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Abstract 

Polarization Waves in Layered van der Waals Ferroelectrics 

Chun-Ying Huang 

 

 Ferroelectric materials have garnered significant interest for next-generation electronic 

and optoelectronic technologies. These applications include, but are not limited to, the mature 

ferroelectric random access memory (FeRAM), ferroelectric field effect transistor (FeFET), 

nonlinear optics, and ferroelectric-based photonic integrated circuit (PIC). However, as the 

demand for nanometer-scale components rises, the integration of conventional oxide 

ferroelectrics faces substantial challenges, such as dead interfacial layers, thickness limitations 

for maintaining the ferroelectric phase, and reduced efficiency of nonlinear optical processes at 

the thin limit. Two-dimensional (2D) van der Waals (vdW) ferroelectric materials offer a 

promising route to overcome these obstacles due to: (1) the absence of surface reconstruction in 

heterostructure devices because of the vdW nature; (2) robust ferroelectricity at the 2D limit; and 

(3) exceptionally large nonlinear optical coefficients at the atomic-thin limit. Nevertheless, 

fundamental studies on 2D ferroelectrics remain scarce, primarily due to the limited number of 

confirmed materials in this category. 

 In this thesis, we explore the fundamental physics of a recently identified 2D vdW 

ferroelectric, NbOI2, which exhibits room-temperature in-plane ferroelectricity with a parallel 



 

 

alignment between vdW layers. In Chapter 1, we briefly introduce 2D vdW materials and the 

essential physics of ferroelectricity. In Chapter 2, we provide an overview the principles and 

experimental setups of the optical techniques extensively used in this thesis. In Chapter 3, we 

investigate the fundamental optical properties of NbOI2, including anisotropic electronic 

transitions, phonons, and their interactions. Using polarization-angle resolved Raman 

spectroscopy and transient reflectivity spectroscopy, we identified a ferroelectric soft phonon 

mode at 3.1 THz that interacts with the above-gap electronic transition. In Chapter 4, we 

examined the THz generation of NbOI2 via optical rectification. We demonstrate its exceptional 

THz generation efficiency and its full potential for integration into on-chip heterostructures for a 

near-field THz probe. Furthermore, we identify a long-lived, single-frequency coherent 

oscillation persisting beyond a sampling time of 20 ps, a striking contrast to the benchmark THz 

emitter, ZnTe, whose signal damps within 3 ps. The Fourier transform of this coherent wave 

reveals an extremely narrowband emission centered at 3.1 THz, corresponding to the frequency 

of the ferroelectric phonon mode in NbOI2.  

In Chapter 5, motivated by the observed long-lived THz radiation and the formal 

similarities between spin waves in magnets and polarization waves in ferroelectrics, we further 

explore the nature of the polarization waves in NbOI2. Through transient reflectivity 

spectroscopy with various pump-probe spot separations, we reveal the propagation 

characteristics of these waves in NbOI2, a unidirectional transport along the crystallographic 

polar axis at an ultrasonic speed of approximately 100 km/s. Detailed simulations further 

establish a connection between these propagating polarization waves and canalized hyperbolic 

phonon polaritons. Finally, in Chapter 6, we explore the frequency tunability of these 

polarization waves. Through halogen substitution, alloying, and THz emission spectroscopy, we 



 

 

demonstrate wide tunability within the NbOX2 family (X = Cl, Br, I), with frequencies ranging 

from 3.1 to 5.8 THz, limited by the current detection window. Combined with DFT results, we 

establish a firm link between the spontaneous polarization and phonon eigenvectors. This 

connection leads to a theoretical phononic framework, providing a quantitative understanding of 

the origin of the narrowband THz radiation. We conclude that the vdW ferroelectric NbOX2 

family represents a promising class of materials for the next-generation on-chip optical and 

information technologies.  
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Chapter 1 : Two-dimensional van der Waal Ferroelectrics 

Over the past few decades, we have witnessed a rapid expansion of new materials within 

materials science, physics, and chemistry communities. A pivotal milestone was the successful 

isolation of graphene,1 which constitutes an atomically thin sheet of carbon, from graphite in 

2004. This discovery was later recognized with the Nobel Prize in Physics in 2010. The 

exceptional electronic properties of graphene,2,3 such as its massless Dirac fermions,4 attracted 

significant attention from the community and lead to massive materials research to expand the 

library of atomically thin materials, known as two-dimensional (2D) materials.5 Among these, 

2D ferroelectric materials emerge as promising platforms for realizing next-generation 

nonvolatile memory and nonlinear optics.6,7 

In this chapter, we first briefly introduce the unique properties of 2D van der Waals 

(vdW) materials. We then review the fundamental principle of conventional three-dimensional 

(3D) ferroelectrics that have been established over decades. Finally, we discuss the current 

developments, theoretical understanding, and remaining challenges in the field of 2D 

ferroelectric materials.  

1.1 Distinct Chemical Environment of 2D vdW Materials  

The major changes induced by the dimension reduction from 3D to 2D structures are 

symmetry and effective dielectric screening. In the perspective of symmetry change, a lower 

symmetry is often observed when the dimension of a material is reduced.8,9 For example, in 2H 

transition metal chalcogenides (TMD), the inversion center disappears as the structure becomes a 

2D sheet,8,10 because the inversion center in TMDs requires at least a bilayer structure. The 

disappearance of inversion center leads to a non-zero second-order susceptibility (… ), and 

therefore activates second-order nonlinear optical processes, such as sum-frequency generation 



2 

 

(SFG), difference frequency generation (DFG), and optical rectification (OR).11 Hence, rich 

second-order nonlinear optical properties of monolayer TMDs have been widely reported, 

particularly the second-harmonic generation (SHG),12ï14 and are demonstrated on advanced 

photonic structures to realize on-chip nonlinear optics.15,16 Consequently, on-chip nonlinear optic 

developments benefit from the reduced dimensionality of the 2D vdW materials.17 

On top of the symmetry lowering, the dielectric screening of the 2D system is drastically 

different from its 3D parent system. Figure 1.1 illustrates a simplified picture describing the 

distinction between the 2D and 3D dielectric environments.18 In short, charge carriers experience 

less dielectric screening in a 2D medium due to a vanishing dielectric response along the 

stacking direction. Consequently, stronger carrier-carrier interactions and excitons are expected; 

rich physics stem from this 2D dielectric confinement have been reported.19,20 Additionally, the 

intensification of a stronger carrier-carrier or carrier-phonon interactions confined within a 2D 

layer leads to novel physics, such as increased ferroelectricity phase-transition temperatures and 

emergence of superconductivity.21,22  

 

Figure 1.1: Real-space representation of bound charge carriers in 3D bulk and 2D limit 

environment.  The changes in the dielectric environment are indicated schematically by 
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ËÐÍÍÌÙÌÕÛɯËÐÌÓÌÊÛÙÐÊɯÊÖÕÚÛÈÕÛÚɯϘ3D ÈÕËɯϘ2D ÈÕËɯÉàɯÛÏÌɯÝÈÊÜÜÔɯ×ÌÙÔÐÛÛÐÝÐÛàɯϘ0. Reprinted figure 

with permission from A. Chernikov et al., Phys. Rev. Lett. 113, 076802 (2014). Copyright 2014 by 

the American Physical Society. 18 

In addition to the inherent novel physics of a 2D medium, the layered structure of the 

vdW material offers several advantages. Compared with conventional 3D materials, each 

adjacent 2D sheet in a vdW material assembles to form a layered structure by the vdW 

interaction without involving chemical bonds, where the electron wavefunctions between atoms 

would otherwise overlap significantly.  

First, the absence of chemical bonds between adjacent layers allows a clean separation of 

2D sheets without surface reconstruction, because of the absence of broken bonds. As such, the 

newly exposed surface of a vdW layer remains pristine. Beyond preserving this pristine 

structure, the weak vdW interaction that is typically around 10 meV Å-2 can be overcome by the 

mechanical force of Scotch-tape exfoliation.23,24 This tape exfoliation led to the first isolation of 

graphene from graphite in 2004 by Konstantin Novoselov and Andre Geim, who were awarded 

the Nobel Prize in Physics in 2010.1 As of 2026, the tape exfoliation remains the primary method 

for routinely generating high-quality monolayers on a micrometer scale.25 Figure 1.2 describes 

procedures of the tape-assisted exfoliation method, and Figure 1.3 shows a typical optical 

microscopic image of exfoliated flakes.  
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Figure 1.2: Schematic Scotch-tape assisted exfoliation (a) Adhesive tape is pressed to a 

2D vdW material. (b) Lifting the tape to bring up the top few layers of the materials. (c) The 

tape with the layered crystal is pressed onto a substrate. (d) After removal of the tape, a bottom 

layer of the crystal is left on the substrate. Used with permission of IOP Publishing Limited from, 

Two-dimensional crystals-based heterostructures: materials with tailored properties, K . S. 

Novoselov  and A. H. Castro Neto, Phys. Scr. 2012, 014006 (2012); permission conveyed through 

Copyright Clearance Center, Inc.24  

 

Figure 1.3: Optical image of an exfoliated flake of NbOI 2 using the conventional 

Scotch tape method. The number annotations mark the layer number of the labeled regions. 
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Second, isolated 2D sheets can be further assembled with different 2D vdW materials to 

form heterostructures. The reassembly of diverse 2D vdW materials offers a powerful platform 

for engineering the electronic, optical, and magnetic properties of heterostructure devices.5 

Through the adhesion provided by vdW interactions, these 2D vdW sheets can be stacked 

without forming covalent or ionic bonds, thereby preserving the intrinsic physical properties of 

each constituent layer.26 Furthermore, the interlayer interactions at the heterojunction interface 

may provide additional strategies for engineering the chemical stability of relatively air-sensitive 

materials. For example, charge transfer in the NbOI2/WSe2 heterostructure provides electron 

doping to the WSe2 layer, driving a continuous oxidation reaction that turns the top NbOI2 layer 

into Nb2O5. In contrast, a heterojunction with graphite leads to a self-limited oxidation process, 

retaining pristine NbOI2 underneath the top amorphous Nb2O5 layers.27  

Beyond direct tuning of physical and chemical properties, the versatile classes of 2D 

materials offer seamless integration of electronic devices. For example, graphene and thin 

graphite can serve as a gate electrodes owing to the insulating behavior along the out-of-plane 

direction;28,29 hexagonal boron nitride (hBN) is often implemented as a protecting layer or a 

dielectric spacer,30ï32 due to its inert chemical reactivity and wide bandgap approximately 5.97 

eV.33 Figure 1.4 shows a typical device structure based on vdW materials,34 where a TMD layer 

demonstrates superior transport properties, leading to various application-driven research 

directions.  
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Figure 1.4: A device structure based on vdW materials for delicate transport 

measurements. Cui, X. et al. Nat. Nanotechnol. 10, 534ä540 (2015). Reproduced with permission 

from Springer Nature.34  

1.2 History  of Ferroelectric Materials.  

Among the library of vdW materials, ferroelectric materials have attracted significant 

attention due to a wide range of electronic applications, such as transducers and non-volatile 

memory.35,36 Here, we first outline the history of the discovery of ferroelectric materials and 

briefly review the characteristics of ferroelectrics that have been well-established since the last 

century. It should note that the field of ferroelectricity is broad and complex; hence, it is not 

feasible to cover all fundamentals comprehensively in this thesis. I recommend that readers 

consult the book by M. E. Lines and A. M. Glass (2001) for a deeper understanding of this 

extensive field.  
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The first discovered ferroelectric was sodium potassium tartrate tetrahydrate (Rochelle 

salt), which was used for medical purposes back to the 17th century. The earliest studies that later 

led to the term ferroelectricity were conducted by Joseph Valasek between 1921 and 1924 in the 

US. His studies showed the hysteretic behavior of polarization and the temperature dependence 

of Rochelle salt.37ï40 We will later discuss these important characteristics of the ferroelectric 

materials. At that time, the term ferroelectricity was not widely accepted, potentially because 

even small deviations from the exact chemical composition of Rochelle salt could destroy the 

ferroelectricity, leading to reproducibility issue.  

From 1935 to 1938, Busch and Scherrer in Zurich made the first series of ferroelectric 

isomorphous crystals, the most well-known being potassium dihydrogen phosphate, KH2PO4 

(KDP),41 which shows a transition temperature of approximately 122 K.  In KDP, each 

tetrahedral phosphate group is surrounded by four hydrogens, and each hydrogen sits between 

two phosphate groups. In 1941, Slater proposed a model in which each hydrogen atom forms 

only one bond to a phosphate group, with two hydrogen bonds per tetrahedral phosphate group 

forming a dipole unit.42 In this model, two dipole units oriented up and down give the lowest 

energy configuration, which was later proven correct and consistent with the double-well 

potential model.  

Following the breakthrough of the KDP series, the ferroelectricity of barium titanate 

(BTO) was discovered during World War II by Wainer and Solomon (US) in 1943 and by Wul 

and Goldman (Russia) in 1945.43 BTO soon received wide attention for several reasons: it is 

ferroelectric at room temperature; it is chemically and mechanically stable in air; it can be grown 

as large single crystals; and it possesses a simple prototype structureða cubic centrosymmetric 

perovskite with only five atoms per unit cell (Figure 1.5).44,45 Additionally, BTO exhibits 
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multiple phase transitions.44 Hence, BTO became the most widely studied ferroelectric ceramic 

and serves as the standard prototype for the largest class of ferroelectrics: octahedral oxide 

ferroelectric.46  

This discovery motivated scientists to search for other ferroelectrics with the similar 

structure. Within a few decades, several prominent ferroelectrics were identified and studied, 

including KNbO3, PbTiO3, LiNbO3, and LiTaO3,43 even though the latter two cases are not 

strictly categorized as perovskites. The simplicity of the perovskite structure also triggered the 

development of theoretical frameworks for understanding ferroelectric behavior. In the next 

section, we will review microscopic description of ferroelectrics, particularly the distinction 

between displacive and order-disorder types.  

 

Figure 1.5: Crystal structure of the perovskite oxide ferroelectric BaTiO 3. (a) High 

temperature, paraelectric, cubic phase. (b and c) Room temperature, ferroelectric, tetragonal 

phases, showing up and down polarization variants. The atomic displacements are scaled to be 

clearly visible . Modified from C.H. Ahn  et al., Science, DOI: 10.1126/science.1092508 (2004), 

AAAS .45 

1.3 Phenomenological and Macroscopic Description of Ferroelectrics  

 Before proceeding to the macroscopic picture of ferroelectrics, it is necessary review the 

distinctions among the broader family of dielectrics. In particular, the polarization response 

before and after the phase transition temperature (Curie temperature, Tc) and under an external 
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electric field. The hierarchical relationship between dielectrics, piezoelectrics, pyroelectrics, and 

ferroelectrics is summarized in Figure 1.6 below. A dielectric is essentially an insulator that 

becomes polarized once when an external electric field is applied. Piezoelectrics are a subgroup 

of dielectrics characterized by a non-centrosymmetric structure, where charge separation occurs 

upon the application of mechanical stress. If a piezoelectric exhibits spontaneous polarization 

below a characteristic temperature, it is categorized as a pyroelectric. Finally, a pyroelectric is 

considered ferroelectric if its spontaneous polarization can be switched by an external electric 

field. Thus, while every ferroelectric is necessarily a pyroelectric and a piezoelectric, a 

pyroelectric is not necessary a ferroelectric unless it shows switchable polarization. An 

additional schematic comparison between pyroelectrics and ferroelectrics is shown in Figure 1.7 

below.47 In both cases, a dipole moment emerges below the phase transition temperature. 

However, only the polarization in ferroelectrics is switchable under the external field, resulting 

in a structural change.  

 

Figure 1.6: Schematic relationship among dielectric, piezoelectric, pyroelectric and, 

ferroelectric.  
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Figure 1.7: Schematic representation of distinct structural change between a 

pyroelectric and a ferroelectric after phase transition . Adapted from M. E. Lines and A. M. 

Glass, Principles and Applications of Ferroelectrics and Related Materials, Chapter 1: Basic Concepts, 

Oxford University Press ( 2010). Reproduced with permission of the Licensor through 

PLSclear.47 

 Macroscopically, this difference in switchability can be understood through their 

potential-energy landscapes. A pyroelectric is characterized by a deep, single-minimum potential 

that locks the structure into a polar state. In contrast, a ferroelectric is characterized by a double-

well potential with energy minima at ὖÓ, separated by a finite energy barrier. Consequently, an 

sufficiently strong external electric field can overcome this barrier to flip the spontaneous 

polarization. This macroscopic origin can be further expressed through thermodynamics and 

Maxwellôs equations. Below, we treat the dielectric system of interest, which involves a 

ferroelectric phase, as a continuum without considering its discrete atomic structure to describe 

the dielectric response of the ferroelectricity. We consider the Gibbs free energy (G) expanded in 

a polynomial form of a displacement field (D) from a non-polar phase that retains an inversion 

symmetry:48  

Ὃ ‌
ςὈ

‎
τὈ

‏
φὈ  (1.1) 

We truncate the polynomial at the sixth order for mathematical simplicity. Generally, we 

consider the coefficients ‌ to be temperature dependent and ‎ȟ‏ to be temperature independent 
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for both first- and second-order ferroelectric phase transitions. With positive ‎ and ‏, the curves 

describing G vs D are qualitatively illustrated in Figure 1.8a. As shown, if ‌ is positive, this 

curve has a single minimum at Ὀ π. In contrast, when ‌ becomes negative, a negative 

curvature appears at the origin, and the resulting double-well potential form yields minimum 

energy values at Ὀ π. Differentiating Ὃ with respect to Ὀ at a constant temperature leads to the 

following expression:  

Ὁ ‌Ὀ ‎Ὀ Ὀ‏  (1.2), 

where Ὁ represents the electric field parallel to Ὀ. Under the absence of field, we can replace Ὀ 

with ὖÓ, the spontaneous polarization, using the relation: 

Ὀ ‐Ὁ ὖ (1.3), 

and combine it with  to describe spontaneous polarization as a function of temperature: 

π ‌ὝὖÓ ‎ὖ ὖ‏  (1.4), 

Because ‌ passes through zero from the single well curve to the double-well one, ὖÓ undergoes a 

continuous (second order) phase transition. Now, we adopt Devonshire theory assuming that 

around the Tc ‌ is a linear function of temperature in the form:48 

‌ ‍Ὕ ὝÃ (1.5), 

with ‍ a positive constant. Substituting ‌ with ὖÓ leads to temperature dependence of 

spontaneous polarization below and close to Tc, such that ὖÓ is near zero and we can drop the 

fifth -order term: 

ὖÓ ‍ὝÃ ὝȾ‎ (1.6) 

This temperature dependence is qualitatively drawn in Figure 1.8b, where the spontaneous 

polarization evolves continuously. The term ñsecond-orderò represents a continuity of the first 
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derivatives of the free energy, for example ὖÓ and S (entropy), but a discontinuity of the second 

derivative, for example specific heat, c.  

 

Figure 1.8: Schematic representation of temperature dependence of the (a) free energy 

vs displacement field and (b) of the spontaneous polarization near a second -order 

ferroelectric phase transition. Adapted from M. E. Lines and A. M. Glass, Principles and 

Applications of Ferroelectrics and Related Materials, Chapter 2: Macroscopics And Phenomenology, 

Oxford University Press ( 2010). Reproduced with permission of the Licensor through 

PLSclear.48 

 Now we consider negative ‎ and positive ‏, with both of them temperature independent, 

while ‌ is still temperature dependent. Instead of using Tc, we use Curie-Weiss temperature T0 

that does not equal to Tc to express the temperature dependence of ‌: 

‌ ‍Ὕ Ὕπ  (1.7) 

With ‎ ‎, we can express the free energy will positive constants:48 

Ὃ
‍
ς Ὕ Ὕ Ὀ ‎

τὈ
‏
φὈ  

(1.8) 

Figure 1.9a represent the qualitative curve of G vs D as a function of temperature. As it shows, 

when G and the external field become zero at Tc, the energy minimum coexists at zero and non-

zero D (or ὖÓ), which is representative of first-order transition. Taking the same approach as we 

do for the case of second-order transition, differentiating G with respect to D yields the dielectric 

field as following:  



13 

 

Ὁ ‍Ὕ Ὕ Ὀ ‎Ὀ Ὀ‏  (1.9) 

With absence of electric field, we rewrite this dielectric field and free energy in terms of ὖÓ: 

π ‍Ὕ Ὕ ὖÓ ‎ὖÓ  ,ὖÓ (1.10)‏

π
‍
ς Ὕ Ὕ ὖÓ

‎
τὖÓ

‏
φὖÓ  

(1.11) 

Simultaneously solving ὖÓ at Tc, we obtain a nonzero ὖÓ in addition to zero: 

ὖÓ
σ‎

τ‏
        Ὕ Ὕ 

(1.12) 

Substituting ὖÓ back to dielectric field equation above, we obtain Tc: 

ὝÃ Ὕ σ
ρφ‎ ‏‍  (1.13) 

Figure 1.9b shows the qualitative curve representing the temperature dependence of the 

spontaneous polarization, where a discontinuity can be visualized clearly.  

 

Figure 1.9: Schematic representation of temperature dependence of the (a) free energy 

vs displacement field and (b) of the spontaneous polarization near a first -order ferroelectric 

phase transition. Permission pending.  Adapted from M. E. Lines and A. M. Glass, Principles 

and Applications of Ferroelectrics and Related Materials, Chapter 2: Macroscopics And 

Phenomenology, Oxford University Press ( 2010). Reproduced with permission of the Licensor 

through PLSclear.48 

1.4 Microscopic View of Ferroelectrics: Displacive or Order-disorder  

In the previous section, we used a macroscopic description to conceptualize the 

ferroelectric phase transition, especially focusing on the order parameter, spontaneous 
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polarization, ὖÓ, with respect to the temperature near ὝÃ. However, this approach does not 

consider any atomic structure nor chemical composition. More importantly, the macroscopic 

picture does not address the driving forces behind the phase transition, which are crucial for 

chemical design and understanding nature of materials. In this section, we use microscopic 

picture to examine the driving forces of ferroelectric transitions, which are generally categorized 

as either displacive or order-disorder types.  

In 1960, the pioneering theoretical works Anderson and Cochran extablished a 

connection between ferroelectric phase transitions and lattice dynamics.49 Within this theory 

framework, a transvers optical (TO) phonon mode involveing ionic displacement destabilizes the 

nonpolar structure and drives the structure to a polar phase. Conceptually, as the temperature 

approaches Tc from the nonpolar phase, this zone-center phonon mode undergoes ñsofteningò, 

characterized by a decrease in frequency and a broadening of the phonon linewidth. This mode 

finally condenses at zero frequency, inducing a lattice instability that lowers the symmetry and 

drives the transition into the ferroelectric phase. Under the mean-field approximation, the 

frequency of a soft mode satisfies the following relationship with temperature near Tc.50 

ɱ Ñ ͯὝ ὝÃȟ      Ὕ ὝÃ (1.14) 

Figure 1.10 below shows a qualitative description of the softening of a soft mode, condensation 

at Tc, and hardening at the polar phase. 
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Figure 1.10: Schematic representation of square of soft -mode frequency as a function 

of temperature near a second-order displacive transition point.  

It should be noted that Figure 1.10 above describes a continuous change of soft-mode frequency, 

consistent with the second-order transition introduced earlier. However, this occurs only if  ὝÃ

Ὕ. Consequently, a displacive-type ferroelectric does not necessarily  follow a second-order 

transition. For example, BTO undergoes a first-order transition despite exhibiting a coexistence 

of displacive and order-disorder characteristics.51,52  

 While the soft-phonon picture describes displacive-type ferroelectrics well, it is less 

applicable to order-disorder type. In order-disorder systems, dipole pairs exist at the unit-cell 

scale without long-range order across the periodic structure in the high-temperature phase.50 

Within a double-well potential framework, the states associated with opposite dipoles are equally 

populated. Thus, the average over the entire crystal yields a centrosymmetric structure without 

revealing its local distortions. As the temperature approaches ὝÃ, the contribution from entropy 

and thermal energy decrease. Consequently, local dipole-dipole interactions overcome thermal 

fluctuations, and long-range order gradually emerges. Upon passing through ὝÃ, the long-range 

dipole interaction overwhelms the thermal energy and the entropic cost, resulting in a stable 

ferroelectric phase. A classic example of an order-disorder ferroelectric is KDP, though it took 

several decades for the community to reach this conclusion.42,53 In the high-temperature phase, 
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local dipoles are formed by two hydrogen bonds between hydrogen ions and a tetrahedral 

phosphate group, without long-range ordering among adjacent dipole pairs. Below ὝÃ at 122K, 

long-range dipole-dipole interactions dominate, resulting in the ferroelectric phase.  

 It is important to note that the equal distribution of populations between the two valleys 

of a double-well in an order-disorder system should not be confused with the macroscopic 

picture of a first-order transition, which represents an ensemble across infinite unit cells. 

Therefore, an order-disorder ferroelectric does not necessarily undergo a first-order transition.  

 Although in this section we categorize ferroelectrics into these two branches, 

intermediate systems showing both displacive and order-disorder characters are not rare, such as 

BTO, 51 KNbO3,54 and PbTiO3.55 In contrast, the distinction between first-order and second-order 

transition remains clear and is often captured by temperature-dependent experiments, such as 

Piezoresponse Force Microscopy (PFM), second-harmonic generation (SHG), terahertz time-

domain spectroscopy (THz-TDS), Raman, and IR spectroscopy. These experimental tools are 

essential for the definitive identification of ferroelectric behaviors.  

1.5 Experimental Tools to Characterize Ferroelectrics 

What distinguishes ferroelectrics from pyroelectrics is the switchability of  spontaneous 

polarization under external electric field. From this point of view, PFM has become one of the 

most straightforward methods for identifying ferroelectricity, especially for nanoscale 

characterization.56,57 In PFM, a conductive atomic force microscopy (AFM) tip is applied with an 

alternating current (AC) voltage, while the sample substrate is grounded via a bottom electrode. 

As introduced earlier, a ferroelectric is also a piezoelectric with a nonzero electrostrictive 

coefficient, implying a volume change in response to an applied electric field. When the biased 

tip approaches a ferroelectric surface, the local polarization interacts with this external field, 
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inducing surface deformation that results in the deflection of the AFM cantilever. As a result, 

PFM can extract both the amplitude and phase of the electromechanical response. As the field 

applied to the tip is large enough and oriented opposite to the sampleôs polarization, the 

ferroelectric polarization switches to align with the external field. This polarization field remains 

even after the bias is removed; this persistence is termed remanent polarization. By sweeping the 

voltage from zero through positive and negative values, a characteristic hysteresis loop, or the 

so-called P-E loop as shown in Figure 1.11, can be obtained to characterize the ferroelectricity of 

a sample.  

 

Figure 1.11: Schematic representation of a ferroelectric hysteresis loop of a 

ferroelectric sample. Pr represents remnant field and Ec represents coercive field, a field 

amplitude required to cancel the internal polarization of ferroelectricity.  

While PFM is a powerful technique for revealing polarization responses to an electric field, 

artifacts may arise where even non-ferroelectric materials produce hysteresis-like responses.58 

For example, ion migration can occur in response to the high local field at the tip, resulting in 

electrochemical strain or Vegard strain.59 A well-known examples is the hysteresis observed in 

TiO2 thin films, which are non-ferroelectric.60 Hence, additional measurements are often required 

to verify ferroelectricity, especially for thin samples.  

E

P

Pr

Ec
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 Owing to their non-centrosymmetric structure, ferroelectrics possess a non-zero second-

order susceptibility (… ). This makes second-order nonlinear optical measurements powerful 

tools for probing ferroelectricity. The most commonly used one is second-harmonic generation 

(SHG) measurement. In SHG, two incident photons are converted to a single photon with twice 

the frequency within a … -acitve medium. Ferroelectrics can generate SHG signals provided 

that conditions of phase matching, crystal orientation, and excitation frequency are met, given 

the frequency-dependent nature of …  that is. For example, LiNbO3 is a standard commercial 

material for SHG.61 

However, since any non-centrosymmetric medium, including pyroelectrics, can generate 

SHG, applying an external field to probe switchable polarization is necessary to confirm 

ferroelectricity. As such, advanced techniques, such as field-dependent, phase-resolved SHG, 

can probe the ferroelectricity unambiguously.62 Unlike PFM, optical measurements like SHG 

probe the bulk structure without localized, high-intensity electric fields at the nanoscale, utilizing 

micrometer-scale electrodes where ion migration and contact-induced electrochemical artifacts 

are absent.  

Another effective technique is terahertz time-domain spectroscopy (THz-TDS), which 

collects electromagnetic wave in THz window (0.3 ï 10 THz) in the time domain. The non-zero 

…  of a ferroelectric allows for THz emission via optical rectification. Unlike typical visible-

light optical measurements like SHG, THz-TDS records the incoming THz wave in time domain, 

allowing for the simultaneous recording of both amplitude and phase. Therefore, the orientation 

of the ferroelectric polarization is intrinsically captured by the detected THz emission. 

Consequently, by applying an external field to switch the polarization, we can observe a flipped 
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polarity in the THz emission. Figure 1.12 demonstrates a switchable THz emission polarity in the 

2D vdW ferroelectric, NbOI2, under an external electric field.   

 

Figure 1.12: THz emission of NbOI 2 with parity switching resulting from switching of 

spontaneous polarization.  Original denotes THz emission collected before applying electric 

field; Flipped denotes THz emission collected with absence of field after applying a field of -50 

kV/cm. 

 While the aforementioned techniques are frequently employed to identify ferroelectricity, 

Raman and IR spectroscopy are primarily used to detect the ferroelectric phase transition. As 

previously described, a second-order transition is characterized by a continuous change in 

polarization, whereas a first-order transition involves a discontinuous change as the temperature 

approaches ὝÃ. Specifically, the relation between ὖÓ and ὝÃ Ὕ in ferroelectric phase is given 

by:48 

ὖÓ ᶿ ὝÃ Ὕ (1.15) 

This relation is instrumental in determining if a transition is a second-order. Provided that a 

given phonon is Raman active in the ferroelectric phase, which is typically the case due to the 

lack of inversion symmetry, we can correlate Raman intensity (I) with ὖÓ using a macroscopic 

framework: 

Ὅθ ὖÓ ᶿ ὝÃ Ὕ (1.16) 
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As such, this allows for the clear distinction between second-order and first-order transitions. In 

a displacive type transition, the soft phonon frequency shows strong temperature dependence, as 

shown in Eq 1.14; a pronounced frequency shift toward zero frequency can be identified when 

the system approaches ὝÃ. Figure 1.13 below illustrates the softening of the mode in SbSI, where 

a frequency shift of more than 50 cm-1 was observed when approaching ὝÃ from the low-

temperature phase.63 

  

Figure 1.13: Temperature dependence of the soft mode of SbSI, showing a frequency 

lowering  of more than 50 cm-1. Reprinted figure with permission from M. E. Ziffer et al., Phys. 

Rev. Mater. 6, 095401 (2022). Copyright 2022 by the American Physical Society.63 

While a soft mode is Raman active in the ferroelectric phase, the same mode may not be Raman 

active in the high-temperature phase, as activity is strictly governed by the symmetry of the 

phonon mode. IR spectroscopy may also probe a transition-relevant phonon modes, provided the 

symmetry requirements are met. However, the frequencies of most dipolar modes governing 

spontaneous polarization lie in the far-IR region, falling outside of the spectral range of typical 

mid-IR light sources. Therefore, THz-TDS instead is used to probe the phonon features within 

this lower frequency window. In this configuration, rather than detecting THz emission from the 

ferroelectric sample, an external broadband THz source is transmitted through the material and 
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subsequently detected. This allows for the collection of a THz absorption spectrum, which 

reveals low-frequency, IR-active phonon modes.  

 In addition to these optical approaches, structural characterization via single crystal X-ray 

diffraction and neutron scattering are standard tools for resolving the lattice structure across the 

ferroelectric phase transition. These structural techniques provide crucial additional support for 

the definitive identification of ferroelectric materials.  

1.6 New Family of 2D vdW Ferroelectrics, Niobium Oxydihalide (NbOX2) 

 Research on ferroelectrics was mainly focused on oxide perovskites and other 

piezoelectric ABO3 compounds until the identification of the first 2D vdW ferroelectric, 

CuInP2S6, in 2015,64 where robust ferroelectricity was later found to persist down to four atomic 

layers.65 Since then, tremendous effort has been devoted to identifying new 2D vdW 

ferroelectrics due to their potential for the next-generation transistors, nonlinear optics, and 

heterostructure photonics.66 The list of successful identified 2D ferroelectric has been growing, 

for example, ‌-In2Se3, SnSe, and more recently NiI2.67,68  

Meanwhile, the rapid growth of materials discovery provides new platforms for revealing 

the physics behind 2D ferroelectrics with extraordinary properties. The niobium oxydihalide 

(NbOX2) family was first predicted to be room-temperature 2D ferroelectric in 2019 by Jia et al., 

featuring rara in-plane ferroelectricity.69 In the NbOX2 family, the material crystallizes in the 

monoclinic C2 space group. A vdW monolayer is composed of NbO2X4 octahedral units, with 

Nb-O chains along the crystallographic b-axis and edge-sharing halogens (X) bridging adjacent 

Nb-O chains along the c-axis (Figure 1.14). Along the b-axis, the Nb atom is displaced from the 

center, leading to unequal Nb-O lengthsða Peierls distortion that results in spontaneous 

polarization. Soon after this theory prediction, the first experimental synthesis and 
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characterization of niobium oxydiiode (NbOI2) was presented by Fang et al. in 2021,69 

demonstrating in-plane polar distortion along the Nb-O polar axis and claiming circular 

photoluminescence and high optical anisotropy. What truly drew the attention of the ferroelectric 

community to this class of materials were the two subsequent studies in 2022 and 2023.70,71 In 

the former, Abdelwahab et al. uncovered a giant …  of NbOI2 through SHG, showing an 

effective …  larger than that of LiNbO3 and monolayer MoS2. Further strain engineering on 

NbOI2 flakes enhanced the SHG efficiency by up to 35-fold, demonstrating its promise for 

nonlinear photonic applications. In the later study published in 2023, Guo et al. demonstrated the 

first vdW-based spontaneous parametric down-conversion (SPDC) uding niobium 

oxydicholoride (NbOCl2). SPDC is a second-order nonlinear process that is the opposite of SHG, 

converting a photon into a pair of correlated photons at half the energy while conserving 

momentum. Compared with conventional SPDC devices based on LiNbO3,72 vdW material-

based SPDC devices are free from surface reconstruction and keep high nonlinearity down to 

sub-µm thicknesses. As a result, the demonstration of SPDC in NbOCl2 suggests that the NbOX2 

family is an extraordinary candidate even for quantum technologies featuring correlated photon 

pairs.  
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Figure 1.14: Crystal  structure of the NbOX 2 family (X = I, Br, Cl)  viewed (a) 

perpendicular to the bc-plane and (b) along the c-axis.  

 This thesis aims to explore novel fundamental interactions, photonic applications, and 

ultimately, a path to tuning and controlling the optical properties of the NbOX2 family. 

Specifically, Chapter 2 introduces the experimental methodologies and data interpretation 

frameworks utilized throughout this thesis. Chapter 3 discusses the coupling between the 

ferroelectric transverse optical (TO) phonon and electronic excitations in NbOI2. Chapter 4 

demonstrates giant THz emission from NbOI2 and its implementation in on-chip THz 

measurements. Chapter 5 explores ultrasonic and unidirectional transport of polarization waves, 

termed Ferrons, in NbOI2. Finally, Chapter 6 discusses the chemical tunability of narrow-band 

THz emission from the NbOX2 family through a phononic framework.  
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Chapter 2 : Experiment Methods 

This chapter overviews the general experimental methods utilized in this thesis. Detailed 

experiment condition may vary and will be mentioned in the later chapter or be pointed to a 

relevant reference if necessary.  

2.1 Preparation of NbOX2 flakes  

The NbOX2 family has one general concern: reactivity with moisture. While bulk 

samples can be prepared under air, preparation of thin flakes such as monolayer or sub-10-nm 

thick ones must be done in a glovebox to avoid degradation.  

Generally, a crystal of NbOX2 with large and flat surface is ideal for any purpose of 

samples. After mounting the crystal on top of a flat surface or tape (Figure 2.1a), first exfoliation 

with Scotch tape exposes a fresh surface (Figure 2.1b). Subsequent few attempts of tape 

exfoliation thin down the crystal and expose much fresh surface to increase to the density of 

samples within an area of 1 cm  1 cm, which is a common size for a substrate. Typically, three 

times of tape exfoliation is sufficient (Figure 2.1c). After exposing large enough area of fresh 

surface, an additional slip of tape picks up the flakes and is subsequently placed on top a target 

substrate (Figure 2.1d,e). This substrate can be fused silica, quartz, or SiO2/Si. The substrate 

with sample tape is then placed on a hot plate with a temperature of 75 ᴈ for around 10 minutes 

to maximize the surface adhesion between the flakes and substrate (Figure 2.1f). If a large 

monolayer is targeted, preprocessing of the substrate with air-plasma for 10 minutes is necessary. 

Then, the substrate with sample tape is removed from the hot plate and cools down for 30 second 

(Figure 2.1g). The speed of removing the tape can affect yield of general flake size on the 

substrate. Generally, fast removal of the tape produces thin and small flakes, while an 

intermediate speed (~ 1 second) of tape removal produces large (100 µm  100 µm) but thick 
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flakes above 100 nm (Figure 2.1h). After confirming presence of few desired flakes under a 

microscopy, we suggest immediate storage of the sample into an inner environment with 

extremely low humidity or loading into an air-free or N2-purged chamber for any measurements.  

 

Figure 2.1: Procedures for preparation of NbOX2 flakes under air . 

2.2 Sample Characterizations 

 Prior to most of optical and electrical measurements, a sample needs to be characterized 

to obtain basic information, such as crystallinity, thickness, crystal orientation, elemental 

composition homogeneity. As such, we use a variety of commercially available instruments to 

characterize a new sample. This includes powder X-ray diffraction spectroscopy (PXRD), optical 

microscopy, atomic force microscopy (AFM), scanning electron microscopy (SEM), energy-

dispersive X-ray spectroscopy (EDX), profilometer, scanning tunneling microscopy (STM), and 

transmission electron microscopy (TEM), etc.  
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2.3 Polarization-angle Resolved Reflection Spectroscopy 

 Reflection spectroscopy is a powerful technique to determine bandgap of a thin sample 

with thickness under 100 nm and to determine thickness of a flat sample with thickness more 

than 100 nm. Combining with a capability of varying polarization angle of incident light, we can 

reveal anisotropic information of a sample.  

In the current reflection spectroscopy setup, we focus on the response within visible (Vis) 

to near infrared (NIR) spectrum region. A schematic of the home-built polarization-angle 

resolved reflection spectroscopy is shown in Figure 2.2 below. First, broadband tungsten-halogen 

lamp as a light source generates white light covering Vis-NIR range. This white light is sent 

through a pin hole and a Fresnel lens to become a collimated light. This beam then passes 

through a linear polarizer and half-wave plate and is reflected by a 50:50 beam splitter with a 

small incident angle to maintain highly linearly polarized. Later, the white light is sent to a 

Nikon TE-300 inverted microscopy and focused on a targeted flake with a microscope objective. 

Using a 40X objective with a NA of 0.6, a spot size of 2 µm in diameter can be achieved. The 

reflected light is sent back through the same objective, transmitted the beam splitter, and focused 

on entrance slit of a spectrometer (Princeton Instruments HRS-300) equipped with a 150 gr/mm 

grating. 
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Figure 2.2: Schematic diagram of the home -built polarization -angle resolved 

reflecti vity spectroscopy.  

In order to determine the bandgap of a thin sample, we use differential reflectance 

defined by , where Ὑ is reflectance of substrate and ɝὙ is reflectance difference defined as 

ɝὙ Ὑ Ὑ, with ὙÄ as reflectance of the sample with a thickness of d. Differential 

reflectance is correlated with the imaginary part of the dielectric constant (‭Ƕ) by:73  

ɝὙ

Ὑ

ψ“Ὠὲ

‗
)Í
‭ ‭Ƕ

‭ ‭Ƕ
 

(2.1), 

where ‗ is the wavelength of photon, ὲ is the refractive index of ambient, and ‭ȟ‭Ƕȟ‭Ƕis the 

dielectric constant of ambient, the sample, and the substrate, respectively. This equation 

establishes only if ὨḺ ‗. If the substrate is transparent, and the measurement is taken in air, 

such that ὲ = 1 and ‭ is real. We can simplify the above equation to be: 
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(2.2), 

where ὲ, ὲ is the refractive index of the sample and substrate, respectively, ‌ is the 

absorption coefficient of the sample related to the extinction coefficient Ὧ. If the dielectric 

constant of the substrate is nearly a constant over the measuring range, the differential 

reflectivity change can be qualitatively correlated with the sampleôs absorptivity without solving 

the exact absorptivity:  

ɝὙ

Ὑ
ᶿ‌ 

(2.3), 

However, we should be cautious about using this correlation to locate the exact exciton 

absorption, since ὲ may have significant dispersion at the band edge.  

 While the estimate of the bandgap is applicable for only thin samples, differential 

reflectivity spectroscopy can also be applied to estimate the thickness of the sample if d is in the 

same order of ‗, the measuring window covers sufficiently wide range of the below-gap energy 

of the sample, and the refractive index (ὲ‫ ) is provided. Owing to little absorption at the 

below-gap energy, the incident light interferes strongly within the sample and results in an 

interference pattern shown in Figure 2.3 that can be analyzed with the following equation74: 

Ὠ
‗‗

ς‗ὲ ‗ὲ
 

(2.4), 

where ‗ and ‗ are wavelength of adjacent maximum peaks, ὲ and ὲ are the refractive index 

at  ‗ and ‗, respectively, and d is the sample thickness.  
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Figure 2.3: Reflectance collected from a 710-nm NbOI 2 flake on a quartz substrate. The 

polarization of incident light is parallel to the b-axis of the NbOI 2 flake, of which the bandgap is 

located at around 450 nm. 

2.4 Polarization-angle Resolved Raman Spectroscopy 

In a Raman spectrum, the majority of the incident photons scatter with the system 

elastically, resulting in Rayleigh scattering with the same photon energy. When inelastically 

scattering with phonon modes results in a down shift of the frequency of the scattered photons, 

these scattered photons are termed Stokes Raman scattering. On the other hand, the scattered 

photons with up-shift energy are termed anti-Stokes Raman scattering. 

 Since Raman tensors are in the form of a three-by-three matrix, often the Raman 

scattering intensity is polarization sensitive. By measuring the polarization angle dependence of 

the Raman scattering, we can deduce the symmetry information of each Raman scattering mode, 

because the distribution of Raman tensors is governed by the symmetry of the phonon. For 

example, a crystal belonging to a monoclinic C2 space group has its phonon to be either A or B 

symmetry, and the Raman tensor matrixes of A-symmetry and B-symmetry phonons must 

follow:75 

Ὑὃ
ὥ Ὠ
ὦ

Ὠ ὧ

ȠὙὦ

Ὡ
Ὡ Ὢ

Ὢ
 

(2.5), 
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while the C2 rotation axis must be along y-axis of the matrix. Combining with density function 

theory (DFT), polarization-angle dependent Raman spectroscopy identifies phonon modes with 

accurate symmetry information on top of energy matching with calculated phonon energy.  

 Figure 2.4 below shows a home-built polarization-angle dependent Raman spectroscopy 

with Nikon TE-300 inverted microscopy. A 633-nm HeNe laser is selected as light source. The 

beam is initially filtered by a laser-line filter to narrow down the width of laser energy, and 

linearly polarized with a linear polarizer. The filtered beam is reflected by a 90/10 beamsplitter 

filter (Ondax), where 90% of the incident laser with a full width at half maximum (FWHM) of 

10 cm-1 is reflected and sent toward half-wave plate before entering the microscope. The beam is 

then focused on a sample with an objective (40X, NA = 0.6) and sent through the same objective. 

The scattering signal transmits through the same half-wave plate and the 90/10 beamsplitter 

filter, entering the second half-wave plate and the second linear polarizer. The second set of half-

wave plate and linear polarizer is often called analyzers, enabling control on the selection of 

polarized scattering light, allowing either parallel or perpendicular component (with respect to 

the polarization of the incident light) to be collected. The scattering signal subsequently passes a 

pair of Notch filters to significantly reduce Rayleigh scattering before being focused on to the 

entrance slit of the spectrometer used in the reflectivity spectroscopy.  
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Figure 2.4: Schematic diagram of the home -built polarization -angle resolved Raman 

spectroscopy. 

2.5 Transient Reflectivity and Coherent Phonon Spectroscopy 

 Since Raman spectroscopy collects spontaneous Raman through scattering photons, the 

weak intensity of spontaneous Raman intensity often requires long exposure time to accumulate 

sufficient photons and lower background noise. With long exposure time in a time scale of 

minute, Raman spectra can be contaminated with significant random cosmic ray. On the other 

hand, coherent phonon spectroscopy resolves Raman signal through measuring change in 

reflectance or absorption induced by excitation of Raman modes. 

The generation mechanisms for coherent phonon include impulsive simulated Raman 

scattering (ISRS) and displacive excitation of coherent phonons (DECP). Figure 2.5 shows 

schematic description of these two excitation mechanisms.76 In ISRS process, coherent phonons 

are generated through coherent Raman scattering within the time duration of the pump pulse 
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width. For DECP, optical transition is involved such that a non-equilibrium excited state is 

generated via a short pulse and lattice vibrates starting from a displaced phonon coordinate. Only 

the total symmetric mode is eligible being excited through the DECP mechanism. Presence of 

coherent phonon modulate the dielectric environment and thus the probed reflectivity. The 

change in reflectance can be expanded by refractive index then the first-order Raman tensor:76  

ɝὙ
‬Ὑ

‬ὲ
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‬Ὑ

‬…

‬…

‬ὗ
ὗ 

(2.6) 

The Raman tensor, , can be selectively probed by choosing polarization of probe and in 

principle the same as the Raman tensor probed by spontaneous Raman scattering.  

 

Figure 2.5: Schematic diagrams describing (a) impulsive stimulated Raman scattering 

and (b) displace excitation of coherent phonon mechanisms.  

Figure 2.6 below provides a schematic diagram of a home-built coherent phonon 

spectroscopy. In short, the pump and probe beams are generated from the fundamental output 

(800 nm) of a ultrafast Ti:sapphire regenerative amplifier (Coherent Legend, 10 kHz). The 

wavelength of the pump beam can be further tuned by a home-built noncolinear optical 

parametric amplifier (NOPA). The pump beam is then chopped by a mechanical chopper to 

reduce repetition rate to 5 kHz before being focused on a sample for excitation. In the probe 

beam part, we generate broadband probe covering the visible-light range by focusing the 800-nm 
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probe beam onto a c-cut sapphire plate. This white light then passes half-wave plate and linear 

polarizer for selection of a polarization direction before overlapping with the pump beam on the 

sample spot. The reflected white light signal is then focused on a 600 gr/mm diffraction grating 

blaze to be dispersed before being focused on a line-scan CCD camera.  

 

Figure 2.6: Schematic diagram of the home -built coherent phonon  spectroscopy. 

2.6 Second Harmonic Generation 

 Intuitively, second harmonic generation (SHG) is one of a second-order nonlinear optical 

process, converting two incident photons to a single photon with twice the energy. This process 

can be represented by the equation below describing two interactive fields under the electric-

dipole approximation:11  

ὖ ‐… ὉὉ

ȟ

 
(2.7), 

where ὖ  is the polarization driving SHG, …  is a 3rd rank second-order nonlinear 

susceptibility tensor, and Ὁ, Ὁ are electric fields of two incident photons with the same 
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frequency.  To have a SHG process, a non-centrosymmetric medium is required to have a non-

zero … . As such, the SHG measurement is a direct method to determine if a system possesses 

an inversion operation. For example, upon transitioning into paraelectric phase from ferroelectric 

phase, the SHG signal disappears in response to the transition into a centrosymmetric 

symmetry.77  

 Figure 2.7 below shows a schematic diagram of a home-built polarization-angle resolved 

SHG microscopy. We use the fundamental output of a Ti:sapphire oscillator operating at 82 

MHz repetition rate as the light source. The incident light first passes a linear polarizer to ensure 

polarization purity, and is then reflected by a short-pass dichroic mirror in an inverted 

microscope. The reflected incident beam then transmits through a broadband achromatic half-

wave plate covering the wavelength of both the fundamental and harmonic signal. The incident 

light is then focused on a sample plan with an objective. Both the residual and SHG signal are 

collected by the same objective and transmit through the same half-wave plate. Only the short-

wavelength SHG transmits the dichroic mirror and is directed to a photomultiplier tube (PMT). 

Two more short-pass filters are placed before the PMT to block the residual fundamental light. 

 

Figure 2.7: Schematic diagram of the home -built SHG spectroscope setup. 
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2.7 Terahertz Time-domain Spectroscopy 

 Terahertz time-domain spectroscopy (THz-TDS) measures THz waveform in time-

domain, collecting both amplitude and phase of the incoming THz wave. The THz spectrum 

window typically is defined between 0.3 to 10 THz, which is the so-called THz gap (1 mm ï 30 

µm) and covers the excitation energy of plasmon, phonon, correlation gap such as 

superconductor gap in fundamental science.78,79 Owing to this energy scale the rise of correlated 

quantum materials, the THz detection techniques have drawn significant attention in the last 

decade.80,81  

 In THz-TDS, the detection mechanism is different from a typical UV-Vis-IR detector, 

which collect incident photons and convert photon counts to electrical signal in voltage to be 

recorded directly. The THz detection often uses electro-optical (EO) sampling to record THz 

waveform,82 requiring an additional ultrafast probe pulse. The EO sampling relies on linear EO 

effect or the Pockels effect, where the refractive index of a medium changes proportional to the 

amplitude of the applied electric field:83 

ɝ
ρ

ὲ
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(2.8), 

where n is the refractive index of the medium, ὶ  is the linear EO σ σ σ tensor matrix 

defined in a cartesian coordinate. Since the change in n is small within the linear range, the 

above equation can be approximated to be: 
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(2.11), 

where a linear relation between ɝὲ and the electric field E exists. In the THz EO sampling, the 

source of the electric field is the THz waveform, a time-dependent electromagnetic wave. For 

simplicity, ὶ  is represented as ὶ , and Ej is represented as ETHz parallel to one of the cartesian 

axes. The induced birefringence, ɝὲ, is then measured by the phase retardation (ɜ) of the 

ultrafast NIR pulse through: 

ɜ
ς“ὒ

‗
ɝὲ 

(2.12), 

where L is the thickness of the EO crystal, and ‗ is the wavelength of the probe pulse. As a 

result, both the amplitude and the phase of ETHz can be measured via the EO sampling. 

 Next, we describe the experimental setup of the home-built THz-TDS. A schematic 

diagram is shown in Figure 2.8. First, since THz wave can be significantly absorbed by rotation 

modes of water, the THz generation, THz propagation path, and the EO sampling need to be 

performed in an isolated box purged with dry air or N2. We use the two-color air plasma method 

to generate broadband THz waveform. Along the THz generation path, an 800-nm pulse 

operating at 5 kHz with pulse duration of 30 fs is focused on a beta barium borate (BBO) to 

generate a 400-nm pulse. The two pulses co-propagate and are chopped at 5 kHz before being 

focused on air or N2 to generate intense air plasma that emits broadband THz emission. The 

emitted THz emission is collimated by an off-axis parabolic mirror, transmitted through a Si 

wafer which is for blocking the residual NIR pump, filtered by a wire-grid polarizer to form a 

polarized THz waveform, and focused on a sample with another parabolic mirror. The diameter 

of the focused THz wave is around 1 mm. After passing through the sample, the THz wave is 

then collimated and focused on a EO crystal. Along the probe path, a separate and much weaker 
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800-nm pulse passes a half-wave plate and subsequently a linear polarizer to have its polarization 

aligned with the optical axis of the EO crystal. The probe pulse co-propagates with the THz 

waveform in the EO crystal, the passes a quarter-wave plate for signal amplification, and is 

separated into two linear polarized beams by a Wollaston prism before being collected by a 

balanced detector. The collected signal is further amplified by a box car and subsequently a data 

acquisition card (DAQ) before entering a computer.  

 Alternatively, the THz generation can be generated through exciting a sample through 

either optical rectification or shift current. The former relies is the DC component, optical 

rectification, of the second-order nonlinear optic process, while the later relies on photocarriers 

generated by above-gap excitation. The optical rectification process can be generated with a 

below-gap pulse and is described by:11 

ὖ π ‐… πȠ ‫ȟ‫Ὁ‫Ὁᶻ

ȟ

‫  
(2.13), 

Since the measured THz field is proportional the polarization, ὖ π, the THz field is linearly 

proportional to ȿὉȿ Ὅ, the excitation intensity.  
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Figure 2.8: Schematic diagram for a home -built THz -TDS setup. The blue region is a 

isolated box that can be purged with either dry air or N 2. The THz waveform can be generated 

either through two -color air-plasma or through exciting a noncentrosymmetric sample.  
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Chapter 3 : Coupling of Electronic Transition to Ferroelectric 

Order in NbOI 2 

Ferroelectric polarization is governed by a unique transvers-optical (TO) phonon mode 

featuring a double-well potential with minima at two non-zero polarization with opposite signs.84 

Regardless order-disorder or displacive type ferroelectric transition, this TO mode directly 

contributes to the spontaneous polarization of a ferroelectric system. As such, excitation of the 

ferroelectric TO mode is expected to induce fluctuating polarization and Coulomb interaction 

with electrons in the system if there is any. The Fröhlich interaction, however, does not describe 

the long-range interaction between a charge and the TO phonon, because within the harmonic 

approximation the opposite phase of TO phonons along the momentum does not constitute net 

long-range dipole moments.85,86 We revisit this fundamental interaction between the TO phonon 

and electron in the 2D vdW ferroelectric NbOI2. Particularly, the ferroelectric phonon is 

characterized with non-zero spontaneous polarization and anharmonic double-well potential that 

are not within the scope of the Fröhlich interaction.  

In this chapter, we first characterize the fundamental optical properties of NbOI2, 

including the lattice structure, anisotropic optical transitions, and phonon modes. The 

ferroelectric phonon is identified through the combination of polarization-angle resolved Raman 

spectroscopy, THz-TDS, and the first-principles DFT. We then launch the ferroelectric phonon 

mode driving fluctuation along the spontaneous polarization, and show break-down of the 

Raman selection rule across the optical transition. This chapter is adapted from ref 87. This work 

is a collaborative work with many inputs from different research teams, including Dr. Daniel G. 

Chica for the synthesis of NbOI2 crystals, Dr. Zhi-Hao Cui for the first-principles calculation, Dr. 

Taketo Handa for the THz-TDS, Dr. Valentina Bisogni for the resonant inelastic X-ray scattering 
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(RIXS), Dr. Morgan Thinel for the scanning tunneling microscopy (STM), and Dr. Yinming 

Shao for the NIR IR reflectivity measurement. Additional details of experiments and first-

principles calculation are list in ref 87. 

3.1 Anisotropic Structure and Optical Properties 

 Millimeter-size single crystal of NbOI2 was grown with the chemical vapor transport 

method (Figure 3.1a). The phase purity was confirmed through PXRD shown in Figure 3.1b. 

NbOI2 has a vdW layered monoclinic structure in the C2 space group. As shown in Figure 3.2a, 

along the crystallographic b-axis, the Nb atoms are displaced from the center of the octahedral, 

leading to unequal Nb-O bond lengths and spontaneous polarization along the same axis. We 

confirmed the local structure of a freshly-cleaved surface with STM shown in Figure 3.2(b,c), 

where the rectangular in-plane structure shows consistent lattice parameters obtained from the 

single-crystal X-ray diffraction. We showed an anisotropic electronic structure in Figure 3.2d 

using differential reflectivity spectroscopy, which reveals above-gap transition at 2.3 and 2.6 eV 

along the c-axis. In contrast, similar optical transition feature is absent along the b-axis, with a 

weak onset in absorption at around 1.1 eV shown in Figure 3.2(e,f). This weak transition onset is 

attributed to an indirect optical transition. We further examined the robustness of the 

ferroelectricity with temperature dependent Raman and SHG. As shown in Figure 3.3, the 

ferroelectricity stays up to 573 K.  
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Figure 3.1: Large and highly crystalline NbOI 2. (a) Picture of as-grown NbOI 2 crystals on 

mm-scale sheet. (b) PXRD patterns of the NbOI2 crystal overlapping with simulated patterns 

from a public source. 

 

Figure 3.2: Summary of anisotropic crystal structure and electronic structure of NbOI 2. 

(a) Crystal structure of  NbOI 2 in vdW plane . (b) STM image of cleaved NbOI2 single crystal. The 

inset is the FT of the topography. (c) Height profiles of the line cuts shown in (b), giving lattice 

constants of 0.388 and 0.741 for the b- and c-axis, respectively. (d) Polarized differential 

reflectance of a 7-layer NbOI 2 flake mounted on z -cut quartz. (e) Polarized reflectance spectra of 
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bulk NbOI 2 extending to IR range. (f ) Imaginary dielectric constants of NbOI 2 extracted from (e) 

showing onset of an indirect gap around 0.5 eV.  

 

Figure 3.3: a. Optical measurements with temperature dependence of bulk NbOI 2 

above room temperature. (a) Temperature dependent polar plot of the SHG intensity as a 

function of incident polarization. The zero degree is parallel to the b-axis. (b) temperature 

dependent Raman spectra monitoring the ferroelectric mode centering at 3.137 THz (P2 mode). 

The results shown in (a,b) disagree with the phase transition temperature of NbOI 2 reported in 

ref X that claims ~463 K. (c) FWHM and ( d) center frequency of P1 and P2 mode as a function of 

temperature. The FWHM values in ( c) are were extracted from (b) by performing the Lorentzian 

function fitting. All error bars represent one standard deviation and 95% confidence intervals.   

3.2 Highly Anisotropic Optical Phonons  

 We next measured the phonon frequencies and the associated symmetry by performing 

polarization-angle resolved Raman spectroscopy with incident light perpendicular to the bc 
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plane. The polarization of the scattered signal is set to be parallel (pp) or crossed (cp) with 

respect to the incident polarization to probe full Raman tensors. Here, we referenced the incident 

polarization angle (—Ј) to the c-axis. Figure 3.4a and b show pseudo-color plots of Raman spectra 

with pp and cp configuration, respectively. Additionally, polar plots of the Raman intensities 

from the strongest Raman peak at 3.137 ± 0.002 THz (104.5 cm-1, referred as P2 in the rest of 

main text) as a function of incident polarization angle are shown in Figure 3.4c, representing a 

highly anisotropic phonon mode with the b-axis as the preferentially allowed axis in pp 

configuration. In the cp configuration, the polar plot shows four-fold symmetry with diagonals 

maxima between the b- and c-axes.  

 

Figure 3.4: Polarization -angle resolved Raman spectra and Symmetry analysis with 

below -gap excitation. (a, b) Psudo-color plots of polarization -angle resolved Raman spectra of 

NbOI 2 at room temperature with parallel polarization (pp)  (a) and crossed polarization (cp) (b) 

configuration. The incident polarization is on the yz plane with y defined along the b-axis and z 
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defined along the c-axis. The Raman scattering intensity is represented by the color bar. (c) Polar 

plot s extracted from spectral cut at 3.137 THz mode in (a) and (b). Fitting curves through global 

fit to both pp and cp date with Eq 3.1 and 3.2, respectively, are represented by solid lines. (d) PP 

Raman spectrum with incident light polarized parallel to either the b or c-axis. (e) Modeled PP 

Raman spectrum at 300 K with incident light polarized to either the b or c-axis. (f) Modeled 

polar plot of the phonon mode with a calcul ated frequency of 2.830 THz. An empirical term, 

ἫἷἻⱴÃȤÂ, considering finite absorption in the experiment was included. The value of ἫἷἻⱴÃȤÂ 

was determined from the tensor fit of the P2 mode.  

Since the Raman intensity as a function of incident polarization angle is governed by the 

symmetry of the Raman mode, we performed Raman tensor analysis to determine symmetry of 

each Raman active phonon. Because NbOI2 belongs to the C2 space group, the symmetry of its 

phonon modes is regulated to be either A or B. The Raman intensity (I) as a function of the 

incident polarization angle is described by the equations below:75,88,89 

Ὅȟ᷆ᶿȿὧȿcos— ȿὦȿsin— ςȿὦȿȿὧȿcos—sin—ÃÏÓ•cb ὦὫ (3.1), 

Ὅȟᶿ
ρ

τ
ȿὧȿ ȿὦȿ ςȿὦȿȿὧȿÃÏÓ•cbsinς— ὦὫ 

(3.2), 

Ὅȟ᷆ᶿȿὪȿsinς— ὦὫ (3.3), 

ὍȟᶿȿὪȿcosς— ὦὫ (3.4), 

where b, c, f represent Raman tensor elements, ÃÏÓ•cb represents phase difference between the 

b and c tensor elements,89 and bg represents finite isotropic background signals. As a result, the 

polarization dependent Raman intensity of the P2 mode is well fitted by eq (3.1) and (3.2), 

suggesting that the P2 mode belongs to A symmetry. Additionally, we extract line-cuts of Raman 

spectra at —Ј π and —Ј ωπ, corresponding to the polarized Raman spectra along the c- and b-

axis, respectively, showing the anisotropy of all the Raman active modes in Figure 3.4d. The 

polarized Raman spectra agree with theoretically modelled Raman spectra calculated by first-

principles density functional theory (DFT) shown in Figure 3.4d. Particularly, the anisotropy of 

the P2 mode is confirmed with excellent agreement as shown in Figure 3.4e. We notice the 
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discrepancy in the mode order the P1 mode, a small-shoulder peak near the P2 mode, is red-

shifted in the experiment but blue-shifted in the DFT result. This may be attributed to phonon 

anharmonicity which is evidenced by the temperature dependence of the phonon FWHM and 

phonon frequency shown in Figure 3.3c and d. Combining DFT results, experimental Raman 

spectra, and the tensor analysis of each phono mode (Figure 3.5), we complete the assignment of 

all the experimentally observed phonon modes in Table 3.1. Of particular interest is the P2 mode, 

which corresponds to the ferroelectric TO mode, and we focus on this mode in the rest of this 

chapter. 

 

Figure 3.5: Polar plots and tensor analysis for the experimentally observed phonon 

modes. (a, b, d, f ) Phonon modes that can be described by A-symmetry. (c, e) Phonon modes 

that can be described by B-symmetry. Phonon modes under B-symmetry show intensity 

deviation from fitting curves.  This is potentially due to the relative low intensity and signal 

noise ratio. 
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Table 3.1: Calculated Raman-active phonon modes of NbOI2 with their symmetry 

assignment at RT.  

Phonon 

mode 

Calculated 

frequency 

(THz) 

Experimental 

frequency 

(THz) 

Raman tensor* Symmetry 

1 0  πȢπππππππππȢπππππππππȢπππςχπφρ
πȢπππππππππȢπππσφπψρρ
πȢπππςχπφρπȢπππππππππȢπππςχπφρ

 
A 

2 0  πȢππσχψψυσπȢπππππππππȢππτψχπωφ
πȢπππππππππȢπππςχπφρπȢππππππππ
πȢππτφππσυπȢπππππππππȢππτωφρρχ

 
A 

3 0  πȢππτςσωυτπȢπππππππππȢππυρτρυχ
πȢπππππππππȢπππωπςπσπȢππππππππ
πȢππυτρςρψπȢπππππππππȢππφφχυπς

 
A 

4 1.614  πȢππππχφςφπȢςυφυυςφςπȢπππωρυρχ
πȢςυφχπυρτπȢπππσπυπφπȢρψρσυφρφ
πȢπππχφςφτπȢρψρτσςτςπȢππρρτσωφ

 
B 

5 1.788  πȢπτφχωσωτπȢππππππππȢππρςωωψσ
πȢπππππππππȢφπτχςχφςπȢππππππππ
πȢππρτυςχυπȢπππππππππȢπσψφψωρρ

 
A 

6 1.960  πȢππρωωσχσρȢρφρψπχςυπȢππτσχπψχ
ρȢρφρχσπυφπȢππππχφφψπȢςψωσςπχυ
πȢππυψςχψςπȢςψωσςπχυπȢπππωςπρψ

 
B 

7 2.381  πȢχτπυχχσςπȢπππππππππȢςφςωπρσφ
πȢπππππππππȢρχστχρψππȢππππππππ
πȢςφσρχπχςπȢπππππππππȢτυστσσπρ

 
A 

8 2.829 3.137 ρȢφωσπττωππȢπππππππππȢςφρτςπυτ
πȢππππππππφȢωπχςπσρτπȢππππππππ
πȢςφπρπχψρπȢππππππππσȢςσςυππυφ

 
A 

9 2.832  πȢππρχχςψςπȢπωψυτψπφπȢπππφςυχπ
πȢπωψψφπωρπȢππρςυρτππȢυφρψψπσψ
πȢππρχχςψςπȢυφτυωρχφπȢππυωττρχ

 
B 

10 2.990 2.978  πȢυπσσρπωψπȢπππππππππȢυωφωψρπς
πȢππππππππρȢφτωχχυψχπȢππππππππ
πȢυωφχρφρχπȢπππππππππȢςπρπςτςς

 
A 

11 3.188  πȢσφφχςψςχπȢπππππππππȢπωψρφσψρ
πȢπππππππππȢπχωχσχχςπȢππππππππ
πȢπωψτπψτρπȢπππππππππȢςσςψυσχπ

 
A 

12 3.415  πȢππςςφφρυπȢπςφπςρφχπȢππτυσςσπ
πȢπςφτωπυσπȢπππςσττσπȢρρσρυρςω
πȢππφχςπσρπȢρρσφςπρτπȢπππωσχχς

 
B 

13 3.941  πȢππσυτχπρπȢρχχωπςρςπȢππρψωρχτ
πȢρχψσχυπφπȢππρπςτφωπȢυσψρωωςτ
πȢπππυυρχφπȢυσφυτσωχπȢπππσρυςω

 
B 

14 4.202 4.334 υȢφωφσψχςππȢππππππππρȢυυπτπτχπ
πȢπππππππππȢσσττςφστπȢππππππππ
ρȢυυρφρυυρπȢππππππππρȢτςωψψψυς

 
A 
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15 4.941 5.331 πȢππσυχχψρπȢφςρωςψτρπȢπππχψυσχ
πȢφςστωωρυπȢππππππππςȢρπυτωψφρ
πȢπππρχτυσςȢπωχυυχφςπȢππρωρωψπ

 
B 

16 5.951  ςȢψπςτσρσψπȢππππππππσȢψωωωςσψτ
πȢπππππππππȢρωωφρυψχπȢππππππππ
σȢψωψςυφχςπȢππππππππςȢυφτςπψτψ

 
A 

17 6.225 6.236 ςȢςχυφςωττπȢππππππππρȢψτχσφρφω
πȢπππππππππȢωπρφπωσππȢππππππππ
ρȢψτχψωσυτπȢππππππππφȢπφτσυφσσ

 
A 

18 6.630 7.005 πȢπρπυρχχφρȢπυρσωσωσπȢππχςφφψς
ρȢπυυςρψυχπȢπππυχσχπςȢχπυυυρσυ
πȢπρπρσυσπςȢφωφρψπωψπȢππσψςτφτ

 
B 

19 6.646  πȢππχσχυυςπȢςσχπχπςτπȢπρπυσφτφ
πȢςσψφυπχρπȢππππππππςȢςωττψψχπ
πȢπρτωςφφτςȢςψφωσχυχπȢππτυφυψπ

 
B 

20 6.685  πȢυτφπςψρςπȢππππππππρȢσσυωυωψω
πȢπππππππππȢππτσφφυφπȢππππππππ
ρȢσσψφφσπππȢπππππππππȢσωςσφφχτ

 
A 

21 8.000 8.142 πȢπφωφφστωπȢπππππππππȢςτωυσυσυ
πȢππππππππρȢχτςρτππψπȢππππππππ
πȢςτωυσυσυπȢππππππππρȢςπςυςττω

 
A 

22 8.113  πȢππχρφστωρȢττπφωτψυπȢπρστωτπς
ρȢττςρωτρωπȢπππτωωχψπȢτρπρυρυφ
πȢπρρσςψσρπȢτρπφυρστπȢππρψσςυς

 
B 

23 14.218  πȢππσυςωψφπȢψχρςυρψσπȢππσωτυρσ
πȢψχρφφχρρπȢπππψσπυυσȢπςπυρωφυ
πȢππψπωχωρσȢπρωτψρτυπȢπςχςππφφ

 
B 

24 14.335  φȢσρψωρχψσπȢππππππππυȢσυτρρψχπ
πȢππππππππτψȢρρςωππφτπȢππππππππ
υȢσυρψτφρυπȢππππππππςτȢωρπτρρρψ

 
A 

*The coordinate of Raman tensors is based on primitive cell of NbOI2 instead of unit cell. The 

high-symmetry C2 axis is aligned with the b-axis of NbOI2.  
 

 

3.3 Coherent Phonon Coupling to Electronic Transition  

We carry out ultrafast pump-probe coherent phonon spectroscopy (CPS) to probe how the 

electronic transition couples to phonons in NbOI2. We use an excitation laser pulse (pulse width 

~ 150 fs) centered at hɜ1 = 2.58 eV, which is resonant with the second above-gap transition, with 

light incidence normal to the surface and polarization parallel to the c-axis. Figure 3.6a and b 

show the transient reflectivity spectrum (ȹR/R0, where R0 is reflectance without the pump and 
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ȹR is the pump-induced change in reflectance), probed by a broadband pulse (hɜ2 ~ 1.46 ī 2.50 

eV) polarized parallel to the c- or b-axis, respectively. In transient reflectance probed along the 

optical transition allowed direction (c-axis), there is a clear signature of exciton bleaching at ~ 

2.20 ī 2.35 eV, with periodic modulation of the signal arising from coherent phonon(s). The 

clear oscillatory signals at delay times > 30 ps without subtracting the electronic signal 

demonstrate the long coherence time at room temperature with a decay constant of ~ 30 ps. 

Figure 3.7 shows further time domain analysis, including the Gaussian fit to the FT peak, short-

time Fourier transform analysis, and fitting of the dephasing time. The full kinetic trace of 

exciton bleaching can be described by a long decay time constant of Űd =5.6 ± 1.2ns (Figure 3.8). 

After the removal of the incoherent decay component, the Fourier transform (FT) of the residue 

coherent signals (Figure 3.6c and d) gives a single frequency centered at 3.125 ± 0.001 THz with 

a FWHM of 0.038 ± 0.001 THz (Figure 3.7a). This oscillatory frequency closely matches the 

frequency of the P2 phonon mode observed in polarization-angle resolved Raman spectra. 
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Figure 3.6: Coherent phonon spectra reveal the dominant TO  mode. (a, b) Transient 

reflectivity spectra of NbOI 2measured at room temperature for probe polarization parallel to the 

c- (a) or b-axis (bȺȭɯ3ÏÌɯÊÖÓÖÙɯÉÈÙɯÐÕËÐÊÈÛÌÚɯÛÏÌɯÔÈÎÕÐÛÜËÌɯÖÍɯͅR/R0. c FT of the oscillatory 

components extracted from (a, b) at off-resonant probe region (1.55 eV). (d) FT of the oscillator 

components extracted from (a, b) at resonant probe region (2.30 eV). 
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Figure 3.7: Detailed time -domain analysis of transient reflectivity probed at 2.30  eV. 

(a) Transient reflectivity as a function of pump -probe delay. Inset: Fourier transform (FT) of the 

oscillatory component (black line) and the red dash line is a Gaussian fit giving a peak position 

of 3.125 ± 0.001 THz and a FWHM of 0.038 ± 0.001 THz. Error bars indicate one standard 

deviation. (b) Short-time Fourier transform (STFT) of the oscillatory component probed at 2.30 

eV. A window size of 100 (1 ps) is used. The frequency of the 3.1 THz remains the same 

throughout the whole probing window. (c) Fit (black line) of dephasing time of the oscillation 

amplitude probed at 2.30 eV gives an exponential decay of 29.32 ± 2.08 ps. 

 

Figure 3.8: Transient reflectivity spectrum of NbOI 2 at room temperature  with delay 

time extended to ~ 7 nanosecond (ns). (a) 2D Image of the transient reflectivity with the 

polarization of probe light is parallel to the c-axis. (b) Kinetic trace of exciton bleaching 
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extracted from the left color map. The intensity is integrated within 2.24 ɬ 2.33 eV region. We 

use multiexponential reconvolution fit with a gaussian function to extract the long -decay 

component ϧlong = 5.6 ± 1.2. 

The polarization dependencies of the CPS spectra for resonant and off-resonant probes 

show key differences. When probed with photon energy below the excitonic transition (off-

resonant, Figure 3.6c), the phonon mode dependence is highly anisotropic. The FT amplitude of 

the 3.125 THz peak is prominent with probe polarization along the b-axis (Ib) and more than one 

order of magnitude lower with polarization along the c-axis (Ic). The ratio Ic/Ib ~ 0.1 from CPS 

data (Figure 3.6c) is close to the ratio Ic/Ib = 0.16 obtained from Raman spectroscopy (Figure 

3.4c), consistent with the symmetry of the Raman tensor. Moreover, the FWHMs of the peaks 

measured by CPS (0.038 ± 0.001 THz),) and Raman spectroscopy (0.039 ± 0.002 THz) are 

essentially the same. We conclude that with a non-resonant, below-gap probe, the P2 phonon 

mode revealed in CPS is determined by the same Raman tensor90 as in the spontaneous Raman 

spectroscopy. 

By contrast, when we use a resonant probe (Figure 3.6d), the CPS spectrum reveals the 

breaking of the selection rule dictated by the Raman tensor. The weak coherent phonon 

amplitude for probe polarization along the c-axis becomes dominant with the resonant probe. 

The FT amplitude ratio Ic/Ib for the P2mode increases from ~ 0.1 with the off-resonant probe to 

2.6 with the resonant probe. We attribute the emergence of the intense symmetry-forbidden P2 

mode to the strong coupling between the P2 mode and the above-gap electronic transition. This 

coupling can result from the displacement along the P2 phonon coordinate in the potential energy 

surface corresponding to the optical transition due to the strong electron-phonon coupling 

associated with the conduction band. Since the above-gap electronic transition is related to 
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carrier generation, this strong coupling suggests the polaronic feature of the photoexcited 

carriers.91,92 As we show below, the P2 mode is identified as a TO phonon mode. 

3.4 TO Phonon Characters Revealed by THz-TDS and First-principles Calculation 

To reveal the nature of the P2 phonon mode, we performed terahertz time-domain 

spectroscopy (THz-TDS) measurements in transmission geometry on a free-standing NbOI2 

crystal with thickness ~ 2.6ɛm (Figure 3.9). Because the transverse nature of electromagnetic 

wave only allows excitation of TO phonon modes, THz-TDS directly probes TO phonons. 

Figure 3.10a and b show the time domain waveforms and their corresponding FT spectra along 

the b- (red) and c- (blue) crystallographic axes, respectively. A full spectrum of THz absorption 

in frequency domain is shown in Figure 3.11. The strong THz absorption peak is observed at 

3.130 ± 0.008 THz (Figure 3.10b), and this frequency is the same as that of the exclusive mode 

observed in CPS (reproduced in Figure 3.10c), and the main phonon peak observed in Raman 

spectra (the P2 mode, reproduced in Figure 3.10d). These experiments confirm the TO nature of 

the P2 phonon mode. Therefore, we establish that the P2 TO mode is the only phonon mode that 

couples to the electronic transition, whereas no contribution from LO phonons is found. The 

absence of the commonly observed electron-LO-phonon coupling points to the uniqueness of a 

ferroelectric semiconductor. 
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Figure 3.9: Summary of the suspended NbOI 2 samples for THz -TDS measurements. a. 

Fabrication schematic for the preparation of thin flakes of NbOI2 suspended over a pinhole. (1) 

Bulk NbOI 2 crystal is cleaved with thermal release tape (TRT); (2) the NbOI2 flake on the TRT is 

thinned by cleaved with Scotch tape; (3) the thinned NbOI 2 flake is mounted to a pinhole with 

double sided Kapton tape (DSKT); (4) the sample assembly is heated to 135ƺC to remove the 

thermal release tape. (b) Image of bulk NbOI 2 crystal mounted to a glass microscope slide with 

DSKT. Excess DSKT has been removed such that only the bulk crystal is exposed. (c) Image of a 

NbOI 2 thin flake mounted on a pinhole with DSKT before TRT removal. (d) Image of a NbOI2 

thin flaked mounted on the pinhole after TRT removal. (e) Optical microscope image of the 

exposed area of the NbOI2 thin flake taken through the pinhole. The crystal thickness is 

determined based on the method reported in ref. 74. 
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Figure 3.10: Confirmation of the Ferroelectric TO mode.  (a, b) Polarization -dependent 

3'áɯÈÉÚÖÙ×ÛÐÖÕɯÚ×ÌÊÛÙÈɯÖÍɯÈɯƖȭƚɯϟÔɯÛÏÐÊÒɯ-É.(2 in (a) time domain and ( b) frequency domain, 

respectively. The reference signal represents the THz signal without transmitting through the 

NbOI 2 sample. The shoulder peak at 3.044 ± 0.023 THz does not match the shoulder peak found 

in the Raman spectrum with its Raman shift being 2.98 THz. We assign the 3.04 THz mode to a 

different TO phonon with a relatively low Raman cross -section which is nonetheless IR active. 

(c) FT spectra of the oscillatory component at exciton-resonant region obtained from CPS. (d) 

Co-polarized Raman spectra of NbOI2 with off -resonant pump. (e) Calculated phonon 

dispersion based on first-principles DFT calculation with selected q directions. Here, A  denotes 

a vector perpendicular to the bc-plane, whereas Y denotes a vector parallel to the the b-axis. 

Color contrast represents different levels of transverse or longitudinal character. (f ) Atomic 

motions (represented as blue arrows) of the TO phonon mode at 2.830 THz (calculated 

frequency of the P2 mode) viewed perpendicular to  the bc-plane (top view) and along the c-axis 

(side view). Note that for graphing clarity, the length of the eigenvectors shown as arrows here 

do not represent the relative amplitude. The ratio of the relative amplitude of the eigenvectors 

for Nb and O ( lNb/lO) is ~ 3.9. 
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Figure 3.11: Full spectrum of the polarization -dependent THz absorption in frequency 

domain.  

To support our interpretation of experimental results, we theoretically model the phonon 

dispersion using DFT (Figure 3.10e) and reveal the atomic motions that underlie the TO phonon 

mode (Figure 3.10f). By computing the inner product of eigenvectors and phonon momentum, 

we can estimate the TO and LO character of each phonon mode at different momentum vector q 

in the phonon dispersion. Here, we define an inner product value of 0 as a full TO character, 

while a value of unity is defined as a full LO character. Along the ũīA direction (perpendicular 

to the bc plane and parallel to the q adopted in all the optical experiments), the 2.830 THz 

phonon mode (3.130 THz from THz-TDs) is essentially purely TO near the zone center ũ, 

corroborating our THz-TDS results that indicate strong TO character of the P2 phonon mode. 

The same mode (2.830 THz along ũīA in DFT) becomes highly longitudinal along the ũīY 

direction (parallel to the b-axis), and shifts to 3.128 THz (Figure 3.12 shows a clear track of the 

P2 mode near the ũ point). The discontinuity of frequency around the zone center, with the LO 

mode shifting to a higher frequency, is a signature of a polar phonon.93 The TO-LO splitting at 

the zone center is ~ 1.21 meV in our calculations, manifesting the polar nature of this phonon 

mode along the direction associated with ferroelectric order. 
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Figure 3.12: Phonon dispersion of the P2 phonon mode near the  ̈́point along  the A - -̈́

Y direction.  

Figure 3.10f shows the eigenvectors of the TO phonon mode. From both top and side 

views, we identify Nb and O atoms oscillating in phase with different amplitudes, resulting in 

stretching and contraction of adjacent Nb-O-Nb bonds along the b-axis and modulation of the 

local polarization. The calculated atomic motions are reminiscent of soft modes associated with 

displacive-type ferroelectrics; these soft modes are typically anharmonic along the direction 

associated with ferroelectric order. Although our calculations are based on the harmonic 

approximation, we expect anharmonicity in the TO phonon potential well due to its ferroelectric 

character. The asymmetric potential well, as a result of this anharmonicity of the TO phonon will 

induce a nonvanishing change in the local polarization of the material when the phonon 

propagates. Such local polarization fluctuations can couple to the electronic transition and 

modulate the band energies near the lowest direct transition as manifested in our CPS results 

shown above. 

3.5 Resonant Inelastic X-ray Scattering 

 To further support the distinct nature of the coupling of the P2 TO mode to the electronic 

transition, we performed resonant inelastic X-ray scattering (RIXS) measurements94ï96 at the O-

K edge (1 s ʤ 2p transition) shown in Figure 3.13. The XAS and RIXS measurements were 

performed at the SIX 2-ID Beamline of NSLS-II52. The RIXS energy resolution was ȹE = 
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13meV.The spectrometer was set to 2ɗ = 150Á, while the sample incident angle was ɗ = 90Á. 

Under this experimental configuration, the ů-polarized incoming x-rays were parallel to the 

sample c-axis, while the ˊ-polarized ones were parallel to the b-axis. The temperature was 35 K 

for all measurements. The NbOI2 single crystal, aligned using the reflectance measurement, was 

glued by silver paint on a Cu-sample plate and cleaved in the air with Scotch tape just before 

loading it into the load lock chamber.  

The RIXS process here first excites a core electron, leaving a hole in the core level. This 

empty core is immediately filled by a valence electron with the emission of an X-ray photon 

which inelastically scatters phonons in the system. As such, RIXS probes electron-phonon 

coupling associated with the valence band, and this coupling is expected to be distinctly different 

from that between electronic transition and the ferroelectric TO mode. Using linearly polarized 

incident photons parallel to the b-axis (́ -polarization) and to the c-axis (ů-polarization), we find 

an anisotropic response in the X-ray Absorption Spectroscopy (XAS) pre-edge (Figure 3.13b) 

and in the high energy loss region (> ~ 2 eV) of the RIXS spectra (Figure 3.13a). This 

anisotropic behavior is consistent with the differential reflectance spectra in Figure 3.2d, and we 

associate it with the anisotropic electronic structure of NbOI2. In particular, the anisotropic 

hybridization between O 2p and Nb 4d orbitals97ï100 is revealed by the strong anisotropic XAS 

feature around 530 ~ 535 eV.101 In the low energy loss (< 50meV) regime of the RIXS spectrum, 

several spectral components overlap in the vicinity of the elastic line and are visible with both ů 

and ́  polarization. When fitting the data (Figure 3.13c), we observe a resolution-limited mode at 

7meV, together with its second-order harmonic at 14meV, and its anti-Stokes counterpart at 

ī7meV. The 7meV mode matches a phonon observed with THz spectroscopy (Figure 3.11) at 

1.78 THz. The intensity ratio between the 7 and 14meV modes and the evolution of their 
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intensity as a function of incident photon energy supports our assignment of the second peak as 

the higher harmonic.98,100 The presence of higher-order phonon harmonics in the RIXS spectra 

signifies a non-negligible electron-phonon coupling between valence electrons and the 7meV 

phonon mode.97ï100 While we cannot fully rule out a small contribution of the P2 phonon mode 

(~ 12.9meV or 3.13 THz) in the RIXS response, the coupling of valence-band electron to phonon 

is dominated by the 7 meV phonon mode. Distinct from this valence band electron-phonon 

coupling scenario, CPS results have revealed that the P2 phonon mode dominates coupling to the 

above-gap electronic transition. Overall, the absence of a RIXS feature at ~ 3.13 THz supports 

our interpretation of the CPS data that points to an additional coupling mechanism beyond the 

common electron-phonon interaction associated with the valence band,102,103 in which a photo-

excited carrier or above-gap optical transition is absent. 

 

Figure 3.13: Resonant Inelastic X -ray Scattering (RIXS) Reveals Electron -Phonon 

Coupling in the Valence Band. (a) RIXS spectra measured at the O-K edge, with Ϧ (blue) and ϣ 

(red) polarized light at T = 35K. The incident photon energies were selected according to the 

main peaks displayed by the O-K XAS, shown in (b). (c) Low energy zoom-in of the RIXS 

spectra, measured for Ϧ polarization (blue dots) at various incident photon energies. The spectra 

were fitted with five Voigt -ÚÏÈ×ÌËɯÍÜÕÊÛÐÖÕÚɯÙÌÚ×ÌÊÛÐÝÌÓàɯÊÌÕÛÌÙÌËɯÈÛɯǸɯƛÔÌ5ɯȹÝƔȺȮɯƔÔÌ5ɯȹÝƕȺȮɯ
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7meV (v2), 14meV (v3), and 36meV (v4). The first four peaks are resolution-limited. The fit sum 

is represented by the blue solid line. Error bars indicate one standard deviation. Similar results 

are obtained for ϣ polarization, see Figure 3.14. RIXS spectra showing full range of energy loss 

were also shown in Figure 3.14. 

 

Figure 3.14: Additional resonant inelastic X -ray scattering (RIXS) spectra. (a) Low -

energy zoom-in of the RIXS spectra, measured for p polarization (red dots) at various incident 

photon energies. The spectra were fitted with five Voigt -shaped functions respectively centered 

at -7 meV (v0), 0 meV (v1), 7 meV (v2), 14 meV (v3), and 36 meV (v4). The first four peaks are 

resolution limited. The fit sum is represented by the blue solid line. Error bars indicate one 

standard deviation. (b) RIXS spectra with Full range of energy loss. The phonon mode at 80 

meV is detectable only when the resonant energy is at first XAS peak (E1) with s polarized light. 

This suggests that the 80 meV phonon mode is selectively coupled to a specific state hybridizing 

O 2p and Nb 4d orbitals. 

3.6 Conclusion 

In summary, this chapter presents experimental evidence for the dominant coupling of the 

above-gap electronic transition to a phonon mode at 3.1 THz in the 2D ferroelectric 
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semiconductor NbOI2. This mode is identified as the TO phonon mode, uniquely linked to the 

ferroelectric polarization, by Raman spectroscopy, pump-probe coherent spectroscopy, THz-

TDS, and first principles calculation. Our findings provide direct evidence for the importance of 

specific forms of electron-TO phonon coupling in a 2D ferroelectric semiconductor. This is 

distinct from the well-known electron coupling to LO phonons in conventional semiconductors 

described by the Fröhlich model. The observed coupling to the TO phonon is specific to 

electronic excitation above the semiconductor bandgap and is absent for the valence band probed 

by RIXS spectroscopy. Further, this coupling suggests a promising platform for realizing 

ultrafast modulation of polarization amplitude under sub-picosecond through optical excitation. 

Distinct from polarization switching enabled by strong THz field,104 a pulse with visible-light 

frequency can launch ferroelectric TO phonon via the coupling we found. 
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Chapter 4 : Terahertz Emission and Long-live Wave in NbOI2   

NbOI2 was reported with giant second-order nonlinear susceptibility, … , evidenced by 

record-high SHG efficiency compared with conventional ferroelectric nonlinear optic standard, 

LiNbO3.71 Even though …  is a frequency-dependent constant, the inherent high SHG efficiency 

indicates the potential for various nonlinear optic applications. Of particular interest is terahertz 

(THz) generation through optical rectification based on vdW materials, owing to their full 

potential to be incorporated into an on-chip structure.105ï107 Specifically, the on-chip THz emitter 

is expected to overcome a long-lasting challenge resulting from a size mismatch between 

quantum devices (1 ï 10 µm) and the long wavelength (100 µm ï 1 mm) of THz radiation, 

enabling direct optical probe of the 2D quantum physics.108ï113 Although recent progress on near-

field approaches relying on local tip enhancement or chip-based waveguide confinement has 

shown substantial advancement, these techniques require facile instrumentation and special 

sample engineering.114ï117 

In this chapter, we demonstrate NbOI2ôs exceptionally intense THz emission through 

optical rectification. To benchmark the performance of NbOI2ôs THz emission, we compare it 

with the THz emission spectrum of ZnTe, which serves as a standardized THz emitter.118,119 We 

show that the THz generation efficiency of NbOI2 is one to two orders of magnitude higher than 

that of ZnTe. Additionally, we discover intense and long-live coherent THz wave from NbOI2 

when thinning its thickness below 1 µm.  We further leverage the vdW nature of NbOI2 to 

fabricate a stackable THz vdW emitter with graphite, demonstrating NbOI2ôs full potential for 

on-chip applications. This chapter is adapted from ref.120, a collaborative work across the 

materials science community in Columbia University. I worked with Dr. Taketo Handa to 

measure the THz emission, Dr. Daniel Chica synthesized NbOI2 crystals, Dr. Nicholas Olsen, 
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Felix Sturn, and I prepared the samples for the optical measurements, and Dr. Yiliu Li and Dr. 

David D. Xu fabricated the vdW device.  

4.1 Efficient and broadband THz emission 

An ultrathin 2D THz emitter can be obtained from mechanical exfoliation of a bulk 

NbOI2 single crystal (Figure 4.1a), with flake thicknesses ranging from nanometers to 

micrometers (Figure 4.2). For thinner flakes, the conventional pickup and transfer process with 

h-BN can be used (Figure 4.3). Each NbOI2 monolayer possesses in-plane ferroelectricity due to 

the displacement of Nb and O ions along the b-axis69,71,121 (Figure 4.1b), giving rise to a large 

second-order nonlinear susceptibility, ɢ(2).71 The large ɢ(2) from each layer and the in-phase 

alignment of the symmetry-breaking electric polarizations from different layers (Figure 4.1b) 

enable efficient optical rectification11 for the generation of THz radiation propagating 

perpendicular to the 2D planes. This contrasts with other vdW in-plane ferroelectrics122 and 

transition metal dichalcogenides13 in which the nonlinear responses from adjacent layers cancel 

out. The THz emission results reported below are obtained under normal incidence with 

femtosecond laser pulses at a center wavelength of 800 nm, which is well below the bandgap of 

NbOI2 (~3.1 eV), and thus does not induce photocarrier generation via linear absorption.71,87 The 

little photocarrier generation avoids heating or photobleaching. This critical property 

distinguishes NbOI2 from other thin THz emitters based on photocarrier generation,123ï125 

including spintronic effects,126 where the accompanying heat generation poses a formidable 

challenge for low-temperature applications.127 
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Figure 4.1: Near-field THz spectroscopy exploiting efficient THz emission of 2D vdW 

ferroelectric NbOI 2. (a) A flat and ultrathin flake of NbOI 2 can be exfoliated using conventional 

tape exfoliation methods. This exfoliated flake is a readily stackable 2D THz emitter and is 

transferred onto a microscopic sample of interest. THz radiation is generated locally by a 

focused near-IR pump. The spatial size of THz light at the sample is determined by the pump 

beam size. Thus, the transmitted THz wave contains the local conductivity information of the 

microscopic sample. (b) Crystal structure of NbOI 2. Spontaneous polarization (P, orange 

arrows) and accompanying inversion symmetry breaking exist along the b-axis. The direction of 

the spontaneous polarization does not flip along the stacking direction. (c) Time-domain 

ÞÈÝÌÍÖÙÔɯÖÍɯ3'áɯÌÔÐÚÚÐÖÕɯÍÙÖÔɯƖȭƙɯϟÔɯ-É.(2 (red) and 0.2 mm ZnTe (blue) under the 

excitation fluence of 1.24 mJ cmɬ2 (1/e ÙÈËÐÜÚɯÖÍɯƘƛɯϟÔ derived from regenerative amplifier), 

recorded using 1 mm ZnTe as an EO detector. The emission signal for 0.2 mm ZnTe is 

multiplied by 0.5.  (d) Frequency-domain spectra for NbOI 2 (red) and ZnTe (blue) recorded 

using a 0.2-mm-thick GaP EO detector with a bandwidth up to 8 THz. Insets: the same 

measurements recorded using a 1-mm-thick ZnTe EO detector. The main panels reveal the 

actual cut-off of the emitters, and the insets reveal the fine structure in the frequency (freq.) 
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domain. FFT: fast Fourier transform; ampl. : amplitude.  (e,f ) Pump fluence dependences of the 

emitted field amplitudes ( ETHz) normalized  by the thickness (e) and corresponding absolute THz 

peak amplitudes estimated based on the equation for the EO effect (fȺɯÍÖÙɯƖȭƙɯϟÔɯ-É.(2 (red 

circles) and 0.2 mm ZnTe (blue squares). The dotted lines show a linear dependence. (g) Pump 

polarization dependence (ϛpump , lower) and emission polarization dependence (ϛem, upper) of 

the emitted THz field (normalized). Here 0° cor responds to the b-axis. 

 

Figure 4.2: Image of exfoliated NbOI 2. (a) NbOI 2 monolayer obtained by a Scotch tape 

exfoliation and ( b) 0.565-µm thick NbOI 2 flake obtained by a thermal -release tape exfoliation. 

The readily exfolia table nature of NbOI 2 facilitates the preparation of flakes with thicknesses 

from nm to µm. Either  Scotch tape or thermal release tape works well. For Scotch tape, we 

routinely obtain few -layer samples with relatively high yields.  

 

Figure 4.3: A vdW structure of h -BN/tri -layer NbOI 2/h-BN prepared by a conventional 

polycarbonate based dry transfer technique.  This demonstrates the straightforward 

applicability of a conventional transfer/stack method to prepare vdW heterostructures with 

NbOI 2. 
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The first favorable property of NbOI2 as a vdW THz emitter is its very high efficiency of 

optical rectification. Figure 4.1c shows the time-domain waveform of the emitted radiation from 

a 2.5-ɛm-thick NbOI2 flake (red), in comparison with that from a standard ZnTe THz emitter 

with 200 ɛm thickness (blue). Both samples are excited under the same conditions and the THz 

emission is detected in the far field by electro-optical (EO) sampling in 1-mm-thick ZnTe 

(Figure 4.1c) or 0.2-mm-thick GaP (Figure 4.4). Despite being 80 times thinner, the NbOI2 flake 

exhibits a comparable THz field amplitude to that from ZnTe (ref. 119), which promises its use as 

an ultrathin THz emitter with sufficient radiation strength for on-chip spectroscopy. The 

waveform from NbOI2 during the initial few cycles is nearly identical to that from ZnTe, 

suggesting that both result from the same mechanism, that is, optical rectification.119 After the 

initial few cycles, an additional but weaker ringing signal is observed for NbOI2 but not for 

ZnTe; the origin of this ringing signal will be discussed later. Figure 4.1d presents the frequency-

domain spectra for NbOI2 (red) and ZnTe (blue), obtained by Fourier transforming the time-

domain waveforms obtained with the GaP or the ZnTe (insets) EO detectors. The frequency cut-

off for THz emission in ZnTe occurs at around 3.5 THz due to poor phase matching, while 

NbOI2 shows a broader bandwidth up to 5.5 THz (23 meV) as the phase matching requirement in 

the thin flake is relaxed. 

 

Figure 4.4: Time -domain terahertz emission signal from 200 -µm ZnTe (top) and 2.5 -

ϟm NbOI 2 (bottom) recorded using a 0.2-mm GaP as an EO detector. 
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The second favorable property of NbOI2 as a vdW THz emitter is the linear power 

dependence over an exceptionally broad range. Figure 4.1e shows the pump fluence dependence 

of the peak THz field from the 2.5-ɛm-thick NbOI2 flake (red) and the 200-ɛm-thick ZnTe 

crystal (blue). THz emission from NbOI2 shows linearity in a broad pump fluence range (ɟ), up 

to 10 mJ cmï2. The linearity confirms optical rectification as the origin of the broadband THz 

generation36, with little side effects from linear or nonlinear absorption. Figure 4.5 additionally 

compares THz emission under the 800 nm (below gap) and 400 nm (above gap) pump, which 

confirms the dominant role of optical rectification with little influence from other photocarrier-

related mechanisms, such as shift current. In Figure 4.1e, a small deviation from the linear 

relationship (dashed line) is observed only for ɟ > 10 mJ cmï2. By comparison, THz generation 

from ZnTe (blue squares in Figure 4.1e) shows a clear saturation behavior at ɟ > 1 mJ cmï2 due 

to the competing two-photon absorption process.128 A similar saturation behavior has also been 

reported in other technologies due to either linear or nonlinear photoabsorption.124,129 

 

Figure 4.5: Comparison of THz emission spectra between the below -gap and above-

gap excitation. (a) Time-domain and (b) frequency-domain traces of THz emission obtained 

under the pump with the wavelength of 800 nm (red curve) and 400 nm (blue curve). The 

sample thickness is ~200 nm. The pump power at the sample position is set to ~0.5 mW for both 

pump wavelengths.  Panel (b) shows the highly contrasting THz emission when photocarriers 

are injected under the 400-nm pump, indicating that a shift current mechanism causes a 

substantially redshifted THz emission. The 400 nm pump is generated by using a beta barium 

borate crystal, and the residual of 800 nm is suppressed using a short-pass filter. The pump 
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polarization is set along the b-axis for both cases using a half-wave plate, and THz emission 

along the b-axis is collected to compare to the main set of data in the present work. 

Because of the excellent linearity from NbOI2, the absolute field strength from a 2.5-ɛm-

thick NbOI2 flake is comparable to that from a 200-ɛm-thick ZnTe at high pump fluences 

(Figure 4.1f), with the peak electric field exceeding 300 V cmï1. We speculate that the high 

saturation threshold of NbOI2 arises from the wide bandgap along the b-axis in NbOI2. The 

exciton-like absorption peak in the linear absorption spectrum is located around E0 = 3.5 eV (354 

nm). With the pump energy hɜ of 1.55 eV (800 nm) used in the present study, 2hɜ < E0, and thus 

there are no real states available that can induce the two-photon absorption process. On the other 

hand, the bandgap of ZnTe is narrower, around E0,ZnTe = 2.3 eV. Because 2hɜ > E0,ZnTe, the 800-

nm pump can induce enhanced two-photon absorption due to resonance effects. Under higher 

fluences, the two-photon absorption process competes with optical rectification, which reduces 

the net efficiency of optical rectification and leads to the saturating trend for the fluences higher 

than 1 mJ/cm2 for ZnTe.  

 

Figure 4.6: The comparison of THz emission signals from 3.8 µm thick NbOI 2 that was 

freshly cleaved (dotted red) and after the laser irradiation with 1.24 mJ/cm 2 for 20 hours in 

dry air (solid blue). This comparison shows a negligible change of the emission property . 

The consistent performance under high fluence attests to the superior performance of 

NbOI2 as a near-field local THz source pumped by diffraction-limited beams in the near-IR to 

visible range. Under the pump fluence of several millijoules per square centimeter in dry air, 
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neither the THz peak intensity nor the waveform show any change over the course of days 

(Figure 4.6). The linearity further extends to the low fluence limit; this enables near-field THz 

spectroscopy even with a pump pulse energy as low as a few picojoules derived from an 

oscillator, as shown below. We further characterize the polarization properties of THz radiation 

from NbOI2, which shows almost perfectly polarized emission along the b-axis (Figure 4.1g, 

upper panel, and Figure 4.7) and stronger emission when pumped along the b-axis (Figure 4.1g, 

lower panel, and Figure 4.8), consistent with the space group C2. We thus set the polarization 

direction of the pump and THz detection both parallel to the b-axis, unless otherwise specified. 

 

Figure 4.7: Characterization of the polarization of the emitted THz radiation for 325 

nm thick NbOI 2 at room temperature . Two wire grid  polarizers are placed in the detection path 

with the transmission axis of the second wire grid  polarizer (WGP2) set parallel  to the detection 

axis of EO crystal. The angle of first wire grid  polarizer (WGP1), ϛ1, was then rotated and time-

domain signals at each angle was obtained as shown in (a). The b-axis and pump polarization 

were set close to ϛ1 = 0°.  (b) Pseudo-color map for the Fourier -transform spectra of (a). One can 

see similar trends for all the frequency range. (c) Estimated polarization compon ents of THz 
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emission from NbOI 2, where red (blue) spectrum shows the component along the b-(c-)axis. 

Detailed fitting procedure to obtain them is provided in Methods. Error bars denote the 

standard deviation of the fitting procedure.  (d) Emission polarization dependence of the 

frequency integrated THz field obtained from panel ( c). The red (blue) curve corresponds to the 

field amplitude for optical rectification (the sharp peak at 3.13 THz).  

 

Figure 4.8: Pump polarization dependence of THz emission spectrum for the 325 nm 

thick NbOI 2. (a) The incident angle of 0° corresponds to the polarization of the pump 800 nm 

laser parallel to the b-axis. For the EO detection, the wire grid angle, EO crystal orientation, and 

gate polarization were chosen to measure the polarization component of emitted THz radiation 

parallel  to the b-axis. (b) The pump polarization dependence of the frequency -integrated 

amplitudes, which shows the stronger amplitudes when the pump polarization  is parallel  to b-

axis. (c) Incident light polarization dependence of the reflectance measured at 540 nm of the 

same flake. The data in (b) is reported in Figure 4.1g for comparison . 

4.2 Thickness-dependent THz Emission 

Figure 4.9a compares the THz waveforms (normalized) from NbOI2 flakes with a 

thickness d = 2.47 ɛm (blue), 650 nm (red) and 31 nm (green). While the three flakes show the 

same waveform for the initial few cycles, attributed to optical rectification, we observe that the 

relative amplitude of the ringing signal at longer delay times increases considerably as the 

thickness decreases. This thickness dependence is clearly shown in the Fourier-transform spectra 

(lower panel in Figure 4.9b). While the broad THz emission spectra from optical rectification are 

nearly identical for the three thicknesses, a narrow THz peak (full-width at half-maximum, 

FWHM = 0.08 THz) at 3.13 Å ± 0.06 THz dominates the emission spectrum from the thinner 
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flakes. We attribute this narrow THz peak to a mechanism in which the below-gap pulse 

launches a coherent TO phonon wavepacket via ISRS, induces a temporal variation of 

macroscopic ferroelectric polarization and serves as a (ferro)electric dipole radiation source. The 

TO nature of the coherent phonon mode is confirmed in the THz transmission spectrum obtained 

by THz-TDS (upper panel in Figure 4.9b), which reveals a sharp absorption peak at 3.130 Å ± 

0.008 THz. Our DFT calculations in the previous chapter reveals that this TO mode (the P2 

mode) corresponds to the motion of Nb and O atoms along the polar b-axis.87 This motion 

changes the relative length of O-Nb-O bonds, modulating the magnitude of ferroelectric 

spontaneous polarization (see Figure 4.1b), reminiscent of soft TO modes in displacive-type 

ferroelectrics. Therefore, launching of this ferroelectric mode through ISRS induces the time 

variation of the spontaneous polarization with a frequency of 3.13 THz, and these coherently 

oscillating dipoles can be a macroscopic and dipole-like radiation source with a monochromatic 

frequency. 
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Figure 4.9: Thickness dependence of THz emission.  (a) Normalized time -domain 

signal of emitted THz field for NbOI 2 ÞÐÛÏɯÈɯÛÏÐÊÒÕÌÚÚɯÖÍɯƖȭƘƛɯϟÔɯȹÉÓÜÌȺȮɯƚƙƔɯÕÔɯȹÙÌËȺɯÈÕËɯƗƕɯ

nm (green). (b) The high-resolution frequency -domain spectra obtained from Fourier transform 

of the time-domain data shown in a (bottom). A field transmittance ( Tfield ) spectrum determined 

in a separate THz-TDS experiment (top). A prominent, sharp THz emission peak emerges for 

the thin NbOI 2 flakes; this peak coincides with the TO phonon frequency at 3.13 THz. (c) 

Thickness dependences of the frequency-integrated THz emission amplitudes for the 

broadband optical rectification (green circles) and narrowband emission at 3.13 THz (pink 

triangles) obtained under the pump fluence of 1.24 mJ cmɬ2. The solid line is the fit result to the 

power law dependence. (d) Temperature dependence of THz emission amplitude for different 

thicknesses, demonstrating that the THz emission does not change with temperature (see 

Figure. 4.11 and 12 for time -domain traces). 

In addition to the 3.13 THz mode, we observed sharp features in THz emission spectra at 

1.8 and 2.45 THz (see Figure 4.9b). We consider that the feature at 1.8 THz appears due to 

absorption of the broad THz radiation by a TO mode at this frequency. The THz absorption 

spectrum in the upper panel of Figure 4.9b confirms the existence of a TO mode at 1.8 THz. Our 

DFT calculations reveal that the 1.8 THz mode is dominated by the motion of iodine atoms with 
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much smaller motion of niobium and oxygen atoms, inducing little change of polarization and 

consequent little THz radiation. This 1.8-THz mode, thus, only contributes to absorption. The 

derivative spectral shape of the 1.8-THz mode is also distinct from the peak structure of the 3.13-

THz mode, which also suggests different mechanisms governing respective spectral shapes.  

At 2.54 THz, we did not observe an infrared-active TO mode in the absorption spectrum 

within our sensitivity. Meanwhile, we identify the existence of a phonon mode at this frequency 

in Raman spectrum with small Raman cross section. Thus, we speculate a possible modification 

of optical rectification efficiency at this frequency, presumably due to some Raman-assisted 

mechanism. Further experimental and theoretical studies on the detailed influence of phonon 

modes to the THz emission spectra are subject to future studies. 

Figure 4.9c shows logïlog plots of the thickness dependences of the frequency-integrated 

Fourier amplitudes (ITHz) for the broadband emission from optical rectification (green circles) 

and the narrowband emission at 3.13 THz (purple triangles). We observe distinct THz emission 

down to the 31-nm-thick NbOI2 flake (Figure 4.9a); given the excellent signal-to-noise ratio, we 

expect similar results for even thinner flakes. The solid line is fit to ITHz  θda, where a is an 

exponent. We obtained a = 0.8 ± 0.1 and thus the relationship is close to linear, expected for 

optical rectification. We note that the low absorption under the below-gap pump leads to a large 

penetration depth, ensuring a homogeneous pump field distribution within the flake. The small 

deviation from the linear relationship for larger d values may be attributed to phase mismatch. 

For the narrowband emission, the THz field amplitude remains nearly constant for thicknesses 

larger than 400 nm, likely due to strong re-absorption by the TO phonon mode. The following 

rate equation describes the generation and reabsorption processes of THz radiation near 3.13 

THz:  
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ὨὉȢ ᾀ

Ὠᾀ
‎Ὅ ‌Ȣ ὉȢ ᾀ 

(3.1), 

where ὉȢ 4(Úᾀ is the generated THz field amplitude at the position ᾀ, Ὅ  is the intensity 

of the 800-nm pump, ‎ is the effective efficiency of converting 800-nm pump to THz field (that 

is mostly determined by …  alongside other experimental configurations), and ‌Ȣ 4(Ú is the 

absorption coefficient of NbOI2 at the 3.13-THz TO mode. The first term on the right-hand side 

represents the THz generation process, while the second term represents absorption (the 

derivative description of the BeerïLambert law). Because of the very small optical absorption at 

800 nm (well below the bandgap), we can consider Ὅ  as a constant throughout a flake for 

the studied thickness range. The absorption coefficient at 3.13 THz is ‌Ȣ 4(Ú ρȢωςρπ cm-

1 determined from the transmission spectrum reported in the upper panel of Figure 4.9b. We 

define ᾀ π being the sample front surface seen from the pump side, and ᾀ Ὠ is the rear 

surface. Solving the above rate equation, we obtain the THz amplitude for thickness Ὠ:  

ὉȢ 4(ÚὨ
‎Ὅ ÎÍ

‌Ȣ 4(Ú
ρ ÅØÐ‌Ȣ 4(ÚὨ  

(3.2) 

Figure 4.10 shows the calculated result for ὉȢ 4(Ú as a function of thickness Ὠ, where 

we also duplicated the experimental results from Figure 4.9c. We can see that the above theory 

reasonably explains the trend without adjustable parameters. The qualitative interpretation is that 

for thicker flakes, the THz radiation at ~3.13 THz generated close to the front surface is strongly 

reabsorbed during propagation, while the radiation generated close to the rear surface will not be 

reabsorbed. More specifically, only the rear region that is approximately within the inverse of 

‌4(Ú can effectively contribute to the THz generation, resulting in the constant amplitude for the 

3.13-THz mode for increased thickness of d > 1/‌4(Ú. 
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While the broadband spectrum from optical rectification can serve as a general radiation 

source for in situ and near-field THz-TDS to probe the low-energy excitations and complex 

conductivity spectra of vdW quantum matter, the narrowband THz radiation can be used as a 

monochromatic THz field, particularly at the lower thickness limit, to coherently modulate a 

range of physical properties in the vdW heterostructures.28,130 Adding to the favorable properties 

of NbOI2 as a vdW THz emitter, we note that THz emission is nearly temperature independent 

(Figure 4.9d, Figure 4.11 and 12), presumably due to its very high ferroelectric-to-paraelectric 

transition temperature (>573 K).87 

 

Figure 4.10: Experimental (pink triangles) and theoretical calculation (blue curve) 

results for the thickness dependence of the THz amplitude at 3.13 THz. The experimental 

results are duplicated from Fig ure 4.10c. The theoretical amplitudes are normalized by 

constants, i.e., ╔Ȣ ἢἒὂ▀ ♬╘ ἶἵ♪Ȣ ἢἒὂϳ .   
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Figure 4.11: Temperature  dependence of THz emission properties for 650 nm thick 

NbOI 2. (a) The time-domain waveforms, ( b) frequency-domain spectra obtained by Fourier 

transformation for the entire time window, and ( c) the spectral amplitudes for the entire 

frequency from 0.26 to 3.4 THz (red) and for the 3.13 THz peak (blue). We observed almost 

temperature-independent  THz emission properties, which is attributed to its high phase 

transition temperature of above 573 K. The position of the sharp emission peak does not change 

much with temperature.  
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Figure 4.12: Same plot as Figure 4.11, but for 2.47 µm thick NbOI 2, showing the 

temperature -independent THz emission properties also for the thicker flake. The consistent 

THz emission properties across a wide temperature range are helpful for temperature 

dependent THz studies. 

4.3 In situ near-field THz spectroscopy with a vdW THz emitter 

To demonstrate the application of NbOI2 for in situ near-field THz-TDS, we fabricate a 

vdW heterostructure consisting of 30 nm h-BN/60 nm graphite/30 nm h-BN on a 1.3-ɛm-thick 

NbOI2 flake (Figure 4.13a). The lateral dimension of the target graphite is 25 ɛm, which is 

approximately one order of magnitude smaller than the far-field THz wavelength. We chose 

graphite here since it shows broad absorption in the THz region due to free carriers.131 To probe 

this broadband absorption, we use a relatively thick NbOI2 flake where the broadband optical 
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rectification dominates THz generation (Figure 4.9). Importantly, the vdW stack can be observed 

optically from the NbOI2 side due to its transparency in the visible to near-IR range (Figure 

4.14), enabling measurements in a simple transmission geometry (Figure 4.13a). We pump the 

sample from the NbOI2 side with the pump pulse energy at 40 pJ and a spot diameter of 4.6 ɛm 

(lower panel in Figure 4.13c), which generates localized THz radiation with an estimated field of 

~75 V cmï1, and we measured the THz field transmitted through the vdW heterostructure. Figure 

4.19b shows the local transmission of the peak THz field obtained by scanning the lateral 

position of the sample along the white arrow in Figure 4.13a (right side). We observe an ~80% 

reduction of the THz transmission when graphite is behind the emitter, and this reduction is 

attributed to free carrier absorption. We estimate a spatial resolution of 5.0 Ñ 0.8 ɛm for the THz 

field as 1/e diameter (upper image in Figure 4.13c), where e is the Napierôs constant; the 

corresponding spatial resolution in THz power is 2.5 Ñ 0.4 ɛm. The optimal spatial resolution 

achievable with the relevant conditions will be around 1.6 ɛm determined by the spot size of the 

pump beam and the thickness of the THz emitter, which sets it around 1.6 µm with the relevant 

conditions.  

We emphasize that the giant THz emission efficiency of NbOI2 uniquely enables the 

generation of THz radiation strong enough for spectroscopic purposes even with a micrometer 

thickness. The small thickness minimizes the divergence of the generated THz radiation during 

its propagation in the emitter, which allows the micrometer spatial resolution together with the 

demonstrated sensitivity. Thus, the approach described here provides a sub-diffraction (~10ī2 × 

ɚ, where ɚ is wavelength) and in situ vdW THz source, without the waveform distortion 

encountered in tip-based or aperture-based approaches. 
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Figure 4.13: In situ and near -field THz -TDS in a vdW structure. (a) A schematic side 

view (left) of a vdW heterostructure for in situ THz spectroscopy. The heterostructure of top h -

BN (t-BN)/graphite (Gr)/bottom h -BN (b-BN) is prepared and transferred onto the THz emitter, 

which is a 1.3-ϟÔ-thick flake of NbOI 2 on a 500-ϟÔ-thick quartz substrate. An optical 

ÔÐÊÙÖÚÊÖ×ÌɯÐÔÈÎÌɯÖÍɯÛÏÌɯÏÌÛÌÙÖÚÛÙÜÊÛÜÙÌɯȹÙÐÎÏÛȺȭɯ3ÏÌɯÚÊÈÓÌɯÉÈÙɯÐÚɯƖƔɯϟÔȭɯ(b) The peak field 

strength of the transmitted THz light as a function of the sample positio n measured along the 

white arrow in the right image of (a). The transmittance is normalized to the value for the 

region without graphite. (c) The spatial derivative of the position dependent THz transmittance 

(TTHz) in (b (top)). The blue curve is the Gaussian fit to the data, showing a diameter of 5.0 ± 0.8 

ϟÔɯÍÖÙɯÛÏÌɯ3'áɯÍÐÌÓËȭɯ3ÏÌɯÚÈÔÌȮɯÉÜÛɯ×ÖÚÐÛÐÖÕ-integrated fit result is reproduced in b with a blue 

curve. The lower plot in (c) shows the knife-edge result for the 800 nm pump beam, showing a 

pump diametÌÙɯÖÍɯƘȭƚɯϟÔɯÈÛɯÛÏÌɯÚÈÔ×ÓÌɯ×ÖÚÐÛÐÖÕɯÐÕɯÛÌÙÔÚɯÖÍɯ×ÖÞÌÙȭɯPKE: the pump power; x: the 

spatial position. (d) Time-domain THz waveform taken on (red curve) and off (black curve) the 

graphite region, as indicated by the red and black arrows in (b). Inset: the Fourier-transformed 

amplitude of the waveform for the region off the graphite, that is, the local reference THz 

spectrum, which covers up to 3.2 THz, determined by a 1 mm ZnTe EO detector. (e) THz 

complex conductivity spectrum of the graphite flake. The real  and imaginary (imag.) parts are 



79 

 

shown with red circles and blue squares, respectively. The solid curves show fitting results to 

the Drude model . The error bars represented by the shaded areas are the standard deviation 

obtained by a set of four measurements. 

 

Figure 4.14: Optical image of the vdW stack in Fig ure 4.13, seen through from the 1.3-

µm NbOI 2 side at the sample position in the THz setup. Because of the reasonable 

transparency of NbOI 2, the vdW stack can be observed and carefully aligned with the pump 

laser spot. This image was taken with the resettable 1.5-cm focal length lens without 

introducing any modification to the THz -TDS setup (see Chapter 2). The image is flipped to 

allow a direct comparison to the image in Fig ure 4.13a. The yellow circle was used for an 

alignment purpose. The scale bar is 40 µm. 

One critical advantage is that this approach readily allows the acquisition of a local time-

domain waveform on the sample area and reference area (Figure 4.13d). The observed reduction 

of the field amplitude and a slight phase shift are reminiscent of a broadband Drude-like 

absorption29132. Using the time-domain data, we obtain the frequency-domain complex 

conductivity (Figure 4.13e). Because the local emitter and sample thicknesses and their 

separation are all much smaller than the far-field THz wavelength, the THz wave detected at the 

far-field EO crystal is the convolution of the reference field and in-plane complex conductivity. 

We fit the complex spectrum to the Drude model ůTHz = ůd.c./(1 ī iɤŰ), and obtain the Drude 

parameters: Ű = 50 ± 6 fs and ůd.c. = 32 ± 3.0 mS, where ůd.c. is the Drude weight, ɤ is the angular 

frequency, Ű is the scattering time and i is the imaginary number. Using the scattering time and 
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the effective mass of graphite meff = 0.03me, where me is the free electron mass,133 we estimate a 

carrier mobility in the thin graphite flake of 3.0 × 103 cm2 Vī1 sī1, which is about three times 

lower than the bulk mobility of 1.0 × 104 cm2 Vī1 sī1 at room temperature.133 A reduction in the 

mobility from bulk graphite is known when the thickness is decreased below ~100 nm.134,135 We 

note that the sensitivity demonstrated here will also be applicable to exploring 2D quantum 

phenomena, such as novel electronic phases in a moiré superlattice, superconductivity and moiré 

band structures, as the estimated signal levels of these phenomena at relevant experimental 

conditions are on the order of that demonstrated here for the graphite.  

4.4 Conclusion 

 We have demonstrated highly efficient, broadband and robust THz emission from the 2D 

vdW ferroelectric NbOI2. The giant optical rectification efficiency from NbOI2 is over one order 

of magnitude higher than that from the benchmark 3D material, a ZnTe single crystal. By 

integrating this THz emitter into vdW heterostructures, we demonstrate in-situ THz-TDS and 

microscopy with lateral resolution almost two orders of magnitude below the diffraction limit. 

The present approach brings the relevant features of THz-TDS to the micrometre length scale, 

which is suitable for probing quantum matter in the complex vdW heterostructures demonstrated 

in recent experiments. In addition to the simultaneous determination of real and imaginary parts 

of the THz conductivity spectra, the in-plane symmetry of quantum phases could be probed by 

exploiting the polarization of the THz field. The use of NbOI2 with the broadband THz emission 

covering up to 5.5 THz (Figure 4.1d) allows access to much higher frequencies than those 

accessible with other near-field techniques, for example, an on-chip THz waveguide, which 

typically ranges from 20 GHz to 1 THz.136 Furthermore, this approach can be easily adapted in 

an optical pump and THz probe scheme to interrogate the dynamics and potential hidden 
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quantum phases in vdW systems.29,137 The near-field scheme also allows the generation of a 

strong THz field locally (for example, the local THz field achieved under the high fluence in 

Figure 4.1f is estimated to be ~1.2 kV cmï1), which may be used for exploring the strong and 

coherent THz drive of quantum phenomena. We note that the residual of the near-IR pump used 

for THz generation is expected to have minimal effect on the quantum phases, as recent 

experiments on Mott states in the WS2/WSe2 moiré system exhibit little change for the pulse 

energy in the 10 pJ range.29,137 When necessary, photonic layers may also be incorporated to 

reduce the transmission of the near-IR or visible pump laser into the target vdW structures. The 

relatively large lateral dimension of the 2D THz emitter will enable acquiring the reference and 

sample signals on the same device, as demonstrated in Figure 4.13. Our simple approach 

leverages the fundamental benefits of vdW assembly and fills a critical technology gap of low-

energy optical probes of a wide range of 2D materials and vdW heterostructures. 
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Chapter 5 : Propagation of Ferroelectric Polarization Waves  

In the previous two chapters, we show the ferroelectric TO phonon mode in NbOI2 can be 

launched by ISRS and probed indirectly by the visible light and directly by the EO sampling in 

THz window. Both results point to long-live oscillation of ferroelectric dipoles, or a ferroelectric 

order, through excitation of this ferroelectric TO phonon mode. In the magnetism community, 

excitation of a magnetic order gives rise to collective modes, such as spin waves and 

magnons,138,139 which lead to applications in information transmissions and quantum 

computing.140,141 Bauer and coworkers took an analogy between the magnetic order in 

ferromagnets and the electric dipoles in ferroelectrics, proposing the elementary excitations of a 

ferroelectric order that consists the ordered dipoles, namely, Ferron.142ï148 In this framework, 

excitation of the ferroelectric order results in fluctuation of dipoles and finite momentum for the 

polarization to propagate.   

Motivated by our previous results and Bauerôs proposal, in this chapter, we investigate 

the propagation behavior of the ferroelectric order in NbOI2 and report the uniaxial transport of 

the polarization waves. We launch the polarization wave packets through ISRS mechanism and 

monitor the uniaxial propagation through transient reflectivity spectroscopy. Remarkably, the 

polarization waves propagate with hypersonic velocities of ~ 105 m/s along the polar b-axis, with 

exceptionally long coherent times of ~ 100-300 ps at 4 K. Finally, we establish the connection of 

ferron to hyperbolic phonon polariton specific to the ferroelectric TO phonon mode. This chapter 

is adapted from ref 149, and represents a highly collaborative work across multiple research 

teams. Dr. Jeongheon Choe performed transient reflectance measurements, derived and 

simulated the dispersion of propagating polarization. Dr. Taketo Handa and I performed the THz 

measurements, extracted and analyzed dielectric functions of NbOI2 in THz window. Dr. Jordan 
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Cox and Dr. Daniel G. Chica synthesized and characterized NbOI2, TaOBr2, and WO2Br2 

crystals. André Koch Liston and Dr. Yongseok Hong performed stroboSCAT measurements and 

analyses. Vinicius da Silveira Lanza Avelar and I prepared samples for optical measurements. 

Dr. Fuyang Tay simulated dispersions of phonon-polariton. Dr. Ding Xu measured the dielectric 

function of NbOI2 in visible-light range.  

5.1 THz Emission from the Polarization Waves 

Using thin crystals of NbOI2 (thickness d < 1 µm), we launch polarization waves by 

femtosecond pump laser pulses with polarization along the polar b-axis. We observe intense THz 

emission with either below-gap (hn1 = 1.55 eV), Figure 5.1d, or above-gap (hn1 = 3.1 eV, Figure 

5.2c,d) excitation at room temperature. Figure 5.2 also presents measurement at the cryo-

temperature. The observation with below-gap excitation rules out the role of free carriers or 

photocurrent. The initial waveform of a few-cycle coherent burst at t Ò 2 ps is dominated by 

optical rectification, which yields a broadband THz emission spectrum (shaded region in Fig. 1e) 

in Fourier transform as we demonstrated in Chapter 4.  

 

Figure 5.1: THz emission from polarization waves.  (a) Crystal structures of ferroelectric 

materials NbOI 2 and WO2Br2 and centrosymmetric material TaOBr 2. (b, c) Real (b) and 

imaginary ( c) parts of the dielectric function along the in -plane polar (red) and non-polar (blue) 
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axis in NbOI 2. (d) Time-domain signal of THz emission from a 650 nm thick NbOI 2 crystal 

excited by a laser pulse at hn1 = 1.55 eV (below gap). (e) Frequency domain signal (Fourier 

transform)  for NbOI 2. The inset shows the atomic motion corresponding to the 3.13 THz TO 

phonon mode. The shaded region is the initial optical rectification. ( f ) Time-domain THz signal 

for the ferroelectric WO 2Br2 (blue) and centrosymmetric TaOBr2 (red) excited by a laser pulse at 

hn1 = 1.55 eV. Fourier transform of the THz time domain signal after 2 ps from WO 2Br2 gives a 

narrowband peak at 2.76 THz (inset). (g) A comparison of time -domain THz emission with 

ferroelectric polarization of P0 (black) and -P0 (red) achieved via 180o sample rotation. All 

spectra are obtained at room temperature.  

 

Figure 5.2: (a) Time-domain traces for THz emission from 650 nm thick NbOI 2 at the 

sample temperature of 293 K (red) and 7 K (blue). (b) Fourier transform of data in (a). The 

pump wavelength and fluence are 800 nm and 1 mJ/cm 2, respectively. The 293 K data is 

vertically offset for clarity. ( c, d) THz emission from a 325 nm thick NbOI 2 crystal with above 

gap pump at hn1 = 3.1 eV: Time-domain signal (c) and Frequency domain signal (d). The pump 

wavelength and fluence are 400 nm and 1.2 mJ/cm2, respectively. Compared to below gap pump 

in (b), the above gap excitation introduces a more intense, broad, and low frequency THz 

emission (d), which may be assigned to shift-current from charge carrier generation. The 3.13 

THz peak at the TO phonon frequency is still clearly observed .  

This initial burst in broadband THz field is followed by coherent oscillation which 

persists well beyond 12 ps. Fourier transform of this long-lived coherent signal reveals an 

exceptionally sharp peak at 3.13 ± 0.01 THz with a FWHM of 0.04 THz (Figure 5.1e), which is 

limited by the short time window of the measurement. The spectral amplitude of THz radiation at 
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3.13 THz is larger than that of the broadband optical rectification, highlighting the 

unconventionally efficient nature of the narrowband THz generation. The 3.13 THz mode 

corresponds to the ferroelectric TO phonon, as shown by the dielectric function in Figure 5.1b,c. 

DFT calculation shows that this TO mode modulates the length of O-Nb-O bonds87 (Figure 5.1e, 

inset) and, thus, spontaneous polarization. The magnitude of the emitted THz field at 3.13 THz 

scales linearly with below-gap excitation intensity (Figure 5.3), in agreement with the ISRS 

mechanism. The polarization wave at the TO frequency also modulates second harmonic 

generation (SHG) (Figure 5.4), whose intensity reflects the order parameterði.e., the amplitude 

of macroscopic polarization which breaks inversion symmetry. 

 

Figure 5.3: Excitation fluence dependence of the emitt ed field amplitude at 3.13 THz. 

The black solid line shows fitting to a power law, (Iex)x, giving x = 1.05, i.e., linear dependence. 
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Figure 5.4: Time -resolved second harmonic generation . (a) Time-domain traces for 

second harmonic generation from 200 nm thick NbOI 2 at the sample temperature of 295 K. The 

pump pulse at ÏϠ1ɷǻɯƕȭƛƙɯÌ5ɯȹÍÓÜÌÕÊÌȮɯƕȭƝɯÔ)ɤÊÔ2) and the probe pulse at ÏϠ2ɷǻɷƕȭƖƘ ɬ ƕȭƖƜɷÌ5ɯ

(fluence, 2.7 mJ/cm2) are used. (b) Fourier transform of panel ( a). 

We perform experiments on two vdW materials structurally similar to NbOI2: the 

ferroelectric WO2Br2 and the non-ferroelectric TaOBr2 (Figure 5.1a). Single crystals of WO2Br2 

and TaOBr2 are synthesized through chemical vapor transport detailed in Methods (see Figure 

5.5a-c for photos of as-grown single crystals of NbOI2, WO2Br2 and TaOBr2). WO2Br2 

crystallizes in the non-centrosymmetric space group Imm2, exhibiting unequal WïO bond 

lengths along the crystallographic c-axis (Table 5.1,2), giving rise to spontaneous polarization. 

The polarizations of consecutive vdW layers align in parallel, similar to NbOI2. In contrast. 

TaOBr2 adopts the centrosymmetric Immm space group, with adjacent TaïO bonds remaining 

equal in length (Table 5.3,4); consequently, the second order susceptibility, c(2)
, vanishes in 

TaOBr2 and prohibits impulsive Raman excitation of the TO phonon mode. The THz emission 

spectrum of WO2Br2 shows coherent oscillation, similar to that in NbOI2, persisting well beyond 

the initial optical rectification burst (t Ò 2 ps). Fourier transform of the long-lived (t > 2 ps) 

emission from WO2Br2 gives narrowband THz emission at 2.76 ± 0.01 THz (inset in Figure 

5.1f). As in NbOI2, we attribute the narrowband emission from WO2Br2 to the ferroelectric TO 

phonon mode. The amplitude of THz emission from WO2Br2 is generally lower than that from 
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NbOI2, in agreement with the difference in c (2)
 which is ~5X lower in the former as estimated 

from SHG. We find that the polarity of the THz signal from NbOI2 flips with the direction of 

ferroelectric polarization for both the initial burst and the long-lived coherent oscillation, Figure 

5.1g, further supporting the c (2)
 origin of THz emission. 

 

Figure 5.5: (a-c) Optical images of as -grown single crystals of NbOI 2 (a), WO 2Br2 (b), 

and TaOBr 2 (c). The scale bar (mm) is shown by the ruler in each photo.  

Table 5.1: Crystal data and structure refinement for WO 2Br2 at 250 K. 

Empirical formula W O2 Br2 

Formula weight 375.67 

Temperature 250 K 

Wavelength 0.71073 ¡ 

Crystal system Orthorhombic  

Space group Imm2 

Unit cell dimensions 

a = 3.8750(2) ¡, Ŭ = 90Á 

b = 14.9522(5) ¡, ɓ = 90Á 

c = 3.83180(10) ¡, ɔ = 90Á 

Volume 222.014(15) ¡3 

Z 2 

Density (calculated) 5.620 g/cm3 

Absorption coefficient 43.840 mm-1 

F(000) 320 

Crystal size 0.11 x 0.03 x 0.004 mm3 

ɗ range for data collection 2.724 to 36.280Á 

Index ranges -6<=h<=6, -24<=k<=24, -6<=l<=6 

Reflections collected 3343 

Independent reflections 620 [Rint = 0.0449] 
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Completeness to ɗ = 25.242Á 100% 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 620 / 1 / 22 

Goodness-of-fit 1.010 

Final R indices [I > 2ů(I)] Robs = 0.0202, wRobs = 0.0420 

R indices [all data] Rall = 0.0207, wRall = 0.0422 

Largest diff. peak and hole 1.039 and -0.930 eĿ¡-3 

R = Ɇ||Fo|-|Fc|| / Ɇ|Fo|, wR = {Ɇ[w(|Fo|2 - |Fc|2)2] / Ɇ[w(|Fo|4)]}1/2 and w=1/[ů2(Fo2)+(0.0202P)2] 

where P=(Fo2+2Fc2)/3 

 

Table 5.2: Select bond lengths [Å] for WO 2Br2 at 250 K with estimated standard 

deviations in parentheses.  

Label Distances 

Br(1)-W(1) 2.4347(7) 

O(2)-W(1)#2 2.1643(6) 

O(2)-W(1) 1.7218(7) 

O(1)-W(1)#1 1.757(7) 

O(1)-W(1)#4 2.101(7) 

Symmetry transformations used to generate equivalent atoms: 

(1) -x+2,-y+1,z (2) x-1,y,z (3) -x+1,-y+1,z (4) -x+2,-y+1,z-1 (5) x,y,z-1 (6) x+1,y,z (7) x,y,z+1  

 

Table 5.3: Crystal data and structure refinement for TaOBr 2 at 250 K. 

Empirical formula Ta O Br2 

Formula weight 356.77 

Temperature 250 K 

Wavelength 0.71073 ¡ 

Crystal system Orthorhomibic 

Space group Immm 

Unit cell dimensions 

a = 3.4925(3) ¡, Ŭ = 90Á 

b = 3.8387(3) ¡, ɓ = 90Á 

c = 13.4477(11) ¡, ɔ = 90Á 

Volume 180.29(3) ¡3 

Z 2 

Density (calculated) 6.572 g/cm3 



89 

 

Absorption coefficient 52.397 mm-1 

F(000) 302 

Crystal size 0.132 x 0.039 x 0.002 mm3 

ɗ range for data collection 3.030 to 29.983Á 

Index ranges -4<=h<=4, -5<=k<=5, -18<=l<=18 

Reflections collected 2113 

Independent reflections 179 [Rint = 0.0721] 

Completeness to ɗ = 25.242Á 100% 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 179 / 0 / 12 

Goodness-of-fit 1.142 

Final R indices [I > 2ů(I)] Robs = 0.0355, wRobs = 0.0922 

R indices [all data] Rall = 0.0375, wRall = 0.0938 

Extinction coefficient . 

Largest diff. peak and hole 3.500 and -1.656 eĿ¡-3 

R = Ɇ||Fo|-|Fc|| / Ɇ|Fo|, wR = {Ɇ[w(|Fo|2 - |Fc|2)2] / Ɇ[w(|Fo|4)]}1/2 and 

w=1/[ů2(Fo2)+(0.0564P)2+3.5960P] where P=(Fo2+2Fc2)/3 

 

Table 5.4: Crystal data and structure refinement for TaOBr 2 at 250 K. 

Label Distances 

Ta(1)-Br(1) 2.668(5) 

Ta(1)-Br(1)#1 2.317(5) 

Ta(1)-Br(2)#1 2.568(6) 

Ta(1)-Br(2)#2 2.888(5) 

Ta(1)-O(1) 1.9202(5) 

Ta(1)-O(1)#2 1.9202(5) 

Symmetry transformations used to generate equivalent atoms: 

(1) -x,-y,-z (2) -x-1,-y,-z (3) x+1,y,z (4) x,y+1,z (5) -x,-y-1,-z (6) x-1,y,z (7) x,y-1,z  

 

THz emission must satisfy momentum conservation. The free space photon wavevector at 

3.13 THz is 2p/l = 0.065 µm-1. Thus, the polarization wave, i.e., coherent ferron, in only a small 

momentum range q Ò 0.065 Õm-1 can emit radiation into the far field. For q > 0.065 µm-1, the 
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wave is confined within the sample slab and propagates as hyperbolic phonon polaritons, as we 

show below. 

5.2 Extremely long-lived, hypersonic, and uniaxial propagation 

The second property of the polarization wave is its uniaxial propagation with group 

velocities far exceeding that expected from the TO phonon dispersion. We excite a polarization 

wavepacket with a focused laser pulse (Gaussian width ~ 1.6 µm) and determine its propagation 

using a time-delayed (æt) and spatially separated (һx) probe pulse (hn2 = 1.8ī2.5 eV) in transient 

reflectance,87 һR/R0, where R0 is reflectance before the pump pulse arrival (Methods). Figure 5.6 

shows the propagation at T = 3.8 K; similar results are obtained at T = 295 K with lower signal- 

to-noise ratio (Figure 5.7). We use below gap (hn1 = 1.77 eV; Figure 5.6) or above gap (hn1 = 2.4 

eV; Figure 5.8) excitation and observe similar propagation behaviors. Figure 5.6a, and 5.6b 

present data collected on NbOI2 flakes with d = 224 nm and 96 nm, respectively; data collected 

on d = 147 and 392 nm is shown in Extended Data Fig. 8. The һR/R0 signal is plotted as a 

function of һt at selected pump-probe spatial separations, һx = 0.0, 2.0, 4.0, and 6.0 µm along the 

polar b-axis. Fourier transforms of the time traces reveal a dominant peak frequency at 3.132 ± 

0.005 THz, Figure 5.6c, independent of spatial separation or sample thickness. 

In addition to the hypersonic group velocity, the experiments also reveal other distinct 

features. The DR/R0 time traces in Figure 5.6 and Figure 5.9 are not expected for well-defined 

wavepacket motions. This is particularly obvious in thin samples (e.g., d = 96 and 147 nm) with 

lower group velocities and at large separation (Dx = 6 µm) where the coherent oscillation signals 

rise to almost plateaus over the remaining time window. This deviation from simple wavepacket 

motion is confirmed in spatiotemporal imaging and in dynamic simulations below. 
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Figure 5.6: Hypersonic propagation of polarization waves . (a,b) Transient reflectance 

╡Ⱦ╡  (peak intensity normalized) as a function of pump -probe time delay (Ȉt) for (a) 224 nm 

thick and (b) 96 nm thick NbOI 2 at the indicated pump -probe spatial separation along the polar 

axis, Ȉx = 0, 2, 4, 6 µm, respectively. Colored arrows indicate the wavepacket arrival time. Insets 

are magnified plots for dashed line boxes. Incoherent background signals are subtracted. (c) 

Fourier transform of the data for ●  in panel (a) and (b). (d) Short-time window Fourier 

transform (STFT) of the transient reflectance data in (a) and (b) obtained with time window size 

10 ps and step 5 ps. The normalized amplitudes of the 3.13 THz signal are shown for Ȉx = 0, 2, 4, 

6 µm at the two sample thicknesses, d = 224 nm and 96 nm. The Ȉt values at peak STFT 

amplitudes for varying Ȉx are used to obtain group velocities. (e) Group velocities (symbols) of 

polarization wave s obtained from STFT analysis at the five sample thicknesses. The solid line is 

a linear fit based on the ferron or hyperbolic phonon polariton formalism. All experiments are 

done at a sample temperature of 3.8 K. Pump ÏϠ1ɷǻɷƕȭƛƛɷÌ5ɯȹÍÓÜÌÕÊÌȮɯƕȭƝɯÔ)ɤÊÔ2); probe pulse at 

ÏϠ2ɷǻɷƕȭƜɬƖȭƙɷÌ5ɯȹÍÓÜÌÕÊÌȮɯƚȭƙɯϟ)ɤÊÔ2). 
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Figure 5.7: Coherent ferron propagation at T = 295 K (a) Transient reflectance ╡Ⱦ╡  

(peak intensity normalized) as a function of pump -probe time delay ( ◄) for 200 nm thick NbOI 2 

at the indicated pump -probe spatial separation along the polar axis, ● = 0, 2, 2.5, 3 µm, 

respectively. Incoherent background signals are subtracted. (b) Fourier transform of the data for 

ῲ = 0, 2, 2.5, 3 µm in panel (a). (c) STFT of the transient reflectance data in (a) obtained with 

time window size 10 ps and step 5 ps. The normalized amplitudes of the 3.13 THz signal are 

shown for  ● = 0, 2, 2.5, 3 µm. 




























































































































