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Abstract

Ternary compounds of Transition Metal Dichalcogenides are emerging as an inter-

esting class of crystals with tunable electronic properties, which make them attractive

for nano-electronic and optoelectronic applications. Among them, MoxW1−xS2 is one

of the most studied alloys, due to the well-known, remarkable features of its binary

constituents, MoS2 and WS2. The band-gap of this compound can be modelled varying

Mo and W percentages in the sample, and its vibrational modes result from a combi-

nation of MoS2 and WS2 phonons. In this work, we report transmission measurements

on a Mo0.5W0.5S2 single crystal in the far-infrared range. Absorbance spectra collected

at ambient conditions enabled, for the �rst time, a classi�cation of the infrared-active

phonons, complementary to Raman studies. High-pressure measurements allowed to

study the evolution of both the lattice dynamics and the free carrier density up to 31

GPa, suggesting the occurrence of an isostructural semiconductor-to-metal transition
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above 18 GPa, in very good agreement with the theoretical calculation reported in the

literature.

Introduction

Among two-dimensional materials, in the last years, Transition Metal Dichalcogenides (TMDs)

have proved to be one of the most promising classes of crystals in terms of both applications

and fundamental studies. Semiconducting TMDs are characterized by a graphene-like layered

lattice, easily exfoliable down to atomic-thick crystals,1�3 but, at variance with graphene,

their band structure exhibits �nite band-gaps in the eV scale, which are attractive for elec-

tronic devices.4�6 One of the most remarkable features of TMDs, as well as many others 2D

materials, is the key role of the inter-layer interaction in determining the sample proper-

ties,7�9 such as the strong relationship between the electronic structure and the number of

layers. Indeed, in most semiconductors, a progressive increase of the band-gap is observed

as the number of layers reduces, and an indirect-to-direct band-gap crossover arises when

bilayer samples are scaled down to monolayers.10�12

Due to the high heterogeneity and the outstanding structural and electronic properties of

isomorphic semiconducting TMDs, the possibility to design and produce heterostructures

(formed by stacking together monolayers of di�erent crystals) and alloys (synthesized by

directly mixing two di�erent TMDs) with di�erent band-gaps has emerged as an appealing

strategy to tune and tailor the band-structure of these materials for nano-electronic and

optoelectronic applications. In this framework, ternary compounds have been synthesized

where the metal or the chalcogen contributions are adjusted with di�erent atoms from the

same element group.13,14

MoxW1−xS2 is one of the most investigated TMD alloys, due to the vast amount of studies

on its binary constituents MoS2 and WS2.15�20 The bulk crystal shows a 2H phase and is

formed by stacking together monolayer alloys via van der Waals interactions. The mono-
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layer alloy contains one MoW plane sandwiched by two S planes, represented as S-Mo/W-S.

Recent work on MoxW1−xS2 has proved that the electronic band-gap at ambient conditions

can be tuned by modifying the percentage of Mo and W atoms in the lattice.21,22 Raman

measurements have also been performed, varying the number of layers and the stoichiometric

composition, to characterize the vibrational modes of the sample.23,24

The application of pressure is a powerful tool to probe the inter-layer interactions in MoxW1−xS2

and to explore the tunability of the electronic and structural properties. Indeed, experimen-

tal and theoretical reports have already demonstrated that pressure can modulate the band

structure of TMDs in general,25,26 and, in particular, of MoS2 and WS2.27�31 In MoS2 a

metallization has been observed at ∼ 19 GPa, accompanied by a structural distortion from

2Hc to 2Ha phase.27,32 Similarly, in WS2 a metallic transition occurs at ∼ 22 GPa, but,

at variance with the previous case, the lattice remains isomorphic.28 High-pressure Raman

measurements on Mo0.5W0.5S2 have suggested the absence of structural transitions up to 40

GPa.33 Regarding the electronic properties, instead, in a recent article by Dong et al.34 a

semiconductor-to-metal transition has been predicted below 30 GPa for Mo1−xWxS2 alloys

through theoretical calculations. The metallization pressure was found to be dependent on

both the number of layers and the Mo/W percentage in the sample. In particular, for bulk

Mo0.5W0.5S2 the authors suggested the onset of the transition above 20 GPa.

Here we report high-pressure transmission measurements on Mo0.5W0.5S2 in the far-infrared

(FIR) range, where simultaneous information on the lattice dynamics, complementary to

Raman studies, and on the pressure-induced increase of the carrier density is accessible.

This work classi�es for the �rst time the infrared-active modes of Mo0.5W0.5S2 at ambient

conditions, analyzes their response under pressure, con�rming the absence of structural tran-

sitions up to 31 GPa, and observes an abrupt increase of the carrier density above 18 GPa,

associated to the onset of a semiconductor-to-metal transition.
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Experimental

Mo0.5W0.5S2, MoS2, and WS2 single crystals were provided by HQ-Graphene. All measure-

ments were performed on fresh-cut samples, directly cleaved from the macroscopic crystal

to obtain �akes a few microns thick with a clean surface. It is worth noticing that, since the

typical thickness of single-layer TMDs is ∼ 0.7 nm, in the present case we safely work in the

bulk limit.

Room temperature infrared transmission measurements were performed at the beamline

SMIS of the SOLEIL synchrotron both at ambient pressure (on all the samples) and over

the 0÷30 GPa range (only on Mo0.5W0.5S2).

In the DAC (orange), diamonds with a culet of 250 µm2 were separated by a pre-indented

stainless steel 50 µm thick gasket, in which a hole of 125 µm diameter was drilled. The exfoli-

ated sample was positioned in the hole together with CsI as pressure transmitting medium35

and a ruby chip, to measure the pressure through the ruby �uorescence technique.36 The

measured sample was 50 µm2 in area and 2-3 µm in thickness.

Measurements were performed using a Thermo Fisher iS50 interferometer equipped with

a solid-substrate beamsplitter. Synchrotron edge radiation was employed as light source.

Custom-made 15x Cassegrain objectives with a large working distance allowed to focus and

then to collect the transmitted radiation, �nally detected by a liquid-helium-cooled bolome-

ter detector.

Raman and photoluminescence measurements at ambient conditions were carried out on

Mo0.5W0.5S2, MoS2 and WS2, using a Horiba LabRAM HR Evolution microspectrometer,

with a 532 nm laser as light source. The radiation was focused on a 2 µm2 spot on the

sample by a 100x objective and collected by a CCD detector. Further details are provided

in Ref.37
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Results and discussion

Vibrational modes at ambient conditions

Infrared transmission measurements at ambient conditions were performed on Mo0.5W0.5S2,

WS2, and MoS2 crystals in the 100÷600 cm−1 range. To reduce the interference e�ects

between the sample surfaces, each crystal was exfoliated on a diamond window, thus mini-

mizing the discontinuity of the refractive index at the substrate interface. Measurements of

the background intensity, I0(ω), were preliminarily carried out on the bare diamond. The

sample transmitted intensity, I(ω), was then measured once the crystals were positioned on

the diamond, allowing to determine the absorbance spectra A(ω) = −ln[I(ω)/I0(ω)]. Raman

measurements were also collected in the same frequency range as a reference. The compar-

ison between absorbance and Raman spectra of Mo0.5W0.5S2, WS2, and MoS2 is shown in

Figure 1.

The absorbance spectrum of Mo0.5W0.5S2 is characterized by the presence of four distinct

bands between 300 cm−1 and 450 cm−1. By comparing it with the A(ω) spectra of WS2

and MoS2, the peaks at ∼ 350 cm−1 and ∼ 380 cm−1 can be assigned to the E1u-WS2-like

and the E1u-MoS2-like modes, respectively.38,39 The larger bandwidth observed for the alloy

peaks can be attributed to disorder e�ects, which are less important in the binary crystals.

It is interesting to notice that, although Mo and W atoms are present in the sample with the

same percentage, the intensity of E1u-MoS2-like is far larger than that of E1u-WS2-like. We

recall that the infrared phonon intensity is proportional to the square of the �rst derivative

of the dipole moment with respect to the normal mode coordinates. The dipole moment is

related to the Born e�ective charge tensor, i.e. the �rst derivative of the polarization per

unit cell with respect to the atomic displacements. Based on the Density Functional Theory

calculations reported in the literature,40 the Born charges (de�ned as one-third of the trace

of the tensor in Cartesian coordinates) of Mo and W, for in-plane displacements, are in a 2:1

ratio, suggesting a four-times higher intensity of MoS2-like mode compared with WS2-like
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Figure 1: Infrared (a) and Raman (b) spectra of Mo0.5W0.5S2 (continuous lines), MoS2
(dashed lines), and WS2 (dotted lines). Magenta and purple areas highlight the contributions
of Mo0.5W0.5S2 coming from the IR-active phonons of MoS2 and WS2 (E1u). Blue and
green areas highlight the contributions of Mo0.5W0.5S2 coming from the IR-inactive, disorder-
activated modes of MoS2 and WS2 (A1g, DALA, see text).
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one. The less intense peak at ∼ 365 cm−1 between the two E1u phonons may correspond to

the disorder-activated longitudinal acoustic (DALA) phonon mode,33 while the broad band

at ∼ 410 cm−1 could be identi�ed with the convoluted A1g modes from MoS2 and WS2.24

Interestingly, both the DALA and the A1g-like modes, whose symmetries are not compatible

with the infrared selection rules, do not appear in the binary crystals but can be activated

by disorder e�ects in the ternary compound.

Vibrational modes under high pressure

Room temperature transmission measurements on a Mo0.5W0.5S2 single crystal were per-

formed in the 100÷600 cm−1 range, on increasing pressure from 0 to 31 GPa. The back-

ground intensity, I0(ω), was measured with the DAC �lled by the hydrostatic medium (CsI)

only. The sample transmitted intensity, I(ω), was then collected once the crystal was loaded

into the cell, to obtain the absorbance, A(ω), at each pressure. Interference fringes due

to multiple re�ections between the diamond surfaces through the hydrostatic medium were

observed in A(ω) spectra. The reduced number of oscillations and the frequency dependence

of both the period and the amplitude of the oscillations prevent an e�ective subtraction in

the spectra.

The absorbance spectra on increasing pressure in the 350÷430 cm−1 range, where the

phonon contribution is dominant, are shown in Figure 2. Although the overall intensity of

the peaks is reduced with respect to the out-of-cell measurements, a comparison with the

spectra reported in Figure 1 allows identifying the principal bands associated with E1u-WS2-

like (∼ 350 cm−1), DALA (∼ 370 cm−1), and E1u-MoS2-like (∼ 380 cm−1) vibrational modes.

In the cell measurements, the A1g-like contributions, visible at ambient conditions at ∼ 410

cm−1, are probably hindered by the interference fringes. Notice that, due to the alloyed

nature of the compound, the relative intensity of the peaks may slightly vary depending on

the measured point of the sample. In particular, disorder activated modes may be favoured

in regions where the crystal order is reduced. By comparing Figures 1 and 2, the relative
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Figure 2: (a) Absorbance spectra of Mo0.5W0.5S2 at increasing pressure from 2 to 31 GPa.
Spectra are vertically shifted for sake of clarity. (b) Experimental phonon-peaks at 2 GPa
(black dots) �tted with a sum of three Voigt functions. (c) g

intensity of the DALA mode is higher in the �rst case than in the second one. Since the

investigated samples and the regions of the sample surface are di�erent for in-cell- and out-

of-cell-measurements, this e�ect can be ascribed to a di�erent impact of con�gurational

disorder.

As the pressure increases up to 31 GPa, the peak positions regularly shift toward higher

frequencies, con�rming the absence of structural transitions, as already suggested by Raman

measurements.33 The peak intensities above ∼ 20 GPa undergo a progressive lowering until

completely vanishing at 31 GPa.

Electronic properties at ambient conditions

Thin Mo0.5W0.5S2 crystals, mechanically exfoliated on a SiO2-coated Si substrate, were an-

alyzed through micro-Raman measurements to determine the number of layers (N) of each

�ake (see Supporting Information, SI). Photoluminescence (PL) measurements at ambient

conditions were then performed to characterize the electronic properties of the sample as a

function of N. PL spectra for mono-, bi-, tri- and four-layer samples are reported in Figure
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3. The energy of the PL bands in the bulk sample is identical to that of the 4-layers sample,

although the overall intensity is signi�cantly lower. The spectrum of multi-layers samples

exhibits three distinct bands: the one at lower energy (∼ 1.4÷1.5 eV) corresponds to the

exciton associated with the indirect-gap transition, the most intense one at ∼ 1.85 eV, is

the A exciton, and the one at ∼ 2.1 eV is the B exciton, the latter two related to direct

transitions.41 The energy di�erence between the peaks associated with A and B excitons

corresponds to the spin-orbit splitting of the valence band of the crystal. In the mono-layer,

the well-known transition from indirect to direct gap occurs, and the indirect transition band

is no longer visible in the spectrum.

The comparison between the PL spectra of Mo0.5W0.5S2, MoS2, and WS2 (see SI) clearly

shows that all the electronic features of the ternary compound lie at halfway between its

basic constituents. In particular, in the bulk sample, we measured an indirect gap of ∼ 1.4

eV, a direct gap of ∼ 1.85 eV, and a spin-orbit splitting of ∼ 0.29 eV.41 Indeed, as widely

demonstrated in the literature,21 the optical band-gap of alloyed crystals strongly depends

on the Mo/W ratios and continuously tunable band-gap can be achieved by controlling the

percentage of transition metal atoms in the sample.

Electronic properties under high-pressure

To study the evolution of the electronic properties of Mo0.5W0.5S2 as a function of pressure,

we analyzed the spectral weight in the far-infrared range at increasing pressure values. This

quantity indeed accounts for the low-energy electronic transitions and, thus, allows to mon-

itor a possible insurgence of the metallic regime.

As shown in Figure 4(a), the A(ω) spectra in the FIR region are almost superimposed up

to ∼ 18 GPa. On further increasing pressure, the overall absorption intensity rises and

the phonon peak intensity reduces. The �rst e�ect may arise from a rapid increase of the

free electron density, due to the insurgence of a Drude band at zero frequency. Indeed, as

in most semiconducting TMDs, in Mo0.5W0.5S2 the high pressure reasonably drives a pro-
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Figure 3: (a) PL spectrum of Mo0.5W0.5S2 samples with a di�erent number of layers. (b)
Energy of the exciton associated with the indirect gap as a function of the number of layers.

gressive reduction of the band-gap responsible for the semiconductor-to-metal transition.

Correspondingly, the intensity of the vibrational modes decreases since the optical response

of the free electrons shields the phonon contribution in the FIR absorption.

To quantitatively characterize the metallization process, we de�ne at each pressure the

absorption spectral weight sw(P ) =

∫ ωM

ωm

A(ω)dω.42,43 A simple application of the Drude

model proves that in the low-frequency limit, i.e. ω/Γ � 1 (whit Γ = c/τ and τ the

Drude relaxation time), the absorbance is simply proportional to the square root of the DC

conductivity σ0 and ω, A(ω) ∝ √σ0ω. Since σ0 is proportional to the carrier density n,

the last relation demonstrates that the increase in the FIR absorbance is directly related

to the increase of n.44,45 Figure 4(b) reports the values of the normalized spectral weight

SW (P, P0) = sw(P )/sw(P0) up to 31 GPa, where P0 = 2 GPa and the integration limits

are ωm=200 cm−1 and ωM=700 cm−1. The integration is not performed over the 350÷450

cm−1 range where the phonon contribution is predominant. The normalized spectral weight,

almost constant at low pressure, undergoes a signi�cant increase around ∼ 20 GPa, associ-
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ated to an increase of the charge carrier density n. To identify the onset of the metallization

process, two independent linear �ts were performed in the 2÷20 GPa and the 16÷31 GPa

ranges (see Figure 3(b)): the ordinate of the crossing point of �tting lines, PM = 18±1 GPa,

could be assumed as a reference pressure value to describe the beginning of the metallic

transition, where actually a strong increase of the spectral weight occurs.46 It is worth to

underline that PM reasonably underestimates the e�ective metallization pressure by a few

GPa. Indeed, the increase in the charge carrier density might arise when the band gap is

not completely closed but is reduced down to ∼ kBT , allowing the electrons in the valence

band to be thermally promoted in the conduction band.

The obtained results display a very good agreement with the theoretical calculations reported

in the literature34 that predicted a semiconductor-to-metal transition above 20 GPa for bulk

Mo0.5W0.5S2. They are also well compatible with previous high-pressure measurements at

room temperature on MoS2 and WS2, which have shown a metallic transition between 19

and 22 GPa for both samples.27,28 Interestingly, in the Mo0.5W0.5S2 alloy the substitutional

disorder of the crystal lattice, attested by the presence of the disorder-activated phonon

peaks, does not strongly a�ect the electronic properties of the sample.

Conclusion

Transmission measurements were performed on a Mo0.5W0.5S2 single crystal in the far-

infrared range. The spectrum collected at ambient conditions enabled the classi�cation

of the observed peaks in terms of the lattice vibrational modes, by comparison with the

spectra of the binary constituents MoS2 and WS2. High-pressure measurements allowed us

to study the evolution of the lattice dynamics and to estimate the trend of the free carrier

density up to 31 GPa. The behaviour of the phonon peaks under pressure, well compatible

with the Raman measurements reported in the literature,33 con�rms the absence of struc-

tural transitions in the considered pressure range, while the abrupt increase of the spectral
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weight above 18 GPa seems to indicate an increase of the charge carrier density. These

results suggested the occurrence of an isostructural transition from a semiconducting to

a metallic state in Mo0.5W0.5S2 never experimentally investigated before in the literature.

These results suggest the occurrence of an isostructural transition from a semiconducting to

a metallic state in bulk Mo0.5W0.5S2 in very good agreement with the theoretical calculations

reported in the literature,34 which predicted the onset of the metallization process above 20

GPa. The observed e�ect is also coherent with previous studies on the binary compounds

that found out a metallization pressure of ∼ 19 GPa27 and ∼ 22 GPa28 for MoS2 and WS2

respectively, without relevant changes in the lattice symmetries. The compatibility between

the metallization pressures of Mo0.5W0.5S2 and its constituents suggests that substitutional

disorder does not play a key role in the evolution of the electronic properties of the alloy

under pressure.

Supporting Information: Raman measurements on Mo0.5W0.5S2; photoluminescence mea-

surements on MoS2 and WS2.
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