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Competition of disorder and electron-phonon coupling in 2H-TaSe,_,S, (0 < x < 2)
as evidenced by Raman spectroscopy
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The vibrational properties of 2H-TaSe,_,S, (0 < x < 2) single crystals were probed using Raman
spectroscopy and density functional theory calculations. The end members revealed two out of four symmetry-
predicted Raman active modes, together with the pronounced two-phonon structure, attributable to the enhanced

electron-phonon coupling. Additional peaks become observable due to crystallographic disorder for the doped
samples. The evolution of the Ezzg mode Fano parameter reveals that the disorder has a weak impact on
electron-phonon coupling, which is also supported by the persistence of two-phonon structure in doped samples.
As such, this research provides thorough insights into the lattice properties, the effects of crystallographic

disorder on Raman spectra, and the interplay of this disorder with the electron-phonon coupling in 2H-TaSe,_, S,

compounds.
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I. INTRODUCTION

Transition metal dichalcogenides, a well studied family of
quasi-2D materials, have attracted considerable attention in
the recent years due to their rich phase diagrams, thickness-
dependent transport, unique optical properties and collective
electron phenomena (e.g., charge density waves and super-
conductivity) [1-5]. Since the experimental confirmation of
the coexistence of superconductivity (SC) and charge den-
sity waves (CDW) transition metal dichalcogenides have
established themselves as the ideal candidates for their inves-
tigation, given that these phenomena arise at experimentally
accessible temperatures in them [6-8].

Previous experimental research has shown that at room
temperature both 2H-TaS, and 2H-TaSe; crystallize into the
hexagonal structure, described by the space group P63/mmc
(Dgn) [9,10]. The opulent phase diagram of 2H-TaSe; in-
cludes numerous charge density wave (CDW) phases at high
temperatures—the incommensurate CDW (ICCDW) phase
at Tic = 122 K, the single commensurate CDW (SCCDW)
phase in the temperature range from 7}5c = 112 K to Tjoc =
90 K, and the triply commensurate (TCCDW) phase at T3¢ =
90 K [9-12]. As for 2H-TaS,, transition from the normal
(metallic) to the ICDW phase occurs at Tepw = 78 K [13].
These materials exhibit unusually large Raman two-phonon
scattering cross section, often correlated with the existence of
CDW phase [10,13-15]. Two-phonon feature in 2H-TaS, was
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attributed to second-order scattering of acoustic and quasi-
acoustic modes near the gcpw = 2I'M [16].

The latest experimental results indicate that the substitution
of Se atoms with S atoms leads to a weak double dome
evolution of the superconducting critical temperature Tyc.
The Tysc dependence coincides with the evolution of crys-
tallographic disorder, suggesting that the crystalline disorder
favors superconductivity while suppressing the CDW phase
[17]. Similarly, other types of disorder generated by etching
nanopores in monolayer TaS, sheets [18], or by spontaneous
filling of vacant sulfur sites by oxygen in few-layer 2H-TaS,
samples [19] enhance superconductivity in this system. In
addition, first-principles calculations have revealed that the
electron-phonon coupling within TaS, sheets is drastically
boosted (by oxygenation up to 80%) [19], providing addi-
tional pathway to enhance superconductivity by doping, while
suppressing the CDW state.

In this work, we present a Raman spectroscopy study
of 2H-TaSe;_, S, (0 < x < 2) alloys. Obtained experimental
results were found to be in good agreement with the den-
sity functional theory (DFT) calculations. The experimental
Raman spectra of the end compounds host two out of the
four symmetry-predicted Raman active modes. Additionally,
a low-intensity overtone peak O; obeying pure A, selection
rules can be observed only in the spectra of 2H-TaS,. The
origin of the two-phonon structure is attributed to enhanced
electron-phonon coupling within phonon branches around the

©2024 American Physical Society
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M and L points. In the spectra of doped samples additional
peak and a dynamic evolution of the two-phonon structure
are observed due to crystallographic disorder. Our analysis
of the inverse Fano parameter 1/|g| of E22g mode indicates a
weak impact of crystallographic disorder on electron-phonon
coupling.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

The preparation of the single crystal 2H-TaSe,_,S, alloys
used in this study is described elsewhere [17]. The Raman
experiment was performed using a Tri Vista 557 spectrom-
eter with a 1800/1800/2400 grooves/mm diffraction grating
combination in a backscattering configuration. As an exci-
tation source, the 514 nm line of a Coherent Ar™/Kr™ ion
laser was used. The direction of the incident (scattered) light
coincides with the crystallographic ¢ axis. Laser beam fo-
cusing was achieved through a microscope objective with
50x magnification. During the measurements the samples
were placed inside of a KONTI CryoVac continuous helium
flow cryostat with 0.5-mm-thick window. All samples were
cleaved in the air before being placed into the cryostat. The
obtained Raman spectra were corrected by the Bose factor
and presented with linear scale. The spectrometer resolu-
tion is comparable to the Gaussian width of 1 cm™!. Next,
we have performed density functional theory (DFT) calcula-
tions as implemented in the ABINIT package [20]. We have
used the Perdew-Burke-Ernzerhof (PBE) functional, an en-
ergy cutoff of 50 Ha for the plane wave basis, and included
spin-orbit coupling by means of fully relativistic Goedecker
pseudopotentials [21,22], where Ta-5d4°6s2, S-353p*, and Se-
4s%4p* states are treated as valence electrons. The crystal
structure was relaxed so that forces on each atom were be-
low 0.05 meV/A and the total stress on the unit cell below
0.1 bar. This relaxation yields lattice parameters a = 3.39 A,
¢ = 14.00 A for TaS; and @ = 3.51 A, ¢ = 14.37 A for TaSe,.
Subsequently, the phonons and the electron-phonon coupling
(EPC) were obtained from density functional perturbation
theory (DFPT) calculations, also within ABINIT [23]. Here,
we have used a 16 x 16x6 k-point grid for the electron wave
vectors and an 8 x8x3 q-point grid for the phonon wave vec-
tors. For the electronic occupation, we employed Fermi-Dirac
smearing with broadening factor orp = 0.01 Ha (sufficiently
high to exclude unstable phonon modes related to the low-
temperature CDW phases).

The phonon-wave-vector (q)- and mode(v)-resolved
electron-phonon coupling, plotted in Fig. 2, was evaluated as
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where Np is the electronic density of states at the Fermi
level (¢r), wqy are the phonon frequencies, gy, y.qn the
electron-phonon coupling matrix elements obtained from
DFPT calculations, with n and m electronic band indices, and
€kn (Ex+qm) the electronic eigenvalue for band n (m) and elec-
tronic wave vector k (k+q) obtained from DFT calculations.
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FIG. 1. Schematic
2H-TaSe, (2H-TaS,) in various orientations.

representation of crystal

III. RESULTS AND DISCUSSION

A. 2H-TaSe; and 2H-TaS,

All single crystal alloys of 2H-TaSe,;_,S; (0 <x<2)
crystallize into P63/mmc crystal structure (Fig. 1) [9,10].
Wyckoff positions of atoms and their contributions to the
I"-point phonons together with corresponding Raman tensors
for the two end compounds are listed in Table I. In total, the
symmetry analysis predicts four Raman-active modes (A, +
Ei, + 2E,,) for the two end compounds of 2H-TaSe,_,S,.
According to the Raman tensors presented in Table I, Ay,
modes can be observed only in parallel polarization configura-
tion, whereas E», modes can be observed in spectra measured
both in parallel and crossed polarization configurations. For
our backscattering configuration, where laser beam is focused
along the ¢ axis onto the ab plane, the E;; mode is unobserv-
able.

Raman spectra of the two end compounds 2H-TaSe, and
2H-TaS; measured at 7 = 150 K are presented in Figs. 2(a)
and 2(c), respectively. This particular temperature has been
chosen because it is significantly higher than the critical
temperature of the CDW phase transitions. The Raman

TABLE 1. Wyckoff positions of atoms and their contributions to
the I'-point Raman active phonons for the P6;/mmc space group of
2H-TaSe, (and 2H-TaS;) together with the corresponding Raman
tensors.

Space group: P6;/mmc (194)

Atoms Irreducible representations
Ta (2b) Ey,
Se/S (4f) A13+E|g+E2g

Raman tensors
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FIG. 2. [(a) and (c)] Raman response of 2H-TaSe, and 2H-TaS, for parallel polarization configuration at 7 = 150 K. The blue solid line
represents the cumulative fit consisting of electronic continuum (dashed line) and phonon modes. The electronic continuum was modeled using
simplified approach as described in [24], utilizing the following function: R; (w, T) = a(T) tanh % + b(T) % Here a(T), b(T'), and ¢(T)
are temperature dependent parameters determined for each sample. Phonon modes were fitted using Fano line profile. Parts of spectra not
covered by cumulative fit were identified to originate from two-phonon scattering. The contributions of the Ta (orange) and Se/S atoms (blue)
to the calculated PDOS are shown as insets. First Brillouin zone with indicated points and lines of high symmetry is also shown in the inset
of (a). [(b) and (d)] The calculated phonon dispersion of corresponding pure samples in the normal phase, with the value of electron-phonon

coupling constant (A) indicated through the color scale.

spectra of the pristine samples exhibit two prominent peaks, calculations and are not in the focus of this study. The phonon
assigned as A, and E22g symmetry modes, accompanied dispersions, obtained from the DFPT calculations, are shown
by a broad structure and an additional peak in the case in Figs. 2(b) and 2(d), together with the calculated values of
of 2H-TaS,. For clarity, Raman-active modes observed in  the EPC constant A. These indicate the presence of nonzero
2H-TaS, spectra are marked with asterisk. Theoretically EPC in E22 scattering channel, giving rise to asymmetric line
predicted modes are first analyzed, after which we address profiles. On the other hand in the A, channel no EPC was

the origin and nature of additional peak and broad structure. found, thus they should have symmetric profiles, as we have
The Raman responses of both samples were analyzed with a  observed.
cumulative fit to include electronic continuum and discrete In addition to the observed Raman-active modes, the spec-

single-phonon excitations. The Breit-Wigner-Fano profile  tra of 2H-TaS, in the parallel polarization configuration host
was used to model single-phonon excitations, due to visible  the O, peak, with energy at about ~490cm~'. This peak
asymmetry of the Ej, modes. For simplicity, the A;, modes  cannot be explained in terms of the first-order Raman scat-
were fitted with constant Fano parameter |g| = 50, as they are  tering as its energy is well beyond the phonon energy range
highly symmetric. The phonon energies obtained in this way, [see Fig. 2(d)]. Despite this, we have included this peak in
alongside the calculated ones are listed in Table II. The lower the cumulative fit in order to track its energy. Previously
frequency Ezlg modes are related to shear (§) movements of reported large two-phonon scattering cross section in this ma-

the layers, with frequencies of ~5 cm™! for both compounds, terial [10,13-16] indicates a second-order Raman scattering,
whereas B , modes represent the layer breathing (LB) and are which might occur due to defect and/or enhanced EPC. The
expected at frequencies ~10 cm '\ absence of additional first-order peaks at energies with the

As can be seen in Table II, the discrepancy in experimen-  highest phonon density of states (PDOS) values contradicts

tal and theoretical phonon energy is less than 10% for all ~ the expectations for defect-induced peaks [25]. Considering
observed modes. The Ezlg modes were not observed in the that one Qf the PDOS maxima (~250cm™") is located near
investigated energy region in accordance to our numerical  the energies that correspond to the half energy of O, peak
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TABLE II. Phonon symmetries and phonon energies (in units
of cm™!) at I' and their degeneracies for the P6;/mmc structure of
2H-TaS, and 2H-TaSe,. The experimental values were determined
at 300 K with experimental uncertainty of 0.3 cm~!. The DFPT cal-
culations were performed at zero temperature. In case of the lowest
two modes, “S” stands for shear and “LB” for layer breathing.

2H-Ta$S, 2H-TaSe,
Symm. Deg. Calc. Exp. Calc. Exp.
Ezlg, S) 2 49 5.5
B{g (LB) 1 10.4 10.7
E», 2 208.0 1254
E, 2 208.1 125.4
Ezzg 2 271.3 288.8 189.1 207.7
Ey, 2 271.3 189.2
Ay 1 341.6 241.8
B%g 1 348.0 245.1
B, 1 368.0 216.9
Aj, 1 368.5 402.9 217.7 234.7

[Fig. 2(c)], we believe that this peak is an overtone in na-
ture and is observable due to enhanced EPC. To determine
the validity of this assumption, the phonon dispersion curves
and electron-phonon coupling constant A [Fig. 2(d)] were
further examined. If the O; peak is, indeed, observable due
to electron-phonon coupling, we would expect that optical
phonon branches around energies wp, /2 express high values
of A. As it is indicated in Fig. 2(d), several optical branches
along the lines of high symmetry, at energies just below 250
cm™!, meet this condition thus supporting our assumption.

The broad structures in the spectra of 2H-TaSe, and
2H-TaS,, with energies at about ~130 and ~160 cm~!, re-
spectively, are centered in the gap of the theoretical PDOS,
thus not a result of the first-order Raman scattering. Con-
sidering previous discussion on the origin of the O; peak in
2H-TaS, spectra and applying similar analysis, these struc-
tures can likewise be explained as a two-phonon processes,
predominantly overtones in nature but also with combinations
contribution (as can be deduced from Fig. 5), also originating
from the enhanced electron-phonon coupling. As shown in
Fig. 2, peaks in PDOS values can be found in the @yphon/2
energy ranges. By examining the phonon dispersion curves
of 2H-TaS, and 2H-TaSe, (Fig. 2), several phonon branches
with enhanced EPC are in the appropriate energy range for the
two-phonon process. In the case of 2H-TaS,, these branches
fall within the energy range of 100-150 cm™', while for
2H-TaSe,, they lie in the range of 50-100 cm~!. It was re-
ported in a previous study [16] that the origin of two-phonon
structure in 2H-TaS; is in the vicinity of the CDW wave vector
qgcow = %FM, where strong EPC exists. We argue that the
origin of large scattering cross section for the two-phonon
process is enhanced EPC in a much larger phase space that
is required to reproduce the high Raman cross-section of the
observed structures.

The phonon branches along (and in the vicinity) the lines
of high symmetry: I'-M, A-L, and L-M (illustrated in Fig. 2),
demonstrate the highest values of the electron-phonon cou-
pling constant, and we believe that these regions of phase

X=2 2H-TaSe,_S, T=150 K
x=1.65 g |l e
x=1.5

Ry" (arb. units)

100 200 300 400 500 600
Raman Shift (cm™)

FIG. 3. Raman spectra of 2H-TaSe,_,S, measured at 150 K in
parallel polarization configuration. Additionally to the A, A7, Ezzg,
and Ezzg‘ modes, one peak assigned as P; and PDOS projection onto
two-phonon structure arise in the spectra of doped materials. With
dashed lines are marked places of PDOS maxima in both pure sam-

ples. Spectra contain offset in y direction for clarity.

space contribute to the two-phonon process. As anticipated,
these branches closely coincide with energy levels that corre-
spond to @yphon/2, since the major contribution lies in the Ay,
symmetry corresponding to the overtones (see Appendix A).
This provides a strong argument to support our assumptions,
regarding the nature and the origin of the two-phonon
structures. Significantly higher intensity of the two-phonon
structure in 2H-TaS;, compared to the O; peak, can be at-
tributed to the stronger EPC observed in the corresponding
phonon branches, as supported by our DFT calculations.

B. 2H-TaSe,_,S, (0 <x < 2)

Raman spectra of the 2H-TaSe,_,S, (0 < x < 2) single
crystals measured in parallel polarization configuration at
T = 150 K are presented in Fig. 3. The two modes that are
present in the spectra of pristine 2H-TaSe,—A, and E 28, can
also be observed in the spectra of the doped samples. The A,
symmetry mode persists in the spectra up to 2H-TaSeS. As x
increases further we cannot be certain that the existing feature
in spectra is Aj, mode, because of low Se content and possible
2H-TaS, PDOS contributions. Converesly, E22g vanishes for

x = 0.84, while A’fg and Ezzg‘ modes can last be found in the
spectra of 2H-TaSe; 16S0.84 and 2H-TaSe( sS| s, respectively.
Considering that E3, and E3* arise from the out-of-phase
in-plane oscillations of Ta and Se/S atoms, the dependence
on sulfur content x exhibits a discontinuous behavior. For
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FIG. 4. The evolution of phonon energies (black) and line widths
(orange) of the (a) A’l‘g and (b) A;, Raman-active modes. (c) The
evolution of phonon energies, line widths and inverse value of
Fano parameter 1/|g| (teal) of the EZZ; and Ezzg modes with the
sulfur content x. Tepw (dark red) dependence on the sulfur content
x (obtained from electrical resistivity measurements presented in
Ref. [17]), together with the electronic phase diagram (shaded red)
of 2H-TaSe,_, S, reflect the evolution of crystallographic disorder.

the Aj, mode (out-of-plane movement of Se/S atoms), we
observe continuous change with doping alongside simulta-
neous coexistence of A, and Aj, peaks in samples where
Se/S concentration ratio is around unity. In the specific case
of 2H-TaSeS, at the nanoscale level, localized regions may
emerge where either Se or S atoms predominate. Although
these regions possess a sufficient size to generate detectable
signals, they are significantly smaller in comparison to the
laser spot (~5 um?), resulting in the inclusion of a consid-
erable number of such clusters of atoms within the laser’s
spatial coverage. Consequently, the resulting Raman spectrum
displays discernible contributions from both elements. The
concentrations at which the E22g mode vanishes directly cor-
relate with disorder reaching its maximum value. Given that
doping modifies the bond lengths of Ta-S and Ta-Se atoms,
which, in conjunction with the accompanying lattice disorder,
has a detrimental effect on the E22 mode.

The gradual substitution of the selenium atoms with sulfur
in the 2H -TaSe; crystals introduces crystallographic disorder,
giving rise to new scattering channels that result in additional
peak observed in the Raman spectra of doped materials. This
new peak with energy at about 342 cm™!, assigned as P is
observed exclusively in doped spectra measured in parallel
polarization configuration, therefore obeying A, symmetry
rules. It is presumably an overtone mode, as its energy closely

matches double that of the location where the highest PDOS
value of the 2H-TaSe, is situated.

To further investigate the effects of crystallographic dis-
order, we have inspected the evolution of phonon parameters
with the sulfur content x, depicted in Fig. 4. As in the case of
pure samples, all phonon lines were fitted using Fano profiles.
No asymmetry was observed for the A;, modes and they were
fitted with the value of Fano parameter g being fixed at 50.
All modes but E22g harden with the increase in the sulfur
concentration in the measured crystals. Given the difference
in the atomic mass of Se and S and a reduction of the unit cell
volume [17], one would expect that the Ezzg mode also hardens

with increasing x [26-28]. The unexpected behavior of E}
mode might be attributed to the enhanced EPC, which po-
tentially overcompensates previously mentioned effects. All
Raman modes broaden due to increased crystallographic dis-
order. Considering that the Fano profiles are used to describe
the line shape originating from coupling between phonon and
electronic continuum, and that the Fano parameter depends
on the interaction strength between the phonon and the con-
tinuum, the inverse value of Fano parameter 1/|q| can be
used as a direct measure of the strength of EPC [29-32]. The
interference of two-phonon structure in the fitting procedure
produces large uncertainty [see Fig. 4(c)], preventing a clear
assertion about the EPC, other than it persists through growing
disorder. This result falls within the range of the potential
increase in disorder-induced EPC [17].

Crystallographic disorder also has a significant impact on
the evolution of two-phonon structure. Changing the sulfur
content to x = 0.09, the broad structure in pristine 2H-TaSe,
spectra centered at around 130 cm~! undergoes a further
broadening accompanied by pronounced evolution of the
shoulder at around ~110 cm™!, likely due to more pro-
nounced evolution of the EPC in the related phonon branches.
Raising the sulfur content to 0.25 and thus further increasing
disorder restores the structure to a solitary broad peak. How-
ever, the most drastic change is observed in the spectra when
x = 0.84, where four first order peaks are superimposed onto
a broad two-phonon structure. As discussed previously, the
additional peaks might become observable in Raman exper-
iment due to defect scattering and are related to the regions
where the PDOS reaches its maximum: at ~90 cm~' and
~110 cm~! for 2H-Ta$,, at ~80 cm~! and ~175 cm~! for
2H-TaSe, (see Fig. 2). These correspond rather well with
the energies of the newly observed phonon modes. Raising
the concentration of sulfur to x = 1 results in a wholly di-
luted structure consisting of two broad peaks at around ~80
and ~160 cm~!. In the spectra with sulfur content x = 1.65,
structure resembles that of the x = 0.84, albeit of less clarity
among peaks. From these observations, we can see that the
primary impact of disorder on the two-phonon structure is
manifested by the broadening of peaks and the projection of
the PDOS. Furthermore, the persistence of the two-phonon
structure across doped samples suggests that disorder does
not hinder the electron-phonon coupling. This corollary aligns
with previous observations regarding the 1/|g| parameter of
the E22g mode.

Our results reveal the origin of two-phonon structures in
the 2H-TaSe,_, S, compounds. It is also evident that, although
disorder does not directly influence the strength of the EPC (in

024004-5



J. BLAGOJEVIC et al.

PHYSICAL REVIEW MATERIALS 8, 024004 (2024)

the range from x = 0.25 to 1.65), it affects the phenomena that
share EPC as a seemingly common origin differently. While
the CDW is destroyed, SC and the two-phonon structure sur-
vive [17] suggesting that strong EPC alone is insufficient to
sustain the CDW in a disordered lattice. It is interesting to
note that these materials simultaneously and independently
experience the effects of disorder and EPC.

IV. CONCLUSIONS

In this study, we conducted a Raman scattering analysis of
2H-TaSe,_,S, (0 < x <2) alloys. The Raman spectra of the
end compounds host two out of the three symmetry-expected
Raman active modes for backscattering configuration and
an additional peak O; of A;, symmetry, present only in
the 2H-TaS, spectra. This O; peak is a result of second-
order Raman scattering, overtone in nature, observable due
to the prominent EPC, characteristic for CDW materials.
The broad two-phonon structures observed in pristine sam-
ples were linked to enhanced EPC in the corresponding
phonon branches, as obtained from our first-principles calcu-
lations. The gradual substitution of Se atoms with S atoms
results in crystallographic disorder, introducing new scatter-
ing channels—in the form of an additional peak P; of Ay,
symmetry, as well as PDOS projection and broadening of all
phonon modes. Dependence on sulfur content showed hard-
ening of all modes, except for Ezzg mode. Softening of the

E22g mode and its discontinuous dependence were attributed to
strong EPC. Coexistence of A, peaks in intermediate doping
levels arises probably due to nanoscale clusters comprised
mainly of either Se or S atoms. In spectra where disorder
reaches its maximum, four single-phonon peaks accompanied
the background two-phonon structure, with energies corre-
sponding to the region of PDOS maxima. The negligible
influence of disorder on the EPC was supported by the contin-
ued presence of the two-phonon structure and the behavior of
the 1/|q| parameter associated with the E22g mode. Thus, in the
absence of changes in either electron-electron [17] or EPCs,
significant rise of Ts¢ in doped alloys is only due to disorder-
induced CDW suppression. Our findings provide insights
into the intricate relationship between disorder and EPC,
shedding light on their combined influence in governing the
vibronic and collective electronic behavior of 2H-TaSe,_, S,
compounds.
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APPENDIX A: MODE ASSIGNATION AND NATURE
OF ADDITIONAL PEAKS

Raman spectra of all samples were measured in parallel
and crossed polarization configurations in order to correctly
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FIG. 6. Raman response as a function of the Raman shift. Quan-
titative analysis of the Efg, Ezzg‘, Ay, and A7, modes at T = 150 K.
The blue and green solid lines represent Fano and Voigt profiles
fitted to the experimental data, respectively. Experimental data is

represented by open squares.

assign theoretically predicted modes as well as the unexpected
and additional peaks and structures. From the Raman spectra
presented in Fig. 5 theoretically predicted A, and E22g modes
were easily identified. Given that the O; and P; peaks are
only present in parallel polarization configuration, they obey
pure A, symmetry rules. Two-phonon structure is present in
both polarization configurations, but with significantly higher
intensity in A, channel. Additional features in two-phonon
structure in the spectra of 2H-TaSe; 5S¢ s are only present
in parallel polarization configuration, thus they are possi-
bly overtones in nature or single-phonon excitations of Ay,
symmetry.

APPENDIX B: FITTING DETAILS

All peaks were fitted using both asymmetric Fano profiles
and symmetric Voigt profiles. Since the line widths of the

=0.25 =2
X Egg X
— 2
:_,UT x=0.09 Egg P;P
=) Q
g S
5 c
N 3.
& e
x=0 E3,
200 210 220 260 280 300

Raman Shift (cm™) Raman Shift (cm™)

FIG. 7. Raman response as a function of the Raman shift. Quan-
titative analysis of the Ezzg and Ezzg modes for indicated sulfur content
x in the measured crystals. The blue lines represent Fano profiles
fitted to the experimental data.

analyzed phonon modes were much greater than the resolu-
tion of spectrometer o, the real width of the peaks could be
obtained without the need to use Fano profiles convoluted
with a Gaussian function, where 'y, = 0. The comparison
between the obtained fits are presented in Fig. 6. As it can
be seen, peaks E22g and E22; show clear asymmetric line shape,
whereas the A, symmetry peaks do not. Therefore, the latter
were fitted with Fano parameter value |g| being fixed at 50.
Acquired phonon parameters as a function of sulfur content
x are presented in Fig. 4. The increase in doping leads to
the significant decrease in the relative intensity of E22g Raman
active modes, therefore the obtained phonon parameters have
slightly higher error bar compared to the A;, modes. Fits
obtained using Fano profiles in the energy range of peaks E22g
and E22* are presented in Fig. 7. The two-phonon structure
interferes with the lower energy side of the peaks in the spectra
of all doped samples, contributing to the mentioned error.
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