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Abstract

Polarization Waves ihayeredvan der Waal&erroelectrics

ChunYing Huang

Ferroelectric materials hagmarneredsignificant interest for nexjeneration electronic
and optoelectronic technologieEheseapplicationanclude butarenot limited tq the mature
ferroelectric random access memory (FeERAM), ferroelectric field effect transistor (FeFET),
nonlinear optics, and ferroelectii@sed photonic integrated circuit (PIC). However, as the
demandor nanometescalecomponents risegheintegration of conventional oxide
ferroelectricdaces substantiahallengessuch asleadinterfacial layers, thickness limitatien
for maintainng the ferroelectric phase, and reduedficiency of nonlinear optical processas
the thin limit. Twaedimensional (2Dyan der WaalsvdW) ferroelectric materialsffer a
promisingroute to overcome thesdstacleslue to (1) the absence of surface reconstruction in
heterostructure devisdecause of the vdW nature; (@pustferroelectricity at the 2D limitand
(3) exceptionallylarge nonlinear optical coefficienat theatomicthin limit. Nevertheless
fundamental studies on 2D ferroelectnemainscarce primarily due to thémited numberof
confirmedmaterials in this category

In this thesis, we explothefundamental physicsf a recently identified 2D vdW

ferroelectric, NbOJ, whichexhibits roomtemperaturen-plane ferroelectricity witta parallel



alignmentbetweenvdW layers. InChapter 1we briefly introduce 2D vdW materials atlte
essential physics of ferroelecitic In Chapter 2, werovide anoverview the principles and
experimental setups the optical techniques extensively used in this thesiShapter 3, we
investigatehe fundamental optical properties of NaQhcluding anisotropic electronic
transitiors, phonons, antheir interactionsUsingpolarizationangle resolved Raman
spectroscopy and transient reflectivity spectroscopy, we idenéifiestoelectric soft phonon
mode at 3.1 THthatinteracts with the abovgap electronic transition. IB@hapter 4 we
examined th@Hz generation of NbQlvia optical rectification. Welemonstrate itexceptional
THz generation efficiencgndits full potentialfor integrationinto on-chip heterostructusgor a
nearfield THz probe Furthermorewe identify a longived, singlefrequencycoherent
oscillaion persistingoeyond a sampling time of 20,p@sstriking contrast to the benchmark THz
emitter, ZnTe, whose signal damps within 3Tdse Fourier transform of this coherent wave
reveals arextremely narrowband emission centered at 3.1 THz, corresponding to the frequency
of the ferroelectric phonon mode in NRkOI

In Chapter5, motivated by the observed lotiged THz radiation and the forah
similarities between spin waves in magnets and polarization waves in ferroelectrics, we further
explore the nature of the polarization waves in Nb®hrough transient reflectivity
spectroscopy with various purgpobe spot separations, we reveal the propagation
characteristicef these waves NbOl, a unidirectional transport along the crystallographic
polar axisatan ultrasonic speeaf approximately100 km/s Detailed simiations further
establish aonnection between teepropagating polarization wasand canalized hyperbolic
phonon polaritoa Finally, in Chapter6, we explore thérequencytunability of these

polarization waves. Through halogen substitytadloying, and THz emission spectroscopye



demonstrate wide tunabilityithin the NbOX family (X = CI, Br, 1), with frequenciesanging
from 3.1 to 5.8 THzlimited by the current detection windo@ombinedwith DFT results, we
establish a firmink between the spontaneous polarization and phonon eigenvectors. This
connection leads to a theoretigdlononicframework, providinga quantitative understanding of
theorigin of the narrowband THz radiatiowe concludethat the vdW ferroelectric NbOX
family represents promising class of matersbr the nextgeneration ofchip optical and

information technologies.
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Chapter 1: Two-dimensionalvan der Waal Ferroelectrics

Over the pasiew decades, whave witnessed a rapid expansadmew materialsvithin
materials science, physics, and chemisamnmunitiesA pivotal milestonavasthe successful
isolation of graphengwhich constitutesnatomically thin sheet of carbofipm graphiten
2004 This discovery was lateecognized witlthe NobelPrize in Physics in 2010The
exceptional electronic properties of graphédsuch asts massles®irac fermions* attracted
significant attention fronthe community antkad tomassive materials research to expand the
library of atomically thin material&known astwo-dimensional (2D) materialAmongthese
2D ferroelectric materials emerge as promising platforms for realizinggesration
nonvolatile memory and nonlinear optfes.

In this chapterwe firstbriefly introducethe unique properties of 2Ban der Waals
(vdW) materials We then reviewhefundamentaprinciple of conventional threeimensional
(3D) ferroelectris that hare been establisheaverdecadesFinally, we discuss theurrent
developmery theoreticaunderstanding, angtmainingchallengsin the fieldof 2D

ferroelectricmmaterials

1.1 Distinct Chemical Environment of 2D vdW Materials

The major changes induced by the dimension reduction from 3D to 2D structures are
symmetry anckffectivedielectricscreeningln the perspective of symmetry change, a lower
symmetry $ often doserved wheithe dimension of a material is reducgtFor example, in 2H
transition metal chalcogenides (TMD), the inversion center disappears as the structure becomes a
2D sheef%because the inversion centelTMDs requires at least a bilayer structufee
disappearance of inversion center leads to azepa seconarder susceptibility.¢. ), and

therefore activatesecondorder nonlinear optical processes, such asfsaquency generation

1



(SFG), difference frequency generation (DFG), and optical rectification ¥oHnce rich
secondordernonlinear optial properties ofnonolayer TMDs have been widely reported
particularly the seconrtlarmonic generation (SHG¥,'* andaredemonstratedn advanced
photonic structurgto realize orchip nonlinear optic$>1¢Consequently, ohip nonlinear optic
developments benefit from the reduced dimeraignof the 2D vdW materials’

On top ofthesymmetrylowering the dielectricscreeningf the2D system is drastically
differentfrom its 3D parent systenkigurel.lillustrates a simplified picture describitige
distinctionbetweerthe 2D and3D dielectric environment¥ In short, charge carriers experience
less dielectric screening in a 2D medidoe to a vanishing dielectriesponsealong the
stacking directionConsequently, stronger carriggirrier interactioaandexcitonsareexpected
rich physics stem from this 2D dielectric confinementedzeen reported?2° Additionally, the
intensificationof a stronger carriecarrier or carriephonon interactionconfinedwithin a 2D
layer leads to novel physics, such as inaedésrroelectricty phasetransition temperatusand

emergence of superconductividy??

Bulk (3D)

330 "

§o
NG ),
3D exciton |

Monolayer
(2D)

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

2
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with permission from A. Chernikov et al., Phys. Rev. Lettl13 076802 (2014)Copyright 2014by
the American Physical Society.8

In addition totheinherent novel physics of a 2D medium, the layered structure of the
vdW material offers several advantagéempared with conventional 3D materials, each
adjacent 2D sheet mvdW materialassembleso form a layered structure by the vdW
interaction without involving chemical bondsheretheelectron wavefunctions betweatoms
would otherwiseverlapsignificantly.

First, the absence of chemical bortuitween adjacent layers allows a clean separafion
2D sheets without surface reconstruction, because of the absence of broked\bmuds, the
newly exposed surface of a vdW layer remains prisBegond preservinthis pristine
structure, the weak vdW interaction that is typically around 10 fké\¢an be overcome lipe
mechanical forcef Scotchtape exfoliatiort>24This tape exfoliation Id to the first isolation of
graphene from graphite in 2004 Kgnstantin NovoseloandAndre Geim who were awarded
the Nobel Prize ifPhysics in 2010.As of 2026, the tape exfoliatiomainsthe primary method
for routinely generaing high-quality monolayes on a micrometerscale®® Figurel.2 describs

procedures of the tagassisted exfoliation method, and Figar8 shows a typicabptical

microscopidmage 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. Scr2012 014006 (2012); permission conveyed through
Copyright Clearance Center, Inc.24

Figure 1.3: Optical image of an exfoliated flake of NbOIl 2 using the conventional
Scotch tape method. The number annotations mark the layer number of the labeled regions.



Secondisolated 2D shegtan be further assembled with different 2D vdW matetals
form heterostructuse The reassembly oficerse2D vdW materials offers a powerful platform
for engineeing the electronic, optial, and magnetic properties of heterostructure device
Through the adhesion provided by vdW interatjdinese2D vdW sheets can be stacked
without forming covalent or ionic bonderebypreserving théntrinsic physical properties of
eachconstituentayer?® Furthermore, the interlayer interactsmt the heterojunctiomterface
may provide additional strategies for engineering the chemical stability of relativskgreitive
materiak. For examplecharge transfer in the NbéNVSe heterstructureprovides electron
doping to theNSe layer, driving a continuousoxidationreactionthat turns the toplbOl2 layer
into Nb2Os. In contrasta heterojunction with graphite leads to a4iefited oxidation process
retairing pristine NbO} underneath the top amdmus NkOs layers?’

Beyond direct tuning gbhysicaland chemicapropertiesthe versatile classes 2D
materials offeseamless integratiasf electronic device For example, graphene and thin
graphite can serve as a gatectrode®wing to the insulating behavior along the-otH{plane
direction?®2°hexagonal boron nitride (hBN) is often implemented as a protectingdayer
dielectric spacei® 32 due to its inert chemical reactivity and wide bandapproximately 5.97
eV.33 Figurel.4shows a typical device structure based on vdwW matéfialeerea TMD layer
demonstrates superior transport propertesdingto various applicatiofdriven 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, 5344540 (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 tawide range of electronic applications, suchraagducerand norvolatile
memory3®3Here, wefirst outlinethe history of the discovery of ferroelectric materials and
briefly reviewthe charactestics of ferroelectris that have been wedistablished sinchelast
century.lt should note thahefield of ferroelectriaty is broad and compk; hencejt is not
feasibleto coverall fundamentalgeomprehensivelyn this thesisl recommendhatreaders
consultthe book byM. E. Lines and A. M. Glas®001) for adeeper understanding ofish

extensivdield.



The first discovered ferroelectric was sodium potassium tartrate tetrahydrate (Rochelle
sdlt), whichwasused for medical purposes backlie 17" centuy. The earliest studies that later
led to the ternferroelectricitywereconductedy Joseph Valasek between 192101924 in the
US. His studies showed the hysteretic behavior of polarization and the temperature dependence
of Rochellesalt3" 4% We will later discuss these important charasti@s of the ferroelectric
materials At thattime, the term ferroelectricity was nwtdely accepted, potentiallgecause
evensmall deviatios from the exact chemical composition of Rochelle saitlddestroy the
ferroelectricity leading tareproducibilityissue

From1935 to 1938, Busch and Scherrer in Zurich made the first series of ferroelectric
isomorphous crystals, the most wielown beingpotassium dihydrogen phosphate, 2Ry
(KDP),** which shows a transition temperatui approximately122 K. In KDP each
tetrahedral phosphate group is surroundetbbyhydrogensand each hydrogen sits between
two phosphate groupb1 1941, Slater proposed a modeivhich each hydrogen atom fosm
only one bond t@phosphate groupyith two hydrogen bondpertetrahedral phosphate group
forming a dipole unit*? In thismode| two dipole unitsrientedup and down iye the lowest
energy configuration, which was later provarrect ancconsistent withthe doublewell
potential model.

Following the breakthrough of the KDP serji#ise ferroelectricityof barium titanate
(BTO) was discovereduring World War llby Wainer and SolomofusS) in 1943 ancy Wul
and GoldmarfRussia)n 1945 BTO soon received wide attentifor several reasond is
ferroelectric at room temperatuiieis chemically and mechanically stable in aican be grown
aslarge single crystal andit possesses a simple prototygiricturé® a cubic centrosymmetric

perovskite with only five atoms per unit cell (Figuré).**4> Additionally, BTO exhibits



multiple phase transitiorf§. Hence, BTO beame the mostwvidely studied ferroelectric ceramic
and serves as the standard protofygpehelargestclass of ferroelectr& octahedral oxide
ferroelectric

This discovery motivated scientists $earchfor otherferroelectris with the smilar
structure Within a few decades, sevepbminentferroelectrics were identified and studied,
including KNbQ, PbTiGs, LiINbOs, and LiTaQ,*® even though the latter two cases are not
strictly categorized as perovskstéhe simplicity of the perovskite structure also triggered the
development of theoreticilameworks for understandirigrroelectric behavior. In the next
section, we will reviewnicroscopiadescription of ferroelectrics, particularly the distinction

between displacive and ordéisorder typs.

Cubic Phase P Paown

Figure 1.5: Crystal structure of the perovskite oxide ferroelectric BaTiO . (a) High
temperature, paraelectric, cubic phase. p and c) Room temperature, ferroelectric, tetragonal
phases, showing up and down polarization variants. The atomic displacements are scaled to be
clearly visible . M odified from C.H. Ahn et al., ScienceDOI: 10.1126/science.1092508 (20Q4)

AAAS 45

1.3 Phenomenological and Macroscopic Description of Ferroelectrics
Before proceeding tthe macroscopi@ictureof ferroelectricsjt is necessaryeview the
distinctionsamong théroaderfamily of dielectrics. In particular, thgolarizationresponse

beforeandafter the phase transition temperature (Curie temperdig)rand undeanexternal



electric field. The hierarchicakelationshipbetweerdielectrics, piezoelectris, pyroelectris, and
ferroelectris is summarized in Figre 1.6below.A dielectric is essentially an insulatibrat
becomes polarized oneghenan external electric fielg applied Piezoelectris area subgroup
of dielectricscharacterizethy a norcentrosymmetric structure;herecharge separatiomccurs
upon theapplication ofmechanicattress. If a piezoelectrexhibitsspontaneous polarization
below a characteristic temperatuitds categorizedasa pyroelectric. Finally, a pyroelectric is
considered ferroelectric if itgpontaneoupolarizationcan be switchetly an external electric
field. Thus while everyferroelectricis necessarila pyroelectric and a piezoelectréc
pyroelectric is not necessary a ferroeleatintess itshows switchable polarizatioAn
additional schematicomparison betwegpyroelectris and ferroelectrisis shown in Figurd.7
below*’ In both cases, dipole momenemergesdelow the phase transition temperature
However,only thepolarization inferroelectris is switchable under the external field, resulting

in astructural change.

Dielectric

Piezoelectric

Pyroelectric

Ferroelectric

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 Matef@dapter 1: Basic Concepts,
Oxford University Press (2010. Reproduced with permission of the Licensor through
PLSclear#”

Macroscopicallythis difference inswitchability can be understood througteir
potentialenergy landscageA pyroelectric is characterizday a deepsingleminimum potential
thatlocks the structure into a polar stata contrastaferroelectric is characterizday a double
well potential withenergyminimaat Ug separated by a finite energy barri@ansequentlyan
sufficiently strongexternal electric field caavercome this barrier to flihe spontaneous
polarization. This macroscopic origin can be further expregsedghthermodynamisand
Maxwelld squations. Below, we tretiie dielectric system of interesthich involves a
ferroelectric phasas a continuum without considering diiscrete atomic structute describe
thedielectric response of the ferroelectrictye consider theGibbsfree energyG) expanded in
a polynomial form of a displacement field)(from a nonpolarphase that retains an inversion
symmetry?8

9 | ’ ro 1 , 1.
ol .o L O 0 © )
We truncate the polynomial at teixth order formathematicasimplicity. Generally, we

consider the coefficients to be temperature dependent affid to be temperature independent
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for bothfirst- and seconarder ferroelectric phase transitions. With posifivend| , the curves
describingG vs D arequalitativelyillustratedin Figurel.8a. As shown|f | is positive, tls
curve has a single minimum'@t 1t In contrast, wheh becomes negative, a negative
curvature appeas the origin andthe resultingdoublewell potential formyields minimum
energyvalues alO 1t Differentiaing "Owith respect tdO ata constant temperature leadsthe
following expression:

O | Oro 710 1)),z
whereOrepresents the electric field parallel@ Under the absence of field, we can repl@ce

with U the spontaneous polarization, using the relation:

0O -0 ¥ @ ),z
and combine it with—  to describe spontaneous polarization as a function of temperature:
T | Yo [0 10 (1),

Because passes through zero from the single well curve to the douslleone,Jpundergoes a
continuous (second order) phase transition. Now, we adopt Devonshire theory assuming that
around theTc| is a linear function of temperature in the fot¥n:

T Y X 1 .).¢
withT a positive constant. Substitutingwith Jsleads to temperature dependence of
spontaneous polarization below and clos&such thalisis near zero and we can drop the
fifth-order term:

b 1T "X YT 1)
This temperature dependence is qualitatively drawn iareiy 8o, where the spontaneous

polarization evol ves eoorndteirnou oruesplrye.s eTnhtes tae rcno nfit
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derivatives of the free energy, for exampd@ndsS (entropy), but a discontinuity of the second

derivative, for example specific heat,

a>0

a<0

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 Materi@lsapter 2: Macroscopics And Phenomenology,
Oxford University Press (2010. Reproduced with permission of the Licensor through
PLSclear?s

Now we consider negatiVeand positivé , with both of them temperature independent,
while| is still temperature dependent. Instead of u3iggve use CuridVeiss temperaturé

that does not equal T to express the temperature dependence of

T Y Y @)
With [, we can express the free energy will positive consfénts:
o i o oy i : 9 , @)
@] C Y 'YO 1 © © O

Figurel.9a represent the qualitative curve®¥/s D as a function of temperature. As it shows,
when G and the external field become zerdcathe energy minimum coexists at zero and-non
zeroD (or 09, which is representative of firsrder transition. Taking the same approach as we
do for the case of secomdlder transition, differentiating G with respect to D yields the dielectric

field as following:

12



O 1" 'YO O 10 (1)

With absence of electric field, we rewrite this dielectric field and free energy in tenigs of

Y YO [ 10 (.
1 w v T [ 5 5 1.1
T C Y Y T Y | (on @.)
Simultaneously solvingeat Tc, we obtain a nonzengin addition to zero:
~ o v @a.n
5y = Y 'Y
b
Substitutingdpback to dielectric field equation above, we obf&in

Figurel.% shows the qualitative curve representing the temperature dependence of the

spontaneous polarization, where a discontinuity can be visualized clearly.

= 0

P

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 Mater@fgpter 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 Orderdisorder
In the pevioussection, we ugkamacroscopic description to conceptualize

ferroelectricphase transitiorespeciallyfocusing onthe order parameter, spontaneous
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polarization,0s with respect tehetemperature nedl, However, this approach does not
consider any atomic structure nor chemical composition. More importantly, the macroscopic
picture does natddresshe driving force behind thephase transition, whicarecrucialfor
chemical design and understanding nature of matehnalbis section, we use microscopic
pictureto examinethe driving forcs of ferroelectric transitiosy which aregenerallycategorized
as either displacive or orddisorder typs.
In 1960,the pioneering theoretical workederson and Cochraextablisheda

connection between ferroelectric phase transstiordlattice dynamicg® Within this theory
framework, a transvers optic@O) phonon modeénvolveing ionic displacement destabilizes the
nonpolar structure and drives the structurapolar phaseConceptuallyas the temperature
approache3. from the nonpolar phase, ttienecenterp honon mode under goes
characterized by a decreasdrgguency ané broadening of thehononlinewidth. 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 4frddrapproximation, the
frequerty of a soft mode satigfsthe following relatioshipwith temperature nedt..°

m Nx "Y "Yh Y ~Y (1.
Figurel.10below shows a qualitative description of the softening of a soft mode, condensation

atT¢, 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 shouldbe notal that Figurel.10above describes a continuous changsofifmodefrequency,
consistent witithe secondorder transitionntroduced earlietHowever, thioccurs onlyf “¥
“Y. Consequentlya displacivetype ferroelectricloes nonecessaly follow asecondorder
transition. For example, BTOndergoes a firsbrder transitiordespite exhibiting coexistence
of displacive and ordedisorder charactestics 552

While the softphonon picture describes displaciyge ferroelectris well, it is less
applicable toorderdisorder typeln orderdisordersystemsgipole pairs exist aheunit-cell
scale without longange order acrogke periodic structurén the hightemperature phasé.
Within a doublewell potential framework, the statassociateavith opposite dipolgareequally
populated Thus theaverage ovetheentire crystalyieldsa centrosymmetric structure without
revealing its local distortia As the temperaturapproacks”¥, the contribution from entropy
andthermal energyglecreaseConsequently, local dipoldipole interactios overcome thermal
fluctuatiors, and longrange order graduallgmergesUpon passing throughy, the longrange
dipole interaction overwhelms the thernealergyandtheentropc cost resulting in astable
ferroelectric phaseA classicexample of an ordedisorder ferroelectric is KDP, though atak

several decades for the communitygachthis conclusiort?°3In the hightemperature phase,
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local dipolesareformed by two hydrogen bonds between hydrogen ions and a tetrahedral
phosphate group, without lofrfgnge ordering among adjacent dipole pd&8edow “Yat 122K,
long-range dipoledipole interactios dominateresuling in the ferroelectric phase.

It is important to note that thexqual distribubn of populatiors betweerthetwo valleys
of adoublewell in an orderdisorder system should not benfused withthe macroscopic
picture of a firstorder transition, which represents an ensemble across infinite unit cells.
Therdore, an ordedisorder ferroelectric does not necessarily underyst-order transition.

Although in this section we categorize ferroelectrics thesetwo branches,
intermediate systems showing both displacive and aliderder characters are not raech as
BTO,5 KNbOs,>* and PbTiQ.>® In contrastthedistinction between firsbrder and secordrder
transitionremainsclear ands often captured by temperatudependent experiments, such as
PiezoresponskEorceMicroscopy(PFM), seconeharmonic generatio(SHG), terahertz time
domain spectroscopgifHz-TDS), Raman, and IR spectroscopy. These experimental tools are

essentiafor the definitiveidentification offerroelectricbehavios.

1.5 Experimental Tools to Characterize Ferroelectrics

What distinguisksferroelectrics from pyroelectrics is the switchipof spontaneous
polarization under external electric field. From this point of vie#iV hasbecome one ahe
moststraightforward method®r identifying ferroelectriaty, especially for nanoscale
characterizatiofi®>’In PFM, a conductive atomic force microscopy (AFM) tip is applied \aith
alternating current (AC) voltage, whilke sample substrate is groundad a bottom electrode.
As introduced earlieir ferroelectric is also a piezoelectwith a nonzerelectrostictive
coefficient, implying a volume change in responsart@pplied electriield. Whenthebiased

tip approaches a ferroelectric surface,ltoal polarization interacts with this external field
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inducing surface@eformationthatresuls in thedeflection of theAFM cantilever.As a result,
PFM can extradboththe amplitude and phasetbk electromechanicaksponseAs the field
applied to the tips large enough andrientedopposite to the a mp pokar&zation, the
ferroelectric polarization switches to align with the external field. This polarizhéilmhremains
evenafterthe biass removedihis persistencés termedremanent polarization By sweeing the
voltage from zerdhroughpositve and negativealues acharacteristitysteresisoop, or the
so-called RE loopas shown irFigure 1.11can be obtained to characterthe ferroelectricity of

a sample.

>
>

\[7 - E
Figure 1.11. Schematic representation of a ferroelectric hysteresis loop of a

ferroelectric sample. P represents remnant field and Ec represents coercive field, a field
amplitude required to cancel the internal polarization of ferroelectricity.

While PFM is a powerful techniguer reveaing polarizationresponsgto anelectric field,

artifacts mayarisewhereeven norferroelectric materialproducehysteresidike responsg®8

For examplejon migrationcan occuin response to thieigh localfield atthe tip, resulting in
electrochemical strain or Vegard stréai well-knownexamples is the hysteresis obserired

TiOz2 thin films, which arenonferroelectrict® Hence, additional measurements are often required

to verify ferroelectricity, especially for thin samples.
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Owing to thér noncentrosymmetric structuréerroelectric possess a neaerosecond
order susceptibility.(. ). This makesecondorder nonlinear optical measurements powerful
tools forproling ferroelectricity. The most commonly used oneaesongharmonic generation
(SHG measurement. In SHG, two incident photons are converted to a single photon with twice
the frequencyvithin a... -acitve mediumFerroelectriccangenerate SHGignals provided
thatconditiors of phase matchingyystal orientationandexcitation frequencyre met, given
thefrequencydependent nature of. that is. For example, LiNb§s a standar@¢ommercial
materialfor SHGS?

However,sinceany noncentrosymmetric mediunincluding pyroelectricssan generate
SHG appling anexternal field to probe switchable polarization is nhecgstaconfirm
ferroelectricity As suchadvanced technigsesuch a$ield-dependentphaseresolved SHG
canprobe the ferroelectricity unambiguou8fiUnlike PFM, optical measurements like SHG
probethebulk structure without localizedhigh-intensityelectric fields atthe nanoscalgutilizing
micrometerscaleelectrodes where ion migration and conaduced electrochemical artifacts
are absent.

Anothereffectivetechnique igerahertz timelomain spectroscopfHz-TDS), which
collectselectromagnetic wave in THz window (0.3.0 THz) inthetime domainThe nonzero

of a ferroelectri@allows forTHz emissiorvia optical rectificationUnlike typical visible
light optical measuremenli&e SHG THz-TDS recordgheincoming THz wave in time domain
allowing for thesimultaneous recording dbthamplitude and phase. Therefore, thientation
of theferroelectric polarization is intrinsicallyapturedyy the detected THz emission.

Consequentlyby applyinganexternal field to switch the polarization, we can observe a flipped
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polarity in the THz emission. Figur&.12demonstratea switchable THz emissiopolarity in the

2D vdW ferroelectric, NbQJ underan external electric field.
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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/icm.

While theaforementionedechniques are frequently employed to identify ferroelectricity,
Raman and IR spectroscopy aréanarily usedo detectheferroelectric phase transition. As
previouslydescribeda secondorder transition i€haracterizedby a continuous change in
polarization, wiereas dirst-order transitionnvolvesa discontinuous change the temperature
approabes”Y, Specifically, therelation betweeisand “¥ Y in ferroelectric phasis given
by:48

0o & "X Y @a.n
This relation is instrumental determining if a transitiors a seconebrder.Providedthata
givenphonon is Raman active the ferroelectric phase, whichtigically the caselue tothe
lack of inversion symmetry, evcan correlate Raman intensityWith 0s using a macroscopic

framework:

Q0 ® Y Y 1.n
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As suchihis allows for the cleadistinction betweersecondorderandfirst-ordertransitions In

a displacive type transitiothe soft phonon frequency shows strong temperature dependence
shown inEq 1.14 a pronouncedrequency shiftowardzero frequency can be identified when
the systenapproacks™¥. Figurel.13belowillustrates thesoftening of the modm SbS| where

a frequency shift of more than 50 éwas observed when approachingrom the low

temperature phasé.
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Figure 1.13 Temperature dependence of the soft mode of SbSI, showing a frequency
lowering of more than 50 cm?. Reprinted figure with permission from M. E. Ziffer et al., Phys.
Rev. Mater.6, 095401 (2022)Copyright 2022 by the American Physical Society.s?

While a soft mode is Raman active in the ferroelectric phase, the same mode may not be Raman
active in the highhemperature phase, astivity is strictly governedy the symmetry othe

phonon mode. IR spectroscopy nagoprobe a transitiomelevant phonon modeprovidedhe
symmetry requiremestairemet. However, the frequencies of most dggohodes governing
spontaneous polarizatidie in the farIR regim, falling outside of thespectral rangef typical

mid-IR light sourcs. Therefore, THZIDS indead is used to probe the phonon feawi¢hin

this lower frequency windowln this configuration, ather thardetectingTHz emissionfrom the

ferroelectric sampleanexternalbroadband THz source tansmittedhrough thematerialand
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subsequently detectethis allows forthe collection ofa THz absorption spectryrwhich
revealdow-frequency IR-activephononmodes

In addition totheseoptical approaches, structural characterizafiarsingle crystal Xray
diffraction and neutron scattering atandardoolsfor resolvingthe lattice structureacrosshe
ferroelectric phase transition. These structteehniquesprovidecrucial additionakupportfor
the definitiveidentification offerroelectric material
1.6 New Family of 2DvdW Ferroelectrics, Niobium Oxydihalide (NbOX2>)

Researclon ferroelectris wasmainly focusedon oxide perovskites and other
piezoelectric ABQ compounds until the identification of the first 2D vdW ferroelectric,
CulnP:Ss, in 2015,%4 where robust ferroelectricityas later found tpersistdown to four atomic
layers® Since then, tremendous effort has been devoted to identifying new 2D vdW
ferroelectricdueto their potentiafor the nextgeneration transistors, nonlinear optics, and
heterostructure photoni€$The list of siccessful identitd 2D ferroelectric has been growing,
for example| -In2Ses, SnSe, and more recently b8

Meanwhile, theapidgrowth of materials discovery provides new platforms for revealing
the physics behind 2D ferroelecsiwith extraordinary propertiedhe riobium oxydihalide
(NbOX?2) family was first predicted to be roetemperature 2D ferroelectrig 2019 by Jiget al,
featuringrara inplane ferroelectricity® In the NbOX family, the material crystallizein the
monoclinicC2 space groupA vdW monolayer is cmposedf NbO2X4 octahedral units, with
Nb-O chains along the crystallograpl@xis and edgsharinghalogengX) bridging adjacent
Nb-O chains along the-axis (Figure 1.14)Along theb-axis,the Nb atom isdisplaced from the
center, leading to unequal Nb length® a Peierk distortionthat resultsn spontaneous

polarization.Soon after this theory prediction, the fiestperimentasynthesis and
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characterization of niobium oxydiiodblbOl2) was presented biyanget al in 2021,°
demonstrating #planepolar distortioralong the NBO polar axis and claiming circular
photoluminescence and high optical anisotropy. Whidy drewthe attention othe ferroelectric
community to thislass of materialaerethe twosubsequergtudiesin 2022 and 2023"In

the former Abdelwahalet al.uncoveeda giant... of NbOIlz through SHGshowingan
effective... larger than that of LiNb&and monolayer MoS Further strain engineering on
NbOI: flakes enhancedhe SHG efficiencyy up to 35fold, demonstratingts promise for
nonlinear photonic applicatisnin the later study published in 20Z3uoet al.demonstrate the
first vdW-based spontaneous parametric dasnversion (SPDQ)dingniobium
oxydicholoride (NbOGC). SPDC is a secondrder nonlinear proceskat istheoppositeof SHG,
converting a photon into a pair of correlated photons atia#nergy whileconserving
momentum. Compared with conventional SPDC deieesed on LiNb@7? vdW materia
based SPDC devisarefree from surface reconstruction and keep high nonlinearity down to
subpum thicknesss As a result, the demonstration of SPIMANbOCE suggests thahe NbOX2
family is an extraordinary candidate even for quantum techrestgpnturing correlated photon

pairs.
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Figure 1.14: Crystal structure of the NbOX 2 family (X =1, Br, Cl) viewed (a)
perpendicular to the bc-plane and (b) along the c-axis.

This thesis aims to explor®velfundamental interactian photonic applicatios) and
ultimately,a path to tumg and contrding the optical propeiies of the NbOX family.
Specifically,Chapter Antroduesthe experimentahethodologiesnd data interpretation
frameworks utilized throughotiis thesisChapter 3 discussdise coupling between the
ferroelectric transveesoptical (TO) phonorandelectronic excitatiogin NbOl. Chapter 4
demonstrates giant THz emissimam NbOIz andits implementation iron-chip THz
measurement€hapter Sexploresultrasonic and unidirectional transport of polarization vgave
termedFerrors, in NbOk. Finally, Chapter6 discusses the chemical tunability of narrband

THz emission from the NbOxtamily througha phononic framework.
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Chapter 2 : Experiment Methods

This chapter overviews the general experimental methtildsed in this thesis. Detailed
experiment condition may vary and will be mentioned in the later chapber pointed to a

relevant referencié necessary.

2.1 Preparation of NbOX: flakes

The NbOX family has one general concern: reactivity with moisture. While bulk
samples can be prepared under air, preparation of thin flakes such as monolaydQemraub
thick ones must be done in a glovebox to avoid degradation.

Generally, a crystal of NbOXwith large and flat surface is ideal for any purpose of
samples. After mounting the crystal on top of a flat surface or(Eagare 2.1a)first exfoliation
with Scotch tape exposes a fresh surfiégure 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 cm1l cm, which is a common size for a substrate. Typically, three
times of tape exfoliation is sufficiefigure 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
substratéFigure 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 temperaturesofatsaround 10 minutes
to maximize the surface adhesion between the flakes and sufSigate 2.1f) If a large
monolayer is targeted, preprocessing of the substrate wiphagima 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 (10A@@num) but thick
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flakes above 100 niffFigure 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 dnee or N-purged chamber for any measurements.

LE=r]

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 commerciallyablaihstruments to
characterize a new sample. This includes powdesydiffraction spectroscopy?XRD), optical
microscopyatomic force microscopfAFM), scanning electron microscof§EM), energy
dispersive Xray spectroscopfEDX), profilometer, scamng tunneling microscopy (STM), and
transmission electron microscopy (TEM), etc.
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2.3 Polarization-angle Resolvedreflection 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 nmCombining 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 Houilepolarizationangle
resolved reflection spectroscopy is shown in FiguBbelow. First, broadband tungstbalogen
lamp as a light source generates white light covering\Vig range. Tks white lightis sent
through a pin hole andfresnel lenso become a collimated light. This beam then passes
through a linear polarizer and halfave plate ands 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 um in diameter can be acHibeed.
reflected light is sent back through the same objective, transmitted the beam splitter, and focused
on entrance slit of a spectrometer (Princeton Instruments3fRpequipped with &50 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—, whereY is reflectance of substrate ag is reflectance differencgefined as

3Y Y Y, withY; asreflectance of the samplath a thickness of idDifferential

reflectance is correlated with the imaginary part of the dielectric consamy:(®

Y ye 1 fH 2 )1
~ ) ]

where_is the wavelength of photoB, is the refractive index aimbient andi f Hy Hs the
dielectric constant aimbient the sample, and the substrate, respectivélis equation
establishes only QL _. If the substrate is transparent, and the measurement is taken in air,

suchthat =1 and is real. We can simplify the above equation to be:
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where¢ , € is the refractive index of the sample and substrate, respectivalythe
absorption coefficient of the sample related to the extinction coeffi€deritthe dielectric
constant of the substrate is nearly a constant over the measuring range, the differential
reflectivity change can be qualitatively
the exact absorptivity:

3_YG | (2 ')’:

Y
However, we should be cautious about using this correlation to locate the exact exciton
absorption, since 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 sahwpla the
same order of, the measuring window covers sufficiently wide range of the belawenergy
of the sample, anthe refractive indexg(] ) is provided Owing to little absorption at the
belowgap energy, the incident light interferes strongly within the sample and results in an

interference pattern shown in Fig@#8that can be analyzed with the following equatfon

(2 )¢

where_ and_ are wavelength of adjacent maximum peaksand¢ are the refractive index

at _ and_ , respectively, and 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 NbOl: 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 ia#iastic
scattering witphononmodes 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 ugshift energy are termed ar8tokes Raman scattering.

Since Raman tensors are in the form diraeby-threematrix, often the Raman
scatteringntensity is polarizatiolsensitive. 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 loonon.
example, a crystal belomgy to a monocliniaC2 space group has its phonon to be either B
symmetry, and the Raman tensor matrixe8-efymmetry and-symmetry phonons must

follow:’®

6 o Q (2 )¢
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while the G rotation axis must be alongaxis of the matrix. Combining with density function
theory (DFT), polarizatiorangle dependent Raman spectroscopy identifies phonon modes with
accurate symmetry information on top of energy matching with calculated phorrgg.ene

Figure2.4 below shows a hombuilt polarizationangle dependent Raman spectroscopy
with Nikon TE-300 inverted microscopy. A 638n HeNe laser is selected as light source. The
beam is initially filtered by a lasdine filter to narrow down the width of laser energynd
linearly polarized with a linear polarizérhe filtered beam is reflected by9a/10 beamsplitter
filter (Ondax),where 90% of the incident laser with a full width at half maximum (FWHM) of
10 cmt is reflected and sent toward halthve 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 samewale plate anchie 90/10 beamsplitter
filter, entering the second haMfave plate and the second linear polariZére second set of half
wave plate and linear polarizisroften called analyzerenabing control on the selection of
polarized scattering light, allowingtleer parallel operpendicular 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 othe 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

SinceRaman spectroscopy collects spontaneous Raémnangh 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 contamahatgh significant random cosmic ra@n 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 (DE@QB)e 25 shows
schematic description of these two excitation mechani8ims SRSprocess, 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 aequilibrium 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 tBE® mechanism. Presence of
coherent phonon modulate the dielectric environraedtthus the probed reflectivity. The

change in reflectance can be expanbgdefractive index then the firstrder Raman tensaf

1Y, 1Y .. @)

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

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

a b
ISRS DECP

,Q »

Q Q
> >

Figure 2.5: Schematic diagrams describing (a) impulsive stimulated Raman scattering
and (b) displace excitation of coherent phonon mechanisms.

Figure2.6 below provides a schematic diagram of a hdiadt coherent phonon
spectroscopyin 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-baittenoncolinear optical
paranetric 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 excltatios probe

beam part, we generate broadband probe covering the Jigiieéange by focusinghe 800nm
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probe beam onto aaut sapphire plate. This white light then passeswalfe 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@)0 gr/mm diffraction grating

blaze to be dispersed before being focused on a&tiap CCD camera.

Chop
5 kHz BS
0 Ti:SRA
l v NOPA 800 nm, 10kHz
Delay
stage

Ti:S oscillator
800 nm, 80MHz

)

oy TN
ap @ \

LP ¥\

e |

= \WLG

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 seoohet 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 interachilseureder the electric

dipole approximation?

0 ... 00 (2 )7

whered s the polarization driving SHG,. is a 3% rank seconarder nonlinear
susceptibility tensor, an@, O are electric fields of two incident photons with the same
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frequency.To have a SHG process, a paeantrosymmetric medium is required to have anon
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 intooaygsametric
symmetry’’

Figure2.7 below shows a schematic diagram of a hdouit polarizationangle 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 sipa$s dichwic mirror in an inverted
microscope. The reflected incident beam then transmits through a broadband achromatic half
wave plate covering the wavelength of both the &medntal and harmonic signal. The incident
light is then focused on a sample plan with an objective. Both the residuaHahdgignal are
collected by the same objective and transmit through the samednafplate. Only the shert
wavelength SHG transmits the dichroic mirror and is directed to a photomultiplier tube (PMT).
Two more shorpass filters are placed before the Pidblock the residual fundamental light.

Sample "—

60x objective

Achromatic HWP

Ti:S oscillator
800 nm, 82MHz SP dichromic
LP

SP

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

Terahertzime-domain spectroscopy (THEDS) 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, whigkhe secalled THz gap (1 mrm 30
pnm) andcoversthe excitation energy of plasmon, phonon, correlation gap such as
superconductor gap in fundamental scieff¢@0wing to this energy scale the rise of correlated
guantum materials, the THz detection techniques have drawn significant attention in the last
decade?8?

In THZz-TDS, the detection mechanism is different from a typicat\W$:IR detector,
which collect incident photons and convert photon counts to electrical signal in voltage to be
recorded directly. The THz detection often uses elemptacal (EO) samplig to record THz
waveform® requiring an additional ultrafast probe pul§be 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 fietd

3£ i O (2).¢
£

wheren is the refractive index of the mediuin, is the linear EQe o0 o tensor matrix
defined in a cartesian coordinate. Since the changésismall within the linear range, the

above equation can be approximated to be:

C
3 sﬂ cE 3¢ (2 )¢
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where a linear relation betwee# and the electric fiel exists.In the THz EO sampling, the
source of the electric field is the THz waveform, a tidependent electromagnetic water
simplicity,i  is represented as , andE; is represented &S parallel to one of the cartesian
axes. The induced birefringenag;, is then measured by the phase retardapof(the

ultrafast NIR pulse through:

3 C—U3~2°. @1

whereL is the thickness of the EO crystal, ant the wavelength of the probe pule. a
result, both the amplitude and the phasEwf can be measureda theEO sampling.

Next, we describe the experimental setup of the Rbuile THz-TDS. A schematic
diagram is shown in Figuiz8. 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 ar We use the twaolor air plasma method
to generate broadband THz waveform. Along the THz generation ps8A0am pulse
operating at 5 kHz with pulse duration of 30 fs is focused on abeitam borate (BBO) to
generate a 408m pulse. The two pulses-poopagate and are chopped at 5 kHz before being
focused on air or Rito generate intense air plasma that emits broadband THz emission. The
emitted THz emission is collimated by an-a¥is parabolic mirror, transmitted through a Si
wafer which is for blocking the residual NIR pump, filtered by a wgirie polarizer to forma
polarized THz waveform, and focused on a sample with another parabolic mirror. The diameter
of the focused THz wave &ound 1 mm. After passing through the sample, the THz wave is

then collimated and focused on a EO crydédng the probe path, a separate and much weaker
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800-nm pulse passes a halhve plate and subsequently a linear polarizer to have its polarization
aligned with the optical axis of the EO crystal. The probe pulgga@oagates with the THz
waveform in the EO crystal, the passes a quaviare plate forignal amplification, and is
separated into two linear polarized beams by a Wollaston prism before being colleated by
balanced detector. The collected signal is further amplified by a box car and subsequently a data
acquisition card (DAQ) before enteriagcomputer.

Alternatively, the THz generation can be generated through exciting a sample through
either optical rectification or shift current. The former relies is the DC componaintal
rectification,of the seconerder nonlinear optic process, while the later relies on photocarriers
generated by abowgap excitation. The optical rectification process cagdreerated with a

belowgap pulse and idescribed by

0 T -... M h] 01 O ] 2.)1

h
Since the measured THz field is proportional the polarization, 11, the THz field idinearly

proportional toS0s  "Othe 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.

38



Chapter 3 : Coupling of Electronic Transition to Ferroelectric

Order in NbOl

Ferroelectric polarization is governed by a unique transwatisal (TO) phonon mode
featuring a doublevell potential with minima at two nemero polarization with opposite sig#fs.
Regardless ordatisorder 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 polkiwizand Coulomb interaction
with electrons in the system if there is aiifie Frohlich interaction, however, does not describe
the longrange interaction between a charge and the TO phonon, because within the harmonic
approximation the opposite phase @ phonons along the momentum does not constitute net
long-range dipole momen8:85We revisit this fundamental interaction between the TO phonon
and electron ithe 2D vdW ferroelectric NbQlI Particularly, the ferroelectric phonon is
characterized with nemero spontaneous polarization and anharmonic deméliepotential that
are not within the scope of the Frohlich interaction.

In this chapter, wérst 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 polarizatngie resolved Raman
spectrosopy, TH2TDS, andhefirst-principles DFT. We thetaunch the ferroelectric phonon
mode driving fluctuation along the spontaneous polarization, and lsteakdown of the
Raman selection rule acra$e optical transitionThis chapteis adapted from réf. This work
is a collaborative work with many inputs fraifferent research teammcluding Dr. Daniel G.
Chica for the synthesis of Nbfdrystals, Dr. ZhiHao Cui for the firsprinciples calculation, Dr.

Taketo Handa for the THZDS, Dr. Valentina Bisogni for the resonant inelasticay scattering
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(RIXS), Dr. Morgan Thinel for thecanning tunneling microscop$TM), and Dr. Yinming
Shao for the NIR IR reflectivity measuremefdditional details of experiments and first

principles calculation are list in réf.

3.1 Anisotropic Structure and Optical Properties

Millimeter-size single crystal of Nb@ivas grown with the chemical vapor transport
method(Figure 3.1a)The phase purity was confirmed through PXRD shown in Figute
NbOI2 has a vdW layered monoclinic structure in @&space groupAs shown in Figur&.23
along the crystallographic-axis, the Nb atoms are displaced from the center of the octahedral,
leading to unequal N bond lengths and spontaneous polarization along the same axis. We
confirmed the local structure of a frestdigaved surface with STM shown in Figi2(b,c)
where the rectangular-plane structure shows consistent lattice parameters obtained from the
singlecrystal Xray diffraction.We showed an anisotropic electronic structure in Fig.2d
using differential reflectivity spectrospy, which reveals abovgap transition at 2.3 and 2.6 eV
along the eaxis.In contrast, similar optical transition feature is absent along-thed) with a
weak onset in absorption at around 1.1 eV shown in Figj@(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 Bigufe

ferroelectricity stays up to 573 K.

40



8000 —— NbOI, sample
— Simulated pattern
5000 {+ from public source
4000 f+
2
2
£ 3000
£
2000 f
1000
10 20 30 40 50 60

26 (°)

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 NbOI: crystal overlapping with simulated patterns
from a public source.
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Figure 3.2: Summary of anisotropic crystal structure and electronic structure of NbOI  -.
(a) Crystal structure of NbOIlzin vdW plane . (b) STM image of cleaved NbOI: 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 thd> and c-axis, respectively. (d) Polarized differential
reflectance of a #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.
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Figure 3.3: a. Optical measurements with temperature dependence of bulk NbOIl >
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

polarizationangle resolved Raman spectroscopy with incident light perpendiculartioc the
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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-@) to thec-axis.Figure 3.4a and b show pseudulor 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 (104'5refierred as P2 in the rest of

main text)as a function of incident polarization angl®shownin Figure 3.4c, representing a

highly anisotropic phonon mode withe b-axis as the preferentially allowed axis in pp
configuration. In the cp configuration, the polar plot shéws-fold symmetry with diagonals

maxima between the andc-axes.
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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
plots extracted from spectral cut at 3.137 THz mode in @) and (b). Fitting curves through global
fit to both pp and cp date with Eq 3.1and 3.2 respectively, are represented by solid lines. d) PP
Raman spectrum with incident light polarized parallel to either the bor c-axis. (€) Modeled PP
Raman spectrum at 300 K with incident light polarized to either the bor c-axis. (f) Modeled
polar plot of the phonon mode with a calcul ated frequency of 2.830 THz. An empirical term,
"Hi ¥z, considering finite absorption in the experiment was included. The value of "Hi ¥z
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 perfedRaman tensor analysis to determine symynatr
eachRaman active phonoBecause NbQlbelongs to th€2 space group, the symmetry of its
phonon modes iegulated to beitherA or B. The Raman intensitf}) as a function of the

incident polarization angle is described by the equations b&I&4°

"} ® YBC OS5 LBSiA UL 055 i -AATQ, ©'Q (3 )1
Gl ds g (EEEAIQ,s i &0 32
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whereb, ¢, f represent Raman tensor elemefts,»Q , represents phase difference between the
b andc tensor element®,andbg represents finitésotropicbackground signal#\s 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 belong8 symmetry. Additionally, we extract lireuts of Raman
spectra atd T1and—3 w Tcorresponding to the polarized Raman spectra along drelb-

axis, respectively, showing the anisotropy of all the Raman active modes in Figure 3.4d. The
polarized Raman spectra agree with theoretically modelled Rareatiaspalculated 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 sshalllder peak near the P2 mode, is red

shifted in the experiment but bhshifted in the DFT result. This may be attributed to phonon
anharmonicity which is evidenced by the temperature dependence bibtenpFWHM 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 TableX8.frarticular interest is the P2 mode,

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

chapter
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Figure 3.5: Polar plots and tensor analysis for the experimentally observed phonon
modes. (a, b, d, f) Phonon modes that can be described byA-symmetry. (c, €) Phonon modes
that can be describedby 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.
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3.3 Coherent Phonon Coupling to Electronic Transition

We carry out ultrafast pumprobe coherent phonon spectroscopy (CPS) to probe how the
electronic transition couples to phonons in Nb@Ve use an excitation laser pulse (pulse width
~ 150 fs) centered &t 8= 2.58 eV, which is resonant with the second abgae transition, with

light incidence normal to the surface and polarization parallel to-#xés. Figure 3.6a and b

show the transi en RRywhdrdRdsadflaectance wthow theeparhprandm (o
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gRis the pumpinduced change in reflectance), probed by a broadband pulsse ( 1. 46 1 2.

eV) polarized parallel to the or b-axis, respectively. In transient reflectance probed along the
optical transition allowed directior-@xis), there is a clear signature of exciton bleaching at ~
2.20 17 2.35 eV, with periodic modul ation of
clear oscillatory signals at delay times > 30 ps without subtracting the electronic signal
demonstratéhe long coherence timé @om temperature with a decay constant of ~ 30 ps

Figure 3.7 shows further time domain analysis, inclutlegsaussiadit to the FT peakshort

time Fourier transform analysiand fitting of the dephasing time. The full kinetic trace of

exciton bleaching can be described by a long decay time constamt56 + 1.2ns(Figure 3.8)

After the removal of the incoherent decay component, the Fourier transform (FT) of the residue
coherent signals (Fige 3.6¢c and d) gives a single frequency centered123+ 0.001 THz with

a FWHM of 0.038 £ 0.001 THZ{gure 3.7& This oscillatory frequency closely matches the

frequency of the P2 phonon mode observed in polarizaigte resolved Raman spectra.
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Figure 3.6: Coherent phonon spectra reveal the dominant TO mode. (a, b) Transient
reflectivity spectra of NbOIl 2measured at room temperature for probe polarization parallel to the
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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 d 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.
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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 ¢ 2.33 eV region. We
use multiexponential reconvolution fit with a gaussian function to extract the long -decay
component Jiong = 5.6+ 1.2

The polarization dependencies of the CPS spectra for resonant aadarfant probes
show key differences. When probed with photon energy below the excitonic transition (off
resonant, Figre 3.6¢), the phonon mode dependence is highly anisotropic. The FT amplitude of
the 3.125 THz peak is prominenith probe polarization along theaxis (») andmore than one
order ofmagnitude lower with polarization along tb@xis (c). The ratiold/Ib ~ 0.1 from CPS
data Figure 3.6% is close to the ratit/In = 0.16 obtained from Raman spectroscopy (Fég
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 sam@&/e conclude that with a nei@sonant, belovgap probe, the P2 phonon
mode revealed in CPS is determined by the same Raman’tassionthe spontaneouRaman
spectroscopy.

By contrast, when we use a resonant préligufe 3.69, the CPS spectrum reveals the
breaking of the selection rule dictated by the Raman tensor. The weak coherent phonon
amplitude for probe polarization along ttraxis becomes dominant with the resonant probe.

The FT amplitude rati&/l» for the P2mode increases fren®0.1 with the offresonant probe to

2.6 with the resonant probe. We attribute the emergence of the intense syfonédigen P2

mode to the strong coupling between the P2 mode and thie-ghp 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 elptiooion coupling

associated with the conductionnioh Since the abovgap electronic transition is related to
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carrier generation, this strong coupling suggests the polaronic feature of the photoexcited

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

3.4 TO Phonon Characters Revealed by THZ'DS and First-principles Calculation

To reveal the nature of the P2 phonon mode, we performed teraheraoimaen
spectroscopy (THZDS) measurements in transmission geometry on sstesaling NbQJ
crystal wit h Fiduie 8.% Beeasise thetraiZsve&e naturé of electromagnetic
wave only allows excitation of TO phonon modes, TH2S directly probes TO phonons.
Figure3.10a and b show the time domain waveforms and their corresponding FT spectra along
theb- (red) andc- (blue) crystallographic axes, respectively. A full spettaf THz absorption
in frequency domain is shown Figure 311. The strong THz absorption peak is observed at
3.130 + 0.008 THz (Figre 3.1(), and this frequency is the same as that of the exclusive mode
observed in CPS (reproduced in tHig 3.1@), and the main phonon peak observed in Raman
spectra (the P2 mode, reproduced inuFég.1ad). 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 traition, whereas no contribution from LO phonons is found. The
absence of the commonly observed electt@®phonon coupling points to the uniqueness of a

ferroelectric semiconductor.
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Figure 3.9: Summary of the suspended NbOI 2samples for THz -TDS measurements. a.
Fabrication schematic for the preparation of thin flakes of NbOI2 suspended over a pinhole. (1)
Bulk NbOl 2 crystal is cleaved with thermal release tape (TRT); (2) the NbOk flake on the TRT is
thinned by cleaved with Scotch tape; (3) the thinned NbOI : flake is mounted to a pinhole with

double sided Kapton tape (DSKT); (4) the sample assembly is heated to 138C 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 exposedc) Image of a
NbOlI 2 thin flake mounted on a pinhole with DSKT before TRT removal. (d) Image of a NbOl:
thin flaked mounted on the pinhole after TRT removal. (e) Optical microscope image of the
exposed area of the NbOE 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' AWEEUOUxUDPOOwWUx1 E U UAE fime Hambidandy b)Gregliehdd dodain, E .
respectively. The reference signal represents the THz signal without transmitting through the
NbOl 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 NbOI:z 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 beplane, whereasY 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 beplane (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 (Ino/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 (Fige 3.1Ce) and reveal the atomic motions that underlie the TO phonon
mode (Figire 3.10). By computing the inner product of eigenvectors and phomamentum,
we can estimate the TO and LO character of each phonon mode at different momentum vector
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 charachdong theli1 A direction (perpendicular
to thebc plane and parallel to thpadopted in all the optical experiments), the 2.830 THz
phonon mode (3.130 THz from THDS) is essentially purelyO near the zone centér,
corroborating our THA DS results that indicate strong TO character of thpH®8on mode.

The same mode (2.830 THz aloihgA in DFT) becomes highly longitudinal along theY
direction (parallel to the-axis), and shifts to 3.128 THz (kige 312 shows a clear track of the
P2 mode near thi point). The discontinuity of frequency around the zone center, with the LO
mode shifting to a higher frequency, is a signature of a polar pHéite TOLO splitting at

the zone center is ~ 1.21 meV in our calculations, manifesting the polar naturepbiothdas

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-8Nb bonds along the-axis and modulation of the
local polarization. The calculated atomic motions are reminiscent of soft modes associated with
displacivetype ferroelectrics; these soft modes are typically anharmonic along the direction
associated with ferroelectric orderti®ough our catulations 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 chga 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 abve.
3.5 Resonant InelasticX-ray Scattering

To further support the distinct nature of the coupling of the P2 TO mode to the electronic
transition, we performed resonant inelagticay scattering (RIXS) measuremefit¥ at the G

K edge (1 i3 2p transition)shown inFigure 3.13 The XAS and RIXS measurements were

performed at the SIX-ID Beamline ofNSLS1152. The RIXS energy resolution wgsE=
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13meV. The spectrometer was set to 2d = 150A,
Under this exper i m@adatizadincaming faysagvere paralieltothe t he 0
sampleea x i s, wjpolardized orie$ veere parallel to thexis. The temperature was 35 K
for all measurements. The NbGingle crystal, aligned using the reflectance measurement, was
glued by silver paint on a Gesample plate and cleaved in the air with Scotch tape just before
loading it into the load lock chamber.

TheRIXS 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 ofrag photon
which inelastically scatters phonons in the system. As such, RIXS prob&srefghonon
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 theaxis ( -polarization) and to the-a x i -polafizétion), we find
an anisotropic response in theray Absorption Spectroscopy (XAS) peege (Figire 3.13)
and in the high energy loss region (> ~ 2 eV) of the RIXS spectraréR3dl3). This
anisotropic behavior is consistent with the differential reflectance spectrauire Bigd and we
associate it with the anisotropic electronic structure of Nbi@Iparticular, the anisotropic
hybridization between O 2p and Nb 4d orlstat®is revealed by the strong anisotropic XAS
feature around 530 ~ 535 é%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
and” polarization. When fitting the data (kige3.13), we observe a resolutidimited mode at
7meV, together with its secoratder harmonic at 14meV, and its aStokes counterpart at
T 7meV. The 7meV mode matches a phae3dfatobser ve

1.78 THz. The intensity ratio between the 7 and 14m@des and the evolutiaf their
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intensity as a function of incident photon energy supports our assignment of the second peak as
the higher harmoni?1The presence of high@rder phonon harmonics in the RIXS spectra
signifies a nomegligible electrorphonon coupling between valence electrand the 7meV
phononmode?” 190 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 valesce electron to phonon

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

coupling scenario, CPS results have revealed that the P2 phonon mode dominates coupling to the
abovegap electronic transition. Overall, the absence of a RIXS feature at ~ 3.13 THz supports

our interpretation of the CPS data that points to an additiongliog mechanism beyond the

common electroqphonon interaction associated with the valence B&i@3in which a phote

excited carrier or abovgap optical transition is absent
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Figure 3.13 Resonant Inelastic X -ray Scattering (RIXS) Reveals Electron-Phonon
Coupling in the Valence Band. (a) RIXS spectra measured at the GK edge, with b (blue) and w
(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). (¢) Low energy zoom-in of the RIXS
spectra, measured forh polarization (blue dots) at various incident photon energies. The spectra
were fitted with five Voigt -UT Ex1 Ewl UOEUDPOOUwWUI Ux]1 EUPYI OawEl OU1 Ui
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7meV (v2), 14meV (v3), and 36meV (v4). The first four peaks are resolutionlimited. The fit sum

is represented by the blue solid line. Error bars indicate one standard deviation. Similar results

are obtained for wpolarization, see Figure 3.14 RIXS spectra showing full range of energy loss
were also shown in Figure 3.14
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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 (vl), 7 meV (v2), 14neV (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 summarythis chaptepresers experimental evidence for the dominant coupling of the

abovegap electronic transition to a phonon mode at 3.1 THz in the 2D ferroelectric

59



semiconductor NbQI This mode is identified as the TO phormoaode, uniquely linked to the
ferroelectric polarization, by Raman spectroscopy, ppnge coherent spectroscopy, FHz

TDS, and first principles calculation. Our findings provide direct evidence for the importance of
specific forms of electreifO phonon copling in a 2D ferroelectric semiconductor. This is

distinct from the wetknown electron coupling to LO phonons in conventional semiconductors
described by the Frohlich model. The observed ¢ogpb the TO phonon is specific to

electronic excitation above the semiconductor bandgap and is absent for the valence band probed
by RIXS spectroscopyeurther, this coupling suggests a promising platform for realizing

ultrafast modulation of polarization amplitude under-pudmsecond through optical excitation.

Distinct from polarization switching enabled by strong THz fiéfch pulse with visibldight

frequency can launch ferroelectric TO phonon via the coupling we found.
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Chapter 4 : Terahertz Emission and Longlive Wave in NbOl>

NbOI2 was reported with giant secowodder nonlinear susceptibility,. , evidenced by
recordhigh SHG efficiency compared with conventional ferroelectric nonlinear optic standard,
LiNbOs.”t Even though.. is a frequencydependent 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 tduteir
potential to be incorporated into an-omip structure® 197 Specifically,the onchip THz emitter
is expected to overcome a lefagting challenge resulting from a size mismatch between
guantum devices (L 10 um) and the long wavelength (100 jirh mm) of THz radiation,
enabling direct optical probe of the 2D quantum phy¥#&:3 Although recent progress on near
field approaches relying on local tip enhancement or-bhged waveguide confinement has
shown substantial advancement, these techniques require facile instrumentation and special
sample engineering# 117

In this chapterywe demonstrate Nb@d exceptionally intense THz emission through
optical rectification. To benchmark the performance of N6GI THz emi ssi on, we
with the THz emission spectrum of ZnTe, which serves as a standardized THz €#’ittane
show that the THz generation efficiency of Nb@lone to two orders of magnitude higher than
that of ZnTe Additionally, we discover intense and letige coherent THz wave from Nb®I
when thinning its thickness below 1 um. We further leverage the vdW nature of tébOl
fabricate a stackable THz vdW emitter with graphite, demonstrating®&b©Ol f u | | potent.i
on-chip applicationsThis chapter is adapted from fé¢, a collaborative work across the
materials science community in Columbia Univerditworked withDr. Taketo Hand#&o

measure the THz emission, Dr. Daniel Chica synthesized Niv@tals, Dr. Nicholas Olsen,
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Felix Sturn, and | prepared the samplestii@roptical 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
NbOl: single crystal (Figre4.1a), with flake thicknesseanging from nanomets to
micromeers (Figure 4.2. For thinner flakes, the conventional pickup and transfer process with
h-BN can be used (Fige4.3). Each NbO1 monolayer possessesptane ferroelectricity due to
the displacement of Nb and O ions alonghtkexis®®:"112}(Figure 4.1b), giving rise to a large
secondor der nonl i ne@™T mseau slCadmuyg eachdayleriandythe-phase
alignment of the symmettgreaking electric polarizations from different layers (Feg.1b)
enable efficient optical rectificatidhfor the generation of THz radiation propagating
perpendicular to the 2D planes. This contrasts with other veplaime ferroelectridsd? and
transition metal dichalcogenid€sn 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, whieh elow the bandgap of
NbOLI (~3.1 eV), and thus does not induce photocarrier generation via linear abs6rptithe
little photocarrier generation avoids heating or photobleaching. This critical property
distinguishes NbQlfrom other thin THz emitters based on photocarrier gener&tics;
including spintronic effect¥®where the accompanying heat generation poses a formidable

challenge for lostemperature applicatiort$’
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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 nearIR 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

PEVI i OUOWOI w3’ awi 65U GPedand 0 MO ANTS(Blusyubrerthi . (
excitation fluence of 1.24 mJ cm? (1/eU E E B U U w @drived flom te@enerative 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 0.22mm-thick GaP EO detector with a bandwidth up to 8 THz. Insets: the same
measurements recorded using a Emm-thick ZnTe EO detector. The main panelsreveal 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 ( Erxz) normalized by the thickness () and corresponding absolute THz
peak amplitudes estimated based on the equation for the EO effect {A wi OU wl 8 k(nedk Ow- E . (
circles) and 0.2 mm ZnTe (blue squares). The dotted lines show a linear dependence(g) Pump
polarization dependence (Gpump, lower) and emission polarization dependence (Gem, upper) of
the emitted THz field (normalized). Here 0° cor responds to the b-axis.

b

Figure 4.2: Image of exfoliated NbOI 2. (a) NbOI 2 monolayer obtained by a Scotchtape
exfoliation and (b) 0.565um thick NbOI 2 flake obtained by a thermal -release tape exfoliation.
The readily exfoliatable nature of NbOI:facilitates the preparation of flakes with thicknesses

from nm to um. Either Scotchtape or thermal release tape works well. For Scotchtape, 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
NbOl 2.
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The firstfavorableproperty of NbO1 as a vdWTHz emitter is its very high efficiency of

optical rectification. Figure 4.1c shows the thah@main waveform of the emitted radiation from

a 2.5¢ mthick NbOL flake (red), in comparison with that from a standard ZnTe THz emitter

with 200 em thickness

(bl ue) .

Bot h

sampl es

emission is detected in the far field by eleatpgical (EO) sampling in-inm-thick ZnTe

(Figure 4.1c) or 0.nm-thick GaP Figure4.4). Despite being 80 times thinner, the Nbfldke

exhibits a comparable THz field amplitude to that from ZnTe &€, which promises its use as

an ultrathin THz emitter with sufficient radiation strength forabiip spectroscopy. The

waveform from NbOJ during the initial few cycles is nearly identical to that from ZnTe,

suggesting that both result from the same mechanism, that is, optical rectifitafifter the

initial few cycles, an additional but weaker ringing signal is observed for Nha@®hot for

ZnTe; the origin of this ringing signal will be discussed later. Figure 4.1d presents the frequency

domain spectra for Nb@(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 matehiteg,

NbOIl2 shows a broader bandwidth ups® THz (23 meV) as the phase matching requirement in

the thin flake is relaxed.

ZnTe
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Figure 4.4: Time -domain terahertz emission signal from 200 -um ZnTe (top) and 2.5 -

4 m NbOI 2 (bottom) recorded using a 0.2mm GaP as an EO detector.
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The second favorable property of Na@b a vdWTHz 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& rthick NbOL flake (red) and the 209 nihick ZnTe
crystal (blue). THz emission from Nbg£dhows linearity in a broad pump fluence range {p
to 10 mJ cri¥. The linearity confirms optical rectification as the origin of the broadband THz
generation3pwith little side effects from linear or nonlinear absorptiBigure4.5 additionally
compares Hz 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. laréig.1e, a small deviation from the linear
relationship (dashed line) is observed onlyjfer 10 mJ cr?. By comparison, THz generation
from ZnTe (blue squares in Figure 4.1e) shows a clear saturation behaviod ahJ cr® due
to the competing twphoton absorption proce$3.A similar saturation behavior has also been

reported in other technologies due to either linear or nonlinear photoabséfhtisn.
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Figure 4.5: Comparison of THz emission spectra between the below -gap and above-
gap excitation. (a) Time-domain and (b) frequency-domain tracesof 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 ~G mW for both
pump wavelengths. Panel (b) shows the highly contrasting THz emission when photocarriers
are injected under the 400nm 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 ashort-passfilter. The pump
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polarization is set along the b-axis for both cases using a halfwave 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 NlhGhe absolute field strength from a-2.5m
thick NbOL flake is comparable to that from a 200rthick ZnTe at high pump fluences
(Figure 41f), with the peak electric field exceeding 300 V' &niwe speculate that the high
saturation threshold of Nb®éarises fronthe wide bandgap along theaxisin NbOlL. The
excitonlike absorption peak in the linear absorptspectrums located arounéto = 3.5 eV (354
nm). With the pump enerdy of 1.55 eV (800 nm) used in the present stutig,<2Eo, and thus
thereareno real states available that can inducewe photon absorption proce<3n the other
hand, the bandgap of ZnTe is narrower, ardtsghte= 2.3 eV.Because B3 > Eo,znTe the 800
nm pump can induce enhandaw-photon absorption due to resonance effects. Under higher
fluences, the twqphotonabsorpion 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/crhfor ZnTe.
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Figure 4.6: The comparison of THz emission signals from 3.8 um thick NbOIl  2that 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
NbOIl. as a neafield local THz source pumped by diffractidimited beams in the nedR 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 enabledielelfHz
spectroscopy even with a pump pulse energy as low as a few picajetie=d from an

oscillator, as shown below. We further characterize the polarization properties of THz radiation
from NbOk, which shows almost perfectly polarized emission alondpitves (Figure 4.1g,

upper panel, andligure4.7) and stronger emissionhen pumped along theaxis (Figire4.1g,

lower panel, antrigure4.8), consistent with the space gradp. We thus set the polarization

direction of the pump and THz detection both parallel tdthgis, unless otherwise specified.
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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 firstwire grid polarizer (WGP1), g1, was then rotated and time-
domain signals at each angle was obtained as shown in &). The b-axis and pump polarization
were set close tog1= . (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 ( ¢). The red (blue) curve corresponds to the
field amplitude for optical rectification (the sharp peak at 3.13 THz).
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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 chosento 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 ) is reported in Figure 4.1g for comparison.

4.2 Thicknessdependent THz Emission

Figure4.9a compares the THz waveforms (normalized) from Nil@kes with a
t hi ckness (bhilie),£$502m @#ed) ared B1 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 consices dbhé
thickness decreases. This thickness dependence is clearly shown in thetFeamsierm spectra
(lower panel in Figre4.%). While the broad THz emission spectra from optical rectification are
nearly identical for the three thicknesses, a naitélz peak (fullwidth athalf-maximum,

FWHM = 0.08 THz) at 3.13 A 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 bgémpulse

launches a coherent TO phonon wavepaekeiSRS 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 THzTDS (upper panel in Gure4.%), which reveals a sharp absorption peak at 3.130 A

0.008 THz Our DFT calculationgn the previous chaptervealsthat this TO modéthe P2
mode)corresponds to the motion of Nb and O atoms along the Ip@lgis 8’ This motion

changes the relative length ofNb-O bonds, modulating the magnitude of ferroelectric
spontaneous polarization (see Wig4d.1b), reminiscent of soft TO modes in displaciype
ferroelectricsTherefore, launching of this ferroelectric mode through I18R8ces the time

variation of the spontaneous polarization with a frequency of 3.13 THz, and these coherently
oscillating dipoles can be a macroscopic and dipkéeradiation source with a monochromatic

frequency.
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Figure 4.9: Thickness dependence of THz emission. (@) Normalized time -domain
signal of emitted THz field for NbOI :P D UT wE wUT PEOOI UU wWOI wl 8 KA ws OwpEOL
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 ( Tteld) 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 (¢)
Thickness dependences of the frequencyintegrated 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 cmt2. 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 additionto the 3.13 THz mode, we observed sharp features in THz emission spectra at
1.8 and 2.45 THz (see kige4.%). We consider that the feature at 1.8 Tppearsiue to
absorption of the broad THz radiation by a TO mode at this frequency. The THz absorption
spectrum in the upper panel of &ig4.% 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 admswith
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much smaller motion afiobiumandoxygenatoms, inducing little change of polarization and
consequent little THz radiation. This 1T81z mode, thus, only contributes to absorption. The
derivative spectral shape of the-.Bz mode is also distinct from the peak structure of the-3.13
THz mode, with also suggestifferentmechanismgovernng respective spectral shapes.

At 2.54 THz, we did notbservean infraredactive TO mode in the absorption spectrum
within our sensitivity. Meanwhile, wiglentify 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 rectificatiorefficiency at this frequency, presumably due to some Raassisted
mechanism. Further experimental and theoretical studies on the detailed influence of phonon
modes to the THz emission spectra are subject todstudies.

Figure4.9c shows loglog plots of the thickness dependencetheffrequencyintegrated
Fourier amplitudesl{+z) for the broadbandmission from optical rectification (green circles)
and the narrowbaneimission at 3.13 THz (purple triangles). We observe distincterrigsion
down to the 3inm-thick NbOk flake (Figure4.9a); giventhe excellent signéb-noise ratio, we
expect similar results for evehinner flakes. The solid line is fit fonz ® d? whereais an
exponentWe obtainedah = 0.8 = 0.1 and thus the relationship is close to liregrected for
optical rectification. We note that the low absorptiorder the belovgap pump leads to a large
penetration depth, ensuriaghomogeneous pump field distribution within the flake. Jimall
deviation from the linear relationship for larger d values magttibbuted to phase mismatch.

For the narrowband emission, the Ti&d amplitude remains nearly constant for thicknesses
larger thard00 nm, likely due to strong-absorption by the TO phonon modde following
rate equation describes theneratiorand reabsorption processes of THz radiation near 3.13

THz:
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Q0 a . . , (3 )1
89—0( e | s Og «

whereOg 4, ( @ is the generated THz field amplitude at the posifipi® Is the intensity

of the 806nm pump/ is the effectiveefficiencyof converting 80éhm pump to THz field (that

is mostly determined by.. alongside other experimental configurations), langl 4 ( is the
absorption coefficient of Nb@Aht the 3.13THz TO mode. The first term on the rigidnd side
represents the THz generation process, while the second term repagésenpsionthe

derivative description of thBeeil Lambert law). Because of the very small optical absorption at
800 nm (well below the bandgap), we can consi@er as aconstanthroughout a flake for

the studied thickness range. The absorptmefficientat 3.13 THzi$ 5 4 (¢ P& G p TCNT

! determiné from the transmission spectrum reportethi@ upper panel of Figure 4.9%e
defined Tt being the sample front surface seen from the pump sidey an@is the rear

surface. Solving the above rate equation, we obtain the THz amplitude for thi€kness

[0

| 8 a(uU

Og 4 (K2 AoD 5,9 3)

Figure 4.1Gshows the calculated result fOrs , ( @s a function of thickne<3 where
we also duplicated the experimental results fronuféig.9c. We can see that the above theory
reasonably explains the tremathoutadjustable parameterBhe qualitativeinterpretation 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
reabsorbedMore specifically, only the rear region that is approximately within the inverse of
| 4 ( Gan effectively contribute to the THz generation, resulting in the constant amplitude for the

3.13THz mode for increased thicknessdot 1/ 4 ( g
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While the broadband spectrum from optical rectification can sses\gegeneral radiation
source for in situ and neéield THz-TDS toprobe the lonenergy excitations and complex
conductivity spectraf vdW quantum matter, the narrowband THz radiation can beassad
monochromatic THz field, particularly at the lower thicknksst, to coherently modulate a
range of physical properties in the vdWterostructure®:13°Adding to the favorable properties
of NbOl2 asa vdW THz emitter, we note that THz emission is nearly temperatgependent
(Figure4.9d, Figure4.11 and 2), presumablyue to its very high ferroelectrio-paraelectric

transition temperaturg573 K)8&’
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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 4.1Cc. The theoretical amplitudes are normalized by

constants, i.e.,fg nz oM  AE 1) 8 feo
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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 um 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 Nh@r in situ neaffield THz-TDS, we fabricate a
vdW heterostructure consisting of 30 naBN/60 nmgraphite/30 nm+BN on a 1.3¢ rrthick
NbOl: flake (Figure4.13). The laterall i mensi on of the target
approximately onerder of magnitude smaller than the-feeld THz wavelength. We chose
graphite here since it shows broad absorption in the THz region fhee twarriers3! To probe
this broadband absorption, we use a relatittalsk NbOk flake where the broadband optical
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rectification dominate$Hz generation (Figre4.9). Importantly, the vdW stack can be observed

optically from the NbOd side due to its transparency in the visibl@éarIR range Figure

4.14), enabling measurements isianple transmission geometry (big@4.13a). We pump the

sample from th&lbOl2 side with the pump pulse energy at 40 pJ and a spot diaméter & & m

(lower panel in Figre4.1%), which generates localized THz radiatieith an estimated field of

~75 V cm?, and we measured the THeld transmitted through the vdW heterostructure. Figure

4.1% showghe local transmission of the peak THz field obtained by scannirigttral

position of the sample along the white arrow inufegt.13a (rightside). We observe an ~80%

reduction of the THz tramsission whergraphite is behind the emitter, and this reduction is
attributedtofree ar r i er absorption. We est i foathedHza spat |
field as 1édiameter (upper image in kige4.13c), whereeistheNapi er 6 s constant ;
corresponding spatial resolutionin THzpowes 2.5 N 0.4 em. The opt i m;
achievable withtherelevanton di t i ons wi |determiged laythe spot size &fthé & m
pump beam and the thickness of the THz emitter, which sets it around 1.6 um with the relevant

conditions.

We emphasize that the giant THz emission efficiency of Mb@iquely enables the
generation of THz radiation strong enoughdpectroscopic purposes even with a micramet
thickness. The smathickness minimizes the divergence of the generated THz raddatrory
its propagation in the emitter, which allows the micra@ngpatial resolution together with the
demonstrated sensitivity. Thus, the approach described here providediffraotion (~10 2x
&, where & I s wayvel en ¢giwithouttlkerwdveform distortiotnu v dW THz

encountered in tipased or apertuieasel 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 1.3-4 Othick flake of NbOI 2 on a 50684 Othick quartz substrate. An optical
OPEUOUEOxT wbOET T woOil wOT 1T wi 1T U1 UOUUW)Tte paakSfieldpUDT T UK S
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
0wl OUWUT T w3"' awi Bl OE-ttegated firedalOd réprodutkd iw b Wit dblue O O
curve. The lower plot in (c) shows the knife-edge result for the 800 nm pump beam, showing a
pump diamet] UwOl wKét wsy OWEUwWUT T wUE O x Bx: taexpinpDandrOxOtheD Ow U1 U C
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
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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-
pm NbOI 2 side at the sample position in the THz setup. Because of the reasonable
transparency of NbOl 2, the vdW stack can be observed and carefully aligned with the pump
laser spot. This image was taken with the resettable 1.5cm focal length lens without
introducing any modification to the THz -TDS setup(seeChapter 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 um.

One critical advantage is that this approach readily allows the acquisition of a loeal 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 afaalband Druddike
absorptioA®32 Using the timedomain data, we obtain the frequerttgmain complex
conductivity (Figure 4.13e). Because the local emitter and sample thicknesses and their
separation are all much smaller than thefigld THz wavelength, the THz wave detected at the
far-field EO crystal is the convolution of the reference field arplame complex conductivity.

We fit the complex spectrum to the Drude maiek = Ga.c/ ( 1¥ YFandiobtain the Drude
parameterst= 50 * 6 fs andld.c.= 32 + 3.0 mS, wheréu.c.is theDrude weight;¥ is the angular

frequencyUis the scattering time and i is the imaginary number. Using the scattering time and
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the effective mass of graphites = 0.03n, where me is the free electron mé&sye estimate a
carrier mobility in the thin graphite flake of 3.0 x3d? V! s’ which is about three times
lower than the bulk mobility of 1.0 x 1@m? V! s'* at room temperaturg3 A reduction in the
mobility from bulk graphite is known when the thickness is decreased below ~156-4thve
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 tgraphi
4.4 Conclusion

We have demonstrated highly efficient, broadband and robust THz emission from the 2D
vdW ferroelectric NbQJ. The giant optical rectification efficiency from Nb{$ 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 demonstratelimHzTDS and
microscopy with lateral resolution almost two orders ofnide below the diffraction limit.
The present approach brings the relevant features ofTD¥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-tlane symmetry of quantuphases could be probed by
exploiting the polarization of the THz field. The use of Nb@ith the broadband THz emission
covering up to 5.5 THz (Figure 4.1d) allows access to much higher frequencies than those
accessible with other neéield techniquesfor example, an cchip THz waveguide, which
typically ranges from 20 GHz to 1 TH 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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guantum phases in vdW systeft$3’ The neaifield 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 kViémwhich may be used for exploring the strong and
coherent THz drive of quantum phenomena. We note that the residual of thR peanp used

for THz generation is expected to have minimal effect on the quantum phases, as recent
experiments on Mott statésthe WS/WSe moiré system exhibit little change for the pulse
energy in the 10 pJ rang®'*’When necessary, photonic layers may also be incorporated to
reduce the transmission of the néRror 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 heterostsuctur
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Chapter 5: Propagation of Ferroelectric Polarization Waves

In the previous two chapters, we show the ferroelectripfi@honmode in NbO1 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 loHAge oscillation of ferroelectric dipoles, or a ferroelectric
order, through excitation of this ferroelectric p@ononmode. In the magnetism community,
excitation of a magnetic order gives rise to collective modes, such as spin waves and
magnong-3813%which lead to applications in information transmissions and quantum
computing!*®*4'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 thatonsistshe ordered dipolesiamely,Ferron.t42148 |n this framework,
excitation of the ferroelectric order results in fluctuation of dipoles and finite momentuhefor
polarization to propagate

Motivated by our pr evi oiothischapterwd investigaten d Ba u e
the propagation behavior of the ferroelectric order in Na@dreport the uniaxial transport of
the polarization wave$Ve launch lhe polarization wave paclsthrough ISRS mechanism and
monitor the uniaxial propagation through transient reflectivity spectroscopy. Remarkably, the
polarization waves propagate with hypersonic velocities o>+ along the poldr-axis, with
exceptionally long coherent times of ~ 1800 ps at 4 KFinally, we establish the connection of
ferron to hyperbolic phonon polariton specific to the ferroelectric TO phonon Mmbiechapter
is adapted from ref*®, 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 | performed the THz

measurenents, extracted and analyzed dielectric functions of NimOIHz window. Dr. Jordan
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Cox and Dr. Daniel G. Chica synthesized and characterized-Nb&DBe, and WQBr2

crystals. André Koch Liston and Dr. Yongsde&ngperformed stroboSCAT measurements and
analyses. Vinicius da Silveira Lanza Avelar and | prepared samples for optical measurements.
Dr. Fuyang Tay simulated dispersions of phepotariton. Dr. Ding Xu measured the dielectric

function of NbO¢ in visible-light range.

5.1 THz Emission from the Polarization Waves

Using thin crystals of NbQl(thicknessd < 1 um), we launcipolarization waveby
femtosecongbump lasepulses with polarizatioalong thepolarb-axis.We observantenseTHz
emissionwith either belowgap o/n = 1.55 eV), Figire5.1d, or abovegap firn = 3.1 eV, Figire
5.2c¢,d excitationat room temperatur&igure 5.2 also presents measurement at the cryo
temperatureThe observation with beloygap excitation rules out the role of free carriers or
photocurrentThe initial waveform of a feweycle coherent bursttt O 2is dominated by
optical rectificatim, which yields a broadband Tkmission spectrum (shaded region in Fig). 1

in Fourier transfornas we demonstrated @hapter 4.
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Figure 5.1: THz emission from polarization waves. (&) Crystal structures of ferroelectric
materials NbOI 2 and WO:2Brz and centrosymmetric material TaOBr. (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 NbOl 2. (d) Time-domain signal of THz emission from a 650 nm thick NbOI 2 crystal
excited by a laser pulse ath/n = 1.55 eV (below gap). €) 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 2Br: (blue) and centrosymmetric TaOBr2 (red) excited by a laser pulse at
hrm = 1.55 eV. Fourier transform of the THz time domain signal after 2 ps from WO 2Brz gives a
narrowband peak at 2.76 THz (inset). (g) A comparison of time -domain THz emission with
ferroelectric polarization of Po (black) and -Po (red) achieved via 18 sample rotation. All
spectraare obtained at room temperature.
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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. ( ¢, d) THz emission from a 325 nm thick NbOI 2 crystal with above
gap pump at hrn = 3.1 eV: Timedomain signal (¢) and Frequency domain signal (d). The pump
wavelength and fluence are 400 nm and 1.2 mJ/cr, 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 bgherenbscillationwhich
persistsvell beyond 12 ps. Fourier transform of this ldivggd coherent signakvealsan
exceptionally sharpeak aB3.13 + 0.0ITHz with aFWHM of 0.04THz (Figure5.1e), which is

limited by the short time window of the measuremdiue spectral amplitude of THz radiation at
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3.13 THz is larger than that tife broadbandptical rectification highlightingthe
unconventionallyefficient nature of the narrowband THz generatibhe 3.13 THz mode
corresponds to the ferroelectric TO phonon, as shown kgi¢hextric function in Figre5.1b,c.
DFT calculation showthat this TOmodemodulates the length of-@b-O bond§’ (Figure5.1e,
inset) and, thuspontaneous polarizatiomhe magnitude of themitted THZfield at 3.13 THz
scales linearly witlbelow-gapexcitationintensity Eigure 5.3, in agreement wittheISRS
mechanism. The polarization wave at the TO frequatgy modulates second harmonic
generation (SHGJFigure 5.4, whose intensity reflects the order parantetee., the amplitude

of macroscopic polarization which breaks inversion symmetry.

10" 3

--@-- Data
Fitting

P | |

1 10
I (mJ/cm?)

Field Ampl. At 3.13 THz (arb. un.)

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, (le)*, 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
pumppulseat | 04 whd A k wi 5 waol Pdnd thepriotd mhsd NiwB A ©wh6d IKWel 5 w
(fluence, 2.7 mJ/cnd) are used. p) Fourier transform of panel ( a).

We perform experiments on two vdW materials structurally similar to i
ferroelectric WQBr2 and the noterroelectric TaOBx (Figure5.1a). Single crystals of WABr2
and TaOBs# are synthesized through chemical vapor transport detailed in Methodsdee=
5.5a-c for photos of agrown single crystals of Nb@IWO:Br2 and TaOBs). WO2Br2
crystallizes in the nogentrosymmetric space groupmz2, exhibiting unequal WO bond
lengths along the crystallograplu@xis (Table5.1,2), giving rise to spontaneous polarization.
The polarizations of consecutive vdW layers align in parallel, similar to Nh®©tontrast.
TaOBr adopts the centrosymmettimmmspace group, with adjacentif@ bonds remaining
equal in lengthTable5.3,4); consequently, the second order susceptibitity,vanishes in
TaOBr and prohibits impulsive Raman excitation of the TO phonon mbue.THz emission
spectrum of W@Br2 shows coherent oscillation, similar to that in Nh@lersisting well beyond
the initial optical rectification burst® 2 ps) . Fouri eflived>2ps3f orm of
emission from W@Br2 gives narrowband THz emission at 2.76 + 0.01 THz (inset iar€ig
5.1f). As in NbOg, we attribute the narrowband emission from 80 to the ferroelectric TO

phonon mode. The amplitude of THz emission from 2BiQis generally lower than that from
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NbOlz, in agreement with the difference ¥ which is ~5X lower in the former as estimated
from SHG. We find that the polarity of the THz signal from Nbflyps with the direction of
ferroelectric polarization for both the initial burst and the lingd coherent oscillation, Fige

5.1g, further supporting the® origin of THz emission.

i

P

- T

Figure 5.5: (a-c) Optical images of as -grown single crystals of NbOI 2(a), WO2Brz (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 2Brz at 250 K

Empirical formul a W £Brp
Formul a weight 375.67
Temper atur e 250 K
Wavel ength 0. 71073
Crystal system Orthor hombi c
Space group [ m2n
a = 3.80U59(20A;,
Unit cell dimensionib = 14. 9522 (90)A i,
c = 3.83488(90A i,
Vol ume 222.013%3(15) j
Z 2
Density (calculated|5.620 g/cm
Absorption coeffici|43.840 mm
F(00O0) 320
Crystal size 0.11 x 0.03 x 0.004
drange for data coll2.724 to 36.280A
|l ndex ranges -6 < = h <2=46< = k <6=241,< =6
Refl ections collect|3343

|l ndependent reflect|620id RO. 0449]
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Completédnes®85tP242A [100%

Refinement method Fumatri-squaagés on F
Data / restraints /[/|620 [/ 1 [ 22

Go o d rdfsist 1.010

Final R illdilJces [ I Robs 0. 020=2,0 w420

R indices [all data|Raim 0. 02®B7,0.wWR 22
Largest diff. peak 1. 0390 .a93d§ el

R EFH & £/

wher e 2+P2=F1d’:

. Wi (4 H )7

v (dYFF K& n d

WEB/ (0.9 2

Table 5.2: Select bond lengths [A] for WO :Br2 at 250 K with estimated standard
deviations in parentheses.

Label Di stances
Br (iI()1) 2.4347(7)
O(2W 1) #2 2.1643(6)
o(2W 1) 1.7218(7)
O(MW( 1) #1 1.757(7)
O(MWMW 1) #4 2.101(7)
Symmetry transformations used to gener g
(% +¥+1, z1 (R)x XY IR, K+@4)EL z( S5} X(,6y), x +1, Y

Table 5.3 Crystal data and structure refinement for TaOBr 2 at 250 K.

Empirical formul a Ta @ Br
Formul a weight 356. 77
Temperatur e 250 K
Wavel ength 0.71073
Crystal system Orthorhomibic
Space group I mmm
a = 3.4928(80A;,
Unit cell dimension|b = 3.8B8F(8DA;,
c = 13.447F (920N |,
Vol ume 180. 29 (3) |
Z 2
Density (calculated|6.572 g/ cm
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Absorption coeffici|52.39%7 mm

F(00O0) 302

Crystal size 0.132 x 0.0389 x 0.0
drange for data collI3.030 to 29.983A

l ndex ranges -4 <=h <5=d=k <1=85<5 =] <=18
Reflections collect|2113

Il ndependent reflect|179 «f RO. 0721]
Completédnes®51t242A |100%

Refinement method Fumbhtri-squaagés on F
Data / restraints [/|179 [/ 0 [ 12

Go o drdfsist 1.142

Final R ilndilces [ I Robs 0. 0355 ,0 .wlR9 22

R indices [all data|Raig 0. 03mw5,0.wWM38

Extinction coeffici]|.
Largest diff. peak 3.5001 .a6n5d6 e L j

R EFH F EF) ., Wy (HPH HF EW(J)FFEnd
w=1#H8& +(0. BB3646PBOP] WBRBCUE& P=(Fo

Table 5.4 Crystal data and structure refinement for TaOBr 2 at 250 K.

Label Di stances
TaCBr)( 1) 2.668(5)
TaEBlr)( 1) #1 2.317(5)
Ta(Blr)(2) #1 2.568(6)
Ta(Br)(2) #2 2.888(5)
TaCaA)1l) 1.9202(5)
TaCAO)1l) #2 1.9202(5)
Symmetry transformations used to gener &
(1R-y-z exAyy-z (3) x+1,y,-%2y-{-A) (&) wyrad-1ez) 5%,

THz emission must satisfy momentum conservation. The free space photon wavevector at
3.13 THz is @/l =0.065 um'. Thus, the polarization wave, i.e., coherent ferron, in only a small

momentum rangg O 0 . 0-6can eitmadiation into the far field. Fgr> 0.065 umt, 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 um) and deti&gsmpnopagation
using a timedelayed &) and spatially separatelx) probe pulseir= 1. 81 2. 5 e V)
reflectanceé’ hR/Ro, whereRo is reflectance before the pump pulse arrival (Methods). Figiére
shows the propagation at T = 3.8 K; similasults are obtained at T = 295 K with lower signal
to-noise ratio (Figre5.7). We use below gaih(n = 1.77 eV; Figire5.6) or above gaphn = 2.4
eV; Figure 5.8 excitation and observe similar propagation behaviorsirElg6a,and 5.®
present data collected on Nkdbkes withd = 224 nm and 96 nm, respectively; data collected
ond = 147 and 392 nm is shown in Extended Data Fig. 8 hRi& signal is plotted as a
function ofht at selected pumprobe spatial separatiors;= 0.0, 2.0, 4.0, ah6.0 um along the
polarb-axis. Fourier transforms of the time traces reveal a dominant peak frequency at 3.132 +
0.005 THz, Figre5.6c, independent of spatial separation or sample thickness.

In addition to théhypersonigyroup velocity, the experiments also reveal other distinct
features. Th®R/Ro time traces in Figre5.6 andFigure5.9are not expectefbr well-defined
wavepackemotions. This is particularly obvious in thin samples (elg.,.96 and 147 nm) with
lower group velocities and at largeparatior{Dx = 6 pm) where the coherent oscillation signals
rise to almost plateaus over the remaining time windidvis deviation from simple wavepacket

motion is confirmed in spatiotemporal imaging and in dynamic simulalielosv.
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Figure 5.6: Hypersonic propagation of polarization waves . (a,b) Transient reflectance
={ T=| (peak intensity normalized) as a function of pump -probe time delay (I t) for (a) 224 nm
thick and (b) 96 nm thick NbOl 2 at the indicated pump -probe spatial separation along the polar
axis,1x=0,2,4,6 pum, respectively. Colored arrows indicate the wavepacket arrival time. Insets
are maghnified plots for dashed line boxes. Incoherent background signals are subtracted. (C)
Fourier transform of the datafor e in panel (a) and (b). (d) Short-time window Fourier
transform (STFT) of the transient reflectance data in @) and (b) obtained with time window size
10 ps and step 5 ps. The normalized amplitudes of the 3.13 THz signal are shown forl x = 0, 2, 4,
6 um at the two sample thicknesses,d = 224 nm and 96 nm. Thd t values at peak STFT
amplitudes for varying 1 x are used to obtain group velocities. (€) 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. Pumpl @& ®hud A A @1 5 wapl 30 prdb&ptilbe@iuud Nwd)
| 204 MhBKLT 5 wepi OUPD.OETI Owt 8k ws) YEO
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Figure 5.7: Coherent ferron propagation at T = 295 K (a) Transient reflectance ={T=|
(peak intensity normalized) as a function of pump -probe time delay (4 for 200 nm thick NbOI 2
at the indicated pump -probe spatial separation along the polar axis, e =0, 2, 2.5, 3 um,
respectively. Incoherent background signals are subtracted. (b) Fourier transform of the data for
. =0, 2, 2.5, 3 umin panel (a). (c) STFT of the transient reflectance data in &) 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 um.
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