of mounting the sample to attaching it to the probe
for the Voigt geometry.
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heating, vibrating, and breaking.

3.3.3 Magnetic circular dichroism setup at the National High

Magnetic Field Laboratory

The magnetic circular dichroism experiments were performed at National High

Magnetic Field Laboratory using the 25 T split helix magnet [324]. Figure 3.16 (a)

displays a cutaway design of the split helix magnet cryostat. This magnet consists

of two resistive coils with four wide optical ports. These ports are used to shine a

light on the sample from the horizontal plane, giving access to more intricate and

complicated measurements. High currents are applied in the resist coils to generate

a magnetic field up to 25 T along the vertical direction. The direction of electric

current can be switched in order to switch the magnetic field direction in the + or -

z direction.

Figure 3.16 (b) shows the sample mounting probe for the transmission mode of

the MCD experiment. The sample is mounted in a spherical sample holder with GE

varnish. Since we used the Faraday geometry for the MCD experiment, the bottom

part of the probe consists of a silver mirror and a converging lens. The silver mirror is

used to reflect the light by 90 degrees so that the light is propagating along the vertical

direction, which is parallel or antiparallel to the direction of the magnetic field. Since

the reflection will change the phase of the left and right circularly polarized light by

an equal amount, using the silver mirror will not affect the MCD signal. The sample

holder is fixed at the back focal point of the converging lens to maximize the light

power density.

Figure 3.16 (c) displays a complete setup for the magnetic circular dichroism

experiment. A series of optical components are used to optimize the MCD signal.

We used a 240 W Xe lamp as a light source and a 0.25 m monochromator. An optical
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(c)

(b)(a)

Figure 3.16: (a) Detailed structure of the 25 T split helix magnet in the NHMFL. Im-
ages are available at: https://nationalmaglab.org/about/around-the-lab/meet-the-
magnets/meet-the-split-helix-magnet. (b) Sample mounting probe of the magnetic
circular dichroism experiment. (c) MCD experimental setup at the NHMFL.
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chopper is employed to increase the signal-to-noise ratio at a constant frequency,

followed by a linear polarizer that is set to 45 degrees. A photoelastic modulator

is placed after the linear polarizer to convert the linearly polarized light into right

or left circular polarized light periodically at a constant time interval δ(t) = λ/4

sin(ωt). Several lenses are used to increase power density. We did not need to keep

the phase information, so an optical fiber is used to collect the light and route it to

the detector. The detector has the best sensitivity within the range of 0.8 and 2.8

eV (also depends on the sample). All signals were separated by lock-in amplifiers.

The evacuated probe is in the liquid helium environment. A heater is built inside

the probe to control the temperature.

3.4 Project-specific details: Sample growth, mea-

surements, and complementary calculations

3.4.1 Band-Mott mixing hybridizes the gap in Fe2Mo3O8

3.4.1.1 Single crystals growth

High quality single crystals of Fe2Mo3O8, the Zn-substituted analogs FeZnMo3O8,

and Zn2Mo3O8, as well as Mn2Mo3O8 and Ni2Mo3O8, were grown by chemical vapor

transport as discussed previously [28] by our collaborators, X. Xu, B. Gao, and S.-W.

Cheong. Special care was taken to assure the stoichiometry of FeZnMo3O8. Crystals

were polished to control optical density and expose the hexagonal face.

3.4.1.2 Optical measurements

A Bruker 55 Fourier transform infrared spectrometer equipped with a microscope

attachment was used to measure transmittance over the 0.41 - 2.0 eV energy range.
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Absorption was calculated as α(E) = −1
d
ln(T (E)), where T (E) is the transmittance,

and d is the thickness. Performing these measurements in transmittance rather than

reflectance avoids light leakage problems [29, 314]. The temperature was controlled

by an open flow cryostat between 4 to 300 K.

3.4.1.3 Complementary electronic structures calculations

For theoretical calculations, G. L. Pascut, D. Vanderbilt, and K. Haule used the

density functional theory (DFT) as implemented in WIEN2k [325] and a charge-

self-consistent dynamical mean field theory (DMFT) as implemented in the eDMFT

code [326, 327]. At the DFT level, the generalized gradient approximation Perdew-

Burke-Ernzerhof (GGA-PBE) functional [328] is used, with RKmax = 7.0 and 312 k-

points in the irreducible part of the 1st Brillouin zone. At the eDMFT level, the fully

rotationally invariant Coulomb interaction, a nominal double-counting scheme [329]

is used, with the d-orbital occupations for double counting corrections for Mn, Fe,

Co and Ni set to be 5, 6, 7, and 8, respectively. The temperature is fixed at 500K.

To define the DMFT projector, quasi-atomic orbitals were used by projecting bands

in a large hybridization window (-10 to +10 eV) with respect to the Fermi level, in

which partially screened Coulomb interactions have values of U = 10 eV and JH =

1 eV in Mn, Fe, Co, and Ni ions. Additional detail is available in Ref. [314].

3.4.2 Nonreciprocal directional dichroism at telecom wave-

lengths

3.4.2.1 Crystal growth and orientation

High quality single crystals of Ni3TeO6 were grown by chemical vapor transport

methods as described previously [251] by J. J. Yang and S.-W. Cheong at Rutgers

University. The crystals were polished to expose either the ab-plane or the c-axis and
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to control optical density. After polishing, the sample thicknesses were on the order

of 30 µm. Optical microscope images and optical rotation data confirm that the

crystals have a single chiral domain [250] as shown in Fig. 3.17. This is important in

order to have a net magnetic moment. Otherwise, multiple domains can cancel the

magnetic moment and eliminate the nonreciprocal effect. The crystals were coated

with transparent epoxy to stabilize the structure during the field pulses.

3.4.2.2 Optical spectroscopy

Polarized optical transmittance was measured by M. Yokosuk as a function of

energy and temperature using a series of spectrometers as described previously (0.78

- 2.5 eV; 4.2 -300 K) [62]. Absorption was calculated as α(E) = 1
d
ln(T (E)), where d

is the sample thickness and T (E) is the measured transmittance.

3.4.2.3 Magneto-optical spectroscopy

Magneto-optical work was performed in the toroidal geometry in a capacitor-

driven 65 T pulsed magnet at the National High Magnetic Field Laboratory in Los

Alamos, NM with our collaborators, M. Goryca and S. A. Crooker. We employed

the standard transmission probe fitted with a specially-designed Voigt end-piece for

this work. Figure 3.18 shows three different configurations to achieve nonreciprocal

directional dichroism in Ni3TeO6. These measurements covered the 0.75 - 2.6 eV

range with a 2.4 meV resolution and were carried out at 4 K. Broadband light from

a tungsten lamp was coupled to optical fibers and focused onto the sample for trans-

mittance experiments. A collection fiber brought the light from the top of the probe

to the grating spectrometer, where both CCD and InGaAs detectors were employed

as appropriate. The spectra were taken in four different measurement configurations:

(±k, ±H). Each run was carried out sequentially and consistently,
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(a) (b)

Figure 3.17: The image shows polished Ni3TeO6 crystal with single domain in ab-
plane (a) and c-axis (b) [250].
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Figure 3.18: Schematics display three geometries in Ni3TeO6 to observe nonreciprocal
directional dichroism. (a) Magnetochiral geometry consists of light propagation (k)
parallel to chirality (C) and magnetic moment (M). (b) Transverse magnetochiral
geometry has k parallel to M, but C is perpendicular. (c) Toroidal geometry (T)
is composed of electric polarization (P) perpendicular to M. The light propagation
direction is orthogonal to both.
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starting with one k direction (and pulsing to obtain both ±H) and then switching

to the other k direction by swapping the fibers (again pulsing both up and down).

We calculated the absorption differences as: ∆α = α(H = ± 60 T) - α(H = 0 T).

As an example, nonreciprocal directional dichroism is calculated as: ∆αNDD(+k, ±

H) = ∆α(+k, +H) - ∆α(+k, -H). Nonreciprocity can also be defined in terms of

counter-propagating beams as ∆αNDD(±k, +H). Traditional smoothing techniques

were employed in the CCD detector regime.

3.4.2.4 Modeling the optical diode effect

H.-S. Kim, K. Haule, and D. Vanderbilt found magnetic configurations under the

external H-field by optimizing total energies of a magnetic exchange hamiltonian de-

rived from previous first-principles electronic structure calculations [252]. Distortions

in the crystal structure induced by the external H-field were simulated by enforcing

magnetic configurations obtained from the model optimization above during the first-

principles density functional theory (DFT) calculations and structural relaxations,

which were performed via the Vienna ab-initio Simulation Package (vasp) [330,331].

For vasp structural relaxations, a 500 eV of plane-wave energy cutoff, a 5 × 5 × 5

Γ-centered k-point sampling, and a simplified rotationally-invariant DFT+Ueff for-

malism (Ueff = 4 eV) [332] on top of PBEsol exchange-correlation functional [333]

were employed. After structural relaxations, wien2k full-potential DFT code [334]

was used to compute electric dipole matrix elements and crystal fields in terms of

the non-interacting band basis, which were then projected onto Ni2+ atomic multi-

plet states via exact diagonalization (ED) routine included in the Embedded DMFT

Functional (edmftf) code [335]. Details on wien2k, ED calculations, computations

of electric and magnetic dipole matrix elements, and estimations of magneto-electric

response tensors are presented in our paper [250].
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3.4.3 Spin-phonon interactions, frustration, and magneto-

electric coupling in Co4Nb2O9 and the Ta analog

3.4.3.1 Single crystals growth

C. Kim, D. G. Oh, N. Lee, S. Choi, and S.-W. Cheong grew high quality single

crystals of Co4Nb2O9 and Co4Ta2O9 by flux techniques as described previously [260,

268]. The sample dimensions were approximately 10 × 5 × 1 mm3 for Co4Nb2O9

and 1 × 1 × 1 mm3 for the Ta analog. In each case, we employed the shiny ab-plane

of the crystals directly and polished the sides to expose optically-flat surfaces for

c-polarized work.

3.4.3.2 Reflectance spectroscopy and Kramers-Kronig analysis

Near normal reflectance measurements were carried out over a wide frequency

range (between 25 and 55,000 cm−1) using a series of spectrometers and polarizers

to obtain the ab-plane and c-axes response. A Kramers-Kronig analysis was used

to obtain the optical constants [296]. The low-frequency limit was extrapolated

as a constant (appropriate for a semiconductor), and the high-frequency limit was

extrapolated as ω−1.75. The infrared absorption, α(ω), and the real part of the optical

conductivity, σ1(ω), are of primary interest in this work. Open-flow cryostats were

employed for temperature control between 300 and 7 K.

3.4.3.3 Lattice dynamics calculations

The theoretical phonon frequencies were calculated using the VASP code by J.

Kim [336, 337]. The pseudopotentials are of the projector-augmented-wave type as im-

plemented in VASP [338, 339], with valence configurations 3d74s2 for Co, 2s2sp4 for O,

4d34p65s2 for Nb, and 5d36s2 for Ta. The exchange-correlation functional is described

by the Perdew-Burke-Ernzerhof type generalized gradient approximation [340], with Du-
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darev type Hubbard U correction [332] on Co 3d orbits by 3 eV. The plane-wave cut-off

energy is set to 400 eV. The Brillouin zone sampling grid is 12 × 12 × 4 including the Γ

point. Spin-orbit coupling was not taken into account. The structural coordinates were

relaxed within a force threshold of 1.0 meV/Å. To obtain the Γ point phonon frequencies,

the dynamical matrix was calculated with the primitive hexagonal cell by using density-

functional-perturbation theory [341] and was processed with the PHONOPY code [342].

The oscillator strength and dielectric function were calculated by combining Born effective

charge tensors and high-frequency dielectric constant from the electron response [343,344].

The dielectric function was also converted to reflectance for comparison with our measure-

ments assuming normal incidence and reflection.

3.4.4 Spin-lattice coupling in MnPS3 and giant magnetic cir-

cular dichroic signal in CrPS4

3.4.4.1 Crystal Growth

High quality single crystals of MnPS3 and CrPS4 were prepared via chemical vapor

transport as described previously by V. Hagland. [291, 345] Samples were exfoliated to

control the optical density and reveal various exciations for spectroscopy measurements.

3.4.4.2 Optical spectroscopy

The ab-plane of MnPS3 and CrPS4 single crystals as well as the blank substrate were

measured in transmittance using a λ-900 grating spectrometer covering the energy range

from 1.4 to 6 eV. The linear absorption spectrum is calculated from measured transmittance

as α(E) = 1
d ln(T (E)), where T (E) is the measured transmittance as a function of energy

E and d is the sample thickness. An openflow cryostat were used to control temperature

(4.2–300 K).
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3.4.4.3 Magnetic circular dichroism spectroscopy

We measured the dichroic response of MnPS3 and CrPS4 from 1.4 to 3 eV. This is

the energy window where the local d-to-d excitations and charge-transfer gap are. These

experiments were performed at the National High Magnetic Field Laboratory using the 25

T split helix magnet [324] in Faraday geometry along with a 240 W Xe lamp and a 0.25

m monochromator. We measured the difference in transmittance between left- and right-

circularly polarized (LCP and RCP) light at various magnetic fields, and converted the

result to absorbance difference, as discussed in detail below. Thus, the dichroic spectrum

is the difference in absorption between LCP and RCP. A chopper was employed to increase

the signal to noise ratio at a constant frequency, followed by a linear polarizer that was

set to 45◦. A photoelastic modulator was placed after the linear polarizer to convert the

linearly polarized light into left or right circular polarized light periodically at a constant

time interval δ(t) = λ/4 sin(ωt). We did not need to keep the phase information, so an

optical fiber was used to collect the light and route it to the detector. All signals were

separated by lock-in amplifiers. The field sequence was chosen based upon the needed

resolution, always within the +25 T → 0- T → 25 T → 0+ T → +25 T run pattern. The

positive or negative sign of the magnetic field corresponds to the magnetic field direction

and is parallel or antiparallel to the light propagation direction, respectively. The 0- and

0+ are both zero-field data; the sign denotes the sweep direction. Moreover, a training loop

with this pattern was performed before each data collection run. The phase of the lockin

was set at full field. Magnetic circular dichroism spectra were taken at several different

temperatures - from ∼10 to 160 K for MnPS3 and ∼11 to 100 K for CrPS4.

Magnetization measurements Minsung Lee and Eleni Kyriazi performed High-field

magnetization at the National High Magnetic Field Lab in Los Alamos. The pulsed-field

magnetisation experiments used a 1.5 mm bore, 1.5 mm long, 1000- and 500-turn coil

susceptometer, constructed from 50-gauge, high-purity copper wire. When a sample is

within the coil, the signal is V ∝ (dM/dt), where M is the magnetization and t is time.

Numerical integration is used to evaluate M . Samples were mounted within a 1.3 mm
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diameter ampoule that can be moved in and out of the coil. The net M of the sample is

obtained by subtracting the empty-coil data from those measured under identical conditions

with the sample present. In order to maximize the sample signal, we used compensating

coils to totally subtract the background out as Vtotal = V1500coils + αVcompensation + Vsample,

where α can be manipulated to be equal to V1500coils.
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Chapter 4

Band-Mott mixing hybridizes the

gap in Fe2Mo3O8

In order to place the charge excitations on a firm foundation, we measured the optical

properties of the A2Mo3O8 family of materials (where A = Fe, Ni, Mn, Zn) and compared

our findings with complementary electronic structure calculations. We show that the 1.7

eV gap in Zn2Mo3O8 is determined by the charge excitations of the Mo trimer. Replacing

Zn on the octahedral site with Fe yields FeZnMo3O8. This system has a substantially

reduced and renormalized gap determined by Fe-O hybridized bands appears due to the

periodic lattice potential. Further substitution yields Fe2Mo3O8 which has both trigonally-

distorted octahedral and tetrahedral sites occupied by Fe atoms, and the gap is further

reduced to 1.0 eV. Here, the charge gap is more complex to describe because it has mixed

band and Mott features. In other words, some orbitals hybridize strongly with oxygen and

form very narrow bands whereas other orbitals exhibit real space localization and are Mott

insulating. Mixed band and Mott gaps are commonly called orbitally- or site-selective

Mott states [346–351]. What distinguishes Fe2Mo3O8 from other orbitally-selective Mott

systems is the narrow many-body resonance emanating from the edge of the flat valence

band. The Kondo effect is, of course, normally studied in metals. In this work, we show

that the Kondo effect can also appear in mixed metal semiconductors. In addition, the gap
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in Fe2Mo3O8 is sensitive to magnetic ordering at 61 K due to the heavily mixed character

of the charge excitations. Moreover, the d-to-d excitations on the distorted octahedral Fe

site are vibronically activated, and spin-orbit related features ride on top of the distorted

tetrahedral on-site excitations below the magnetic ordering transition. We discuss these

findings in terms of band-Mott mixing in 3- and 4d-containing quantum cluster magnets.

4.1 Optical response of Fe2Mo3O8 and the A-substituted

analogs (A = Zn, Mn, Ni)

Figure 4.1(c-e) summarizes the optical properties of the (Fe,Zn)Mo3O8 family of ma-

terials. The absorption spectrum of the parent compound, Zn2Mo3O8, is low and flat in

the near infrared, rising on approach to the O 2p → Mo 3d charge transfer excitation.

The direct band gap is 1.75 eV. Because Zn2+ has a d10 configuration, there are no d-to-d

on-site excitations. Zn2Mo3O8, therefore, provides an opportunity to study how the Mo

trimer interacts with oxygen in isolation. At the same time, it is an important scaffold

upon which additional complexity can be built.

SequentialA-site substitution of Fe, first into the distorted octahedral site in FeZnMo3O8,

here denoted as Fe(O), and then into the distorted tetrahedral site in Fe2Mo3O8, hence-

forth Fe(T), lowers the charge gap significantly [Fig. 4.1(f)]. We find direct gaps of 1.2 and

1.0 eV for FeZnMo3O8 and Fe2Mo3O8, respectively. The gap values were determined from

Tauc plots of (α·E)2 vs. energy [352].

Figure 4.1(d) displays the absorption of FeZnMo3O8. The charge excitations across

the gap consist of mixed O 2p + Mo 3d + Fe(O) 3d transitions. The lowest energy exci-

tation across this gap comes from Fe(O) hybridizing with Mo-O trimers. The 1.2 eV gap

is substantially lower in energy than the fundamental Mo-O band gap, which theoretically

remains roughly equal to that in Zn2Mo3O8. As Fe2+ populates the octahedral site in

FeZnMo3O8, an on-site d-to-d transition arises near 0.95 eV. It overlaps strongly with the

leading edge of the charge transfer band and is activated by vibronic coupling [Fig. 4.2(c,f)]
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Figure 4.1: (a) Crystal structure of the A2Mo3O8 compounds where A = Mn, Fe,
Co, Ni, Zn. A(T) and A(O) represent ions in trigonally-distorted tetrahedral and
octahedral environments, respectively. (b) Schematic view of the Mo trimer. (c-
e) Absorption spectra of Zn2Mo3O8, FeZnMo3O8, and Fe2Mo3O8 measured at room
temperature. (f) A Tauc plot reveals the direct band gap of Zn2Mo3O8 and the Fe
substituted analogs. (g) Band gap schematic showing the impact of two different
types of T and O-site substitution. The upper and lower trend lines correspond to
the (Fe,Zn)2Mo3O8 series and the A2Mo3O8 (A = Fe, Mn, Ni) materials, respectively.
(h,i) Calculated optical conductivity of the A2Mo3O8 materials.
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Figure 4.2: (a, d) Tauc plot of (α·E)2 vs. energy for Fe2Mo3O8 and a plot of band
gap vs. temperature with a fit to the Varshni model. (b, e) Close-up view of the
Fe2+ d-to-d on-site excitation on the tetrahedral site showing the fine structure that
develops due to spin-orbit coupling below the 61 K magnetic ordering transition.
(c, f) Close-up view of the Fe2+ d-to-d on-site excitation on the octahedral site and
oscillator strength vs. temperature along with a fit to a modified vibronic coupling
model [353–355].
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[353–355]. Notice that absorption is low and flat near 0.5 eV - a sign of crystal quality

and stoichiometry. Once the Fe(T) site is populated as well (as in Fe2Mo3O8), the gap is

reduced further, and two different types of d-to-d on-site excitations are identified inside

the charge gap. As shown in Fig. 4.1(e), Fe on the trigonally-distorted tetrahedral site

contributes additional atomic-like excitations centered at 0.5 eV. While oscillator strength

is fully conserved as a function of temperature [Fig. 4.2(e)], a great deal of fine structure

due to spin-orbit coupling rides on top of the band below the 61 K magnetic ordering

transition [Fig. 4.2(b)]. A similar response develops in Fe2+:ZnSe [356]. The full sequence

of gap values is shown schematically in Fig. 4.1(g).

To test the influence of A-site substitution on the band gap and strength of the metal

to MoO-trimer hybridization, we measured the optical properties of the Mn and Ni analogs

of Fe2Mo3O8 [Fig. 4.3]. Mn2Mo3O8 and Ni2Mo3O8 have charge gaps of 1.65 and 1.7 eV,

respectively - very similar to that of the Zn end member. This result is attributable to 3d

orbital filling and character. The Mn system has a half-filled d-manifold, which corresponds

to a high spin Mott state with a large gap. The d8 configuration in the Ni analog also has

two holes and is thus in the large gap Mott insulating state. As a result, there is little

mixing between the metal center and Mo-O trimer, hence these transition metals do not

play an active role in determining the low-energy excitations across the gap. We mention

in passing that the Mn and Ni compounds have on-site d-to-d excitations as well [Fig. 4.3].

On the other hand, Fe2Mo3O8 has both Mott-type and band-insulating orbitals, which

strongly hybridize with the Mo trimer. These interactions enable the Fe centers to con-

trol the low-energy physics as discussed below. Moreover, we find that the band gap of

Fe2Mo3O8 is sensitive to the 61 K magnetic ordering transition and the associated struc-

tural distortion [Fig. 4.2(a,d)]. This is different from the other A2Mo3O8 compounds,

where the temperature dependence of the band gaps are in excellent overall agreement

with the Varshni model [311, 312] implying no (or extremely subtle) structural aspects to

the magnetic ordering transitions. That the band gap decreases across TN is due to the

coupling of charge, structure, and magnetism and the flat bands emanating from the
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trigonally-distorted tetrahedral Fe site.

4.2 Strong hybridization, resonance, and interac-

tion with the Mo trimer

Figure 4.1(h) displays the theoretical optical conductivity of Zn2Mo3O8, FeZnMo3O8

and Fe2Mo3O8 computed using a combination of Density Functional Theory and embedded

Dynamical Mean Field Theory (DFT + eDFMT) methods [326, 327]. Here, we find the

same trend of decreasing charge gap with Fe substitution. In Zn2Mo3O8, the size of the

optical gap is ≈1.7 eV which decreases to approximately 1.5 and 1.4 eV in FeZnMo3O8

and Fe2Mo3O8, respectively. Figure 4.1(i) compares the theoretical optical conductivity

of the Mn, Ni, and Co analogs. We find that the predicted gap is larger in all of these

compounds (near 1.55 eV) as compared to Fe2Mo3O8. The edge of the gap is very smooth

and temperature smeared. This is quite different from Fe2Mo3O8 where the gap is smaller

with an additional peak at the onset.

To better understand what determines the low energy excitations and character of the

gap in this class of compounds, we calculated the local density of states for the full set

of A2Mo3O8 materials [Fig. 4.4]. While the optical gap in general is different than the

gap of the single-particle excitations measured by the local density of states, the two are

very similar in these compounds. This is because the band gap is direct in Zn2Mo3O8,

and the hybridized bands in the Fe-containing compounds are extremely narrow. Hence

momentum-conserving excitations have essentially the same gap size as finite momentum

single-particle excitations. The insets show that the position of the conduction band in

FeZnMo3O8 and Fe2Mo3O8 decreases slightly as compared to Zn2Mo3O8, although the

change is small. Most of the action is in the valence bands, where the FeZn band edge

moves considerably upward. In Fe2Mo3O8, a very narrow many-body excitation forms

at the onset of the gap. This is the origin of the first peak in the optical conductivity

[Fig. 4.1(h,i)] and the reason that the gap is drawn strongly downward in this system.
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Figure 4.4: The density of states (DOS) for A2Mo3O8 (A = Fe and Zn): (a)
total DOS; (b-g) atom- and orbital-projected DOS. The (T) and (O) symbols re-
fer to trigonally-distorted tetrahedral and octahedral environments. The vertical
solid lines are placed at zero chemical potential. The schematic insets of gray
tetrahedra/octahedra are guides to the eye pointing the reader to the electronic states
of the transition metal ions in the corresponding environment. (h, i) Orbital projected
spectral functions for Fe2Mo3O8 and FeZnMo3O8 (blue - e(1) tetrahedra; green - a1
and e(2) octahedra; red - a1, e(2) tetrahedra and e(1) octahedra).
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Figure 4.4(b-g) displays the projected density of states (DOS) per transition metal

center and per orbital in the distorted tetrahedral (T) and octahedral (O) environments.

The local point group symmetry around each iron center is C3v. Therefore, the e and

t2 levels at the distorted tetrahedral site break into e(1), a1, and e(2) orbitals. Similarly

symmetry at the trigonally-distorted Fe octahedral site breaks t2g and eg into e(2), a1,

and e(1) states. These energy levels are shown in Fig. 4.5, and the symmetry breaking is

diagrammed in Fig. 4.6.

Getting back to Figure 4.4(b-g), we notice that the Mo states (dotted grey line) are

very similar across this entire family of materials. The low-energy excitations are, however,

not on the Mo site when Fe is present. Figure 4.4(b) reveals that the sharp many-body

resonance near −0.4 eV emanates primarily from the Fe center in the trigonally-distorted

tetrahedral environment, e(1). Panel (c) shows that a broader, but still reasonably sharp

excitation around −0.8 eV arises from the doubly-degenerate e(2) state on the distorted

octahedral site. Since both of these fairly sharp excitations come from band formation via

hybridization, the Mo partial density of states also has a small peak at the same energy

[Figs. 4.7 and 4.8]. This demonstrates the quasi-particle nature of these peaks, which

are Kondo-like and come from local spin screening on the aforementioned e(1) and e(2)

distorted tetrahedral and octahedral orbitals, respectively.

What is exciting about this finding is that screening and many body Kondo peak for-

mation [357,358] are normally expected in a metal - not an insulator. The possibility of a

Kondo resonance in a semiconductor like Fe2Mo3O8 is potentially quite interesting, open-

ing the door to a deeper exploration of the Kondo effect in a significantly wider variety of

materials. While broader peaks like that at −0.8 eV are not uncommon in transition metal

compounds and appear for example in monoxides [359, 360], the very narrow resonance

emanating from the e(1) orbitals on the distorted tetrahedral site is unique to Fe2Mo3O8.

We assign it as an analog of the Zhang-Rice singlet in cuprates, [361, 362] arising due to

the screening of the spin 1/2 hole on the trigonally-distorted tetrahedral Fe e(1) sites in

the Mott insulating state. This characteristic peak appears with very well-defined energy.
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Figure 4.5: Atom- and orbital-projected density of states (DOS) together with a
schematic view of the orbital occupation and character for A2Mo3O8 (A = Mn, Fe,
Co, and Zn). Each panel shows a schematic view of the orbital occupation (left side)
and DOS (right side). Panels (a, c, e, g) refer to ions in trigonally-distorted tetrahedral
environments (A(T)), whereas panels (b, d, f, h) refer to ions in trigonally-distorted
octahedral environments (A(O)).

150



eg

t2g

dz2 dx2-y2

dxz dyz dxy

Oh

dxz dyz

dxy

e

t2

dz2 dx2-y2

dxz dyz dxy

Td

dx2-y2

dxz dyz

dxy

a1

e(2)

e(1)

e(2)

a1

e(1)

C3v C3v

dz2

dz2

free ion

dz2 dx2-y2dxz dyz dxy

dx2-y2
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hedral symmetries to C3v local symmetry for the distorted octahedral and tetrahedral
sites in Fe2Mo3O8. States of e and a1 symmetry are revealed in both the trigonally-
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dxy set of orbitals as e(1) whereas the doubly degenerate dxz and dyz set are labeled
as e(2). The dz2 orbital always transforms as a1. Note that the order of the e sym-
metry orbitals is swapped on the distorted octahedral and tetrahedral sites, and the
a1 symmetry orbital is always associated with the e(2) pair.
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It also mixes strongly with the Mo-O trimers [Fig. 4.9].

In order to test these predictions, we compare the theoretical optical conductivity [Fig.

4.1(h)] to the measured absorption spectrum of Fe2Mo3O8 [Fig. 4.1(f)]. Overall, the cal-

culated optical conductivity and the measured absorption spectrum are very consistent -

although the features are not as well-defined as we might prefer. As a reminder, the spectral

functions are very flat on the valence edge due to Fe occupation on the distorted tetrahe-

dral site. This causes a sharp many-body resonance in the density of states [Fig 4.4(b)]

which manifests as a small peak on the leading edge of the theoretical optical conductivity.

The contribution from the distorted octahedral site is similar but less pronounced. Our

calculations, therefore, predict that the many-body resonance on the valence band edge

[Fig 4.4(b,c)] should lower the gap. This is exactly what we find. Obviously, this structure

is strongly broadened in the experimental result, but the presence of these states causes

the gap to be drawn noticeably downward in this system [Fig. 4.1(f)]. Similar reasoning

applies to FeZnMo3O8, although only the distorted octahedral site is operative. Because

the density of states are momentum-averaged, we also show the spectral functions [Fig.

4.4(h,i)].

4.3 Structure-property relations in the

metal-substituted analogs

Figure 4.5 compares the density of states in Fe2Mo3O8 with several other transition

metal analogs which have orbital filling between d5 and d8 - namely the Mn, Co, and Ni

analogs. We also show a schematic view of the orbital occupation for both the distorted

tetrahedral and octahedral sites (left and right columns, respectively). The gap in each

orbital can originate from the band structure due to the periodic potential (band gap)

or from the Mott localization of electrons on a given A site, which we denote as a Mott

gap. In principle, we can distinguish between the two because the single-particle spectral

function is modified from the DFT bands by self-energy effects. We expect the spectral
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Figure 4.9: Density of states for the materials of interest in this work. Panels (a) and
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function to be either zero or finite in the band gap case; it should diverge inside the gap

for the Mott case [363–365]. Here, the electron state can no longer be described within the

band picture.

The top panels of Fig. 4.5 show calculations for Mn2Mo3O8 in which the electrons are in

the high-spin d5 configuration. The Mott gap opens in all orbitals on both tetrahedral and

octahedra sites, and it is much larger than the band gap of the Mo-trimer. Consequently,

the charge gap and low energy excitations in the Mn and Zn compounds are determined

by the same Mo-trimer states. This is why they appear so similar.

Fe2Mo3O8 is the most interesting of the series showing a complex interplay of band

gaps, Mott gaps, and quasi-particle multiplets. The a1 and e(2) states on the distorted

tetrahedra are Mott insulating with a large gap. As discussed above, the doubly degenerate

e(1) orbitals contain one hole, which is equally distributed among the two orbitals, and

the Mott mechanism opens the gap - even though the self-energy pole is less strong and

the gap smaller than in the a1 and e(2) states. Moreover, at the edge of the gap, strong

hybridization, directly computable by the DMFT hybridization function, shows a very

strong and narrow peak due to many body screening effects. With this mechanism, the

spin-1/2 emanating from the e(1) orbitals on the tetrahedral site are screened by the Mo-

trimer electrons - a mechanism that is analogous to the Zhang-Rice state in cuprates [361].

Note that this is different from the sharp peak due to the valence band edge in transition

metal monoxides [359, 360]. The latter appears in the antiferromagnetic state where all

gaps are band-like in nature and spin states are split by a Zeeman field. As a consequence,

many-body screening of spin is not possible. Here, spin preserves SU(2) symmetry, and

the resonance screens the local spin on Fe. In addition, the narrow peak due to many body

screening effects disappears in the antiferromagnetic ground state [Fig. 4.7]. The distorted

octahedral site in the Fe d6 state contains a combination of a Mott gap in the e(1) states

and a band gap in the a1 and e(2) states. This unusual combination is a so-called orbitally-

selective Mott state [349,350]. Note that the sharp peak at the valence band edge appears

as well, even though it is not as sharp as the resonance from the distorted tetrahedral
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Fe e(1) site. Its nature is different, as it appears in band-insulating a1 and e(2) orbitals

similar to the valence band edge discussed in transition metal monoxides [359, 360]. Note

that hybridization and band formation with oxygen and Mo electrons are needed to open

the band gap in the octahedral Fe a1 and e(2) states. This is because the latter contains

only four electrons in three nearly degenerate a1 and e(2) orbitals.

Next, we discuss the Co analog, which is in the d7 configuration. In this case, the

e(1) orbitals on the tetrahedral site are fully filled, and the a1 and e(2) orbitals are in the

high-spin Mott insulating state with a large gap - larger than the Mo-trimer gap. On the

octahedral site, the e(1) orbitals are Mott-insulating with a large gap, and the a1 and e(2)

states are band-insulating in which Mo and oxygen provide one electron to form a covalent

bond with the a1 electrons. We note that no sharp low-energy peak is found at the valence

band edge, although in principle such a peak is possible.

Figure 4.5(g,h) displays the partial density of states for the Ni analog with its d8

configuration. In this case, the e(1) and a1 orbitals on the distorted tetrahedral site are

fully filled, and the doubly-degenerate e(2) state shows a Mott gap which is comparable to

that of the Mo trimer. On the distorted octahedral site, the e(2) and a1 states are fully

filled, and the e(1) states are in the half-filled Mott insulating state. This Mott gap is

again comparable to the Mo-trimer gap. Hence the reduction of the gap as compared to

the Zn analog is minimal.
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Chapter 5

Nonreciprocal directional

dichroism at telecom wavelengths

5.1 Crystal structure, properties, and symmetry

analysis

Figure 5.1 summarizes our overall approach and the symmetry conditions that are

important in this work. We begin by calculating absorption difference spectra as ∆α =

α(H) - α(0 T) for the different measurement configurations. Nonreciprocity is determined

from various differences in the ∆α spectra, for instance ∆αNDD(+k, ±H) = ∆α(+k, +H)

- ∆α(+k, -H) [Fig. 5.1(a)]. Notice that when both k and H are reversed, αNDD(±k, ±H)

= ∆α(+k, +H) - ∆α(-k, -H) vanishes [Fig. 5.1(b)]. Nonreciprocity can also be defined in

terms of counter-propagating beams, ∆αNDD(±k, +H), as shown in Fig. 5.2.

The top panels in Fig. 5.2 summarize the three different measurement configurations

predicted within the framework of symmetry operational similarity [38,366]. In the toroidal

configuration [Fig. 5.2(a)], electric polarization along c, combined with H perpendicular

to c, breaks two-fold rotation, inversion, mirror, and time-reversal symmetries, so it has

symmetry operational similarity with the wave vector of light k along the third direction.
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Figure 5.1: Illustrating symmetry considerations for nonreciprocity in
Ni3TeO6. (a) Full field absorption difference spectra of Ni3TeO6 as a function of
energy for the (+k, +H) and (+k, -H) configurations in the toroidal measurement
geometry. For illustration purposes, we employ H = 60 T. Nonreciprocal directional
dichroism is shown in green. Here, ∆αNDD(+k, ±H) = ∆α(+k, +H) - ∆α(+k,
-H). Experimentally, it is common to reverse the magnetic field direction as we have
done here. Nonreciprocity can also be defined in terms of counter-propagating beams,
∆αNDD(±k, +H), as shown in Fig. 2. (b) Full-field absorption difference spectra in
the (+k, +H) and (-k, -H) configurations. Notice that they are the same. αNDD(±k,
±H) = ∆α(+k, +H) - ∆α(-k, -H) (also shown in green) vanishes when both light
propagation and magnetic field direction are switched simultaneously. The absolute
absorption spectrum is shown at the bottom of each panel to provide context. Note
that we used cubic term symbols here (3A2g,

3T2g,
1Eg,

3T1g,
1T2g) to denote Ni2+

atomic multiplets because the deviation from cubic symmetry by trigonal distortion
at the Ni sites is small (≈0.1 eV in terms of crystal fields).
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Figure 5.2: Nonreciprocity of Ni3TeO6 in the three different measurement
configurations. Summary of the three different measurement configurations of in-
terest in this work: (a) toroidal (k ⊥ H ⊥ polarization, (b) magnetochiral (k ∥ H
∥ chirality), and (c) transverse magnetochiral (k ∥ H ⊥ chirality). Nonreciprocal
directional dichroism spectra of Ni3TeO6 at 60 T in the toroidal (d), magnetochi-
ral (e), and transverse magnetochiral (f) configurations, respectively. These spectra
were measured in the Voigt (d) and Faraday (e, f) geometries. The nonreciprocal
responses in panels (b, c) are reproduced from Ref. 250. The linear absorption spec-
trum of Ni3TeO6 at 4.2 K is shown below each nonreciprocal panel for comparison.
The polarization directions and on-site Ni d-to-d excitations are labeled.
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Thus, light propagation parallel to the toroidal moment can exhibit nonreciprocal direc-

tional dichroism. The two other configurations of interest involve chirality (rather than

electric polarization) which breaks inversion and mirror symmetries. The magnetochiral

geometry is obtained when the light propagation direction and applied field are parallel

to the chiral axis [Fig. 5.2(b)]. The transverse magnetochiral configuration, on the other

hand, requires both the light propagation direction and magnetic field to be perpendicular

to the chiral axis [Fig. 5.2(c)]. Note that we denote the C3 axis in Ni3TeO6 as the chi-

ral axis; previous studies have argued that nonreciprocity in chiral systems can be easily

understood considering chirality as a vector-like quantity [108,366].

5.2 Nonreciprocal effect in different measurement

configurations

Figure 5.2 summarizes the nonreciprocal directional dichroism of Ni3TeO6 at the full

field in the toroidal, magnetochiral, and transverse magnetochiral configurations. Overall,

this behavior is a consequence of low symmetry, structural and magnetic chirality, and the

presence of spin-orbit coupling, although the specific appearance of ∆αNDD depends upon

the measurement configuration as well. Focusing first on Ni3TeO6 in the toroidal geometry

[Fig. 5.2(a)], we find a strong dichroic response in the vicinity of the 1.1 eV color band.

This feature is assigned as a superposition of Ni2+ on-site d-to-d excitations (3A2g → 3T2g)

emanating from the three different local environments of the Ni centers [68]. At 60 T, the

largest field-induced changes are centered on the 1.1 eV color band and are on the order of

160 cm−1. This corresponds to between zero and approximately 45% contrast, depending

on the value of the absolute absorption. The dichroic contrast in the vicinity of the 3A2g →
1Eg and 3A2g → 3T1g color bands is significantly smaller, and that at higher energy near

the 3Ag → 1T2g excitation is zero within our sensitivity. In the toroidal configuration, the

overall size of ∆αNDD and its energy distribution are quite different than what is observed

in the magnetochiral and transverse magnetochiral geometries [250]. For instance, while
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all configurations exhibit dichroic contrast near the 1.1 eV color band, that in the toroidal

configuration is by far the largest.

Turning to nonreciprocal directional dichroism of Ni3TeO6 in the magnetochiral con-

figuration [Fig. 5.2(b)], ∆αNDD associated with the 1.1 and 1.65 eV color bands is on the

order of ±45 cm−1 at full field [250]. This is different than what we find in the toroidal

configuration both in terms of size and shape. There is a lot more fine structure to ∆αNDD

in the magnetochiral configuration as well. Unlike the other two measurement configura-

tions shown in Fig. 5.2, ∆αNDD in the magnetochiral geometry appears only above the

9 T spin flop transition where spin canting introduces net magnetization [68, 251]. The

nonreciprocal response of Ni3TeO6 is different yet again in the transverse magnetochiral

configuration with dichroic contrast associated with all four types of d-to-d excitations in

the absolute absorption spectrum [Fig. 5.2(c)]. This suggests that the color bands have

magnetoelectric character in the chiral geometries as well. Differences in magnetoelectric

coupling as it pertains to the various contrasts in toroidal, magnetochiral, and transverse

magnetochiral geometries are discussed below.

5.3 Field dependence of the dichroic contrast in

the toroidal geometry

Figure 5.3(a) displays nonreciprocal directional dichroism of Ni3TeO6 as a function of

the magnetic field in the toroidal configuration. As discussed previously, the toroidal ge-

ometry involves placing the electric polarization direction mutually orthogonal to both the

light propagation and magnetic field directions. In addition to large positive and negative

lobes in the dichroic contrast, there is a great deal of fine structure below 0.9 eV. These

features can be assigned to phonon sidebands as discussed below. Examination reveals that

αNDD appears at the lowest fields and grows systematically. This is because field-induced

canting of Ni moments, which gives rise to net ferromagnetic moments and enables nonre-

ciprocal behavior, can occur even at the smallest fields. That nonreciprocal directional
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Figure 5.3: Nonreciprocity in the toroidal geometry. (a) Nonreciprocal direc-
tional dichroism of Ni3TeO6 in the toroidal configuration measured between 0 and 60
T at 4.0 K. The inset is the integration of the indicated feature in the dashed box
over an appropriate energy window. No hysteresis is observed. (b) Simulated non-
reciprocal directional dichroism of Ni3TeO6 in the toroidal configuration. The inset
shows a comparison of the calculated and measured results at 60 T. The intensity is
normalized to the maximum of ∆αNDD. (c) Close-up view of ∆αNDD at 3.1 and 60
T compared with the linear absorption spectrum. (d) Close-up view of ∆αNDD as a
function of field between 0 and 60 T. The complete list of magnetic fields in panels
(a) and (d) is: 0, 3.1, 5.5, 7.2, 10.7, 13.8, 15.8, 17.9, 20.3, 23.1, 26.1, 29.6, 33.3, 37.5,
42.1, 47.0, 52.1, 57.1, 60.2 T.
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dichroism can be seen at low fields is useful for a number of applications including optical

isolators and rectifiers, high-fidelity holograms, and potentially in the telecom sector. In

any case, we can quantify this trend by integrating αNDD over an appropriate energy

window and plotting the result as a function of the applied field [inset, Fig. 5.3(a)]. The

shape reveals how the spins align in the direction of the applied field. The lack of sharp

jumps or cusps is consistent with the absence of field-induced magnetic transitions for H ⊥

c [252]. No hysteresis is observed. In addition to switching the applied field direction, we

investigated symmetry effects [108] in Ni3TeO6 by switching the light propagation direction

[Fig. 5.4]. The results are identical. If both light propagation and the magnetic field

directions are switched at the same time, nonreciprocal directional dichroism vanishes due

to time-reversal symmetry [Fig. 5.1(b) and 5.5] [108].

Comparison between the experimental nonreciprocal directional dichroism in different

geometries with the simulated versions provides insight into the nature of the contrast

in different energy ranges. Figure 5.3(b) displays ∆αNDD of Ni3TeO6 calculated by first-

principles-based methods in the toroidal configuration [250]. The simulated spectrum com-

pares reasonably well with the experimental result, except for the phonon sideband effects

around 0.8 eV which are not included in the model, capturing the maximum near 0.9 eV,

the minimum near 1.03 eV as well as the lack of contrast at higher energies. Note that

our simulation is based upon a local ionic picture and includes only intra-Ni-ionic excita-

tions [250], not the entire part of the structural (and magnetic) chirality of Ni3TeO6. The

structural chirality of Ni3TeO6 manifests (i) at the local level with a chiral crystal-field

environment at each Ni site as well as (ii) in the global arrangement of Ni sites. Our the-

ory includes the former but not the latter. We refer to these as local and global chirality,

respectively [367]. Based on the results from our ionic picture-based simulation that nicely

capture the dichroic response near 1 eV, we speculate that excitations near 1 eV are rele-

vant to the local chiral component, namely the formation of the Ni ionic toroidal moments

perpendicular to the magnetic field and bulk electric polarization (T ≡ P×M), which are

coupled with the propagation of light and induce nonreciprocal directional dichroism [108].
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Figure 5.4: (a,c,e,g) Full-field absorption difference spectra as a function of en-
ergy for several different configurations as indicated. (b,d,f,h) Nonreciprocal direc-
tional dichroism is shown in green for four different configurations: ∆αNDD(+k,
±H), ∆αNDD(±k, +H), ∆αNDD(-k, ±H), and ∆αNDD(±k, -H), where for instance
∆αNDD(±k, +H) = ∆α(+k, +H) - ∆α(-k, +H). These curves employ H = 60 T.
The absolute absorption spectrum is included to provide context.
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Figure 5.5: (a,c) Full-field absorption difference spectra in various configurations.
Notice that they are the same. (b,d) αNDD (shown in green) vanishes when both
light propagation and magnetic field direction are switched simultaneously. This is
because time-reversal symmetry is not broken when the direction of both k and H
are changed together. A magnetic field of 60 T was employed here. The absolute
absorption spectrum is shown at the bottom of each panel to provide context.
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On the other hand, nonreciprocity at higher energies, which is sizable only in the magne-

tochiral and transverse magnetochiral cases [Fig. 5.2(b,c)], originates primarily from global

chirality and is difficult to capture within our atomistic simulation framework. Since our

simulated nonreciprocal directional dichroism is given as a sum of individual Ni atomic

contributions, some aspects of global chirality originating from arrangements of Ni sites at

different Wyckoff positions may partially cancel out to yield smaller responses compared

to experimental results. Details are available in the Methods section.

Antiferromagnets traditionally offer foundational opportunities to investigate collective

excitations that arise from charge-spin and charge-lattice coupling [368]. These features

include excitons, zero phonon lines, phonon side bands, and magnon sidebands. They are

commonly observed on the leading edge of the lowest energy d-to-d band in antiferromag-

nets like MnF2 and α-Fe2O3 [369,370]. The absorption spectrum of Ni3TeO6 does not have

a zero phonon line because it is in the strong coupling limit [371], but it does have a rich

set of phonon sidebands on the leading edge of the 3A2g → 3T2g excitation [Fig. 5.3(c),

Supplementary Fig. 6] [250]. These structures, often called ‘phonon replicas’, arise from

vibronic coupling, the details of which are characterized by the Huang-Rys factor [313,371].

That the phonon progression on the leading edge of the Ni2+ d-to-d excitations matches

features in ∆αNDD illustrates the physical connection and demonstrates that the phonon

sidebands have magnetoelectric character. Nonreciprocal directional dichroism thus pro-

vides an opportunity to investigate how phonons activated in this manner are impacted

by reversing the field and/or light propagation direction. At this time, there are only

a handful of cases (BiFeO3, few-layer CrI3, and Cu2OSeO3) where phonons or phonon-

derived properties such as thermal conductivity have been shown to host nonreciprocal

effects [109, 372–374]. Nonreciprocal phonons obviously enable rectification of heat and

sound [373] - a topic of sustained interest. A giant nonreciprocal response in the THz

range has recently been reported in Ni3TeO6 [375], possibly originating from the effects

mentioned above. Below, we demonstrate that the phonon sidebands in Ni3TeO6 not only

display nonreciprocal directional dichroism [Fig. 5.3(d)] but that this contrast occurs along
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with that related to the low-energy Ni2+ crystal field excitations across the telecom range.

5.4 Nonreciprocal directional dichroism at tele-

com wavelengths

We, therefore, return to the spectra in Fig. 5.3(c) which are even more intriguing

when overlaid with useful telecom bands. The latter include the O-, E-, S-, C-, L-, and

U-bands. Optical fiber communications typically operate in one of these windows. The

C-band (1530 - 1565 nm) is perhaps the most familiar and employs drawn Er-glass fibers.

While the optical properties of Er-glass fibers have been studied separately under electric

and magnetic fields [376–380]. we are unaware of any attempt to explore rectification

effects. Moreover, nonreciprocal directional dichroism has been revealed in a number of

different energy regimes, it is rarely encountered in the near infrared [245,381].

Figure 5.6 displays a close-up view of the nonreciprocal directional dichroism in Ni3TeO6

in the toroidal configuration plotted on a percentage basis and a wavelength scale. Exam-

ination reveals that ∆αNDD has a near-perfect match to the full range of telecom wave-

lengths. The effects are strong, broad, and clearly evident at the full field (60 T) with a

maximum contrast in the first phonon side band of approximately 45%. These features

also appear even at the smallest fields (as shown by the spectrum at 3.1 T) because time-

reversal is already broken. This, along with the fact that we are using unpolarized light,

is an advantage for applications. Difference signals are already in regular use, and non-

reciprocal effects can add an important layer of security. Ni3TeO6 hosts similar contrast

in the magnetochiral and transverse magnetochiral configurations as well [Supplementary

Fig. 7]. In addition to demonstrating that nonreciprocal directional dichroism can be po-

sitioned within useful telecom windows, this work opens the door to the development of

high-efficiency / low-dissipation optical diodes and rectifiers from crystalline materials. We

anticipate that linear or circular polarizers would amplify the size of this effect in Ni3TeO6,

but the ability to achieve a polarization-independent signal is one of the beauties of
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Figure 5.6: Nonreciprocity at telecom wavelengths. Close-up view of the
nonreciprocal directional dichroism in Ni3TeO6 on a percentage basis as a function of
wavelength in the toroidal configuration at 4.0 K. ∆αNDD is shown at 3.1 and 60 T.
The absolute absorption spectrum is included for comparison. Various commercial
telecom windows are summarized on the upper axes. The U-band (1625-1675 nm) is
not shown.
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magnetochiral materials.

5.5 Structure-property relations for photonics ap-

plications

Ni3TeO6 is a superb platform for fundamental studies of nonreciprocity because it hosts

this peculiar property across a wide range of excitations and in three different measurement

configurations. To our knowledge, there are no other nonreciprocal materials that have

been studied in so many different geometries. In this work, we focus on the Ni2+ d-

to-d excitations and associated phonon sidebands in the near infrared and optical range

in the toroidal configuration, unraveling structure-property relationships via comparison

with contrast in the magnetochiral and transverse magnetochiral geometries. We find

that polarity allows the creation of Ni toroidal moments, which results in large contrast

near the color band at 1.1 eV. The chiral geometries, on the other hand, yield smaller

contrast over a much broader energy range. Our modeling of the size and shape of the

spectral response supports this picture of the importance of polarity vs. chirality in the

creation of large vs. broadband contrast. These findings enhance our ability to design

and deliver complex materials properties on demand. At the same time, the discovery

of nonreciprocal effects across the full telecom wavelength range presents a number of

exciting opportunities. While tunability under a magnetic field is established in this work,

the degree to which nonreciprocity can be controlled by other external stimuli or chemical

substitution is unexplored. That said, the discovery of nonreciprocity in the telecom region

is a significant conceptual advance that has the potential to jump-start the use of dichroic

contrast in photonics applications - particularly in the area of high-efficiency optical diodes

and rectifiers.
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Chapter 6

Spin-phonon interactions,

frustration, and magnetoelectric

coupling in Co4Nb2O9 and the Ta

analog

6.1 Vibrational properties of B-site substituted

materials

Figure 6.1(e, f) summarizes the infrared response of Co4Nb2O9. A symmetry anal-

ysis reveals 7A2u + 13Eu infrared-active modes and 6A1g + 13Eg Raman-active modes.

The doubly-degenerate Eu vibrational modes appear in the ab-plane whereas the singly-

degenerate A2u modes resonate along c. The Ta analog is isostructural with a P 3̄c1 space

group and D3d point group symmetry. As a result, the spectrum of Co4Ta2O9 is quite sim-

ilar to that of the Nb-containing compound [Figs. S1 and S2, Supplementary information].

Overall, the number of infrared-active modes and their peak positions are nearly identical

171



100 200 300 400 500 600 700 800
0

10

20

ab plane
c-polarization

A
bs

or
pt

io
n 

(1
03

cm
-1

)

Frequency (cm
-1
)

shearing mode

(f)

(a)

buckled
planar

(b) (c)

(e)

A2u

Eu

(d)

λ2, FM

λ3, AFM

Figure 6.1: (a, b) Crystal structure of Co4Nb2O9 with c-axis and ab-plane views
[256,260,268]. Blue, red, and green represent Co, O, and Nb/Ta centers, respectively.
The octahedra are drawn only for the magnetic ions. (c) A simplified view of the
planar Co2+ layer (blue) reveals a honeycomb-like structure. Only the Co2+ ion is
shown. (d) This schematic illustrates both the planar (blue) and buckled (cyan)
layers. There are two relevant interlayer interactions, which are shown with different
colors (λ2 and λ3). Again, only the Co2 ions are displayed here. (e) Calculated
phonon frequencies are summarized for the Eu and A2u modes. (f) Polarized infrared
absorption spectra of Co4Nb2O9 at room temperature. The response of Co4Ta2O9

is similar and shown in the Supplementary information. The mode assignments are
identical.
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in both Co4Nb2O9 and Co4Ta2O9. A summary and detailed comparison between the

experimental and theoretical phonon frequencies, symmetries, and displacement patterns

is available in Table S2, Supplementary information. The modes related to the heavy

Nb and Ta centers appear at the lowest frequencies since ω ∼
√

k/µ. We also expect

features involving Nb to resonate at slightly higher frequencies than those involving Ta

due to simple mass effects. Here, ω is the frequency, k is the spring constant, and µ is

the effective mass. We can test this supposition by examining the mode displacement

patterns and realizing that the Eu modes at 60(58) cm−1 and the A2u modes at 138(128)

cm−1 reflect the presence of Nb vs. Ta, respectively. The Eu symmetry phonon near 150

cm−1 that involves shearing of the Co planes against each other will be important in our

discussion as well. This structure is marked with a green arrow in Fig. 6.1(f). We also

studied the temperature dependence of phonons in Co4Nb2O9 and the Ta analog. The

majority of features move systematically with decreasing temperature. The Eu symmetry

shearing mode near 150 cm−1 is the exception.

6.2 Spin-phonon coupling in Co4B2O9 (B = Nb,

Ta)

Figure 6.2(a, c) displays a close-up view of the Eu symmetry vibrational mode near

150 cm−1 in both materials. These features harden with decreasing temperature in the

paramagnetic phase and soften across TN. The Nb compound hosts a sharp frequency

shift across the magnetic ordering temperature whereas the Ta analog reveals a gradual

transition with a sluggish frequency shift and noticeable precursor effect. As shown in

Fig. 6.2(b, d), we fit frequency vs. temperature trends in the paramagnetic phase using a

Boltzmann sigmoidal model to capture anharmonic effects:

ω(T ) =
(ωl − ωh)

(1 + e((T−Ti)/dT ))
+ ωh. (6.1)
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Figure 6.2: (a, b) Absorption spectrum of Co4Nb2O9 as a function of temperature and
peak position vs. temperature for the Eu symmetry shearing mode near 150 cm−1.
(c, d) Similar results for Co4Ta2O9. The spectra in (a, c) are shifted for clarity, and
the blue dashed lines in (b, d) are a simulated phonon response as discussed in the
text. TN is indicated by vertical gray lines. Phonon softening across TN is readily
apparent. (e) Calculated displacement pattern of the Eu symmetry phonon viewed
along different directions. The shaded slabs in the top image indicate how the planar
and buckled layers move against each other in a shearing motion.
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Here, ωh and ωl are the phonon frequencies at high and low temperatures, respectively. Ti

and dT are the inflection point and the width of the distribution. As demonstrated by the

deviation from the model fit below the magnetic ordering transition, this phonon engages

in strong spin-phonon coupling in both Co4Nb2O9 and Co4Ta2O9 [22, 60,61].

In magnetic materials, it is well-known that phonon frequencies can be sensitive to the

development of near-neighbor spin correlations [128,130–132]. In such cases, the frequency

is expressed as [134]:

ω = ωo + λ⟨Si · Sj⟩. (6.2)

Here, ωo is the unperturbed phonon frequency that is nicely revealed from the fit in Fig.

6.2(b, d) at base temperature, ω is the renormalized phonon frequency due to spin-phonon

interactions, ⟨Si ·Sj⟩ is the spin-spin correlation function, and λ is the spin-phonon coupling

constant. Using Eqn. 6.2, our frequency vs. temperature trends, and the model fits of

ω(T ) shown in Fig. 6.2(b, d), we can extract frequency shifts across the magnetic ordering

transitions and calculate spin-phonon coupling constants for Co4Nb2O9 and Co4Ta2O9.

The displacement pattern of the participating phonon is also key to our analysis. As a

reminder, our calculations predict that the 150 cm−1 phonon mode is an out-of-phase Eu

symmetry displacement involving the Co centers in which the planar and buckled layers

vibrate against each other. The Nb and Ta centers do not participate very much in the

motion. As a result, the relevant motion contains only one spin-containing center: Co2+

with S = 3
2 . With this insight and the fact that ⟨Si ·Sj⟩ goes as S2 in the low-temperature

limit, we see that the spin-spin correlation function can be approximated as ⟨Si · Sj⟩ ∼

S2 = (32)
2 = 9

4 . Co4Nb2O9 has a frequency shift (∆ω) across TN of -7.5 cm−1. In other

words, the mode softens across the magnetic ordering temperature. This means that the

bond between layers gets weaker due to magnetism. We extract a spin-phonon coupling

constant (λ) of -3.3 cm−1. Co4Ta2O9 has a larger frequency shift than Co4Nb2O9. Using

the same estimate for ⟨Si · Sj⟩ and ∆ω = -9.1 cm−1, we find λ = -4.0 cm−1. This makes

sense because Nb is a 4d element whereas Ta is 5d, so the latter hosts more significant

spin-orbit coupling.
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We can extend this analysis to include additional effects. For instance, we can modify

the spin-spin correlation function as ⟨Si · Sj⟩ ≈ S2cos2(Θ) in order to capture the non-

collinearity of the spin states reported in our systems [259,260]. This expression is a simple

analog of Malus’s rule for the polarization of light [382]. We use θ = 10.5◦ and 14◦ to obtain

λ = 3.4 and 4.3 cm−1 for Co4Nb2O9 and Co4Ta2O9, respectively [259, 260]. Accounting

for non-collinearity increases spin-phonon coupling constants in the Co4B2O9 materials by

about 10%. These values are an order of magnitude larger than what was extracted for

the aforementioned Raman-active modes [266], so we see that coupling with odd- rather

than even-symmetry vibrational modes is significantly more important.

We can also analyze the individual interactions between Co2+ sites. Here, it’s important

to recall that Co4Nb2O9 and the Ta analog are composed of two different layers - akin to a

superlattice consisting of planar graphene and buckled SiC [Fig. 6.1(c, d)]. Writing down

the spin Hamiltonian for the planar layer, the buckled layer, and the interaction terms

between layers in a pair-wise fashion, we obtain:

Ĥspin =
∑
i,j

JPSi·Sj +
∑
i,j

JBSi·Sj +
∑
i,j

JISi·Sj . (6.3)

Here, the JP ’s are in-plane exchange interactions, the JB’s are those in the buckled layer,

and the JI ’s couple the two layers quantifying interlayer exchange interactions. The Si’s

and Sj ’s are the spins. Interestingly, both ∂2JP /∂um∂un and ∂2JB/∂um∂un are zero

because the motion of interest does not modulate these exchange interactions [Section 4,

Supplementary Information]. In other words, the in-plane terms can be ignored because

the distances and angles do not change as a result of the displacement. Here, the un,m’s

are the displacements (or distances) between Co centers. Writing down the force constant

(kn,m), we find that:

kn,m =
∂2Ĥspin

∂um∂un
=

∂2JI
∂um∂un

⟨Si·Sj⟩ = λI⟨Si·Sj⟩. (6.4)

We, therefore, see that spin-phonon coupling in Co4Nb2O9 and the Ta analog is entirely an

176



inter-plane effect and that it is the Co shearing mode shown in Fig. 6.2(e) that modulates

the interlayer magnetic interactions. It turns out that there are two different types of inter-

plane interactions in these systems, and by analyzing the bond angles and their tendencies

toward parallel or anti-parallel alignment based upon Goodenough-Kanamori-Anderson

rules [] along with the number of near neighbors, we can write:

λTotal⟨Si · Sj⟩ = λI⟨Si · Sj⟩ = λ2,FM ⟨Si · Sj⟩+ 3λ3,AFM ⟨Si · Sj⟩. (6.5)

We immediately notice the competition between antiferromagnetic and ferromagnetic in-

teractions in Eqn. 6.5 and Fig. 6.1(d), suggesting that Co4Nb2O9 and Co4Ta2O9 are

frustrated. This competition reduces the overall size of the frequency shift across the mag-

netic ordering transition. It is also why the TN’s are so low. We suspect that the magnitude

of λ2,FM is larger than that of λ3,AFM ’s, but there are more λ3,AFM ’s in the sum leading

to a slight preference for an antiferromagnetic ground state. The findings are consistent

with softer O–Co–O bond angles and temperature-dependent lattice constants [261, 266].

As we discuss below, magnetoelectric coupling in these materials is likely to emanate from

inter-layer spin-phonon interactions.

6.3 Structure-property relations in this family of

materials

Table 6.1 summarizes the properties of several representative transition metal oxides, 4-

and 5d-containing systems, and 3d-5d hybrids. The entries are grouped by the electronic

state. We immediately notice that some materials have multiple coupled modes and a

tendency toward three-dimensional structure whereas others have only a single spin-phonon

coupled mode along with a tendency toward layered or chain-like character.
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Table 6.1: Spin-phonon coupling in Co4Nb2O9 and Co4Ta2O9 compared with that in a number of representative 3d, 4d, 5d,
and mixed oxides. An asterisk (*) indicates where information was available for us to estimate values.

Materials Sites Electronic ω0 ∆ω ∆ω/ω0 λ Refs.
(cm−1) state (cm−1) (cm−1) (cm−1) (cm−1)
ZnCr2O4 Cr3+ 3d3 370 11 3% 6.2 130
CdCr2O4 Cr3+ 3d3 365 9 2.5% 4 383
SrMnO3 Mn4+ 3d3 ≈135 - - - 103

Fe1−xCuxCr2S4 Fe3+ 3d5 120 to 400 - +3%,<1% - 384
Fe2TeO6 Fe3+ 3d5 300 to 800 <1 to 5* <1 to 1.3%* 0.1 to 1.2 385
Sr2CoO4 Co4+ 3d5 630 and 410 - - 2 to 3.5 386
MnF2 Mn2+ 3d5 ≈56 to 480.5 - ≈0.4 to 3.7%* -0.4, -0.3, -0.3, 0.2 387
FeF2 Fe2+ 3d6 56 to 480.5 - - -0.4, -0.3, 0.5, 1.3 387

Co4Nb2O9 Co2+ 3d7 144 -7.5 5% -3.4 This work
Co4Ta2O9 Co2+ 3d7 145 -9.1 6% -4.3 This work

NiO Ni2+ 3d8 752.5, 1160 -12.5* 1.7%*, 2.7%* -7.9, 14.7 388
Ni3TeO6 Ni2+ 3d8 313, 597.3, 672 -0.4, 0.3, -3.7 <1%* -0.4, 0.3, -3.7 62
Y2Ru2O7 Ru4+ 4d4 420.0, 492.0 -2 to 4* <1%* -6 to 9 133
NaOsO3 Os5+ 5d3 550 to 800 40 ≈5.7%* 17.8* 104
Cd2Os2O7 Os5+ 5d3 100 to 800 -4.0 to 20* <1 to 6% -1.8 to 8.9 (with S = 3/2)* 104,136
Y2Ir2O7 Ir4+ 5d4 420, 492 -9.7* 1.4% -0.4 to 3.2 (with Jeff = 1/2)* 63
Sr3NiIrO6 Ir4+ 5d4 133, 310, 534 - - 2, 10, 5 22
Ba2FeReO6 Fe3+/Re5+ 3d5/5d2 390 to 630 ≈30 5.1%* - 105
Sr2CrReO6 Cr3+/Re5+ 3d3/5d2 600 ≈25 4.9%* - 105
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As already discussed, the Eu symmetry Co2+ shearing mode near 150 cm−1 is the only

feature to engage in spin-phonon coupling in the materials of interest here. We also see that

the frequency shifts in Table 6.1 have both positive and negative signs. Among the materials

with coupled modes that soften, Co4Nb2O9 and the Ta analog host the largest relative

frequency shift - even though competing antiferromagnetic and ferromagnetic interactions

reduce the size of the overall shift. In certain cases, soft modes can trigger a transition.

The spin-phonon coupling constant, λ, is often challenging to define, and the proce-

dure for doing so is inconsistent in the literature. We, therefore, find the relative frequency

shifts to be the most reliable for comparison purposes. As pointed out in Ref. 136, the

relative frequency shift of a phonon across a magnetic ordering transition ∆ω/ω0 is usually

less than 1% for a transition metal oxide. Co4Nb2O9 and the Ta analog are different with

relative frequency shifts of 5 and 6%, respectively. These values are unusually large. In

fact, the ∆ω/ω0’s that we find in Co4Nb2O9 and Co4Ta2O9 [Fig. 6.2(b, d)] are more com-

parable with the 5d oxides and 3d/5d hybrid systems shown in Table 6.1 where the relative

frequency shifts correlate (in general) with the electronic shell and spin-orbit coupling.

The presence of a heavy element at the B site in Co4Nb2O9 and Co4Ta2O9 nat-

urally raises questions about the spin Hamiltonian and whether additional terms such

as anisotropy and Dzyaloshinskii-Moriya interactions contribute to spin-phonon coupling

[63, 389]. Recent neutron scattering work also demonstrates that the excitation spectrum

can not be reproduced without terms that give rise to spin noncollinearity [258, 259]. Fo-

cusing on Co4Nb2O9, we see that the anisotropies ≥ J ’s ≥ Dzyaloshinskii-Moriya inter-

action [258, 259]. All of these terms are on the order of 1 meV. Of course, we are not

interested in the absolute size of the anisotropy, exchange, or Dzyaloshinskii-Moriya inter-

action. Instead, we want to know how they are modulated by the phonon mode. In other

words, we are interested in how these quantities change with the second derivative of the

displacement.

If we modify Eqn. 6.4 to include these terms, the prefactors that contribute to spin-

phonon coupling are ∂2A/∂u2 and ∂2DM/∂u2. Here A is the anisotropy, and DM is the
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Dzyaloshinskii-Moriya interaction. The question is whether these contributions are large

or small. Since A is an on-site term, we do not expect it to change very much with a

vibration. Even if it does, we anticipate that shearing of the planar vs. buckled layers

against each other will significantly diminish ∂2A/∂u2 due to their opposite motion. In

other words, while ∂2A/∂u2 for the planar and buckled layers are not exactly equal, they

have opposite signs due to the shearing motion of the layers which, when added together,

significantly diminishes any impact of the overall anisotropy term. Therefore, we argue

that in these unique circumstances ∂2A/∂u2 is small. On the other hand, the ∂2DM/∂u2

term multiplies a cross product between two sites, so it has the potential to contribute,

although the fact that spin-orbit coupling and noncollinearity derive primarily from the

B site suggests reduced importance because the displacement pattern involves shearing of

the planar and buckled Co layers against each other rather than the motion of the B site.

Another way to look at the issue is that the Dzyaloshinskii-Moriya interaction is in the

Co-O-Co linkage of the buckled layers, and these bond lengths and angles do not change

with the motion [258]. This again rules out contributions from the Dzyaloshinskii-Moriya

interaction. In any case, including these additional terms has the disadvantage of obscuring

one of the most interesting aspects of the simple Heisenberg analysis which is that spin-

phonon coupling constants in Co4Nb2O9 and the Ta analog are dominated by competing

interlayer exchange interactions.

Hybridization models, shown to be important in Ba2FeReO6 and Sr2CrReO6 [105], are

also worthy of consideration. Although there is hybridization in our systems [269], it does

not involve Nb5+ or Ta5+ because these centers are associated with unfilled bands. As a

result, hybridization mechanisms are probably not dominant here.
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6.4 Revealing the origin of magnetoelectric cou-

pling

Magnetoelectric coupling in the Co4B2O9 (B = Nb, Ta) family of materials has been of

sustained interest [257,264,264,267,268]. Suggested mechanisms include spin-phonon cou-

pling [262, 263], domain and domain wall effects [264], Dzyaloshinskii-Moriya interactions

through the spin-current model [258, 269], and critical spin fluctuations [261, 264]. With

the direct observation of large frequency shifts across the magnetic ordering transitions,

sizeable spin-phonon coupling constants, and microscopic analysis of the competing inter-

layer interactions, we are in a significantly better position to evaluate how magnetoelectric

coupling might emerge from these candidate mechanisms. As established above, our anal-

ysis reveals that Co4Nb2O9 and the Ta analog have strong spin-phonon interactions that

involve competing interlayer exchange interactions modulated by the shearing motion of

the Co layers. While there are Raman-active modes that are sensitive to the development

of magnetic ordering [266], the infrared-active Eu symmetry shearing mode has a frequency

shift that is an order of magnitude larger, indicating that odd-symmetry motion dominates

spin-phonon coupling in this system. This type of exchange striction provides a very nat-

ural origin for magnetodielectric coupling [257, 262, 263, 269]. It is also the most likely

origin of magnetoelectric coupling [257, 262, 263] given the fact that the Dzyaloshinskii-

Moriya interaction operating through the spin-current model is significantly smaller and

does not couple to the 150 cm−1 Co shearing mode. The change in dipole moment associ-

ated with magnetoelectric coupling [390] is consistent with the microscopic nature of this

infrared-active mode.
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Chapter 7

Summary and Outlook

In this dissertation, I present the spectroscopic investigation of magnetoelectric mul-

tiferroics containing heavy metal centers, revealing the consequences of the mixing of 3d

transition metal with heavy metal centers and leading to exotic properties. While probing

the phase transitions and fundamental excitations in these materials as a function of tem-

perature, magnetic field, and chemical substitution, I reveal the microscopic mechanisms

underlying hybridization, nonreciprocity, and coupling between spin, charge, orbital, and

lattice degrees of freedom. These findings advance the understanding of the consequences

of mixing transition metal and heavy metal centers in complex oxides.

A2Mo3O8 (A = Fe, FeZn, Zn, Mn, Ni) provides an important platform to study quan-

tum cluster magnets in heavy metal centers. To study the unusual hybridization, we

measure the optical properties of Fe2Mo3O8 and compare our findings with first principles

electronic structure calculations. We find a 1.1 eV direct gap composed of heavily mixed

charge-transfer excitations that is sensitive to magnetic ordering at 61 K, vibronic coupling

that activates on-site d-to-d excitations on the distorted octahedral Fe site, and spin-orbit

related features riding on top of the d-to-d excitation on the distorted tetrahedral Fe site

below the magnetic ordering temperature. The Kondo effect is, of course, usually studied

in metals. Here, we show that it can also appear in a semiconductor that has both Mott

and band gaps. Similar to the metallic Kondo effect, the orbitals with Mott-like gaps
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develop a many-body excitation near the valence edge. This draws the gap downward in

energy (from 1.7 eV in Zn2Mo3O8 → 1 eV in Fe2Mo3O8) and screens the magnetic moment.

This discovery opens the door to deeper exploration of the Kondo effect in semiconductors.

Fe2Mo3O8 is also a superb platform for unraveling structure-property relationships. What

differentiates Fe2Mo3O8 from the Zn, Mn, Co, and Ni members of this series is the band-

Mott mixing, the Zhang-Rice resonance, and how the gap is hybridized. Taken together,

these findings enhance our understanding of charge transfer in quantum cluster magnets

and advance the use of this powerful scaffold in new types of charge storage devices.

Ni3TeO6 is a superb platform for fundamental studies of nonreciprocity because it hosts

this peculiar property across a wide range of excitations and in three different measurement

configurations. To our knowledge, there are no other nonreciprocal materials that have

been studied in so many different geometries. In this work, we focus on the Ni2+ d-

to-d excitations and associated phonon sidebands in the near infrared and optical range

in the toroidal configuration, unraveling structure-property relationships via comparison

with contrast in the magnetochiral and transverse magnetochiral geometries. We find

that polarity allows the creation of Ni toroidal moments, which results in large contrast

near the color band at 1.1 eV. The chiral geometries, on the other hand, yield smaller

contrast over a much broader energy range. Our modeling of the size and shape of the

spectral response supports this picture of the importance of polarity vs. chirality in the

creation of large vs. broadband contrast. These findings enhance our ability to design

and deliver complex materials properties on demand. At the same time, the discovery

of nonreciprocal effects across the full telecom wavelength range presents a number of

exciting opportunities. While tunability under magnetic field is established in this work,

the degree to which nonreciprocity can be controlled by other external stimuli or chemical

substitution is unexplored. That said, the discovery of nonreciprocity in the telecom region

is a significant conceptual advance that has the potential to jump-start the use of dichroic

contrast in photonics applications - particularly in the area of high-efficiency optical diodes

and rectifiers.
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Co4B2O9 (B = Nb, Ta) is a quasi-two-dimensional mixed metal system with high

magnetoelectric coupling strength, offering an excellent opportunity for structure-property

relationships of heavy metal centers. To study the effects of 4- and 5d heavy metal centers,

we measured the vibrational properties of Co4Nb2O9 and the Ta analog and compared our

findings with lattice dynamics calculations and a detailed model of spin-phonon coupling.

Frequency vs. temperature trends for the Co2+ shearing mode near 150 cm−1 reveal signif-

icant shifts across the magnetic ordering temperature that are especially large in relative

terms In addition to revealing one of the largest relative frequency shifts ever reported,

these materials host a Co shearing mode that couples only with the interlayer interactions

due to unique symmetry conditions. Interestingly, these interlayer interactions are frus-

trated and consist of both antiferromagnetic and ferromagnetic terms. Given the sizable

contribution of spin-phonon interactions in these systems, it is likely that magnetoelectric

coupling is driven by this effect.

MnPS3 and CrPS4 are two-dimensional van der Waals magnets, which are promising

materials for spintronics. However, the electronic structures of MnPS3 and CrPS4 are

under-explored and inconsistent. Thus, we measured optical properties as a function of

temperature using variable temperature optical spectroscopy. MnPS3 exhibits spin-charge

coupling in the d-to-d excitations as well as charge-transfer excitation, which is evident by

the abrupt change across the TN. We also lay a groundwork for the correct assignments for

the on-site and charge-transfer excitations of CrPS4 using Dq/B = 2.72 eV. Furthermore,

the temperature dependence of the band gap in MnPS3 and CrPS4 shows high coupling

strength and high average phonon energy, respectively. To further investigate the mag-

netic properties of MnPS3 and CrPS4, magnetic circular dichroism spectroscopy is used

to probe both compounds as a function of magnetic field and temperature. Using an en-

ergy cut of ∆αMCD, we reveal orbital-selective spin-flop transitions at ∼3T and ∼1 T for

MnPS3 and CrPS4, respectively. Surprisingly, CrPS4 displays an additional magnetic phase

above the saturation field of 10 T. Furthermore, CrPS4 exhibits a giant magnetic circular

dichroism signal. Combining these results together, we lay the groundwork for the two-

184



dimensional van der Waals magnets and facilitate the progress in low-power ultra-compact

two-dimensional spintronics.

These extensive findings shed light on the intricate relationships among spin, charge, or-

bital, and lattice degrees of freedom in multifunctional materials that contain heavy metal

centers. By substitution of heavy metal centers, the spin-orbit coupling can be a tuning

parameter. Furthermore, the application of external magnetic fields can also be used as

an additional tuning parameter, which can drive quantum transitions and observe non-

reciprocal directional dichroism by controlling symmetries. Overall, incorporating heavy

metal centers motivate fundamental research on other mixed metal systems under extreme

conditions.
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