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Exploring the Effects of Doping, Disorder and Strain on Lattice
Dynamics in Low-Dimensional Materials via Raman Spectroscopy

Abstract

This thesis presents a Raman scattering study of two quasi-two-dimensional material systems:
2H-TaSe,_,Ss, a transition-metal dichalcogenide alloy series, and FeSe, an iron-based superconduc-
tor. The study focuses on how substitution, disorder, and uniaxial strain affect their lattice dynamics.
Polarization- and temperature-dependent Raman spectroscopy is combined with symmetry analysis
and density-functional perturbation theory calculations of phonon dispersions, phonon densities of
states, and electron-phonon coupling to determine the microscopic origin of the observed Raman
features.

Across the 2H-TaSe,_,S, alloy series, changes in lattice dynamics and electron-phonon coupling
were followed with isoelectronic substitution, which introduces disorder while preserving the 2H
structure. Raman spectra of the end compounds contain two of the four symmetry-allowed phonons,
Ay and Egg. A high-energy overtone labeled O, is observed in 2H-TaS,, whereas both end com-
pounds exhibit broad low-energy structures. The calculated phonon dispersions, densities of states
and selection rules indicate that the observed structures originate from two-phonon scattering in-
volving phonon branches along high-symmetry directions that exhibit enhanced electron-phonon
coupling. Sulfur substitution broadens the phonon linewidths, activates additional scattering con-
tributions, and produces a nonmonotonic evolution of the two-phonon structures across the alloy
series without suppressing them. Their persistence, together with the evolution of the Fano asym-
metry of the E229 mode, indicates that substitutional disorder strongly modifies the Raman response
while only weakly affecting the electron-phonon coupling that enhances the two-phonon scattering.

In FeSe, the temperature dependence of the symmetry-allowed B;, phonon exhibits no anom-
alies for all strain configurations. By contrast, the A;, Raman line develops an asymmetry on its
low-energy side, but only within a narrow interval around the nemato-structural transition tem-
perature. Line-shape analysis attributes this asymmetry to an additional contribution in the fully
symmetric A;, Raman channel, denoted A’ . Since symmetry analysis excludes an additional zone-
center phonon in this spectral range, A}, is assigned to a two-phonon contribution. Its origin is at-
tributed to an overtone of an acoustic phonon branch at the Brillouin zone boundary, activated due
to enhanced electron-phonon coupling. The energy separation of A}, mode from the A, phonon,
its linewidth, and the temperature interval over which it is observed depend strongly on the di-
rection of the applied strain. The occurrence of A, only near the transition temperature, where
nematic fluctuations are strongest, suggests that these fluctuations play a key role in enhancing the
two-phonon Raman response.

Keywords: Raman spectroscopy, quasi-2D materials, transition-metal dichalcogenides, iron based su-
perconductors, strain, electron-phonon coupling
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UcrpaxkuBame edekara momupama, HeypeheHOCTH U Harrpe3ama Ha
OMHAMUKY pellleTKe HUCKOAUMEH3HUOHATHUX MaTepujajia MeTOA0M
PamaHoOBe crieKTpockonuje

CaxeTak

Y 0BOj mucepTaumjyu NpuKasaHN Cy pe3yJTaTy MCTPAKMBamba ABa KBa3l-JBOAMMEH3JOHAIHA
cucreMa MeToaoM PaMaHoBe criekTpocKomnuje: cepuja Jierypa AUXaJKOTeHIa IIpeJasHIX MeTajla
2H-TaSe, .Sy u cymnepmpoBoguuka Ha Oasu rBoxha FeSe. McnuraH je yTuiaj cymncruryiuje,
HeypeheHOCTM U je[THOOCHOT Hallpe3ama Ha JUHAMUKY KPICTAJIHe PelleTKe Y OBUM CUCTeMIMA.
Mepemwa PamaHOBUX clleKTapa y 3aBUCHOCTM Off IIoJIapyU3alnyje U TeMIlepaType KOMOMHOBAHA CY
ca CHMeTPMjCKOM aHAIM30M ¥ IIpopadyHUMa (GOHOHCKUX JUCIIep3Nja, POHOHCKe I'YCTUHE CTama
U eJIeKTPOH-(OHOH MHTepaKiije y OKBUPY Teopuje meprypdaunje GyHKIMOHANA TYCTIHE paay
yTBphuBama MIKPOCKOIICKOT ITOpeKJIa yOUeHNX CTPYKTYpa.

Y cepuju nerypa 2H-TaSe, .S, nciutusas je yruiiaj HeypeheHocTu n3a3paHe M30eJIeKTPOHCKOM
CYIICTUTYL(MjOM Ha MAMHAMUKY pelleTKe 1 eJeKTpoH-GOHOH wuHTepakuujy. Y PamanoBum
CIIEKTPMIMA KPajIbUX jeMbeha cepije youeHa Cy ABa Of UeTUPU CMMETPUjCKI TO3BOJbEHA MOJA,
Aygm Egg. Y cnextpy 2H-TaS; youeH je u oBepToH o3HaueH ca (1, JOK Cy Y HUCKOEHEPTUjCKOM
IeNly CIeKTpa yodeHe IIMPOKe CTPYKType y oda Kpajma jequiberba. CelleKI[MoHa IIpaBulIa, Kao
n nopeheme ca m3pauyHaTMM (POHOHCKMM [ucIiep3yjaMa U (OHOHCKMM TyCTMHAMa CTarmba
yKa3yjy Ha TO Aa OBe CTPYKType MOTUYYy O ABOGOHOHCKOT pacejarba Koje yKbyuyje GoHOHe
U3 TpaHa Ca M3PaKEHOM eJIeKTPOH-(POHOH mMHTepakumjoM. CyICTUTyIMja CelleHa CyMIIOpOM
OOBOOY JO LIVpera (POHOHCKNUX JIMHUjA M aKTUBMpA JOJATHe KaHaje pacejama. [IBopoHOHCKe
CTPYKType ce ca IIPOMEHOM cafp:Kaja CyMIIOpa OMHAMMUYHO MEHajy, ajll OCTajy IPUCyTHE Yy
uynraBoj cepuju. OBaj pesyirar, 3ajenHo ca nmpomeHoM IpuMmehene PaHooBe acumerpuje E22g
Moja, II0Kasyje Ja HeypeheHOCT Npoy3poKOBaHa CYICTUTYLMjOM 3HA4yajHO yTUUe HA OJ3UB
y PamaHOBUM cIlekTpuMa, JOK 3HATHO cjaduje yTude Ha eJeKTPOH-POHOH MHTEpaKIMjy Koja
OOBOAY 110 II0jauarka pacejama Apyror pefa.

Y FeSe cumerpujcku npensuhenn B, Moa, y cBUM KOHUTypaIijaMa jeJHOOCHOT HaIlpe3ama,
JICIIOJbaBa OUEKMBAHy TeMIIepaTypPCKy 3aBUCHOCT Oe3 aHoManuja. C mpyre cTpaHe, npuMeheHna
je acumerpuja Ay, Moma u yTBpheHo ga mormue on momatHor mompuuoca A}, Moma. OBaj mon
ce jaBJba Ha HMCKOeHeprujckoj ctpary A;, GOoHOHA, caMo y yCKOM MHTepBaly OKO TeMIlepaType
HeMaTu4YHOr npenasa. [IpemMa celeKUMOHMM IpaBUINMMA Y OBOM CII€KTPAJTHOM OIICETY HUje
npensuben nomatHu GoHOH, crora ce A}, MO KapaKkTepuine Kao TOHIPUHOC Off ABOPOHOHCKOT
pacejama. IlokasaHo je mJa OH oAgroBapa OBEPTOHY aKyCTMUKOT (poHOHa y Onm3muHmu X Tauke Ha
rpaHnnu BpuyeHoBe 30He, omcepBadmiaH ycieq IIOjauaHe eJeKTPOH-(POHOH MHTEpakKIuje.
Enepruja m mmpuna A}, Moma, Kao M MHTepBaJ TeMIepaTypa y KOjeM Ce jaBiba, HajBUIIeE
3aBUCe Of] IIpaBLa IIPMMeEHEHOT Hampesama. C 0031MpoM Ha To fa cy HeMaTuuyHe (irykKTyaruje
Haju3pakeHlje y OKOJIMHU TeMIlepaType IIpejia3a, OBO yKa3yje Ha IUXOBY YJIOIY y aKTMBAaLMjU
OBOT 1BOOHOHCKOT TOIIPMHOCA.
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Chapter 1

Introduction

Changes in crystal structure and electronic order are reflected in lattice dynamics. This sensitiv-
ity is particularly pronounced in layered materials, where reduced dimensionality and anisotropic
bonding promote a close interplay between lattice and electronic degrees of freedom. Raman spec-
troscopy provides symmetry-resolved access to phonons, electronic and collective excitations, and is
therefore well suited to investigating their coupling. Such coupling is reflected in phonon energies,
linewidths, intensities, and line shapes. The temperature dependence of these spectral properties
is governed by thermal expansion and anharmonic phonon-phonon interactions, while structural
disorder introduces additional broadening and may relax Raman selection rules. Electron-phonon
coupling (EPC) can modify phonon energies and linewidths and produce a Fano-asymmetric line
shape through interference between a phonon and an electronic continuum. Line-shape asymme-
try may also arise from overlapping spectral contributions. Raman spectra can additionally contain
two-phonon contributions whose intensities may be enhanced by EPC.'~

Charge-density-wave (CDW) and nematic transitions are examples in which electronic and lat-
tice degrees of freedom are closely coupled. A CDW breaks translational symmetry and is accom-
panied by a periodic lattice distortion at the same wave vector, whereas electronic nematic order
breaks rotational symmetry without changing the translational periodicity.*® Both can modify Ra-
man selection rules through changes in crystal symmetry and affect phonon energies and linewidths
through modifications of the phonon self-energy. Such anomalies demonstrate coupling to the lat-
tice, but do not determine the microscopic origin of the instability.

Despite extensive studies of lattice dynamics in layered materials, it remains unclear which EPC-
related Raman signatures persist when long-range electronic order is weakened by substitutional
disorder, and how symmetry-selective strain modifies the lattice response near a nematic transi-
tion. This thesis addresses these questions in two complementary systems: the 2H-TaSe,_.S alloy
series, where isoelectronic substitution introduces local structural disorder and strongly reduces sig-
natures of long-range CDW order, and FeSe, where uniaxial strain perturbs the nematic state with-
out introducing chemical disorder. Polarization- and temperature-dependent Raman spectroscopy,
supported by DFT and DFPT calculations, is used to assign the first-order phonons, identify the ori-
gin of the two-phonon structures, and determine how their energies, linewidths, line shapes, and
intensities evolve under these perturbations.

The first system is the isoelectronic 2//-TaSe, .S, alloy series. The parent compounds share
the same layered crystal structure, but their CDW phases evolve differently on cooling: 2H-TaSe,
passes through incommensurate and commensurate phases, whereas 2/H-TaS, exhibits a single
CDW transition. Since Se and S are isoelectronic, substitution preserves the nominal carrier con-
centration and the average 2H structure while modifying the chalcogen mass, local Ta-chalcogen
bonding, lattice parameters, and electronic structure. Crystallographic disorder becomes most pro-
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nounced at intermediate compositions and correlates with strongly reduced signatures of long-range
CDW order.” Within this common structural framework, the measurements trace how mass con-
trast, local bonding, and substitutional disorder modify the phonon and the Raman response asso-
ciated with EPC.

Raman spectra measured across the alloy series were analyzed in conjunction with density-
functional theory (DFT) and density-functional perturbation theory (DFPT) calculations for the
parent compounds. Comparison with the calculated zone-center frequencies allowed assignment
of the observed Ay, and E3, phonons. The contrast between the Fano-asymmetric E3, profile and
the nearly symmetric A,, profile is consistent with the calculated electron-phonon coupling of the
corresponding phonon branches. In 2H-TaS,, an additional O; peak around 490 cm™!, above the
first-order phonon range, was identified as an overtone of optical phonons. Broad low-energy struc-
tures in the two end compounds are assigned predominantly to two-phonon scattering. Comparison
with the calculated phonon dispersions and phonon densities of states points to contributions from
branches along high-symmetry directions at the Brillouin-zone boundary, where the relevant en-
ergy range coincides with regions of enhanced electron-phonon coupling.

Temperature-dependent measurements show that the energies and linewidths of most phonons
in the end compounds are well described by the anharmonic model. The exception is the E3, mode
in 2H-TaSe,: its energy evolves smoothly, whereas its linewidth develops a broad maximum in the
intermediate CDW phases. The temperature range of this anomaly associates the additional broad-
ening primarily with CDW-related lattice fluctuations. Across the alloy series, sulfur substitution
broadens the first-order phonon lines and through the accompanying disorder, activates additional
scattering channels. Two-phonon structures are also affected by disorder, but persist throughout the
composition range. Their persistence, together with the evolution of the Fano asymmetry of E229
modes, shows that the EPC-related Raman features remain robust across the alloy phase diagram.

The second system is FeSe, a structurally simplest iron-based superconductor that undergoes a
tetragonal-to-orthorhombic transition at 75 ~ 90 K. The transition establishes a nematic phase at
ambient pressure and is accompanied by pronounced nematic and spin fluctuations.®’ FeSe there-
fore provides a direct setting for investigating the coupling between nematicity and the lattice. Its
strong nematoelastic response makes the lattice dynamics particularly sensitive to the symmetry
of applied in-plane strain.'’ Temperature-dependent Raman spectra were measured under uniaxial
tensile strain applied along two crystallographic directions (100) and (110), corresponding to B,
and By, strain configurations.

The B;, phonon follows the expected anharmonic temperature dependence under all investi-
gated strain conditions. In the fully symmetric Raman channel, the Aﬁ’}g‘ phonon develops an asym-
metric low-energy side in every strain configuration. Two-component analysis resolves this asym-
metry into an additional contribution, denoted A}, which appears within a narrow temperature
interval around the nemato-structural transition. Its separation in energy from the A}f}gl phonon,
its linewidth, and the temperature range are governed more strongly by strain direction than by
strain magnitude. Under By, strain, which couples directly to the nematic distortion, A}, remains

closer to the Aﬁ’}gl phonon and is resolved over a comparatively narrow temperature interval. Under
B, strain, the separation increases and the feature remains observable over a broader temperature
range.

The energy scale and polarization behavior of A’ ,, when compared with the calculated phonon
dispersion, point to its origin as a two-phonon excitation involving an acoustic branch near the X
point of the Brillouin zone, whose intensity is strongly enhanced by electron-phonon coupling. The
calculated dispersion places this acoustic mode at approximately half the energy of the observed
feature, consistent with a second-order Raman process. Its appearance within the temperature in-



terval in which nematic fluctuations are strongest indicates that these fluctuations enhance the EPC
and, in turn, the two-phonon Raman response. The alloy measurements probe the response to lo-
cal, composition-dependent substitutional disorder, whereas the FeSe measurements determine the
response to directional strain at fixed composition. The two parts therefore address distinct modifi-
cations of lattice dynamics: substitution-induced disorder in a CDW alloy and symmetry-selective
strain near a nematic transition.

This thesis is organized into six chapters. Following the Introduction, Chapter 2 introduces
the Raman scattering formalism and describes the experimental and computational methods, while
Chapter 3 summarizes the structural and physical properties of the investigated materials. Chapters
4 and 5 present the results for 2H-TaSe, ,S; and strained FeSe, respectively. Finally, Chapter 6
summarizes the main conclusions of the thesis.



Chapter 2

Research Methodology

This chapter introduces the theoretical framework of Raman scattering and describes the experi-
mental setup and methods employed in the research presented in this thesis.

2.1 Raman Scattering

Raman spectroscopy probes the inelastic scattering of light by elementary excitations of matter. In
crystalline solids, the frequency shift of the scattered photon is determined by the energy trans-
ferred to or from the lattice and thus provides direct access to the vibrational spectrum. The effect
was predicted by Smekal'! and subsequently formulated quantum mechanically by Kramers and
Heisenberg within their general theory of light scattering.'? It was observed experimentally in 1928
by Raman and Krishnan in liquids'® and, independently, by Landsberg and Mandelstam in crystalline
quartz.'* In solids, Raman spectroscopy resolves elementary excitations in both energy and symme-
try, thereby revealing changes in lattice dynamics and their coupling to electronic and collective
degrees of freedom.>"7

2.1.1 Phenomenological and microscopic framework

In the semiclassical description, Raman scattering results from the modulation of the optical sus-
ceptibility by a lattice vibration. For an incident field

E(t) = Eg cos(w;t), (2.1)

the induced polarization is
P(t) = coXE(1), (2.2)

where y is the dielectric susceptibility tensor. Expanding the susceptibility about equilibrium in the
normal coordinates gives

(0) 8X’L] 1 aQXij
L Qe 2.3
t2 <0QV) ta2 (aQanw et 23
The normal coordinate of a harmonic mode is

Qu(t) = Quocos(t + ¢,). (2.4)
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Retaining the equilibrium and linear terms in Eq. (2.3) gives

P(t) = eoXVE, cos(w;t) + ;goxyEgQ,,o[cos(( Q)t— é,)
+ cos((w; + )t + ¢,)],

(2.5)

. oxij\ -
where (X},);; = ( agi ) s the Raman tensor."*!’

The induced polarization contains components at frequencies w;, w; — €2, and w; + €2, corre-
sponding to Rayleigh, Stokes, and anti-Stokes scattering, respectively.!'>7-18

The semiclassical calculation determines the scattered frequencies but does not account for
phonon creation and annihilation or their thermal weights. For a mass-normalized normal coor-

dinate,
@V:\/T (b +}) (26)
50, b )
so that A ) ) )
(n + U Qulm)| ocmy 41, [ = 1UQulns)| o< (27)

Stokes scattering creates a phonon, whereas anti-Stokes scattering annihilates one.

Microscopically, the Raman tensor represents optical transitions through virtual states of the
crystal. To second order in the light-matter interaction, the scattering amplitude has the Kramers—
Heisenberg form'

Mocz

|I) and |F') are the initial and final states of the crystal, while |a) is a virtual intermediate state of
energy E, and energy broadening 7,. The operators H; and H I describe absorption of the incident
photon and emission of the scattered photon. The two fractlons correspond to the two time order-
ings of these interactions. The energy denominators describe the detuning from the intermediate
states. Proximity to allowed electronic transitions can enhance the Raman intensity."*!7!

The differential cross section follows from Fermi’s golden rule by averaging the transi-
tion probability over thermally occupied initial states and summing over all final states. With
pr = Z texp|—F;/(ksT)], where Z is the partition function,

(Pl (FI )
E[ —i—hwz E +Z’}/a El_hws_Ea—i_i’Ya

(2.8)

o @ S ot [ Med? $(Er — Er — hw) (2.9)
— 1 |[MFr1 F— L= . :
0 0ws W T

Here d€); is the detected solid-angle element, and w = w; —w; is the Raman shift, positive for Stokes
scattering and negative for anti-Stokes scattering.**

For fixed incident and scattered photon frequencies and polarizations, the optical matrix ele-
ments contained in Mp; may be collected into an effective Raman scattering operator. The thermal
state sum then defines its dynamical correlation function, which is related to the imaginary part of

the retarded Raman susceptibility through the fluctuation-dissipation theorem:**~?
D*c s
1 ) xg(w, T 2.10
89 8&)5 w; [ +TL( )] XR(wv )a ( )
where n(w,T) = [exp(fiw/ksT) — 1]7! is the Bose-Einstein occupation factor. The absorptive
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Raman susceptibility is defined with the convention xg(w,T") > 0 for w > 0.

2.1.2 First-order Raman processes

In first-order Raman scattering, a single phonon is created or annihilated. Energy and crystal-
momentum conservation give
w=uw; —ws = x0,(q),
k — k, = +q,

where the upper signs describe phonon creation and the lower signs phonon annihilation. Crystal
momentum is conserved modulo a reciprocal lattice vector.

Because optical photon momenta are negligible on the scale of the Brillouin zone, spontaneous
first-order Raman scattering probes only phonons with q &~ 0."'!” The resulting spectrum con-
sists of zone-center modes whose visibility is governed by symmetry and polarization. A schematic
representation of the first-order Raman process, including the Stokes and anti-Stokes channels to-
gether with the Rayleigh line, is shown in Fig. 2.1. For an isolated phonon of frequency 2, > 0, the
nonresonant polarizability approximation gives the ratio of integrated scattered powers as

(2.11)

]AS wj + QV 4 hQV
f_s - (Wi - Qu) exp<_kBT) 7 212
SN ) i v')
70 I (Q, q) (€, q) Im
________________________ V) vy
A
0, K, 0, K,
(. k) o Y R (@, k)
m__ vV ®» m__ YV IF m__ IF)

Anti-Stokes

Intensity
>
% m
3
b3
)
(7]
|
|
L
Q
<
@
«Q
>0
|
|
i
|
|

Figure 2.1: Schematic of first-order Raman scattering processes. Left and right panels show Stokes
and anti-Stokes processes, respectively, while the central panel corresponds to elastic (Rayleigh)
scattering. The lower panel illustrates the resulting spectrum, with the Stokes and anti-Stokes lines
shifted by +£2,,(0) from the Rayleigh line at w;, and the reduced anti-Stokes intensity reflecting the
thermal phonon population.
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where I,5 and /5 denote the integrated anti-Stokes and Stokes powers, respectively. The polarizabil-
ity derivative is taken as constant over the Stokes—anti-Stokes frequency separation. For 2, < w;,
the frequency prefactor is close to unity and the ratio is governed predominantly by the Boltzmann
factor.!

2.1.3 Second-order Raman processes

Within the susceptibility expansion of Eq. (2.3), second-order Raman scattering is described by the
term quadratic in the phonon normal coordinates and involves two phonons."*!* Unlike first-order
scattering, the individual phonons need not lie near the Brillouin-zone center. Momentum and
energy conservation require

ki _ks = qu qu',

2.13
wi —ws = £0,(q,) = Q0 (qu)- (213)

The signs denote phonon creation (+) and annihilation (—): (+,+) and (—, —) combinations de-
scribe sum processes, whereas (+, —) and (—, +) describe difference processes. Neglecting the
photon momentum transfer, sum processes involve nearly opposite phonon wavevectors, whereas
difference processes involve nearly equal wavevectors."*!*> Representative Stokes sum and differ-
ence processes are illustrated schematically in Fig. 2.2.

In the Stokes sum process, the Raman shift is given by the sum of two phonon energies. This

a) b)
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Figure 2.2: Second-order Raman scattering. (a) Two-phonon Stokes sum process, giving rise to
overtone or combination scattering. (b) Stokes difference process, in which a higher-energy phonon
(h€2,) is created and a lower-energy phonon (hf2,/) is annihilated. (c), (d) Corresponding Feynman
diagrams of the sum and difference processes.
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produces an overtone for v = v/ and a combination band for v # v/."*!> At finite temperature
the difference processes, in which one phonon is created and another annihilated, are also allowed
although they are usually much weaker in ordinary Raman spectra.""” For independent harmonic
phonons, the Stokes sum intensity may be written schematically as

Ihs(w,T') o Z | M, (@) [n((q), T) + 1]
ave (2.14)

X [n(Q(=q), T) + 1] 6w — Qu(q) = s (=q)],

Here M,,/(q) is the effective two-phonon Raman matrix element for the chosen photon polariza-
tions. For the Stokes sum process, momentum conservation constrains the total wavevector of
the phonon pair to be approximately zero. Contributions from different wavevectors and phonon
branches often overlap to produce broad second-order Raman bands. Their spectral shape is de-
termined by the two-phonon joint density of states, the Raman matrix elements, and the phonon
linewidths and may be sensitive to even small perturbations that modify the lattice dynamics.***

2.1.4 Electron-phonon coupling in two-phonon Raman scattering

The phonon dependence of the optical susceptibility reflects the response of electronic states to

lattice displacements. To first order in these displacements, the electron-phonon interaction is de-
scribed by?*

. 1 A N
1 _ § E AT - T
Hep - \/_N 9mnv (ka q) Cm7k+qcn,k <bu,q + by,7q> ) (215)

k,q mnv

where N is the number of primitive cells, ¢I and ¢ are electronic creation and annihilation operators,
and b! and b are the corresponding phonon operators. The indices m,n label electronic bands,
v labels the phonon branch, and spin indices are suppressed. The EPC matrix element g, (k, q)
depends on the phonon displacement pattern and the electronic states involved. Each term describes
an electronic transition from k to k 4 q, accompanied by absorption of a phonon at q or emission of
one at —q.

In an electron-mediated Raman process, the incident and scattered photons couple through
electronic intermediate states. Two successive interactions generated by Eq. (2.15) provide a pair-
creation contribution to the scattering amplitude. Terms quadratic in the atomic displacements
provide additional two-phonon contributions.** For the Stokes sum process, the electronic system
returns to its initial state while two phonons are created. Their nearly opposite momenta conserve
the small momentum transferred by the photons. For time-reversed partners in the same branch,
the Raman shift is w = 20,,(q).*

EPC contributes an electronic term to the phonon self-energy. The real part of this contribution
shifts the phonon frequency, while its imaginary part describes damping through electronic excita-
tions.” In transition metals and their compounds, Klein showed that the electron-phonon processes
involving d electrons that produce anomalies in the phonon dispersions can also make large contri-
butions to two-phonon Raman scattering.” This mechanism can enhance the Raman response from
particular phonon branches and momentum regions, giving rise to pronounced features associated
with their pair energies.

The symmetry of the response is determined by the combined phonon state. For finite-
wavevector pairs, the symmetry analysis includes all wavevectors related by the crystal symmetry,
forming the star of q. An overtone constructed from a phonon and its time-reversed partner
contains a fully symmetric combination when these symmetry-equivalent pairs are included. Both
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acoustic and optical overtones can consequently contribute to the A;, Raman channel. Additional
Raman-active symmetry components may occur, depending on the phonon branch and wavevector.
These selection rules follow from the symmetry decomposition of the two-phonon states.?**

2.1.5 Raman tensors and selection rules

For a zone-center phonon mode v, the Raman tensor introduced above is denoted by R") = /. Its
components are the derivatives of the susceptibility tensor with respect to the normal coordinate,
evaluated at equilibrium:

OXzz OXay OXa-

0Q, 0Q, 0Q,
V) _ % ) _ OXyz OXyy  OXy: 91
Ri; (GQV)O — R 20, 20, 0. | (2.16)
OX 2z aXzy Xz
0Q, 0Q, 0Q,

Equation (2.16) is written in its most general form, and the tensor elements may in principle
be complex and frequency dependent.”'” In the usual non-resonant treatment of first-order Raman
scattering in non-magnetic crystals, they are commonly taken as real, and the tensor is symmetric
to a good approximation. The full space-group symmetry of the crystal determines the classification
of the zone-center phonons, while the corresponding Raman selection rules are obtained from the
crystal point group, which fixes the allowed form of R*) for each irreducible representation.>!%-?7
Crystal symmetry determines which tensor elements vanish and which are related, while the in-
dependent coefficients depend on the electronic response. In this sense, the Raman tensor is the
experimentally relevant representation of the phonon symmetry.

A first-order zone-center phonon is Raman active when its irreducible representation is con-
tained in the symmetry species of the quadratic forms (22, 3%, 2%, xy, 22, yz), or equivalently when
at least one allowed component of R(*) is non-zero. Once the tensor form is fixed, the measured in-
tensity in a given polarization configuration follows from its projection onto the polarization vectors

of the incident and scattered light,
2

I, x !el RW) ei| . (2.17)
The selection rules are thus encoded in the vanishing or non-vanishing of this tensor contraction
for the chosen experimental geometry."**
The scattering geometry is conventionally specified in Porto notation,

ki(ei es)ksa (2'18)

where k; and k, denote the propagation directions of the incident and scattered light, and e; and e;
the corresponding polarization vectors."***" In the ideal normal-incidence backscattering geometry,
k, ~ —k;, and the electric-field vectors are transverse to the propagation direction. If the experiment
is performed along the laboratory z axis, only tensor components that can be projected by the in-
plane polarizations are accessed.

If the crystallographic axes are not aligned with the laboratory frame, the tensor must first be
rotated into the laboratory coordinates. The measured intensity is then evaluated as

N N 2
I, x el ORWO e | (2.19)
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where O is the rotation matrix connecting the crystal and laboratory coordinate systems. Equa-
tion (2.19) makes explicit that rotating the sample does not alter the phonon symmetry, but only
changes how the fixed laboratory polarization vectors project the tensor components.?

2.1.6 Temperature dependence of phonons

In the harmonic approximation at fixed volume, a phonon has a temperature-independent eigenfre-
quency and an infinite lifetime. Temperature-dependent frequency shifts and finite linewidths arise
from thermal expansion, anharmonic phonon-phonon interactions, and coupling to other degrees of
freedom. In the weak-damping approximation, the phonon self-energy evaluated at the resonance
is written as

I(T)

Here A(T) is the frequency shift and I'(7’) is the intrinsic phonon linewidth; ¥, A, and I are ex-
pressed in angular-frequency units."*

For an isotropic solid with linear expansion coefficient «(7’), the volume contribution to the
frequency shift is

v T - / !
AY(T) = wp ( ( )> — 1] = Wy [efgvaT“(T)dT —1f. (2.21)
Vo
Here wy is the undamped reference frequency, Vo = V(T — 0), V(T)/Vy = e3fo o) dr’
and ¥ = —0lnw/0InV is the Griineisen parameter assumed constant over the relevant volume
interval **?

Explicit anharmonicity arises from cubic and higher-order terms in the lattice potential. A zone-
center optical phonon can decay into two lower-energy phonons with opposite total momentum, or
participate in higher-order processes, subject to energy and momentum conservation.**** For com-
parison with the measured temperature dependence, we use the phenomenological parametrization
of Refs. [26, 35], which combines a linearized volume contribution with a linewidth-dependent cor-
rection to the peak position. The linewidth is parameterized using the thermal factor for symmetric
two-phonon decay:

w(T) = wo [1 _ VV(T‘LO_ Vo _ (\/I;ZUOY (1 + 4>\ph,phn(%,T>) : (2.22)
e I(T) =T [1 “o
=Ty |1+ 2/\ph_phn<7,T)] : (2.23)

Here I'(T) denotes the intrinsic phonon linewidth and T’y its extrapolated zero-temperature
value. The parameter wy is the undamped reference frequency, and A ,_p, is an effective dimen-
sionless parameter describing the thermal increase in linewidth. Equations (2.22) and (2.23) define
the reference temperature dependence used in the analysis.

2.1.7 Spectral line models

In Raman spectroscopy, the observed peak profile reflects both the intrinsic response of the excita-
tion and the broadening introduced by the measurement itself. It is therefore useful to distinguish

10
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between three conceptually different situations: the natural line shape of an isolated phonon, the
symmetric broadening produced by instrumental resolution, and the genuine asymmetry that arises
when a discrete phonon interferes with an electronic continuum.* These cases are considered sep-
arately below.

Near an isolated, weakly damped phonon resonance at €2, the intrinsic Raman response is ap-
proximately Lorentzian:

I'p
(w— )2+ (I'L/2)*
where T';, is the intrinsic full width at half maximum (FWHM),! illustrated in Fig. 2.3. This form

represents the natural response of an isolated mode when homogeneous broadening dominates and
additional experimental broadening is negligible.

I (w) o (2.24)

A Lorentzian A Gaussian A Voigt

SN (o, Yo)

Figure 2.3: Schematic illustration of the Lorentzian, Gaussian, and Voigt line shapes commonly used
in Raman spectral analysis. Shown are the peak position x., peak maximum ., baseline intensity
Yo, FWHM, and integrated spectral area. The curves are shown for qualitative comparison only.

However, in experiment the measured peak is not determined by the intrinsic phonon response
alone. The finite spectral resolution of the spectrometer introduces an additional symmetric broad-
ening that is commonly approximated by a Gaussian function:*’

Ig(w) = ! exp( w2)7 (2.25)

oV2r 202

where o is the standard deviation, corresponding to a Gaussian FWHM I'¢ = 2v/2In20. When
homogeneous and Gaussian broadening act simultaneously and independently, the measured sym-
metric Raman peak is commonly represented by the Voigt profile, a convolution of the intrinsic

Lorentzian response with the Gaussian broadening:*’*

Iy(w) = /00 I (W) g(w — w")dw', (2.26)

o

In this representation, the Lorentzian part retains the intrinsic phonon width, while the Gaussian
part accounts for instrumental resolution and unresolved inhomogeneous broadening.

11
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A Breit-Wigner-Fano model

(Xer Ye)

i
= e e o VL S R VS S e = =
1
L
1
1
[
1
[
1
[
1
[
1
[
1
[
1
[
1
[
1
1
1
1
1
1
1
1

Yo

y

C

Figure 2.4: Breit-Wigner-Fano line shapes for several values of the asymmetry parameter ¢. Vertical
dashed lines mark the spectral maxima, colored dots the antiresonances, and the horizontal dashed
line the background yy. The gray curve shows the symmetric Lorentzian limit |¢| — oc.

In metals and doped semiconductors, coupling to electron-hole excitations can produce carrier-
density- and temperature-dependent frequency shifts and linewidths.*** A symmetric Voigt profile
is no longer sufficient when the measured Raman peak exhibits an intrinsic asymmetry that cannot
be attributed to instrumental or inhomogeneous broadening. Such an asymmetry may arise from
interference between a discrete phonon and a continuum of electronic excitations, resulting in a
Fano line shape.’**!** The corresponding Raman peak is described by the Breit-Wigner-Fano (BWF)
profile: )

hw) = TS e
14 € r,/2

Here Ij is an amplitude factor, €2, is the resonance position, and I', is the resonance width
parameter. The parameter ¢ controls the line-shape asymmetry; changing its sign reflects the profile
about . The antiresonance occurs at € = —¢, while for ¢ # 0 the maximum lies at e = 1/q and is
displaced from €2, as illustrated in Fig. 2.4. For an asymmetric profile, I, generally differs from the
peak FWHM. After amplitude normalization, the Lorentzian profile is recovered as |q| — 00.***!

(2.27)
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2.2 Experiment

Raman measurements were performed using two triple-stage spectroscopic systems: the Jobin Yvon
T64000 and the TriVista 557. Schematics of the corresponding optical configurations are shown in
Figs. 2.5 and 2.6, respectively. Both systems were operated in backscattering geometry.

2.2.1 Jobin Yvon T64000

The setup based on the Jobin Yvon T64000 spectrometer was used for the strain-dependent Raman
measurements presented in this thesis. The spectrometer was operated in the triple subtractive con-
figuration. Excitation was provided by a Coherent Innova 70C mixed Ar*/Kr" gas laser operating
at 514.5 nm. Before entering the microscope branch, the beam passed through an iris aperture (IS),
which defined its diameter and blocked off-axis light. Its intensity and linear polarization were then
controlled using a A /2 plate and a polarizer (P). Rotation of the half-wave plate changed the polariza-
tion direction relative to the polarizer, thereby providing continuous attenuation while maintaining
a well-defined linear polarization. A spatial filter (SF) suppressed off-axis spatial components and
improved the beam profile before the beam was redirected by mirrors (M) towards the microscope
chamber.

Within the microchamber, the beam splitter (BS) directed the excitation beam into the micro-
scope branch and separated the returning backscattered light from the incident beam. The \/4 plate
enabled measurements with either linear or circular polarization, depending on the orientation of
its optical axis relative to the incident linear polarization. The objective (O) focused the excitation
beam onto the sample and collected the scattered light from the same focal region in backscatter-
ing geometry. Relay lenses (L) imaged the collected light onto the confocal pinhole (CP), thereby
suppressing out-of-focus contributions and improving spatial selectivity. A second \/2 plate and
polarizer selected the analyzed polarization channel. Before entering the spectrometer, the Rayleigh
line was strongly attenuated by the Bragg notch filter (BNF).

The Jobin Yvon T64000 is an integrated three-stage spectrometer with a focal length of 640 mm
for each stage. For the measurements described here, each stage was operated with an aberration-
corrected holographic grating of 1800 grooves/mm. The first two stages form a mechanically cou-
pled double monochromator, with their gratings mounted on a common drive axis, while the third
stage operates as the final spectrograph and projects the dispersed spectrum onto the charge-coupled
device (CCD) detector. The slit S;; » is located between the first and second stages, whereas S;s 3 cou-
ples the double monochromator to the third-stage spectrograph. Motorized commutation mirrors
and the additive optical path allow the instrument to be switched between subtractive and additive
configurations.

In the triple-subtractive configuration, the first grating disperses the collected light and the in-
termediate slit S;; » selects the spectral interval transmitted to the second stage. The second grat-
ing introduces dispersion of the opposite sign and recombines the selected interval at S;5 3, which
acts as the entrance slit of the third-stage spectrograph. The first two stages function as a tunable
double-subtractive filter, while the third stage disperses the transmitted Raman signal onto the CCD.
The combination of the Bragg notch filter and the double-subtractive monochromator provides the
strong Rayleigh-line and stray-light rejection required for measurements of low-frequency Raman
excitations close to the excitation line.

In the triple-additive configuration, the motorized commutation mirrors redirect the light
through the additive optical path. The dispersions introduced by the first and second stages then
have the same sign and add rather than cancel. The third stage contributes further dispersion of the

13
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same sign, so that all three 640-mm stages contribute to the spectral dispersion. This configuration
provides the highest spectral resolution of the instrument, at the expense of the stray-light rejection
characteristic of the subtractive configuration.*’
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Figure 2.5: Optical configuration of the Raman setup based on the Jobin Yvon T64000 spectrometer.
The Art/Kr™ laser beam is spatially filtered, its intensity and polarization are controlled, and it
is focused onto the sample mounted in the cryostat. The backscattered light is collected by the
same objective and directed through the confocal and polarization-analysis optics. The elastically
scattered component is attenuated by the Bragg notch filter, after which the Raman signal is analyzed
by the three-stage spectrometer and detected by the CCD. (IS) iris aperture; (A /2) half-wave plate; (P)
polarizer; (SF) spatial filter; (M) mirror; (BS) beam splitter; (\/4) quarter-wave plate; (O) objective;
(L) lens; (CP) confocal pinhole; (BNF) Bragg notch filter; (S;-S3) entrance and exit slits of the three
spectrometer stages; (S;1,2, Si2,3) intermediate slits between the first and second, and second and
third stages, respectively; (CCD) charge-coupled-device detector.
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2.2.2 TriVista 557
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Figure 2.6: Optical configuration of the Raman setup based on the TriVista 557 spectrometer. The
532 nm laser beam is spectrally purified by the prism monochromator, after which its intensity
and polarization are controlled before it is focused onto the sample in backscattering geometry. The
backscattered light is collected by the same objective and analyzed in the selected polarization chan-
nel. The Rayleigh line is attenuated by the Bragg notch filters, and the Raman signal is subsequently
analyzed by the triple-stage spectrometer and recorded by the CCD. (PMC) prism monochromator;
(P1, Py) polarizers; (A/2, A/4) half- and quarter-wave plates; (BS) beam splitter; (BNF) Bragg notch
filters; (L) lens; (S, S12, Sa3) entrance and intermediate slits; (G;-Gs) grating turrets; (CCD) charge-
coupled-device detector.

The TriVista 557 setup employed a Coherent Verdi-G solid-state laser operating at 532 nm. Be-
fore entering the microscope branch, the laser beam passed through a prism monochromator (PMC),
which suppressed parasitic laser lines and improved the spectral purity of the excitation beam. The
subsequent \/2-P;-\/4 optical arrangement controlled the incident power and polarization: the
half-wave plate and polarizer defined the linear polarization and provided continuous attenuation,
while the quarter-wave plate set the polarization state in the microscope arm.

The beam splitter coupled the excitation beam into the microscope branch, where the objective
focused it onto the sample mounted in the cryostat. The backscattered light was collected by the
same objective. On the detection side, the quarter-wave plate and polarizer P, selected the analyzed
polarization component, while the downstream half-wave plate set the orientation of the transmitted
linear polarization before the spectrometer entrance. The Rayleigh line was then attenuated by a
pair of Bragg notch filters, and lens L focused the remaining signal onto the entrance slit S;.

The TriVista 557 consists of three coupled Czerny-Turner spectrometer stages. The first and
second stages have focal lengths of 500 mm, whereas the third stage has a focal length of 750 mm
and projects the final spectrum onto the CCD. Each stage contains a three-position grating turret,
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providing a total of nine gratings with groove densities between 300 and 2400 grooves/mm. The
entrance slit S; and the intermediate slits S;5 and So3 control the spectral bandpass, stray-light re-
jection, throughput, and spectral resolution.

In the triple-subtractive configuration, grating G; disperses the light and slit S5 selects the spec-
tral interval transmitted to the second stage. Grating G, which has the same groove density as Gy,
rotates in the opposite direction and compensates the dispersion introduced by the first stage. The
selected spectral interval is consequently recombined at So3, which acts as the entrance slit of the
third stage. The first two stages operate as a tunable bandpass filter, while G3 disperses the trans-
mitted Raman signal onto the CCD. In this configuration, the final spectral resolution is determined
primarily by the third-stage grating, the focal length of the third stage, and the width of So;.

In the triple-additive configuration, G; and G rotate synchronously in the same direction, so that
their dispersions add. Grating G3 introduces additional dispersion, and all three stages contribute
to the overall spectral resolution. Additive operation is optimized for high dispersion and peak
separation, whereas subtractive operation provides the stronger stray-light rejection required for
measurements close to the Rayleigh line.**

For the measurements presented in this thesis, the TriVista 557 was operated in the
triple-subtractive configuration using 1800 grooves/mm gratings in the first two stages and a
2400 grooves/mm grating in the third stage. The matched gratings in G; and G, ensured can-
cellation of their dispersions, while the higher-groove-density grating in the 750-mm third stage
provided the final spectral dispersion. Together with the Bragg notch filters, this configuration

enabled measurements down to approximately 5 cm ™.

2.2.3 Piezo-strain cell

To enable controlled low-temperature uniaxial-strain experiments, a piezoelectric strain cell was
assembled in-house following the design described in Refs. [45, 46]. The cell, shown schematically
in Fig. 2.7 (a), consists of a precision frame formed by two titanium bridges connected by three
piezoelectric stacks (Piezo-pst1, Piezomechanik GmbH) made of piezoceramics, each with dimen-
sions 5 x 5 mm? and length 9 mm. These stacks can withstand loads up to 2000 N, have a stiffness
of 120 N/um, and operate from cryogenic temperatures up to approximately 120 °C in the voltage
range from —30 to 150 V.

The central compressive piezoelectric stack (CPS) is attached to one bridge and drives the mov-
able sample platform (MSP), whereas the two outer extension piezoelectric stacks (EPS) connect the
bridges and control their relative separation. Extension of the CPS pushes the MSP toward the fixed
sample platform (FSP), thereby compressing the sample, while extension of the two EPS moves the
bridge and MSP away from the FSP, thereby applying tensile strain. In this way, both compressive
and tensile deformation can be applied within the same compact assembly.

The holder body is made of titanium in order to minimize unwanted bending and transverse
stress, owing to its low thermal contraction and its compatibility with the thermal contraction of
the piezoelectric stacks. To improve tightening upon cooling, thin copper foils are inserted at the
interfaces between the holder segments, while brass screws provide additional clamping at low
temperature. The sample itself is mounted using a cryogenically stable epoxy.

The deformation of the strain cell is monitored by a strain gauge attached between the fixed and
movable platforms on the sample side and incorporated into an electronic feedback loop that regu-
lates the voltages applied to the piezoelectric stacks. The gauge therefore provides a measure of the
nominal applied strain, while the actual strain transferred to the sample may differ due to the epoxy
layer, sample geometry, and strain-transfer efficiency. The overall arrangement makes it possible
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Figure 2.7: (a) Three-dimensional schematic illustration of the piezoelectric strain cell with indicated
components. The two outer stacks control the separation of the bridges, while the central stack
drives the movable sample platform (MSP) relative to the fixed sample platform (FSP). (b) Mounted
piezo-strain cell inside the Konti Micro cryostat. A strain gauge attached between the fixed and
movable platforms is used in a feedback loop to stabilize the applied strain during the measurements.
(EPS), outer piezoelectric stacks; (CPS), central piezoelectric stack; (F), titanium frame; (B), base;
(FSP), fixed sample platform; (MSP), movable sample platform.

to tune the sample reproducibly while maintaining mechanical stability and thermal compatibility
inside the cryogenic environment.
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Chapter 3

Materials

This chapter outlines the material systems studied in this thesis, 2H-TaSes_,S, and FeSe, and sum-
marizes the structural and phase-diagram properties relevant for their lattice dynamics.

3.1 Transition-metal dichalcogenides

Transition-metal dichalcogenides (TMDs) are layered compounds composed of strongly bonded X -
T'-X layers, where T" denotes a transition-metal atom and X a chalcogen atom. Adjacent layers are
coupled predominantly by van der Waals interactions, resulting in pronounced structural and elec-
tronic anisotropy and permitting mechanical exfoliation down to the monolayer limit.*’~* Several
polytypes can be formed, distinguished by the coordination of the transition-metal atom and the
stacking sequence of successive layers. The 2H polytype has hexagonal symmetry and contains
two X-T-X layers per unit cell, with the metal atoms in trigonal-prismatic coordination.*

Many metallic TMDs develop CDW order, in which a periodic modulation of the electronic den-
sity is accompanied by a periodic lattice distortion. Several compounds also become superconduct-
ing (SC), and the CDW and superconducting states may compete or coexist as pressure, composition,
or disorder is varied.*”*0

3.1.1 2H-TaSe; Sy (0 <x < 2)

In the 2H tantalum dichalcogenides, the CDW transition is a coupled instability of the electronic and
lattice subsystems, involving momentum-dependent electron-phonon coupling and phonon soften-
ing at a finite wave vector.”>° The evolution between incommensurate and commensurate phases
can be described in terms of a lock-in transition,’”® while defects and substitutional disorder can pin
the CDW phase and reduce the spatial coherence of the ordered state.*

2H-TaS,, 2H-TaSe,, and the isoelectronic alloy series 2H-TaSe, ,S; form a 2H tantalum
dichalcogenide series. At room temperature, both end compounds crystallize in the layered hexag-
onal structure with space group P63/mmec, with trigonal-prismatic coordination of Ta within the
chalcogen-Ta-chalcogen layers shown in Fig. 3.1. The same average crystal structure is retained
over the full composition range 0 < z < 2, while the lattice parameters decrease continuously with
increasing sulfur content.”*

The end compounds differ in the sequence of their low-temperature phases. In bulk 2 H-TaSe,,
an incommensurate CDW forms near Ticpw ~ 122 K, followed by a first-order lock-in transition to
a commensurate CDW near Tccpw ~ 90 K. High-resolution diffraction resolved a narrow hysteretic
multi-q regime immediately above the lock-in transition, in which commensurate and incommensu-
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Figure 3.1: Schematic representation of the 2H-Ta X, crystal structure (X = Se,S), viewed along
several crystallographic directions. The corresponding unit cell is indicated in each view.

rate order parameters coexist. Superconductivity appears only at considerably lower temperature,
with T, &~ 0.14 K.”°**" In 2H-TaS,, a CDW transition occurs near 75-78 K, followed by supercon-
ductivity below T, ~ 0.8 K.”*?

The CDW and SC transition temperatures can be modified by both hydrostatic pressure and
isoelectronic substitution, although the two tuning procedures are not equivalent. Under pressure,
superconductivity is strongly enhanced in both end compounds. Reported transition temperatures
reach T, ~ 8.5 K near 9.5 GPa in 2H-TaS, and T, ~ 8.2 K near 23 GPa in 2H-TaSe,. In these
measurements, the CDW transition remained finite over the investigated pressure range, indicating
an extended region in which superconductivity and CDW order coexist.”

In 2H-TaSe,_,S;, isoelectronic substitution of Se by S leaves the nominal valence electron count
unchanged. It nevertheless modifies the lattice parameters, atomic masses, local Ta-X (X = Se, S)
bonding, and electronic structure, while introducing substitutional disorder. The reported phase
diagram exhibits a weak double-dome dependence of ;. on composition, with maxima of approxi-
mately 4.2 Kat z = 0.52 and 4.28 K at x = 1.65. Resistivity measurements show that signatures of
the CDW transition are absent through most of the intermediate-composition range. The composi-
tion dependence of 7., tracks the Bragg-peak broadening and is anticorrelated with the temperature-
independent term b of the high-temperature resistivity. Li et al. interpreted these correlations as
evidence that substitutional disorder suppresses CDW order and shifts the balance toward supercon-
ductivity.” Hydrostatic-pressure measurements on selected alloy compositions further show that the
evolution of 7, depends on sulfur content and cannot be reproduced by a simple mapping between
substitution and uniform chemical pressure.”® The alloy phase diagram is summarized in Fig. 3.2.

Early Raman measurements of the tantalum dichalcogenides revealed pronounced spectral
changes at the CDW transitions and across the incommensurate-commensurate transforma-
tion>*®! In 2H-TaSe,, spectra measured from bulk to few-layer samples contain a distinct
second-order Raman feature in addition to the zone-center optical modes.®* In 2H-TaS,, a broad
two-phonon structure remains pronounced above Tcpw and has been associated with short-range
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Figure 3.2: Composition-temperature phase diagram of 2H-TaSe, S, (0 < x < 2), showing the
incommensurate (ICDW) and commensurate (CCDW) charge-density-wave phases and the super-
conducting (SC) state. Adapted from Ref. [7].

CDW correlations and strong electron-phonon coupling.®*** Its microscopic interpretation involves
second-order scattering from acoustic and low-energy phonon branches near the CDW wave
vector, qcpw ~ %I‘M, where finite-wave-vector phonon softening and enhanced electron-phonon
coupling occur. In transition-metal compounds, the same EPC processes responsible for such
phonon anomalies can also enhance the corresponding two-phonon Raman amplitude.?¢*

In monolayer TaS,, varying the nanopore density produces a dome-shaped dependence of 7, on
disorder.®® In few-layer TaS,, oxygen incorporation at sulfur-vacancy sites restores the intrinsic car-
rier density and substantially enhances the calculated electron-phonon coupling.®® The contrasting
effects of nanopores and oxygen-passivated S vacancies show that 7. depends not only on defect
density but also on how a defect modifies the carrier density, local bonding, and electron-phonon
coupling.
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3.2 Iron-based superconductors

The discovery of superconductivity at 7, = 26 K in fluorine-doped LaFeAsO; ,F, in 2008%
prompted the rapid exploration of related iron pnictides and chalcogenides, now collectively
referred to as iron-based superconductors (FeSCs). Subsequent discoveries established FeSCs as a
broad family of unconventional superconductors with correlated metallic normal states and phase
diagrams in which superconductivity lies in close proximity to nematic and magnetic order.>®
The electronic states near the Fermi level in FeSCs originate mainly from Fe 3d orbitals and have
a multiorbital character. They form several Fermi-surface sheets, typically including hole pockets
near the " point and electron pockets near the Brillouin-zone corners. The orbital composition of
these states influences the normal-state anisotropy and superconducting pairing®®*’.

In many FeSCs, superconductivity emerges as chemical substitution or pressure suppresses long-
range stripe-type antiferromagnetic order; chemical substitution may additionally introduce sub-
stantial disorder.®®® In weak-to-intermediate coupling descriptions, repulsive interactions at wave
vectors connecting the hole and electron pockets favor sign-change pairing, most commonly an ex-
tended s state.*”’! Because the bands have different orbital characters, the pairing interaction and
quasiparticle coherence may also be orbital selective, leading to anisotropic gaps and close com-
petition between s- and d-wave states. Their stability depends on the Fermi-surface topology and
orbital content.

FeSCs are commonly classified according to crystal structure and stoichiometry into the 1111
(RFeAsO), 122 (AFeyAss), 111 (e.g. LiFeAs), and 11 (FeX) families, with R, A, and X denoting a
rare-earth element, an alkaline-earth or alkali metal, and a chalcogen (S, Se, or Te), respectively.
The 11 family is structurally the simplest because it consists only of stacked FeX layers, which
reduces chemical and structural complexity while retaining the intertwined spin, orbital, and lattice
physics characteristic of the FeSC class.®®’? This makes FeSe a particularly useful reference system.
It has a simple structure yet exhibits strong electronic reconstruction and pronounced tunability
under pressure, substitution, and strain, which can be exploited to separate symmetry effects from
disorder and other perturbations.>”>"*

3.2.1 FeSe

FeSe crystallizes in the layered PbO-type structure, consisting of layers in which Fe atoms are
tetrahedrally coordinated by Se, as illustrated in Fig. 3.3. Bulk FeSe adopts a tetragonal structure
with space group P4/nmm at room temperature and undergoes a superconducting transition at
T, ~ 8 K> At Ts ~ 90 K, FeSe undergoes a coupled nemato-structural transition from tetragonal
to orthorhombic symmetry. The transition reduces the in-plane rotational symmetry from C} to Cy
without changing the translational periodicity and coincides with the onset of electronic nematic or-
der.>%”® No long-range static magnetic order has been detected at ambient pressure, in contrast to the
stripe-antiferromagnetic ground state of many parent iron pnictides. Strong spin correlations nev-
ertheless remain present, including stripe-type fluctuations observed by spectroscopic probes.>*%7
FeSe thus provides an unusual setting in which nematic order develops without ambient-pressure
static magnetic order.

In the normal state, both hole- and electron-like bands cross the Fermi level of FeSe, giving rise
to a multiband semimetal with approximately equal total electron and hole carrier densities. Com-
pared with conventional DFT calculations, experiments reveal substantially smaller Fermi-surface
pockets and strong orbital-dependent band renormalization, particularly for states with substantial
d,, character.”>”” Below Ts, nematic order induces momentum-dependent shifts and splittings of
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Figure 3.3: Schematic representation of the tetragonal crystal structure of FeSe viewed along dif-
ferent crystallographic directions. The corresponding unit cell is indicated by dashed lines in each
view.

the d,. and d,, orbitals, reconstructing the hole pockets near the I' point and the electron pock-
ets at the Brillouin-zone corner.”® In detwinned FeSe, ARPES consistently resolves only one of the
two electron pockets expected in the tetragonal phase.””*" Proposed explanations for the so-called
“missing pocket” include nematic band shifts and an orbital-selective loss of quasiparticle coherence,
although photoemission matrix-element effects complicate a unique interpretation.””

Several Fermi-surface pockets in FeSe are sufficiently shallow that the corresponding Fermi en-
ergies Er are comparable to the superconducting gap A, with A/Er approaching unity for some
bands. FeSe has therefore been discussed as a multiband system near the crossover between the
weak-coupling Bardeen—-Cooper—Schrieffer (BCS) and strong-coupling Bose—Einstein condensation
(BEC) limits, with individual bands lying in distinct coupling regimes.”** The ratio A/ E provides a
band-resolved comparison of the superconducting and electronic energy scales but does not identify
the microscopic pairing interaction. The superconducting gap is strongly anisotropic, and its mo-
mentum dependence correlates with the orbital composition of the low-energy states. Deep minima
have been reported on both hole and electron pockets. Microscopic descriptions of this anisotropy
invoke spin fluctuations, orbital-selective pairing, and nematic interactions, but no unique mech-
anism has been established.””*’* Raman scattering provides complementary symmetry-resolved
information on electronic and spin excitations and their evolution through the nematic and super-
conducting transitions in Fe-based superconductors.®®

The pressure dependence demonstrates that the absence of magnetic order at ambient condi-
tions is not a robust property of the complete FeSe phase diagram. Hydrostatic pressure raises 7;
from approximately 8.5 K to a reported maximum of 36.7 K near 8.9 GPa* and stabilizes a mag-
netically ordered phase at intermediate pressures.®” The orthorhombic boundary is simultaneously
shifted to lower temperature, producing intersecting nematic, magnetic, and superconducting re-
gions. Isoelectronic S substitution also reduces 75, which terminates near x ~ 0.17 in FeSe;_,S,.,
but no long-range magnetic order appears at ambient pressure and 7; is not enhanced to the val-
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ues reached under hydrostatic pressure.”****” S substitution is consequently only an approximate
realization of chemical pressure: both tuning parameters suppress nematic order, but they generate
different magnetic and superconducting phase diagrams. Figure 3.4 summarizes the evolution of the
nematic, magnetic, and superconducting phases of FeSe under hydrostatic pressure and isoelectronic
S substitution.

Electron doping generates a distinct superconducting regime. Intercalated FeSe-derived com-
pounds reach 7. ~ 40-46 K, while single-unit-cell FeSe on SrTiO3 exhibits superconducting energy
scales substantially larger than those of bulk FeSe.”***°! In these systems, the hole bands near the
I point can be shifted below the Fermi level, leaving electron pockets as the dominant low-energy
states. Superconductivity without hole Fermi-surface sheets excludes a pairing description that re-
quires nesting between hole and electron pockets. Repulsive interactions between electron pockets
and pairing processes involving incipient hole bands remain possible, so the electron-only topology
does not by itself select a unique order parameter.”"’** For FeSe/SrTiOs, charge transfer, changes in
the FeSe band structure, and coupling to substrate phonons provide additional energy scales absent
in the bulk material.

The shallow electronic bands make the low-energy electronic structure of FeSe sensitive to
strain-induced shifts, while strong nematoelastic coupling allows in-plane strain to control the ne-
matic state. In the crystallographic tetragonal 2-Fe basis, uniaxial strain applied along an in-plane
(110) direction contains a symmetry-preserving A, component and a symmetry-breaking Bs, com-
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Figure 3.4: Pressure- and substitution-dependent phase diagrams of FeSe. (a) Orthorhombic (OR),
magnetic (M), and superconducting (SC) phase boundaries under hydrostatic pressure, determined
by X-ray diffraction and Mossbauer spectroscopy. (b) Superconducting regimes across the S-induced
nematic point, determined from specific-heat and thermal-conductivity measurements. (c) Com-
bined pressure-substitution phase diagram showing the nematic, spin-density-wave (SDW), and
superconducting regions. Reproduced from Ref. [74].
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ponent. The latter couples linearly to the nematic order parameter and therefore acts as an effective
conjugate field. It lifts the degeneracy between the two nematic orientations, favors one orthorhom-
bic domain below 75, and replaces the zero-strain phase transition with a crossover at finite strain.
For strain applied along this direction, transport measurements show that the resistive anomaly as-
sociated with T shifts under applied strain.”” The Raman measurements presented later compare
the lattice response in this By, configuration with that under strain along an in-plane (100) direc-
tion, whose symmetry-breaking component transforms as B;, and does not couple linearly to the
nematic order parameter.
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Chapter 4

Raman Spectroscopy of Quasi-2D
Transition-Metal Dichalcogenides

This chapter presents a Raman study of the 2ZH-TaSe,_,S, alloy series (0 < x < 2). Polarization-
resolved spectra were measured in backscattering geometry using a TriVista 557 spectrometer and
analyzed together with DFT and DFPT calculations. The results presented in this chapter are based
on the work reported in Ref. [93]

4.1 First-principles calculations

First-principles DFT and DFPT calculations were performed using the ABINIT package’. Exchange
and correlation were described using the Perdew-Burke-Ernzerhof (PBE) functional, and the Kohn-
Sham wave functions were expanded in a plane-wave basis with an energy cutoff of 50 Ha. Spin-
orbit coupling was included through fully relativistic Goedecker pseudopotentials’>*, in which the
Ta-5d36s, S-3s23p?, and Se-4s4p? states were treated as valence states.

The crystal structures were relaxed until the force on each atom was below 0.05 meV/A and the
total stress on the unit cell was below 0.1 bar. The optimized lattice parameters were a = 3.39 A
and ¢ = 14.00 A for TaS,, and @ = 3.51 A and ¢ = 14.37 A for TaSe,.

DFPT calculations were used to determine the zone-center phonon frequencies, phonon disper-
sions, the contribution of each atom to the phonon density of states (PDOS), and electron-phonon
coupling (EPC) parameters®. A 16 x 16 x 6 k-point grid was used to sample the electronic Brillouin
zone, while an 8 X 8 x 3 q-point grid was used for the phonon wave vectors. The electronic occupa-
tions were described using Fermi-Dirac smearing with a broadening parameter of orp = 0.01 Ha.
This numerical broadening suppresses the CDW-related instability of the high-symmetry structure
and provides a stable reference for the normal-state phonon spectrum. It should therefore not be
interpreted as a direct representation of the experimental temperature.

The phonon-wave-vector- and mode-resolved EPC constant, Ay, plotted in Fig. 4.1, was evalu-
ated as

qv»

2
prqy

>\q1/ - Z ’glI:n,kJrqm’Q 0 (Ekn - 5F) ) (5k+qm - 5F) , (4.1)

k,n,m

where Ny is the electronic density of states at the Fermi level e, wg, is the frequency of phonon
branch v at wave vector q, and gy, y o, 18 the corresponding electron-phonon matrix element. The
indices n and m label the initial and final electronic bands, with eigenvalues e, and €4, respec-
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tively. The two delta functions restrict the scattering process to electronic states at the Fermi level.
Consequently, Ay, provides a momentum- and branch-resolved measure of the EPC strength. It is
used here to identify phonon branches and regions of the Brillouin zone with enhanced EPC, but it
does not represent a calculated Raman intensity.
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4.2 2H-TaSe, and 2H -TaS,

4.2.1 Lattice dynamics

All single-crystal compositions in the 2H-TaSe, Sy (0 < x < 2) series crystallize in the hexagonal
P63/mmec structure shown in Fig. 3.1°*%. The Wyckoff positions and the atomic contributions to
the I'-point Raman-active phonons, together with the corresponding Raman tensors, are listed in
Table 4.1. Factor-group analysis predicts four Raman-active phonons for the two end compounds,

FRaman = Alg + Elg + 2E2g- (42)

In the backscattering geometry used here, the light propagates along the c axis and is incident on
the ab plane, so the incident and scattered polarization vectors lie within the basal plane. According
to the Raman tensors listed in Table 4.1, the A, mode is allowed only in parallel polarization config-
uration, whereas the £y, modes are allowed in both parallel and crossed polarization configurations.
The E, mode is symmetry-forbidden in the backscattering geometry.

The Raman spectra of 2H-TaSe; and 2H-TaS, measured at 7' = 150 K are shown in Fig. 4.1 (a)

and (c), respectively. At this temperature, both compounds are above their CDW transition temper-
atures. Each spectrum contains two prominent first-order peaks assigned to the A;, and E229 modes
(see Tab. 4.1), together with a broad spectral structure. An additional high-energy peak is present in
2H-TaS,. Raman-active modes associated with 2H-TaS, are marked with an asterisk to distinguish
them from their 2H-TaSe, counterparts.
The spectra were fitted by the sum of an electronic continuum and discrete phonon contributions.
The asymmetric Egg modes were described by BWF profiles, with finite 1/|q| reflecting interference
between the discrete phonon and electronic continuum enabled by electron-phonon coupling.*** No
measurable asymmetry was resolved for the A;, modes.

The experimental phonon energies measured at 300 K and the corresponding calculated values

Table 4.1: Wyckoff positions and atomic contributions to the I'-point Raman-active phonons of the
P63 /mmc structure of 2H-TaSe, and 2ZH-Ta$S,, together with the corresponding Raman tensors.

Space group: P63/mmc (194)

Atoms Irreducible representations
Ta (2b) Ey,
Se, S (4f) Alg + Elg + Egg

Raman tensors

a 0 0
Alg = 0 a O
0 0 b
0 00 0 0 —c
Ellg = (O 0 ¢ Efg =10 0 O )
0 ¢c O —c 0 0
d 0 0 0 —d 0
Ezlg =10 —d O Egg =|—-d 0 O
0O 0 O 0 0 0
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Figure 4.1: (a) and (c) Raman spectra of 2H-TaSe, and 2H-Ta$S,, respectively, measured in parallel
polarization at 7" = 150 K. The blue solid curves represent the total fits, comprising an electronic
continuum (dashed curves) and discrete phonon contributions. The electronic continuum was mod-
eled using the simplified approach of Ref. [99], R} (w,T') = a(T) tanh[w/c(T)]+b(T)w/c(T), where
a(T), b(T), and ¢(T') are temperature-dependent parameters determined separately for each sam-
ple. The phonon contributions were described by Breit-Wigner—Fano profiles. The insets show the
calculated phonon density of states projected onto Ta (orange) and Se/S (blue). The first Brillouin
zone and the high-symmetry points and paths used in the calculations are shown in the inset of
(a). (b) and (d) Calculated normal-state phonon dispersions of the corresponding end compounds.
The color scale represents the phonon-wave-vector- and mode-resolved electron-phonon coupling
constant \g,.

are listed in Table 4.2. The discrepancy between experiment and calculation is below 10% for all
observed phonon modes. In both compounds, the E21g mode corresponds to interlayer shear motion
and has the lowest calculated frequency of the Raman-active phonons, approximately 5 cm™!. Since
this frequency lies below the measured spectral range, the mode was not observed. B%g mode, which
is Raman-inactive, corresponds to layer-breathing motion and is calculated near 10 cm™".

The calculated phonon dispersions and mode-resolved EPC constants are shown in Fig. 4.1 (b)
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Table 4.2: Calculated and experimental I'-point phonon energies in cm™*, and their degeneracies for
the P63/mmec structures of 2H-TaS, and 2H-TaSe,. The experimental values were determined at
300 K. The calculated values are harmonic DFPT frequencies for the relaxed normal-state structures.
For the two lowest-frequency modes, “S” denotes interlayer shear and “LB” layer-breathing motion.

2H-TaS, 2H-TaSe,

Symm. Deg. Calc. Exp. Calc. Exp.

B3, (S) 2 4.9 5.5
B, (LB) 1 10.4 10.7
Es, 2 208.0 125.4
E, 2 2081 125.4
E3, 2 2713 2888 189.1 207.7
El, 2 2713 189.2
Agy 1 3416 241.8
B3, 1 348.0 245.1
B 1 368.0 216.9
Ay 1 3685 4029 217.7 2347

and (d). The phonon branches associated with the E3, modes show enhanced EPC, qualitatively
consistent with the asymmetric line shapes observed experimentally. By contrast, no comparable
EPC enhancement is obtained for the branches associated with the A;, modes, consistent with their
symmetric response. The assignment of the first-order phonons establishes the reference required
for analysing the remaining spectral structures. However, the analysis of broad structures and the
additional high-energy peak requires using the full phonon dispersion, the phonon density of states,
and the momentum dependence of the EPC.

4.2.2 Two-phonon scattering

Beyond the assigned first-order phonons, the spectra contain the high-energy O; peak in 2H-TaS,
and broad structures at lower energies in both end compounds. The O; peak appears in the parallel
polarization configuration and was included as a separate component in the cumulative fit, yielding
an energy of approximately 490 cm™'. Its energy exceeds the maximum phonon energy in the
calculated dispersion, excluding a first-order Raman assignment [Fig. 4.1 (d)].

The O, peak is most likely a two-phonon overtone involving optical branches near 245 cm™'. An
origin involving vacancy-induced disorder is unlikely, because the relaxation of the Raman selection
rules by disorder allows the PDOS to be projected into the first-order Raman spectrum.**® If vacancy-
induced disorder were responsible for the overtone at 490 cm™!, a one-phonon contribution near
wo, /2 would also be expected, but is not observed. Previous studies of 2H-TaS,, 2H-TaSe,, and
related CDW dichalcogenides have associated pronounced two-phonon scattering with enhanced
EPC.%#41% Several phonon branches in the 245-250 cm™' range exhibit enhanced Ay, along the
high-symmetry paths shown in Fig. 4.1 (d), making them plausible contributors to the O; peak.

Broad structures centered near 130 and 160 cm ™! are observed in 2H-TaSe, and 2H-TaS,, re-
spectively. The calculated PDOS is negligible at these energies, excluding the origin of disorder-
activated first-order scattering. The PDOS maxima near 65 and 80 cm ™' occur at approximately half
the energies of the corresponding broad structures, supporting an overtone assignment. In 2H-
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TaSe,, branches within the 50-100 cm ™' range along the I'-M, A-L, and L-M directions have the
required energies and enhanced Ay, making them plausible contributors to the broad two-phonon
structure. In 2H-TaS,, enhanced EPC is concentrated mainly at higher phonon energies, and com-
bination processes may also contribute to the structure near 160 cm™'. The polarization dependence
discussed in Appendix A.1 is consistent with a dominant fully symmetric contribution. The O; peak
and the broad structures are assigned to EPC-enhanced two-phonon scattering involving different
regions of the phonon dispersion.

4.2.3 Temperature evolution

Raman spectra of both end compounds were measured over the temperature range 80-300 K.
Throughout this temperature interval, 2H-TaS, remains in the normal phase, whereas 2H-TaSe,
successively undergoes transitions into the ICDW, SCCDW, and CCDW phases. The temperature
evolution of 2H-TaS, provides a qualitative normal-state reference, against which additional
changes accompanying the formation and reorganization of long-range CDW order in 2/ -TaSe;
can be assessed.

The fitted phonon energies and linewidths are shown in Fig. 4.2. In 2H-TaS,, both the A7, and
E3, modes exhibit an overall hardening and narrowing upon cooling, consistent with anharmonic
evolution in the absence of a phase transition. The change is most pronounced for the A]  linewidth,
which decreases from approximately 11 cm™' at 300 K to 6 cm™" at 80 K. By contrast, the energy
and linewidth of the broad O, feature remain within approximately 480-490 cm™' and 30-40 cm ™',
respectively, without a clearly resolved monotonic temperature dependence. Its behavior therefore
differs from that of the first-order phonons and is consistent with its assignment to a broad second-
order Raman response.

In 2H-TaSe;, the A;, and Egg phonon energies both increase by approximately 3 cm™' upon
cooling from 300 K, with no clear anomalies across the CDW transitions. Their linewidths, on the
other hand, behave differently. The A, linewidth decreases gradually upon cooling, whereas the
E3, linewidth increases from approximately 4.1 cm™" at 300 K to a broad maximum between 100
and 110 K, before decreasing to approximately 4.5 cm™' at 80 K. The anomaly is therefore centered
in the intermediate SCCDW regime and weakens upon entering the low-temperature CCDW phase.
The resulting maximum in the Egg linewidth indicates a CDW-related broadening that is absent for
the A;, mode or in the normal-state reference compound 2/ -TaS,.

Earlier Raman measurements of 2 H-TaSe, reported anomalous temperature dependences of op-
tical phonons in the 200-250 cm™! range and attributed the behavior above the transition to local-
ized CDW distortions or fluctuations in the nominally normal phase.’” More recent inelastic X-ray
scattering identified a precursor regime above Ticpw containing an overdamped soft phonon, inde-
pendently demonstrating that CDW-related lattice fluctuations extend above the onset of long-range
order.”® These results provide a possible microscopic context for the increase of the EQQQ linewidth
already observed on cooling through the normal phase in the present data. Raman measurements
in the low-temperature orthorhombic commensurate phase have also shown that the hexagonal Egg
modes split into orthorhombic components with a small but finite separation.'’” Unresolved splitting
may contribute to the measured linewidth in the CCDW phase, but it cannot by itself account for
the broad maximum near 100-110 K because the linewidth decreases again at the lowest measured
temperature. The present results therefore associate the dominant Egg linewidth anomaly with
the evolution of CDW-related lattice fluctuations through the intermediate phases, with unresolved
symmetry-induced splitting providing at most an additional low-temperature contribution.
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Figure 4.2: Temperature dependence of the fitted phonon energies w(7") and linewidths I's(T") of the
Raman-active modes observed in parallel polarization for the end compounds. The corresponding
parameters of the additional O, feature in 2/7-TaS, are also shown. Shaded regions denote the
different CDW phases, and the corresponding transition temperatures are indicated by dashed lines
of matching color. Dashed curves connecting the data points are guides to the eye.
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43 2H-TaSe, Sy (0 <x < 2)

The evolution of the first- and second-order Raman contributions across the 2H-TaSe, Sy (0 < x <
2) series is examined below, with particular attention to the changes induced by sulfur substitution
and the associated substitutional disorder.

Figure 4.3 shows the Raman spectra of the 2H-TaSe,_,S, single crystals measured in the
parallel-polarization configuration at 7" = 150 K. Compared with the Egg modes, the A, and A7,
modes remain visible over a broader composition range: the A;;, mode is resolved up to z = 1,

x=2 2H-TaSe,.S, T=150 K

x=1.65

x=1.5 e lles
A

x=0.09 , )

x=0 E2 1

Ry"(w) (arb. units)

1 | L | L | L | L |
100 200 300 400 500 600
Raman shift » (cm™)

Figure 4.3: Raman spectra of 2H-TaSe,_,S, measured at 150 K in parallel polarization configuration.
In addition to the A;,, Afg, E229, and E%; modes, the spectra of the substituted compounds contain
an additional peak labeled P, and PDOS-related contributions superimposed on the two-phonon
structure. Dashed lines mark the positions of the PDOS maxima in the two parent compounds. The

spectra are vertically offset for clarity.
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while A7, can be followed down to z = 0.84. The Egg mode is resolved up to x = 0.5 but is no
longer visible at x = (.84, whereas E%;‘ appears only from z = 1.5 onward.

This dichotomy may reflect the different character of the vibrations. The Egg and E%; modes
involve out-of-phase in-plane displacements of the Ta and Se/S atoms and show a discontinuous evo-
lution with sulfur concentration. By contrast, the A;, and A], modes involve out-of-plane chalco-
gen displacements and evolve more gradually across the series. Around x = 1, where the Se and
S concentrations are comparable, both modes are observed simultaneously. Their coexistence is
consistent with separate contributions from Se-rich and S-rich local environments within the laser
spot. The disappearance of the Egg mode near x = (.84 also occurs in the composition range where
substitutional disorder is strongest. Its pronounced sensitivity to alloying may therefore reflect the
combined effects of the chalcogen mass difference, local changes in the Ta-Se and Ta-S bonding
and force constants, crystallographic disorder, and EPC.

4.3.1 Phonons

Sulfur substitution introduces crystallographic disorder into 2ZH-TaSe, and gives rise to additional
features in the Raman spectra. The most prominent is the P, peak near 342 cm™!, which appears
only in the substituted samples and only in the parallel-polarization configuration, indicating a fully
symmetric contribution. Its frequency is approximately twice that of the strongest PDOS maximum
in 2H-TaSe;, suggesting an overtone involving phonons from this energy range.

The evolution of the phonon parameters with sulfur content x is summarized in Fig. 4.4. The
phonon lines were fitted with Fano profiles, as for the parent compounds. Since the A;;, modes
showed no measurable asymmetry, their line shapes were fitted with the Fano parameter fixed at
g = 50. The phonon lines broaden toward the intermediate compositions, consistent with the
increase in crystallographic disorder away from the parent compounds. With the exception of the
E229 mode, the phonon energies increase with sulfur content, consistent with the lower atomic mass
of sulfur and the reduction of the unit-cell volume.’

The Egg mode follows a different trend. In pristine 2 -TaSe,, its anomalous linewidth broad-
ening in the CDW regime shows that its behavior is closely linked to EPC-related lattice dynamics.
Since the lower chalcogen mass and reduced unit-cell volume would also be expected to increase
the E229 energy, its evolution with sulfur substitution points to an additional contribution. An EPC-
related renormalization, similar to that present in the parent compound, may partially offset the
hardening expected from substitution alone.'**"1%

Further information on the evolution of electron-phonon coupling can be obtained from the
inverse Fano parameter 1/|q|, which provides a qualitative indication of the interaction between
the phonon and the electronic continuum.**1%~1% In the present case, however, the overlap of the
E22g and E%; modes with the broad two-phonon background introduces substantial uncertainty into
the fits [Fig. 4.4 (c)]. The extracted values therefore do not allow a reliable determination of the
composition dependence of the coupling. Nevertheless, the Fano asymmetry remains observable
for both modes across the substituted compositions in which they can be resolved. This indicates
that their coupling to the electronic continuum persists under sulfur substitution, consistent with
the weak influence of crystallographic disorder on EPC reported in Ref. [7].

4.3.2 Evolution of the two-phonon structure

Crystallographic disorder has an equally pronounced effect on the evolution of the two-phonon
structure. At z = 0.09, the broad feature centered near 130 cm™' in pristine 2H-TaSe, broadens
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Figure 4.4: Evolution of phonon energies (black) and linewidths (orange) of the (a) A}, and (b) Ay,
Raman-active modes. (c) Evolution of phonon energies, linewidths, and inverse Fano parameter 1/|¢|
(teal) of the E%; and E229 modes with sulfur content x. The dependence of T py (dark red) on sulfur
content x, obtained from electrical resistivity measurements presented in Ref. [7], together with the
electronic phase diagram (shaded red) of 2H-TaSe, ,S;, reflects the evolution of crystallographic
disorder.

further and develops a more pronounced shoulder around ~ 110 cm™!. At x = 0.25, the structure
again collapses into a single broad maximum. The most substantial change occurs at x = (.84,
where four first-order peaks appear on top of a broad two-phonon background. As discussed above,
these additional peaks are naturally associated with defect-activated scattering from regions of high
phonon density of states: near ~ 90 and ~ 110 cm ™! for 2H-TaS,, and near ~ 80 and ~ 175 cm™!
for 2H-TaSe, (Fig. 4.1). Their energies agree well with the newly resolved spectral features. At
x = 1, the response becomes more diffuse and is reduced to two broad maxima near ~ 80 and
~ 160 cm™!, while for x = 1.65 the overall shape again resembles that at z = 0.84, although the
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4.3.2H-TaSe; Sy (0 < z < 2)

individual contributions are less clearly resolved.

These spectra show that disorder broadens and redistributes the two-phonon response while
activating PDOS-related contributions in the Raman spectra. Nevertheless, the two-phonon struc-
ture remains present across the alloy series, indicating that the scattering channels associated with
enhanced EPC persist under sulfur substitution despite substantial changes in their line shapes and
relative intensities. The continued Fano asymmetry of the E229 modes supports the same conclusion.

The electronic phase diagram is included for qualitative comparison. Over the range 0.25 <
x < 1.65, crystallographic disorder does not remove the Raman signatures associated with EPC,
while long-range CDW order is strongly suppressed and superconductivity persists.” These results
are consistent with a picture in which strong EPC alone is insufficient to stabilize the CDW in a
disordered lattice. Long-range charge order is more sensitive to substitution-induced disorder than
the local lattice response underlying the Fano asymmetry and two-phonon scattering.
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Chapter 5

Raman Spectroscopy of FeSe

This chapter examines the Raman response of FeSe under controlled uniaxial strain, with particu-
lar emphasis on the additional fully symmetric contribution that appears near the nemato-structural
transition and its dependence on strain direction and magnitude. The results presented in this chap-
ter are based on the work reported in Ref. [109]

5.1 Theory and Experiment

FeSe single crystals were grown by chemical vapor transport (CVT). Details of the growth proce-
dure and sample characterization are given in Refs. [8, 110]. The crystal used in the present mea-
surements was of high quality and showed a well-defined tetragonal-to-orthorhombic transition at
Ts = 89.1K,**! as shown in Fig. B1 of Appendix B. Raman spectra were collected at cryostat tem-
peratures between 78 and 300 K using a KONTI CryoVac He-flow cryostat operated at a base pressure
of 107% mbar. The temperatures reported below include the estimated laser-heating correction of
approximately 4 K, and the measured intensities were divided by the Bose factor to obtain the Ra-
man response Rx”(w). Since FeSe surfaces are sensitive to degradation under ambient conditions,
the sample was cleaved immediately before the cryostat was evacuated.

For the strain-dependent measurements, the sample was mounted between the fixed and mov-
able plates of an in-house strain cell (Section 2.2.3) using a two-component epoxy adhesive (Tokyo
Measuring Instruments Laboratory EA-2A) developed for use in cryogenic environments (4-323 K).
A schematic of the sample mounting is shown in Fig. 5.1 (a) and (b). Throughout this work, all strain
directions are defined with respect to the crystallographic (tetragonal) 2-Fe unit cell, with in-plane
axes a = b.”"''? The 1-Fe cell commonly used to describe the electronic structure is defined by the
square Fe sublattice, with in-plane basis vectors along the nearest-neighbour Fe-Fe directions. It is
rotated by 45° relative to the crystallographic 2-Fe cell and has half its basal-plane area [Fig. 5.1 (e)].
Consequently, the By, and By, labels are interchanged between the two notations.*’ In the present
experiment, tensile strain was applied along the tetragonal [110] direction [Fig. 5.1 (a)], for which
the symmetry-breaking component is € 5, , and along the tetragonal [100] direction [Fig. 5.1 (b)], for
whichitisep,,.

For both orientations, measurements were performed under three nominal tensile-strain con-
ditions, denoted by &0, glow and chigh, corresponding to strain values of 0%, 0.13%, and 0.21%,
respectively. These values were estimated from the calibrated response of a strain gauge mounted
on the strain-cell body between the fixed (FP) and movable plates (MP). Since the gauge monitors the
deformation of the strain cell rather than the actual strain transferred to the crystal, deviations may
arise from the epoxy layer, sample geometry, and strain-transfer efficiency. The reported values are
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Figure 5.1: (a,b) Sample mounting for tensile strain applied along the [110] (¢p,,) and [100] (¢p,,)
directions of the crystallographic 2-Fe unit cell, respectively; FP and MP denote the fixed and mov-
able plates. (c,d) Schematic Fermi surfaces in the 2-Fe Brillouin zone in the tetragonal and nematic
phases, adapted from Ref. [81]. (e) In-plane FeSe structure showing the crystallographic 2-Fe cell
(solid square) and effective 1-Fe cell (dashed square), with a’ and b’ along the nearest-neighbour Fe—
Fe directions. (f) Raman selection rules for the four linear-polarization configurations. The All)l; and

Bf; phonons are observed in 'z’ and x'y/, respectively; the corresponding 1-Fe symmetry labels,
interchanged by the 45° rotation, are given in brackets.

therefore treated as nominal strain levels rather than exact values of the strain transferred to the
sample. Previous transport measurements indicate that comparable €p,, strain shifts the anomaly
associated with Tg by approximately 1K.”* This shift is smaller than the 3K temperature step used
near the transition; the results are therefore discussed relative to the unstrained value of 75 rather
than assigning a separate transition temperature to each strain configuration.

Although the 1-Fe unit cell is often more convenient for describing the electronic and spin de-
grees of freedom, since the relevant low-energy bands and magnetic correlations originate primarily
from Fe 3d orbitals, the 2-Fe unit cell provides the appropriate basis for classifying lattice vibrations.
Only polarizations in the ab plane are used in the present experiment, as illustrated in Fig. 5.1 (e). For
incident and scattered photons propagating approximately along the c axis, the selection rules imply
that, in the ideal backscattering geometry, only Aﬁg and Blf; Raman-active phonons are observable
for the P4/nmm structure (space group 129). Figure 5.1 (f) summarizes the corresponding projec-
tions for the commonly used linear polarization geometries. In the 2’2" configuration, only the fully
symmetric AII)E phonon, corresponding to in-phase Se vibrations along the c axis, is observed. In the

crossed z'y’ configuration, the Bll);1 phonon, corresponding to out-of-phase Fe vibrations along the
¢ axis, is observed.

Because ¢p,, has the same symmetry as the nematic order parameter, its effect must be con-
sidered together with the nematic reconstruction of the electronic structure. The corresponding
Fermi-surface topology above and below 75 is sketched in Fig. 5.1 (c) and (d), respectively, for the
2-Fe cell. In the tetragonal phase [Fig. 5.1 (c)], FeSe hosts hole-like bands centered at the I point and
two symmetry-equivalent elliptical electron pockets centered at M. Below 75 [Fig. 5.1 (d)], lifting of
the d,./d, . orbital degeneracy produces pronounced anisotropic shifts and hybridization gaps near
M. In detwinned crystals, only one of the two electron bands continues to cross the Fermi level,
producing a strongly anisotropic Fermi surface.””#"'"* The interpretation of the strain-dependent
Raman response considers both this electronic reconstruction and the accompanying nematic fluc-
tuations.
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5. Raman Spectroscopy of FeSe

5.2 Effect of Strain on Lattice Dynamics of FeSe

At Ts, the onset of electronic nematic order in FeSe reduces the in-plane rotational symmetry from
Cy to Cy and is accompanied by a structural transition from tetragonal P4/nmm to orthorhombic
C'mma. 281147116 In the crystallographic 2-Fe basis used here, the transition preserves equal in-plane
basis-vector lengths, a = b, while the angle between them deviates from 90° by approximately
0.23°. In the equivalent a’, b’ basis, the same distortion is quantified by the orthorhombicity § =
(@ =0)/(a' + 1) ~ 0.002>'"7. Despite this small distortion, the Raman spectra exhibit subtle yet
reproducible changes across the transition. To track these spectral changes, temperature-dependent
measurements were performed at 3 K intervals near 75, where nematic fluctuations are expected to

be strongest.
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Figure 5.2: Strain-dependent Raman spectra in the x’z” polarization configuration in the spectral
range of the AI{}; phonon line. The upper schematics show the Fe-Fe bond distortion and sample
orientation for ¢p,, (left) and ep,, (right). From left to right, the spectral columns correspond to

5}]13153, 65%‘2”9, € zeros 55%‘1”9, and ggfh. The x, y polarization axes remain aligned with the crystallographic
a, b axes. Open symbols show the measured spectra, and the purple curves show the corresponding
Voigt-profile fits. The blue and green shading denote the symmetry-allowed Alf}gl phonon line and

the additional A}, contribution near Ts, respectively.
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5.2. Effect of Strain on Lattice Dynamics of FeSe

5.2.1 Emergence of the A}, mode in the 'z’ channel

Figure 5.2 shows the temperature evolution of the x'z’ spectra in the range of the A}I’S phonon line
at six representative temperatures. Measurements were performed at nominal zero strain and under
low and high tensile strain in both the £, and 5, configurations.

At nominal zero strain, a weak kink develops approximately 3 cm ™' below the A};}g‘ phonon line
between 91 and 103 K, producing a slight asymmetry on its low-energy side. The line shape in this
temperature interval is described by including an additional contribution, denoted A}, to indicate
its fully symmetric character. Its occurrence within a narrow interval around 75 coincides with the
regime in which nematic fluctuations are pronounced.’

The A}, contribution is also resolved under ¢ g, strain [Fig. 5.2, left columns]. This strain couples
linearly to the nematic order parameter and enhances the orthorhombic distortion of the Fe plane.
The fitted contribution remains on the low-energy side of the A‘f; phonon line, but its temperature
window shifts to 94-106 K, higher than in the nominal zero-strain case.

By contrast, €p,, strain produces a qualitatively different evolution [Fig. 5.2, right columns]. For
8113‘1‘;, the A}, contribution is observed from 88 to 106 K and appears as a well-defined shoulder on the
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Figure 5.3: Comparison of one- and two-component fits to the asymmetric Ali}g‘ phonon line under
é}gil strain at 7" = 106 K and 7" = 133 K. (a,d) Measured spectra (open symbols) together with the

one-component (orange) and two-component (purple) fits. The A}{}gl and A}, contributions compris-
ing the two-component fit are indicated by the blue and green shading, respectively. (b,e) Residuals
ARY/(w) and ARy} (w) for the one- and two-component fits, respectively; the corresponding R?
and R3 values are indicated. (c,f) Residual difference (1 2)(w) = AR} (w) — ARx%(w). Dashed
lines denote zero residual, and the green-shaded interval marks the spectral region of the A}, con-
tribution.
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5. Raman Spectroscopy of FeSe

low-energy side of the A}fg phonon line. For s}gf:, it emerges at essentially the same temperature but

remains visible up to approximately 109K, indicating a slight broadening of the anomaly window.
All spectra were fitted using Voigt profiles. Figure 5.3 compares one- and two-component fits to

the Ali}; phonon line for 51;;%? atT = 106K and 7" = 133 K. At 106 K, the one-component fit leaves

a systematic residual on the low-energy side of the A}i}; phonon line, whereas inclusion of the A},
contribution reduces the residual and increases the corresponding R3. At 133K, the two-component
model no longer improves the description of the measured spectrum. This contrast supports the
presence of an additional contribution within the anomaly window near 7.

Figure 5.4 shows the residual difference d1 2)(w,T’) over the complete measured temperature
range, 82-304K, for ggfh, €gero, and 6}253. In all three configurations, a clear residual difference in
the spectral region of A, is found only within a narrow interval near 75, coinciding with the tem-
peratures at which the additional contribution is resolved. Its disappearance away from 75 supports
a systematic additional contribution rather than an improvement caused solely by introducing a

second fit component.
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Figure 5.4: Temperature dependence of the residual difference between the one- and two-component

fits. The residual difference 0(12)(w, T') = AR»(w,T) — ARy (w, T) is shown over the complete

high high .
measured temperature range for (a) ¢ Boy® (b) Esero> and (c) €. . The curves are offset vertically

for clarity, and the dashed lines mark the corresponding zero-residual levels. The green shading
indicates the spectral region associated with the A’ contribution. A pronounced residual difference
in this region is observed only near the nematic transition.
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5.2. Effect of Strain on Lattice Dynamics of FeSe

5.2.2 Response of the Bll)lg1 mode in the x’y’ channel

h . . o
The Bfg mode was measured in the 2y’ channel under the same temperature and strain conditions

used for the A}f}gl measurements. The corresponding spectra are shown in Fig. 5.5. At low temper-

ature, €p,, shifts the BEZ phonon to slightly higher energy relative to nominal zero strain, whereas

€B,, shifts it by approximately 1 cm™" toward lower energy. Upon warming, the B}f; phonon energy
approaches the nominally unstrained value for both strain configurations. Under all measured con-
ditions, no additional spectral contribution develops near the Blf; phonon line, and its temperature
dependence remains smooth across 75, in contrast to the anomalous line shape observed near the
All)l; phonon.
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Figure 5.5: Strain-dependent Bf;l Raman spectra at the indicated temperatures. At 269K, strain has
very little effect. On approaching 75, £p,, shifts the phonon to higher energy (blue), whereas €p,
shifts it to lower energy (orange) relative to the unstrained response (green).

5.2.3 Temperature and strain dependence of the phonon excitations

The temperature dependences of the fitted energies and linewidths of the Bfl; and AII)E phonons were
analyzed using the reduced anharmonic model introduced in Section 2.1.6. Within this model, the
linewidth is described by the cubic decay term, whereas the phonon energy includes an anharmonic
term and a quasiharmonic contribution due to lattice contraction. The temperature-dependent unit-
cell volume V' (T) entering the quasiharmonic contribution was calculated from the experimental lat-
tice parameters of FeSe''®, while the phonon-phonon coupling parameter A\yp_p, and the Griineisen
parameter v were obtained from the fits. The additional A}, contribution was treated separately
from the anharmonic analysis.
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Figure 5.6: Temperature dependence of the Bf;l energy and Lorentzian linewidth under different
strain conditions: (a) 6}};5?, (b) 65%‘2’2, (€) €2er0, (d) 55%‘1“;, and (e) 5};%;. Dashed and solid black lines show

the fits of the phonon energies [Eq. (2.22)] and linewidths [Eq. (2.23)], respectively.

The Bf; energies and Lorentzian linewidths are shown in Fig. 5.6. Both quantities evolve
smoothly under all strain conditions and are well described by the anharmonic model. The
resulting values of A,,_p, and v are listed in Table 5.1. The comparable values of A,,_p, indicate
that strain only weakly affects the anharmonic decay of the mode. The Griineisen parameter,
v ~ 2, is several times larger than that of Alf}; and reflects a stronger quasiharmonic sensitivity

of the Bf;l energy to changes in unit-cell volume. The small applied uniaxial strain contains a
volume-changing component in addition to the in-plane anisotropic deformation, which may
contribute to the modest shifts in phonon energy. Neither the energy nor the linewidth exhibits an
anomaly near 75 under either strain configuration.

The corresponding results for All)l; and A}, are shown in Fig. 5.7. The energy and linewidth of Alf}gl

are reproduced well for all strain configurations using the same parameter set, with A\,p_pn ~ 0.25
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Figure 5.7: Temperature dependence of the Aﬁ’}g‘ and A}, energies (left) and Lorentzian linewidths
(right) under different strain conditions. From top to bottom, the panels correspond to (a,f) gl;fg, (b,g)
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dependences of the AI{}; energy [Eq. (2.22)] and linewidth [Eq. (2.23)], respectively.

, and (e,)) 5};%;. Dashed and solid black lines show the fitted temperature

and v ~ 0.4. The weak response to in-plane strain is consistent with the predominantly out-of-
plane Se displacement of A}f};. Within the experimental resolution, neither the strain symmetry nor
its magnitude produces an anomalous change in the temperature dependence of this phonon.

The fitted A}, contribution does not follow this common trend. Its energy remains below that

of A‘l’g under every strain condition, and it is resolved only within a limited temperature interval
around 75. In the unstrained sample, the largest separation between the two fitted components is
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5. Raman Spectroscopy of FeSe

Table 5.1: Parameters obtained from the temperature dependence of the Bf; energies and linewidths

shown in Fig. 5.6.

Strain  Apjh—pn 7Y
e 018 20
oy 0.16 2.0
Ezero 0.20 2.0
g 0.13 1.8
en 013 18

approximately 2 cm ™' and occurs at the lowest temperature at which A}, is detected. The separation
is reduced by €, , strain but increases under €5, , exceeding 3 cm™" at the lowest temperature where

the contribution is resolved. In every case, A, approaches A‘l’}; upon warming.

The A}, linewidth also depends on strain symmetry [Fig. 5.7 (f-j)]. Under &, and both £, con-
ditions, it follows the A}f}; linewidth closely. Under €p,, strain, the fitted A}, contribution becomes
narrower at the lower end of its observable temperature range. Within the investigated nominal
strain range, the energy separation and effective linewidth of A}, depend more strongly on strain

symmetry than on strain magnitude.
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5.3. Interpretation of the A}, mode

5.3 Interpretation of the Aj, mode

The restriction of A}, to the vicinity of 75 suggests that its origin is connected with the nematic
transition and the accompanying fluctuations.

Inelastic X-ray scattering revealed nematic softening of the long-wavelength transverse acoustic
branch on approaching Ts, demonstrating substantial nematoelastic coupling''’. Raman measure-
ments likewise established critical nematic fluctuations near the transition'***!. In the calculated
FeSe phonon dispersion, acoustic branches near the X and R points occur at approximately half the
energy of A}, [2-Fe unit cell; Fig. 5.8 (b)], making them plausible candidates for the two-phonon
process.

Among these branches, the longitudinal acoustic phonon at X is particularly relevant. Its purely
in-plane displacement pattern [inset of Fig. 5.8 (d)] locally modulates the 1-Fe cell in a manner char-
acteristic of the nematic distortion. In the nematic state, lifting of the d,./d,. degeneracy recon-
structs the low-energy electronic states at M. Although the displacement pattern of the X -point
phonon is not confined to the transition regime, the electronic response to a lattice deformation of
this form increases as the nematic susceptibility grows near 7s. The associated fluctuations may
enhance EPC involving this branch and strengthen two-phonon Raman scattering from acoustic
phonons near the zone boundary. The resulting two-phonon contribution can have fully symmetric
character, providing a plausible origin for A}, without requiring an additional zone-center optical
phonon.

The two strain symmetries affect this contribution differently. The ¢p,, deformation is conju-
gate to the nematic order parameter, aligns the orthorhombic domains, and reinforces the nematic
distortion. In this configuration, A}, gradually approaches Alfz and remains visible over a compar-
atively narrow temperature interval, consistent with a reduced fluctuation regime as nematic order
is reinforced. By contrast, the £p,, configuration produces a rhombic deformation of the Fe plane
that modifies the in-plane Fe-Fe bond geometry without reinforcing the nematic distortion. The
broader temperature range and reduced linewidth at its lower end are consistent with a broadened
fluctuation regime when nematic ordering is weakened, together with a strain-induced modification
of the EPC. The emergence of A’ and its energy separation from AI{}; are therefore sensitive to the
balance between nematic ordering, fluctuations, and EPC.

5.3.1 Relation to FeS and FeSe;_,S,

Comparison with FeS and FeSe; S, further constrains the assignment of A}, but the microscopic

mechanism need not be identical in all three systems. Figure 5.8 compares the corresponding Raman
spectra and phonon dispersions, while the Raman spectra of FeSe; .S, (0 < x < 0.23) are shown
in Fig. B2 of Appendix B.2.

In FeS, an overtone is observed within a gap of the one-phonon PDOS and was assigned to
two-phonon scattering involving acoustic branches near the M and A points. Its Raman intensity
was attributed to enhanced EPC, which increases the corresponding two-phonon Raman matrix
element®. As shown in Fig. 5.8 (a), the acoustic branches at M and A lie at approximately half the
energy of the A?’gl feature.

The situation in FeSe;_,S, differs already at low sulfur content. Although its PDOS contains
no corresponding gap, an additional feature appears on the high-energy side of the Alil; phonon for
x ~ 0.04-0.05 and persists over the measured temperature range®*!?, Its appearance at such low
x suggests that even weak sulfur substitution perturbs the local lattice and electronic environment,
thereby modifying the A;, response. The persistence and evolution of these structures are compat-
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Figure 5.8: Comparison of phonon dispersions and Raman spectra of FeS and FeSe. (a) Calculated
phonon dispersion of FeS along high-symmetry directions of the Brillouin zone; the blue-shaded
region marks the gap in the phonon density of states (PDOS). (b) Calculated phonon dispersion of
FeSe. The Alf}gl and Bfg frequencies at I are indicated by green and yellow triangles, respectively. (c)

Raman spectrum of FeS in zx polarization, showing All’}; and the additional Ai; and A?; features.
The Ai’gl feature lies within the PDOS gap. (d) Raman spectra of nominally unstrained FeSe in 2’2’

polarization, showing the additional A}, contribution near Aﬁg. The left inset shows the atomic dis-
placement pattern of the candidate longitudinal acoustic phonon at the X point of the 2-Fe Brillouin
zone. Panels are adapted from Refs. [26, 86].

ible with enhanced EPC involving acoustic branches near the Brillouin-zone boundary, while local
disorder may provide an additional enhancement mechanism.

The additional contribution in FeSe differs from that in FeSe; .S, because it appears on the low-
energy side of A?g and only within a narrow temperature interval around 75. Low-energy acoustic
phonons near the Brillouin-zone boundary are common to all three systems, but the conditions
enhancing the two-phonon Raman response are different. In FeS, an EPC-enhanced two-phonon
response is observed within a structurally stable phase. In FeSe, A’ appears only near 75, where
critical nematic fluctuations and the temperature-dependent electronic susceptibility near the M
point may enhance coupling to acoustic lattice modes near the zone boundary. In FeSe;_,S,, local
modifications introduced by sulfur substitution and disorder may provide additional enhancement
mechanisms.

The strain-dependent Raman spectra separate the smooth temperature evolution of the AI{Z and
Bf; zone-center phonons from the additional A}, contribution near 7Ts. Its strain-symmetry depen-
dence and approximate energy correspondence with twice the calculated acoustic-phonon energy
support an assignment to EPC-enhanced two-phonon scattering involving acoustic phonons near
the Brillouin-zone boundary. The measurements establish the sensitivity of this contribution to
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strain symmetry, but do not determine whether the observed changes originate primarily from the
nematic susceptibility, EPC, or the Raman matrix element.
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Chapter 6

Summary

This thesis presents polarization-resolved Raman studies of lattice dynamics in two low-dimensional
material systems, focusing on the effects of isoelectronic substitution and disorder in 2H-TaSe,_,S,
and of uniaxial strain in FeSe. The measurements were combined with symmetry analysis and
lattice-dynamical calculations to assign the first-order Raman-active phonons and identify the most
likely origins of additional disorder-activated and two-phonon contributions.

The Raman response of the end compounds, 2ZH-TaSe; and 2ZH-TaS,, was analyzed together with
their calculated phonon dispersions, phonon densities of states, and mode-resolved electron-phonon
coupling. The observed A, and E229 phonons were assigned by comparison with the calculated I'-
point frequencies. The contrast between the asymmetric Egg and nearly symmetric A, line shapes
is consistent with the relative EPC strengths calculated for the corresponding phonon branches. An
additional peak, O;, was observed near 490 cm™! in 2H-TaS,, while broad structures occur near
130 cm™! in 2H-TaSe; and 160 cm™! in 2H-TaS,. The energy of O; exceeds the calculated one-
phonon range, whereas the broad structures lie in gaps of the single-phonon PDOS. These results
exclude a first-order Raman origin for O; and make disorder-activated first-order scattering unlikely
for the broad structures. O; is assigned to an EPC-enhanced overtone of optical phonons near
245-250 cm™'. The broad structures are attributed predominantly to overtones involving acoustic
branches whose energies are close to half the observed energies. These branches exhibit the highest
calculated EPC values along the high-symmetry directions.

Temperature-dependent measurements between 80 and 300 K showed that the energies and
linewidths of the Raman-active phonons in both end compounds are well described by the anhar-
monic model, apart from the Egg linewidth in 2H-TaSe,. This linewidth develops a broad maximum
near 100-110 K in the ICDW and SCCDW regimes and decreases in the low-temperature CCDW
phase. The anomaly was attributed primarily to CDW-related lattice fluctuations in the intermediate
phases.

The first- and second-order Raman response was followed across the 2ZH-TaSe,_ .S, series. Sul-
fur substitution broadens the first-order phonon lines and changes their frequencies through the
combined effects of chalcogen mass, local bonding, and substitutional disorder. The Egg phonons,
characterized by in-plane displacements, show the strongest changes. At approximately equal Se
and S concentrations, the simultaneous observation of A;, and Aj, is consistent with spectroscopi-
cally distinct vibrations associated with local Ta-Se and Ta-S bonding environments. The additional
P peak appears near 342 cm ™! at z = 0.09, remains observable across the intermediate composi-
tions, and occurs only in the parallel polarization configuration. Its polarization dependence and
energy, close to twice a pronounced 2H-TaSe, PDOS maximum, support an overtone contribution
in the fully symmetric Raman channel. Additional PDOS-related peaks were assigned to disorder-
activated scattering superimposed on the broad two-phonon response. The Egg and EQQ:; phonons
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retain their Fano-asymmetric line shapes, and the two-phonon structures survive at compositions
where long-range CDW order is suppressed. This is consistent with substitutional disorder disrupt-
ing long-range CDW coherence without eliminating the EPC-related Raman response.
Strain-dependent Raman measurements of FeSe were performed between 82 and 304 K at nom-
inal zero strain and under low and high tensile strain in the £p,, and £p,, symmetry channels. The

energies and linewidths of the symmetry-allowed All)g and B{’; phonons are well described by the

anharmonic model under all investigated conditions. An additional contribution, denoted A/, was

1g°
resolved on the low-energy side of the Alfl; phonon line in the 2’2’ spectra near the nemato-structural
transition. Comparison of one- and two-component fits over the complete temperature range re-
vealed a systematic low-energy residual in the one-component description only near 75, defining

the interval over which A}, could be resolved. No additional spectral contribution or anomalous

temperature dependence was observed near the Bf;l phonon line.

At nominal zero strain, A} g was observed between 91 and 103 K. Under ¢ B,, Strain, which has
the symmetry of the nematic distortion, this interval shifts to 94-106 K and the energy separation
from Alf}; decreases. Under €p,, strain, A}, was resolved over a broader interval, extending from

approximately 88 to 106 K at low strain and to 109 K at high strain. Its separation from Aﬁ’}gl exceeds
3 cm ! at the lower end of this interval, compared with approximately 2 cm ™! at nominal zero strain,
and its linewidth is smaller than under the other strain conditions. Within the investigated nominal
strain range, the energy separation, linewidth, and observable temperature range of A}, depend
more strongly on strain symmetry than on strain magnitude.

No additional first-order Raman-active zone-center phonon is allowed by symmetry in the spec-
tral range of A’ ;. An overtone involving the calculated longitudinal acoustic phonon at the X point
is a plausible origin of A’ , since the phonon energy is approximately half that of the observed con-
tribution. The displacement pattern of this phonon alternates the local 1-Fe cell between the two
symmetry-related orthorhombic configurations, reproducing the lattice component of a nematic
fluctuation. The analogous EPC-enhanced two-phonon Raman response observed in FeS provides
a precedent for this process, although FeS remains in the same tetragonal phase over the relevant
temperature range. Related A;,-symmetry structures reported in FeSe;_,S, provide a phenome-
nological comparison. A}, is assigned to two-phonon Raman scattering involving zone-boundary
acoustic phonons. Its confinement to the vicinity of 75 suggests that nematic fluctuations coupled to
the lattice enhance the effective EPC involving the relevant acoustic branch, increasing the resulting
two-phonon Raman intensity.
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Appendix

A

2H-TaSe; Sy (0 < x < 2)

A.1 Mode assignment and additional spectral features

Raman spectra of all samples were measured in parallel and crossed polarization to determine the
symmetry of the expected phonons and additional spectral features. The A;, and Egg modes are
readily identified from the polarization-dependent spectra shown in Fig. A1. The presence of the
O; and P, peaks only in parallel polarization is consistent with a fully symmetric contribution. The
broad two-phonon structure is observed in both polarization configurations but has substantially
higher intensity in parallel polarization. The additional features superimposed on this structure in
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€ ” €s A*
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Figure A1: Polarization-dependent Raman spectra of selected 2ZH-TaSe;_, S, compositions with sul-
fur contents x = 0, 0.09, 1.5, and 2, measured at 7" = 300 K. Black and gray curves denote parallel
and crossed polarization, respectively. The additional O; and P, features are observed only in par-

allel polarization.
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A.2H-TaSe; S (0 <z < 2)

2H-TaSe; 5S¢ 5 are likewise observed only in parallel polarization. Their polarization dependence is
consistent with a fully symmetric contribution but does not distinguish between overtone scattering
and defect-activated first-order modes.

A.2 Fitting details

| 2H-TaSe, — Voigt|| 2H-TaS, — Voigt
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Figure A2: Comparison of Fano and Voigt fits to the E3, E3*, Ay, and A}, modes of 2H-TaSe,

and 2H-TaS, at T' = 150 K. Open squares represent the measured spectra, while the blue and green
curves show the Fano and Voigt fits, respectively.

All phonon peaks were fitted using both asymmetric Fano and symmetric Voigt profiles. The
resulting fits are compared in Fig. A2. The Egg and EQQ;‘ modes exhibit a clear asymmetry, whereas
no measurable asymmetry is resolved for the A;, modes. The Fano parameter of the latter was
therefore fixed at |¢q| = 50, close to the symmetric limit. The phonon parameters obtained as a
function of sulfur content x are presented in Fig. 4.4.

With increasing sulfur content, the relative intensity of the E%g-derived modes decreases, result-
ing in larger uncertainties in their fitted parameters than for the A, modes. Representative Fano fits
to the E229 and E%; modes are shown in Fig. A3. The broad two-phonon structure overlaps with the
low-energy side of these peaks in all substituted samples and contributes further to the uncertainty.
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Figure A3: Fano fits to the E’22g and E’%; modes for selected sulfur contents xz. The blue curves
represent the fits to the measured spectra.
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B. FeSe

B FeSe

B.1 Crystal structure of FeSe

For accessing the local structure on top of the average crystallographic structure we studied a FeSe
crystal by X-ray diffraction and extracted the pair-density distribution function (pdf) at three differ-
ent temperatures. Fig. B1 (a) shows the in-plane lattice parameters as a function of temperature and
the effect of the tetragonal-to-orthorhombic transition at 75 ~ 90 K. Above T, the average struc-
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Figure B1: Crystal and local structure of FeSe sample used in this study. (a) Temperature dependence
of the in-plane lattice parameters, with 75 as indicated. The global structure is orthorhombic (o)
C'mma below and tetragonal (t) P4/nmm above 90 K. In the tetragonal phase a known signature
of nematic fluctuations is observed at the nanoscale, as exemplified in panel (b). (b) Difference
between the synchrotron pair distribution function data and tetragonal model fit at 100 K (green line,
offset for clarity) displays subtle misfits on a unit cell length-scale (shaded region). This signature
remains virtually unchanged at elevated temperature, and can be rectified using the orthorhombic
local symmetry model - [panel (c)]*!!!. (c) Comparison of tetragonal (t) and orthorhombic (o) local
symmetry models for 100, 200 and 300 K.
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Appendix

ture is tetragonal, described by P4/nmm space group, and orthorhombic below 7%, described by
C'mma. Fig. B1 (b) shows the synchrotron pair distribution function G(r) at 100 K where r is the
interatomic distance. This experimental result is compared to the expectation from a model based
on the tetragonal space group P4/nmm. The difference shows larger deviations AG(r) between
experiment and model in the range r < 5 A, as highlighted by the shaded region whereas for r > 5
A, the agreement is satisfactory. The range and the magnitude of AG(r) do not strongly depend on
temperature, meaning that the (small) local deviations from the overall tetragonal structure survive
up to room temperature as shown in Fig. B1 (c). Obviously, the deviations are slow enough to be
observable by a quasi-static method®'!".

B.2 Two-phonon excitations in FeS and FeSe; .S,

Figure B2 shows the evolution of the Raman spectra of FeSe; .S, with increasing sulfur content
x up to the QCP (z = 0.17)*. The spectra were recorded above the nemato-structural transition
(T' > Ts) in the 2’2’ configuration, where only the fully symmetric mode is expected. In FeSe, only
the AF{Z phonon line was observed. At small substitution levels (z = 0.05) new features emerge in
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Figure B2: Raman spectra of FeSe;_,S, (0 < x < 0.23) and FeS. The spectra of FeSe;_,S, are mea-
sured at 7' > Ty in the 22’ scattering configuration where only fully symmetric phonon excitations
can be observed. Spectral lines other than the Raman-active phonons are labeled as A?‘;’S. Inset: Ra-
man spectra of FeS at 8 K where two-phonon excitations are labeled as Ai]l and A?;. The FeSe,_,S,
spectra and the FeS inset are adapted from Refs. [86] and [26], respectively.
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B. FeSe

the 2’2’ configuration.'®® With increasing sulfur content, these features gain intensity, while the A}f}gl
mode softens, weakens in intensity and becomes almost undetectable for 2z = 0.23.%°
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C Probe-Laser Imaging Apparatus

An externally mounted probe-laser apparatus was developed to image the stripe-like optical contrast
associated with twin-domain formation near the nematic transition. Mechanically independent of
the Raman microscope, the probe arm provided a separate lateral illumination path.

The optical assembly and its orientation relative to the cryostat are shown in Fig. C1. The ap-
paratus comprises a probe laser, two irises, two elliptical steering mirrors, a focusing lens, and
positioning elements mounted in a cage-based optomechanical frame. The steering mirrors fold the
beam path within the frame, while the irises define the beam and assist its alignment. The position-
ing arm adapter was used to align the probe arm relative to the cryostat, and the Z-stage allowed

(a)
Iris Apertures (IS)
Probe Laser
Focusing lens (L)
Elliptical Positioning arm adapter
mirrors (M) Z-stage
(b)

Figure C1: Probe-laser apparatus used to image the stripe-like optical contrast associated with twin
domains near the nematic transition. (a) Side view of the optical assembly. (b) Three-dimensional
view of the assembled probe arm and its orientation relative to the cryostat. The probe-beam path
is shown in green.
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C. Probe-Laser Imaging Apparatus

the focal position to be adjusted at the sample surface.

The illuminated sample surface was imaged through the microscope objective and recorded with
the imaging camera integrated into the Raman microscope. The Raman excitation and spectrometer
optical paths remained unchanged.
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D Mounting Assembly for the Razorbill C5100 Strain Cell

A custom holder was developed to mount the Razorbill CS100 strain cell inside the KONTI CryoVac
Micro cryostat. Although measurements using this strain cell are outside the scope of the present
thesis, the holder is documented because its design and fabrication formed part of the experimen-
tal implementation. The restricted internal volume of the cryostat, the space required for electrical
wiring, and the fixed working distance of the microscope objective constrained the holder geometry.
The holder also had to position the sample at the required height for optical access without inter-
fering with the internal cryostat components or introducing unwanted mechanical stress during
cooling.

The holder geometry and relevant dimensions are shown in Fig. D1. The holder consists of a
threaded circular base with a central rectangular opening and two vertical support pillars. The base
screws directly into the internal thread of the cryostat insert, while the rectangular opening provides
clearance within the confined sample space. The support pillars hold the strain cell at the height
required to place the sample within the working distance of the microscope objective.

5 mm

T

4.5 mm
13 mm

o mm

M2

Figure D1: Technical drawing of the custom holder for mounting the Razorbill CS100 strain cell
inside the Konti CryoVac Micro cryostat. Left: top view of the threaded base and central rectangular
opening. Middle and right: side views showing the support pillars and relevant dimensions.

The complete mounting assembly is shown in Fig. D2. The custom holder is installed inside the
cryostat body, with the Razorbill CS100 strain cell supported above it. The heat-shield aperture and
the optical window in the cryostat lid are aligned with the sample to maintain optical access after
assembly. All holder components were manufactured in the mechanical workshop of the Institute
of Physics Belgrade.
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D. Mounting Assembly for the Razorbill CS100 Strain Cell

Lid with
window

Heat shield

Razorbill CS100 Strain Cell

Custom design
strain cell holder

Konti CryoVac Micro Cryostat

Figure D2: Exploded view of the Razorbill CS100 strain-cell mounting assembly inside the Konti
CryoVac Micro cryostat. From top to bottom: lid with optical window, heat shield, Razorbill CS100
strain cell, custom holder, and cryostat body. The custom holder is outlined in red.
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