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Abstract

We present a combined experimental and theoretical study of the phonon dispersion in bulk
2H-WS,; by means of inelastic x-ray scattering and density functional perturbation theory. Our
findings highlight the two-dimensional character of the lattice dynamics in this van-der-Waals
system and indicate the significance of the bulk phonon measurements for the monolayer
counterpart. The agreement between the simulated phonon scattering factors and the
experimentally measured phonon spectra allow to map an extensive part of the phonon dispersion
curves along high-symmetry crystallographic directions and serve as a reference for future
experiments under variable experimental conditions.

1. Introduction

Transition metal dichalcogenides (TMDCs) com-
prise a relatively old class of layered compounds
[1, 2], recently revitalized by the isolation of
two-dimensional (2D) materials from their bulk
counterparts [3—9]. Among them, tungsten disulfide
(WS;) compiles a list of interesting physical proper-
ties, including a sizeable direct electronic band gap
(~2.1 eV), a high photoluminescence quantum yield
(6%), and intrinsically large exciton and trion bind-
ing energies [ 10]. Moreover, the significant spin—orbit
splitting (0.3—0.7 eV) of the symmetry inequivalent
valleys at the Kand K points of its Brillouin zone, lead
to an effectively large spin—valley coupling [11]. These
attributes make WS, particularly attractive for a vari-
ety of applications such as optoelectronic [12-15],
tribological [16, 17], triboelectric [18], catalytic [19],
valleytronics [20] applications and energy harvesting

© 2025 The Author(s). Published by IOP Publishing Ltd

[21], rendering it one of the most studied TMDC
compounds.

The performance of WS,-based devices is strongly
influenced by its lattice dynamics, as phonons gov-
ern many key physical properties of 2D materials. In
semiconducting or insulating 2D systems in partic-
ular, thermal conduction is primarily determined by
phonon transport, with heat flow limited by phonon—
phonon interactions such as anharmonic scattering
[22, 23]. Additionally, it has been highlighted that
understanding and engineering the phonon spectrum
of such systems could facilitate control over sound
and heat across relevant frequencies, enabling the
design and fabrication of novel phononic crystals and
devices that harness heat conduction rather than con-
ventional electrical properties [24]. A detailed charac-
terization of the phonon spectrum is therefore essen-
tial for understanding the intrinsic thermal transport
mechanisms in WS;.
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Up to date, experimental investigations of the
phonons in WS, and in other 2D TMDCs, are
primarily conducted using Raman spectroscopy. It
is worth noting that surface-sensitive techniques—
such as high-resolution electron energy loss spectro-
scopy and helium atom scattering—have been suc-
cessfully employed in other TMDCs and 2D materials
to probe surface phonon dispersions, offering valu-
able insights into the surface-localized character of
vibrational modes and phonon confinement effects
[25-27]. In WS, the first-order Raman spectrum
reveals details, such as the number of layers, the mech-
anical strain, and doping [28-30].

Despite being a very powerful technique, Raman
scattering is typically limited to excitations close
to the center of the Brillouin zone, thus failing
to provide information on the dispersion of the
phononic excitations. Recent works have explored the
very rich second- and higher-order Raman spectrum
of WS, by tuning the excitation energy near excitonic
transitions [28, 31, 32]. The observed Raman fea-
tures were attributed to difference, combination and
defect-activated modes, induced by double reson-
ance Raman processes [33, 34]. Although this tech-
nique is widely used to investigate electron-phonon
scattering pathways in 2D TMDCs systems — for
example, unveiling the physics of intervalley scat-
tering by acoustic phonons [35] and probing the
valence band spin—orbit splitting by electron—two
phonon triple-resonance scattering processes [36]—
the interpretation of many of the higher order features
observed in the Raman spectra remains open.

Itis, therefore, of high importance to obtain direct
experimental input on the phonon dispersion curves
of WS,. However, while computational phonon stud-
ies of bulk and monolayer systems are available in
the literature [33, 37], experimental data remain lim-
ited to a few low-energy phonon branches from older
inelastic neutron scattering (INS) studies [38, 39].
Here, we report on the phonon dispersion in 2H-
WS, measured along the main high-symmetry dir-
ections of the Brillouin zone using high-resolution
inelastic x-ray scattering (IXS) on single crystals. Our
experimental results underline the 2D character of the
phonon dispersion in WS, and show very good agree-
ment with the results of density functional perturb-
ation theory calculations, particularly when com-
bining the local-density approximation with explicit
inclusion of spin—orbit interaction. The precise simu-
lation of the structure factors of the measured phonon
spectra sets the framework for targeted studies of spe-
cific phonon branches under varying temperature,
pressure, or strain in TMDC thin films.

2. Methods

2.1. Experimental methods
High-quality single crystals of 2H-WS, were pur-
chased from HQ graphene, Netherlands. For the IXS

2
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measurements, a thin flake was exfoliated from a
single crystal piece. The thickness of the measured
sample (~25 pm) was close to the absorption length
at the incident x-ray energy, allowing measurements
in transmission geometry.

The IXS experiments were performed at the ID28
beamline at the European Synchrotron Radiation
Facility [40]. The incident photon energy was
17.794 keV, and the corresponding instrumental
energy resolution was 3 meV (full width at half max-
imum). The x-ray beam was focused by multilayer
mirrors to a 25 X 25 pm spot (horizontally x ver-
tically) on the sample surface. Energy scans were col-
lected at constant momentum transfers, selected by
the scattering angle and the sample orientation. The
scattered photons were analyzed by a set of 9 crystal
analyzers placed at the end of a 7 m long arm. IXS
scans including the quasi-elastic line or at least one
peak originated by anti-Stokes scattering were regu-
larly recorded throughout the experiment to calibrate
the energy scale. The momentum resolution was set
to ~0.25 nm ™! in the scattering plane and 0.75 nm !
perpendicular to it. In the following, the momentum
transfers are given in reciprocal lattice units (r.l.u.)
of the hexagonal unit cell. All measurements were
conducted at ambient conditions. The experimental
phonon spectra were fitted using damped harmonic
oscillator functions convoluted with the instrumental
resolution. Based on the results of these fits we have
experimentally derived the phonon dispersion.

2.2. Computational methods

We used the Quantum Espresso code to perform
density functional theory (DFT) simulations of the
theoretical phonon dispersion curves of bulk WS,
[41-43]. The DFT simulations closely followed the
computational approach reported in [44], with an
increased cutoff energy of 135 Ry. We performed two
sets of simulations: one set using the PBE exchange-
correlation functional with D3 dispersion correc-
tions (PBE-D3) [44-46], without inclusion of spin—
orbitinteraction. As a second approach, we computed
the phonon dispersion using the LDA exchange-
correlation and explicitly including spin—orbit inter-
action in all parts of the simulations (LDA + SOI).

3. Results and discussion

2H-WS,; crystallizes in a hexagonal structure (space
group P6s/mmc, No. 194), composed of weakly-
bonded single layers of S-W-S, in a 2H stacking order
along the c-axis [47]. Each single layer includes a tri-
gonal prismatic arrangement of two planes of S atoms
and an intercalated plane of W atoms. The hexagonal
unit cell of the bulk material contains six atoms, giv-
ing rise to 18 phonon branches. Figure 1 presents the
DFPT calculated dispersion along the high-symmetry
directions of the reciprocal space, namely I'-M, I'-K,
K—M, and I'-A. A sketch of the first Brillouin zone
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Figure 1. The phonon dispersion of WS, along the high-symmetry directions A-I'-K-M-T". Solid symbols correspond to the
results of IXS experiments, whereas the solid lines show the DFPT calculations using the LDA + SOI approach. Grey/red/green
symbols indicate measurements performed in predominantly longitudinal/TIP/TOP geometries close to the I" point (see main
text), respectively. Measurements were often performed at reciprocal space positions extending over a range of out-of-plane /
components (see supplemental material for more information on the I dependence of the phonon dispersion curves). Some of the
TIP measurements were performed with a small experimental offset from the I'-M and I'-K-M paths (see supplemental
material). The orange star symbols correspond to Raman data collected on the studied WS; crystal and Raman data available in
the literature [30, 48, 49]. The dotted gray arrowed lines indicate the overall phonon bandwidth (~55 meV) and the gap at the M

and its high-symmetry points is also given in the inset
of figure 1.

IXS spectra measured at various wavevectors
along the I'-M direction are presented in figure 2.
In IXS experiments, the measured intensity depends
on the total momentum transfer Q = q + Gygy where
Gy is the Brillouin zone center closest to Q, and q
is the reduced momentum transfer [50]. The spec-
tra presented in figure 2 were measured in Brillouin
zones near the Gypg = (2 0 0), Gyjp = (1 1 0)
and Ggyoio = (0 0 10) Bragg peaks and along I'-
M direction. The low-energy IXS intensity comes
mainly from the longitudinal acoustic, the transverse
in-plane (TIP) acoustic, and the transverse out-of-
plane (TOP) acoustic branch, respectively (see sup-
plemental material for details on additional contribu-
tions from the structure factor calculations). Inelastic
signal at negative AE corresponds to the anti-Stokes
scattering process, i.e. the annihilation of phonons.
We note that the small—or even absent—quasi-
elastic line in the measured spectra (away from the
Bragg peaks) indicates the high quality of the meas-
ured crystal [51, 52].

The IXS experiments were conducted in several
Brillouin zones, chosen based on the dynamical struc-
ture factor calculations, allowing us to measure the
dispersion of the acoustic and most optical phonon

branches along main crystallographic directions. An
overview of the experimentally determined phonon
dispersion, obtained after fitting the IXS spectra, is
given in figure 1, overlaid with the DFPT calcula-
tions. The IXS data were collected in longitudinal,
TIP, and TOP geometries, although mixed geomet-
ries were often used to benefit from increased struc-
ture factors. In such cases, the dominant character
of the scattering geometry (close to the I' point) is
shown in figure 1. We also note that some of the
spectra (particularly along the I'-K-M directions)
were measured at reciprocal space positions extend-
ing over a range of out-of-plane  components (see
SM for more information on the / dependence of the
phonon dispersion curves). Phonon energies at the I'
point obtained from Raman measurements are also
included in figure 1 [30, 48, 49].

The overall phonon bandwidth is close to
~55 meV. The lower energy phonon branches are
separated from the higher energy ones by a 20 meV
gap at the M point, which is much larger than
the ~10 meV gap in isostructural MoS, and WSe,
[44, 53]. This significantly increased phonon gap was
indicated by earlier phonon dispersion calculations—
and was shown to be also relevant for monolayers, as
will be discussed next—and was linked to reduced
phonon-phonon scattering rates in three-phonon
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Figure 2. Experimental IXS spectra of WS, recorded along
the I'-M direction close to the G0, G110, and Goo1o
Brillouin zones. Some of the measurements close to Gago
were performed at reciprocal space positions extending
over a short range of I. The spectra are vertically shifted for
clarity. Thick solid lines correspond to data fits, and vertical
tick marks represent phonon energies extracted from the
data fitting.

processes [54]. As indicated in figure 1, the modes at
the zone center belong to the following irreducible
representations [28, 55]:

[' = Ayg +2Bag + Eig + 2Epg + 2A5, + Buy
+ 2Elu + E2u~

In agreement with earlier calculations [33, 37],
the phonons disperse from I' along the main dir-
ections of the first Brillouin zone in nearly doubly
degenerate pairs of branches, known as Davydov
pairs. In each pair, one branch corresponds to in-
phase atomic vibrations on neighboring layers in
the bulk unit cell, while the other exhibits vibra-
tions in antiphase [37, 56]. While this splitting is

S M Souliou et al

absent in monolayer WS,, it is a signature of the
interlayer interaction in multilayer and bulk systems.
The weak van der Waals interactions in WS, (sim-
ilar to other TMDCs) result in a minimal splitting
for the higher energy optical phonon branches—
approximately ~1 meV at its maximum value accord-
ing to our calculations—which cannot be unambigu-
ously resolved within the energy resolution of the IXS
experiment.

At lower energies, each acoustic phonon branch
is paired with a low-energy optical phonon branch
of finite phonon energy at the I' point, namely the
twofold degenerate Raman active in-plane rigid layer
shear modes with E»g symmetry and the out-of-plane
rigid layer breathing mode with B,g symmetry. These
low-energy optical modes have attracted attention
for their high sensitivity to layer number, interlayer
coupling and stacking [57]. Near the zone center, the
optical branches exhibit a sizable energy splitting to
their paired acoustic branches (~3.5 meV for shear
modes and ~5.5 meV for breathing modes), which
diminishes at higher momentum transfers. In our
IXS experiments, we observed individual branches
of paired modes close to the I" point exploiting the
enhancement of the structure factor of one of the two
modes of the pair at selected Brillouin zones. This is
illustrated in figure 3 for the case of the B,; mode’s
branch, which, in excellent agreement with our sim-
ulations, has an enhanced contribution close to Bragg
peaks with odd L values (L = 11, shown in figure 3).
Its acoustic pair, namely the TOP acoustic branch
(commonly referred to as the flexural mode, ZA in
figure 1), dominates the spectra measured close to
even L values (L = 10, shown in figures 2 and A2 in
the SM), consistent also with the presence of a strong
Bragg peak at L = 10. This behavior can be explained
by the atomic structure of the system and the con-
tribution of the individual species to the IXS scat-
tering: for acoustic phonon modes, mainly the heavy
tungsten atoms contribute, which form two sublayers
spaced by half the out-of-plane lattice constant c. For
even L values, the scattering from the vibrating indi-
vidual tungsten layers interferes constructively for the
TOP acoustic mode (atoms moving in phase) and
destructively for the TOP optical mode, leading to a
large IXS structure factor for the acoustic mode. For
odd L values, the situation is reversed due to a 180°
phase difference between the scattered waves from the
two individual layers, and the IXS signal of the TOP
optical mode is enhanced compared to that of the
TOP acoustic mode.

The phonon energies of the low-energy longitud-
inal and TIP acoustic branches along the I'-M direc-
tion (with an exception at the M point) align closely
with those reported earlier from INS measurements,
while greater deviations are observed along the I'-K
direction [38]. This could possibly originate from the
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Figure 3. Colormap of the simulated dynamical structure factors along the I'-M direction close to Goo11 = (0 0 11) and the
relevant experimentally determined dispersion derived from fitting the IXS data (white symbols). The dashed gray lines represent

the LDA + SOI calculated dispersion of all the phonon branches.

different scattering volumes employed in IXS and INS
experiments.

The overall relatively weak | dependence of the
phonon dispersion curves (except for the lowest
energy branches close to the zone center—see figure
A4 in SM) highlights the quasi-2D nature of the
lattice dynamics in this bulk material. This is fur-
ther corroborated by the almost quadratic dispersion
of the flexural phonon branch (ZA) close to the T’
point, a behavior typically encountered in 2D systems
[58] which was previously observed experimentally,
amongst others, in graphite [59], bulk WSe, [53] and
MoS, [44] and exploited to derive further material
properties such as the bending rigidity [60, 61]. This
is also in line with earlier computational studies on
monolayer and bulk WS, and MoS;, which showed
that—apart from the rigid-layer modes near the I'
point—the vibrational properties of monolayers bear
a strong resemblance to those of the bilayers and bulk
[37, 62]. This is in stark contrast with the electronic
band structure of WS,, which undergoes a significant

change from the monolayer to the multilayer system,
resulting in a direct to indirect bandgap transition
[33]. Notably, unlike the case of other dichalcogenides
for which the calculations slightly overestimate the
flexural branch energy [44, 53], the phonon calcula-
tions presented here show a very good agreement with
the experimental ZA branch values of WS;. For the
LDA calculations, the ZA branch shows the expected
quadratic dispersion typical for 2D systems, while the
inclusion of spin—orbit interaction leads to a slightly
larger quadraticity compared to a reference LDA sim-
ulation without spin—orbit interaction (see figure 5).
In the PBE-D3 simulations, the ZA branch displays
a more linear dispersion, indicative of bulk-like sys-
tems and consistent with our previous study on bulk
MoS, [44].

Interestingly, a recent IXS study on the sib-
ling compound WSe, identified a low-temperature
softening of this branch close to the zone center,
associating this behavior with an increased stiffness
towards flexural vibrations at higher temperatures,
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Figure 4. Comparison of the experimentally determined phonon frequencies at the M and K points of the Brillouin zone with
those obtained from PBE-D3 and LDA + SOI calculations. A detailed comparison can be found in table Al in the SM.

which further indicates weak interlayer interactions
[53]. On the other hand, high-pressure studies
of WS, and other TMDCs [63, 64] found evid-
ence for a semiconductor-to-metal transition as the
interlayer distance decreases under pressure. Future
temperature- and pressure- dependent IXS meas-
urements on WS, and other TMDCs would clarify
whether the low-temperature behavior of the ZA
branch is a characteristic feature within the family and
would elucidate how the lattice dynamics (in partic-
ular, the ZA and rigid layer branches) behave as the
system becomes more 3D-like in the high-pressure
metallic state.

Based on the experimentally measured disper-
sion, and incorporating the DFPT-derived results, we
calculated the speed of sound in WS,. Specifically,
we fit the slope of the branch associated with the LA
phonon at the I' point, obtaining a speed of sound
of 1.0 km s~! along both the I'M and I'K directions.
This value is of comparable order, yet slower than
previous estimates, namely 4.6 km s~! using DFPT
[65] or 2.8 km s~! derived from elastic constants
[66].

Finally, regarding the high-energy optical phonon
branches, the dispersion of most of them were experi-
mentally observed in good agreement with the calcu-
lations (for the highest energy branch along the I'-K-
M directions, see SM). The phonon frequencies at the
M and K points, which are particularly important for
the interpretation of higher-order features observed
in Raman spectra [28], are presented in figure 4.
The PBE-D3 and the LDA + SOI approaches give
comparable results for the low-energy modes. For
the higher energy branches, there is an overall better
agreement of the LDA + SOI results to the frequencies

determined by IXS, within experimental error. We
note that in general, the quantitative reproduction
of phonon dispersion in van-der-Waals materials
using DFT is somewhat challenging. The widely used
exchange-correlation functional PBE tends to exhibit
a systematic ‘underbinding, an underestimation of
interatomic bonding strength. Consequently, the lat-
tice constants are overestimated and the phonon fre-
quencies generally underestimated (see table 1). This
underestimation is particularly pronounced for the
soft shear and breathing modes, for which the lay-
ers move rigidly and the frequency is determined by
the weak interlayer forces. Our simulations confirm
that this flaw can be overcome through the inclu-
sion of van-der-Waals corrections, which comple-
ment the artificially short-range non-covalent inter-
action in the PBE approximation. This has a bene-
ficial effect on both the in-plane and out-of-plane
lattice constants and introduces a hardening of the
phonon frequencies, showing improved agreement
with experimental values. These benefits of includ-
ing van-der-Waals interaction effects in phonon sim-
ulations on low-dimensional and layered materials
have been widely recognized and discussed, e.g. for
graphite [67], bulk MoS, [44], Bi;Tes (111) surfaces
[27], and bulk CrCl; [68]. On the other hand, our
simulations on bulk WS, and MoS,; [44] exhibit a dis-
tinct linearity for the ZA branch close to the Brillouin
zone center. For small wavevectors, the frequency of
the ZA mode in layered materials is determined by
subtle interatomic forces and typically is very sensitive
to the quality of the DFT-derived groundstate elec-
tron density and atomic structure. The long-range
interlayer coupling due to the inclusion of van-der-
Waals corrections might lead to a slightly increased
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(green dashed lines). LDA + SOI predicts a slightly more pronounced quadratic dispersion for the ZA branch compared to

PBE-D3.

Table 1. Comparison of lattice constants and phonon frequencies obtained for different DFT calculations with and without inclusion of
spin—orbit interaction and van-der-Waals corrections. Two representative phonon modes at the Brillouin center were chosen: 1. The
low-frequency shear (E»;) mode, which is defined by interlayer interaction. 2. The high-frequency A}y mode prominent in Raman

spectra, which is defined by intralayer interactions.

Representative
phonons (cm™!)
Theory level a(A) c(R) Shear Axg
LDA w/o SOI 3.131 12.173 24.9 421.8
LDA w/o SOI 25.1 421.8
(LDA + SOI lattice
constants)
LDA + SOI 3.133 12.163 27.6 419.8
PBE 3.188 14.755 11.3 406.8
PBE-D3 3.163 12.296 27.5 417.7
Exp. 3.153° 12.323° 28" 420°

2 Berkdemir et al[33].

b Raman measurements on the measured sample and from the literature [30, 48, 49].

bulk-like nature of the lattice vibrations, which par-
ticularly affects the sensitive ZA branch.

Conversely, LDA exchange-correlation function-
als suffer from systematic ‘overbinding), which often
results in a rather fortuitous agreement with exper-
imental results. In the case of MoS, and WS,, LDA
(without SOI) provides a good quantitative descrip-
tion of the phonon frequencies, albeit with a slight
overestimation for the high-energy modes. In con-
trast to PBE-D3, the interatomic interaction poten-
tial in LDA rapidly decays with distance, which,
e.g. causes the well-known underestimated evolution
of the interlayer binding energy of graphite with inter-
layer distance [69]. This might contribute to the pre-
dicted quadratic dispersion of the ZA mode, as LDA
mainly couples neighboring layers, while the mid-
and long-distance interlayer coupling vanishes. Our
simulations in the present work further reveal that

the inclusion of SOI slightly softens the high-energy
phonon modes and hardens the low-energy modes
(see figure 5). For the high-energy optical phonon
branches, we generally find that the LDA + SOI fre-
quencies are about 1 meV higher than those obtained
from our PBE-D3 simulations and are in better agree-
ment with our IXS measurements (see figure 1). This
improvement can partially be attributed to a ‘volume
effect’ stemming from small SOI-induced adjust-
ments of the interatomic interaction: We find that
SOI reduces the overbinding for the covalent bonds
inside each layer, resulting in a slightly larger in-plane
lattice constant (see table 1). In out-of-plane direc-
tion, the lattice constant is slightly decreased by 0.1%.
These adjustments can be understood as a softening
(hardening) of the intralayer (interlayer) interatomic
‘spring constants, hence causing, e.g. a downshift of
the high-energy modes, the frequency of which is
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defined by the strength of intralayer atomic bonds.
Similar trends were recently reported for simulations
on Bi,Te; [27], where SOI effects are expected to be
strong due to the heavy atoms in the compound, and
also for bulk CrCl; [68].

To obtain additional insights into the effect of the
inclusion of spin—orbit interaction on the phonon
mode frequencies, we calculated the vibrational spec-
trum at the Brillouin zone center on the level of LDA
without SOI, but using the LDA + SOI lattice con-
stants. This approach maintains the volume effect
but removes other contributions from SOI on the
electronic structure, for example when the perturb-
ation theory is used to calculate the phonons. Our
simulations suggest that only about 6% of the SOI-
induced frequency shifts for the lowest and highest
energy phonons arise from the pure volume effect.
This highlights the importance of proper inclusion of
the subtle interplay of non-covalent interlayer coup-
ling and spin—orbit interactions for the phonon spec-
trum of WS,.

4. Summary and outlook

We have performed a comprehensive study of the
phonon dispersion in WS, employing IXS experi-
ments and DFPT calculations. Our data demonstrate
the predominantly 2D character of the phonons in
this layered material and highlight the relevance of
this study for its monolayer counterpart. The good
agreement between the experimental and computa-
tional results further validates the accuracy of the
density functional perturbation theory calculations,
particularly concerning other members of the TMDC
family for which experimental phonon dispersion
data are currently lacking. Finally, the presented IXS
data, which cover most of the phonon branches, and
the successful simulation of the measured structure
factors serve as a reference for future targeted exper-
imental studies of specific phonon branches under
various experimental conditions, such as low tem-
peratures, high pressures, or grazing incidence con-
ditions on TMDC:s thin films [70, 71].
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