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Pressure coefficients for direct 
optical transitions in MoS2, MoSe2, 
WS2, and WSe2 crystals and 
semiconductor to metal transitions
F. Dybała1,*, M. P. Polak1,*, J. Kopaczek1, P. Scharoch1, K. Wu2, S. Tongay2 & R. Kudrawiec1

The electronic band structure of MoS2, MoSe2, WS2, and WSe2, crystals has been studied at various 
hydrostatic pressures experimentally by photoreflectance (PR) spectroscopy and theoretically 
within the density functional theory (DFT). In the PR spectra direct optical transitions (A and B) have 
been clearly observed and pressure coefficients have been determined for these transitions to be: 
αA = 2.0 ± 0.1 and αB = 3.6 ± 0.1 meV/kbar for MoS2, αA = 2.3 ± 0.1 and αB = 4.0 ± 0.1 meV/kbar for 
MoSe2, αA = 2.6 ± 0.1 and αB = 4.1 ± 0.1 meV/kbar for WS2, αA = 3.4 ± 0.1 and αB = 5.0 ± 0.5 meV/kbar  
for WSe2. It has been found that these coefficients are in an excellent agreement with theoretical 
predictions. In addition, a comparative study of different computational DFT approaches has been 
performed and analyzed. For indirect gap the pressure coefficient have been determined theoretically 
to be −7.9, −5.51, −6.11, and −3.79, meV/kbar for MoS2, MoSe2, WS2, and WSe2, respectively. The 
negative values of this coefficients imply a narrowing of the fundamental band gap with the increase in 
hydrostatic pressure and a semiconductor to metal transition for MoS2, MoSe2, WS2, and WSe2, crystals 
at around 140, 180, 190, and 240 kbar, respectively.

Recently a few-layer transition metal dichalcogenides (TMDs), such as MoS2, MoSe2, WS2, and WSe2, have gar-
nered significant interest based on their unique mechanical and optical properties1–5. MoS2, MoSe2, WS2, and 
WSe2 are layered crystals in a hexagonal structure consisting of sixfold-bonded metal atoms sandwiched between 
two threefold-bonded chalcogenide atoms with a covalent interaction between atoms within a layer and a van 
der Walls interaction between layers. In general, bulk TMDs have been investigated in the past6,7, but since the 
very first paper on MoS2 layers1, it is well established that the electronic band structure of TMDs strongly varies 
with the number of layers and exhibits indirect-to-direct band gap transition with the size reduction to a sin-
gle layer. In recent years a lot of works has been devoted to theoretical studies of the electronic band structure 
of TMDs of various number of layers8,9. Moreover numerous theoretical studies have discussed the influence 
of hydrostatic pressure and strain on band structure of few-layers TMDs and notable physical effects such as 
strain-induced direct-to-indirect band gap transition and semiconductor to metal transition have been pre-
dicted10–22. Unfortunately experimental studies of these phenomena are very limited23–25 since measurements of a 
single layer of TMDs are still a challenge, especially at high hydrostatic pressures. Moreover it is worth noting that 
even bulk TMDs have not been experimentally at high hydrostatic pressures and therefore pressure coefficients 
for indirect gap and direct optical transitions in MoS2, MoSe2, WS2, and WSe2 are rather unknown. Recently a 
semiconductor to metal transition in multilayer MoS2 has been observed by applying hydrostatic pressure26. Very 
similar phenomenon was reported for multilayered WS2

27. It means that pressure induced changes in the elec-
tronic band structure of bulk TMDs are a very interesting issue to explore. They were not intensively investigated 
up to now and therefore they are the aim of our studies.

In this paper to investigate the electric band structure of MoS2, MoSe2, WS2, and WSe2 under hydrostatic 
pressure we applied photoreflectance (PR) spectroscopy. This technique due to its absorption-like character is 
an excellent tool to investigate the direct optical transitions between both ground and excited states28–30. The 
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differential-like character of PR spectroscopy allows to eliminate the background signal and detect even very 
weak optical transitions. So far PR spectroscopy has been successfully applied to study the optical transitions in 
bulk MoS2

31, but this technique has never been applied to study optical transitions in such TMDs as MoSe2, WS2, 
and WSe2. In this work PR spectroscopy has been applied to determine the pressure coefficients for direct optical 
transitions in MoS2, MoSe2, WS2, and WSe2 in the range of hydrostatic pressure <​20 kbar. Experimental results 
are compared with those calculated from first principles within the density functional theory (DFT), where differ-
ent approaches to the calculations of TMDs are carefully studied and compared. In addition, the hydrostatic pres-
sure for which the semiconductor to metal transition is expected in MoS2, MoSe2, WS2, and WSe2 is estimated.

Results and Discussion
Figure 1(a–d) show PR spectra measured at various hydrostatic pressures for MoS2, MoSe2, WS2, and WSe2 sam-
ples, respectively. For each sample two optical transitions (labeled as A and B in Fig. 1) are clearly visible in the 
PR spectra. The origin of these transitions is identified in Fig. 2 where the electronic band structure is plotted 
for the four samples. According to Fig. 2, transitions A and B are direct optical transitions at K point of Brillouin 
zone. The stronger intensity of the A transition in comparison to the B transition means a stronger singularity in 
the optical joint density of states for the A transition. Very similar situation is observed for III-V semiconductors 
(e.g. GaAs or InAs) where the intensity of the fundamental transition between the heavy/light hole bands and the 
conduction band is stronger that the intensity of the optical transition between the spin-orbit split-off band and 
the conduction band29,30.

With the increase in the hydrostatic pressure, both A and B transition shift to higher energies due to pressure 
induced changes in the electronic band structure of TMDs. The weak oscillation in some PR spectra (see for 
example blue curve in Fig. 1(a)) is associated with the Fabry-Perot oscillation on a liquid film which appears 
between the sample and the window in the pressure cell. This spectral feature is unwanted but fortunately does 
not influence the analysis of PR spectra. In order to determine the pressure coefficients for direct optical transi-
tions in studied samples, energies of A and B transitions have to be extracted from PR spectra. It can be done by 
fitting PR spectra by Aspnes’ formula32 and/or using Kramers-Kroning analysis (KKA)33.

Aspnes’s formula is widely applied to analyze PR spectra28–31 and is given by Eq. (1)

Figure 1.  Room temperature PR spectra measured for MoS2 (a), MoSe2 (b), WS2 (c), and WSe2 (d) crystals 
at various hydrostatic pressures. The A transition is very clearly visible for all four crystals. The B transition 
is very clearly visible for sample MoS2 and MoSe2. For sample WS2 the B transition is weaker in comparison 
to the A transition and therefore the high energy part of PR spectra is multiplied by a factor of 4. For sample 
WSe2 an extra transition labeled as AΛ is visible near the B transition. The AΛ transition is stronger than B at 
low hydrostatic pressures but with the increase in the hydrostatic pressure its intensity decreases and its spectral 
position does not shifts significantly. Dashed lines schematically illustrates shift of labeled optical transitions 
with the increase in the hydrostatic pressure.
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 is the energy dependence of PR signal, C and ϑ​ are the amplitude and phase of the line, and Ej and Γ​ 
are the energy and the broadening parameter of the optical transition, respectively. The term m for excitonic 
transition equals 2.

Figure 3 shows the PR spectra measured at atmospheric pressure for MoS2, MoSe2, WS2, and WSe2 sample 
together with the fitting curves (dashed lines) and the moduli of individual PR resonances. The moduli of PR 
resonance have been obtained according to Eq. (2) with parameters taken from the fit.

ρΔ =
− + Γ

E
C

E E
( )

[( ) ] (2)j
m2 2 2

For samples MoS2, MoSe2, and WS2 an extra PR resonance is visible at high energy side of transition A (see 
the optical transition labeled as AH). It is worth noting that similar spectral features have been observed for MoS2 
and WS2 in piezoreflectance spectra34–36 where the authors have attributed this signal to an excited state of A 
exciton transition. However recent PR studies of MoS2 crystals suggest that this resonance is associated with a 
direct optical transition at H point of Brillouin zone31, see the Brillouin zone in Fig. 4. Our DFT calculations of 
the electronic band structure for TMDs confirm this interpretation and therefore AH transition is attributed to 
the direct optical transition at H point of Brillouin zone31. A direct optical transition at H point is also expected 
near transition B (a BH transition), but the energy separation between B and BH transition is small (it is <​30 meV 
according to our DFT calculations) and therefore B and BH transitions are not resolved in PR spectra. The same 
situation is for A and AH transition in WSe2 sample. These two transitions are not resolved due to small energy 
separation between them and a significant broadening for these transitions. However for WSe2 sample an extra 
resonance has been added to simulate PR spectrum in the region of B transition. This resonance is not associated 
with BH transition since its spectral position is too high (this transition is observed ~120 meV above B transition). 
According to our calculations of the electronic band structure for this crystal it could be an optical transition near 
K point of the Brillouin zone, see transition labeled as AΛ in Fig. 3(d). According to our calculations AΛ transition 
is expected ~120 meV above B transition that is very consistent with the analysis of PR spectrum for this sample. 

Figure 2.  Electronic band structure for MoS2 (a), MoSe2 (b), WS2 (c), and WSe2 (d) crystals with marked 
optical transitions A, B, and X, calculated with MBJLDA functional and GGA +​ DFT-D3 geometry 
optimization.
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It is worth noting that similar band nestings are also present for remaining TMDs but optical transitions at these 
points are expected at higher energies than B transition and therefore they do not interfere with B transition in PR 
spectra. The AΛ transition for WSe2 sample is not the subject of this paper and therefore its pressure dependence 
is not discussed in this work.

The character of A, AH, and B transitions observed in PR spectra is excitonic since the exciton binding energy 
in these crystals is comparable with the thermal energy at room temperature or even higher37–39. To study the 
pressure coefficients we focus on A and B transitions. Energies of these transitions can be also determined using 
KKA. In this approach the complex PR function is defined as

ρ ρ ρ ρΔ = Δ + Δ =
Δ

+ ΔE E i E R
R

E i E( ) ( ) ( ) ( ) ( ) (3)R I I

where the imaginary part of this function can be calculated from the Kramers-Kronig relations by
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Figure 3.   PR spectra measured at atmospheric pressure together with fitting curves (dashed lines) and 
modulus of individual PR resonances (solid lines).Thick solid black lines correspond to KKA of PR spectra.

Figure 4.   Brillouin zone of 2H-MX2 (M = Mo or W and X = S or Se).
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where the symbol P∫​ means the principal value of the integral. Ea and Eb determine the energy range in which  
Δ​R/R is measured. The values of these energy limits occur when Δ​R/R(Ea) and Δ​R/R(Eb) are both equal to zero. 
Knowing the imaginary part of the complex PR spectrum allows determination of the modulus of the PR spec-
trum according to the following equation

ρ ρ ∆ρΔ = Δ +E E E( ) ( ) ( ) (5)R I
2 2

Energies of PR transitions correspond to peaks observed in the modulus (Δ​ρ) of PR spectrum. The advan-
tage of such analysis is that it bypasses the fitting procedure, which makes the knowledge of the PR line shape 
unnecessary40. KKA of PR spectra measured at atmospheric pressure are shown by thick black lines in Fig. 3. It is 
clear that the moduli of PR resonances obtained from Eq. (2) correspond very well with the moduli from Eq. (5).

In our case both fitting by Aspnes’s formula and the KKA have been applied to determine energies of A and 
B transitions in the whole range of hydrostatic pressures for the four samples. Energies of A and B transitions 
extracted from PR spectra are plotted in Fig. 5 (open squares) together with theoretical predictions (solid lines). 
The qualitative agreement between experimental data and theoretical prediction is very good (i.e., energies of A 
and B transitions increase with the increase in hydrostatic pressure with nearly identical slopes) but quantita-
tively the agreement is not ideal. However it is well known that the accuracy of determination of the value of the 
energy gap in DFT calculations depends on the applied functional41,42 and the choice of other parameters, which 
is described and studied in detail further in this text. It means that the absolute values of energies of direct optical 
transitions in TMDs can be underestimated but their relative changes which are induced by the hydrostatic pres-
sure should give reliable values since the errors associated with the exciton binding energy, different temperature 
for experimental data and theoretical predictions, and inaccuracies in DFT method can be effectively minimized. 
It is also worth noticing, that the underestimation is consistent between different materials, and the energy sep-
aration between A and B transitions is described correctly, which greatly strengthens the results. Pressure coef-
ficients describe only the relative changes in the electronic band structure and therefore it is very reasonable to 
analyze these relative changes in energies of A and B transitions.

Figure 6(a–d), show the relative changes in energies of A and B transition for MoS2, MoSe2, WS2, and WSe2 
sample respectively, together with theoretical predictions for these crystals. It is clearly visible that the agree-
ment between experimental data and theoretical predictions is excellent. This agreement is observed despite 
the fact that our experimental data correspond to excitonic transitions while theoretical predictions do not take 
the excitonic effects into account. This is justified since the exciton biding energy does not notably change with 
hydrostatic pressure. Such assumption is very reasonable since parameters, which determine the exciton binding 
energy (the dielectric constant and effective masses), do not vary significantly with the increase in the hydrostatic 

Figure 5.  Pressure dependences of energies of A, B and X transitions in MoS2 (a), MoSe2 (b), WS2 (c), and WSe2 
(d) crystals (solid lines) together with experimental data (open points). The lines represent DFT calculations 
with MBJLDA functional and GGA +​ DFT-D3 geometry optimization.
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pressure, moreover up to now nobody reported a significant dependence of the exciton binding energy on hydro-
static pressure in any material system. Therefore the direct comparison of experimental data with theoretical 
predictions, which corresponds to band-to-band transition, is fully acceptable at the first approximation.

The found pressure coefficients are about two times smaller than pressure coefficients for direct band gap in 
cubic III-V binary compounds and comparable to pressure coefficients for direct band gap in hexagonal III-N 
materials43, see Fig. 6. In addition, it is visible that the pressure coefficients are different for A and B transitions. 
Moreover it is worth noting that the pressure coefficient for indirect gap (X transition) is negative (see Fig. 5). 
It means that a semiconductor to metal transition is expected for MoS2, MoSe2, WS2, and WSe2 crystals at some 
pressures. These pressures have been estimated to be 140, 180, 190, and 240 kbar for MoS2, MoSe2, WS2, and WSe2, 
respectively. These values are not directly measured and are much larger than the maximal hydrostatic pressures 
we were able to apply, which in our case results from technical limitations. We are confident that further experi-
mental studies are necessary to verify these predictions and study the semiconductor to metal transition in these 
materials, however, our predictions derived from the pressure coefficients may serve as a solid starting point for 
future, more detailed research of this property.

The pressure induced evolution of the electronic band structure for the four crystals is plotted in Fig. 7. It is 
clearly visible that the hydrostatic pressure influences the electronic band structure of MoS2, MoSe2, WS2, and 
WSe2 crystals very strongly, narrowing the band gap with the increase in hydrostatic pressure, and at a hydro-
static pressure high enough, can close the band gap completely creating a metallic material. As seen in Fig. 7 
the narrowing of band gap for the four crystals is due to a down shift of the conduction band between K and Γ​ 
point and an up shift of the valence band at the Γ​ point relatively to the valence band maximum at the K point. 
Changes at these places of Brillouin zone are also responsible for the change in the character of band gap from 
indirect to direct with the reduction of number of monolayer from bulk regime to a single layer9. It suggests that 
the inter-layer interaction in these crystals is the factor which strongly influences the electronic band structure 
at these points. The external hydrostatic pressure influences both the distance between atoms in the layer and the 
distance between layers leading to the electronic band structure with very narrow indirect gap for high hydro-
static pressures. For regular III-V semiconductors the semiconductor to metal transition has not been observed 
since the hydrostatic pressure opens the band gap, which for most III-V semiconductors is defined at the Γ​ point 
of Brillouin zone. The character of the band gap can change from direct to indirect with the increase in hydro-
static pressure due to the down shift of the conduction band outside of the Γ​ point of Brillouin zone (for example 
in GaAs it is X point) but hydrostatic pressures needed to close the energy gap in III-V semiconductors would be 

Figure 6.  Relative changes in energies of A and B transitions in MoS2 (a), MoSe2 (b), WS2 (c), and WSe2 (d) 
crystals (solid lines) together with experimental data (open points). The lines represent DFT calculations with 
MBJLDA functional and GGA +​ DFT-D3 geometry optimization.
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very high if at all be possible. Therefore a semiconductor to metal transition in regular III-V semiconductors is 
not expected in the range of hydrostatic pressure ~200 kbar. In TMDs studied in this paper the band gap is indi-
rect and is defined outside the Γ​ point of Brillouin zone due to lower symmetry of TMDs crystals in comparison 
to cubic III-V compounds. Moreover this energy gap is narrower than the energy gap between the valence band 
maximum and the conduction band at X point in III-V semiconductors. Therefore it is possible to achieve a sem-
iconductor to metal transition in these materials by applying hydrostatic pressure.

DFT calculations of this family of materials are especially demanding. It is a common knowledge that there 
are certain tasks where standard DFT (within the LDA or GGA functionals) fail. These tasks include a proper 
description of the band gap and van der Waals interactions. The systems we study here are an open band gap sem-
iconductors with layers held together by van der Waals interactions. Therefore a proper computational approach 
has to be taken in order to describe their properties correctly. Hence, the van der Waals interactions in our main 
calculations have been included by the means of the DFT-D3 dispersion correction proposed by Grimme et al.44 
and for the correction of the band gap, the MBJLDA exchange correlation functional was used. However, in this 
paper, to provide more meaningful insight into the matter of calculating the pressure dependence of the band 
structure, the electronic band structures for MoS2, MoSe2, WS2, and WSe2 crystals and their pressure dependence 
have been calculated with other approaches as well and show how both of these corrections impact and improve 
the overall results. In all band structure calculations the spin-orbit interaction was included, since it becomes 
especially important in the materials with heavier elements such as tungsten.

For the geometry optimization of the structure we first used the standard LDA45 and GGA (PBE)46 func-
tionals but we found that not only the lattice parameters were incorrect but also the layer’s thickness was wrong. 
The LDA functional gave a reasonable c/a ratio but the values of the lattice constants and the layer thickness 
were slightly underestimated. GGA on the other side not only overestimated the parameters but also gave a very 

Figure 7.  Electronic band structures for MoS2 (a), MoSe2 (b), WS2 (c), and WSe2 (d) crystals obtained for 
various hydrostatic pressures: 0, 20, and 40 kbar, calculated with MBJLDA functional and GGA +​ DFT-D3 
geometry optimization.
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wrong c/a ratio (c lattice parameter highly overestimated). This was expected since it is widely known that these 
functionals do not describe the van der Waals interactions correctly. Thus we employed the DFT-D3 dispersion 
correction as proposed by Grimme et al.44. Together with the GGA functional, this correction performed excel-
lently and allowed us to obtain a perfect match of the lattice parameters, c/a ratio and layer thickness with the 
available experimental data. A summary of all results for different approaches to the geometry optimization (at 
equilibrium pressure only) are presented in Table 1 together with experimental data47–50. For obtaining the band 
structure we continued the calculations with pure GGA and LDA functionals, despite their failure in correct 
geometry optimization, aware at the same time that they will also fail in describing the band gap. This was done 
in order to provide the results of these most commonly used functionals, show their inevitable failure in these 
kinds of systems, and alert the readers about their shortcomings. As expected, the values of the band gaps were 
underestimated. The GGA functional performed especially badly by not only lowering the band gap but also 
distorting the band widths and energy separation between the indirect and direct band gap. The LDA performed 
slightly better, keeping the band widths more reasonable but the band gap still severely underestimated. The fail-
ure of the GGA functional is understandable, since the geometry optimization in this case is very wrong. The use 
of incorrect structural parameters causes distortions of the band gap much like those induced by strain, which 
strongly affects the band shapes. A proper geometry optimization is crucial in obtaining a correct band structure. 
A pure GGA functional was also used to determine the band structures with the correct geometries obtained 
with GGA and DFT-D3 which, as expected, improved the results in terms of the shape of the bands but did not 
improve the band gaps themselves. After that, in order to more correctly describe the band structure we used the 
MBJLDA functional which is known for a significant improvement over standard LDA and GGA while keeping 
the computational time reasonable51,52. This was done for all the geometries obtained earlier. The MBJLDA func-
tional indeed improved the overall band structures, especially the lowest, indirect band gap and the energy sepa-
ration between the direct and indirect gap (the band shape/width). In each case, however, the band gap remained 
slightly underestimated, which is visible in Fig. 5. This could be easily improved by increasing the “c” parameter 
in the functional53. However, we intentionally kept the self consistently calculated “c” parameter unchanged in 
order to stay as independent of the experimental results as possible for the comparison of the theoretical and 
experimental approaches to be more meaningful. We chose the relative change in the gaps and the change rate of 
their values as the most important quantities, and in this case the slight underestimation of the band gap value 
is unimportant, keeping in mind that in the MBJLDA approach the shape of the bands improved significantly. 
It is worth noticing, that the difference between the band structures obtained within the MBJLDA functional 
with LDA geometry and GGA +​ DFT-D3 geometry are very similar. This means that the slight underestimation 
of the lattice parameters within LDA does not affect the band structure that much and it is the c/a ratio that is 
much more important. A summary of all results for different approaches to the band structure calculations with 
different methods of geometry optimization (at equilibrium pressure only) are presented in Table 2 with the most 
reliable results in bold.

Table 3 presents the pressure dependence of the band structure for different approaches and experimen-
tal results of our PR spectroscopy. As we expected and hoped for, the most advanced and technically correct 
approach for the type of systems with an open band gap and significant role of the van der Waals interaction, an 
approach where the GGA geometry was corrected for the van der Waals interaction by the DFT-D3 method and 
the band structure was calculated with the MBJLDA functional, yielded the best results of the pressure depend-
ence of the band structure. The agreement of the results of this approach with the experimental data is in fact 
remarkable. Much to our surprise, the LDA geometry optimization with MBJLDA band structure, our method of 
choice when calculating the band structure of regular III-V, II-VI and IV group semiconductors54,55, performed 
excellently in the description of the pressure dependence as well, despite the improper description of the van der 
Waals interactions in geometry optimization. The other approaches, as expected, failed miserably in the descrip-
tion of this type of computationally demanding system. The best approach, namely the GGA +​ DFT-D3 geometry 
optimization combined with the MBJLDA band structure is highlighted in bold in this table.

Material GGA + DFT-D3 GGA LDA Experiment

MoS2

  c (Å) 12.28 14.99 12.11 12.32a, 12.30b

  c/a 3.89 4.71 3.87 3.89a, 3.89b

MoSe2

  c (Å) 12.88 15.32 12.71 12.93c

  c/a 3.92 4.61 12.19 3.93c

WS2

  c (Å) 12.32 14.59 12.19 12.32d

  c/a 3.89 4.57 3.89 3.91d

WSe2

  c (Å) 12.95 15.05 12.79 12.96d

  c/a 3.94 4.53 3.93 3.95d

Table 1.   Lattice parameters (a lattice constant and c/a ratio) obtained within different DFT functionals 
(equilibrium pressure) compared with experimental literature data. The most accurate method is highlighted in 
bold. aRef. 46. bRef. 47. cRef. 48. dRef. 49.
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The electronic band structures plotted in Figs 2 and 7 have been obtained with the most successful approach 
described above. Table 3 summarizes experimental data and theoretical predictions obtained within various 
approaches with the column with the method of choice in bold. Using the results of the most accurate method and 
taking into account the uncertainty in determination of the calculated band gap, we have estimated that the semi-
conductor to metal transition for MoS2, MoSe2, WS2, and WSe2 crystals is expected at 140, 180, 190, and 240 kbar, 
respectively. These pressures are very consistent with recent studies of semiconductor to metal transition in MoS2 
and WS2, although slightly underestimated. This was expected and can be easily explained: the DFT calculated 
values of the band gap itself are slightly too small, and the character of the changes is probably not exactly linear 
in higher pressures which are not studied in this paper. Further optical studies of both bulk and monolayer TMDs 
at high hydrostatic pressures (>​20 kbar) by PR and absorption should allow more quantitative analysis and lead 
to additional insight into these unique changes in the electronic band structure of TMDs.

Conclusions
The present work shows experimental and theoretical studies of pressure induced changes in the electronic 
band structure of MoS2, MoSe2, WS2, and WSe2 crystals. Pressure coefficients have been determined experimen-
tally for A and B transitions in MoS2, MoSe2, WS2, and WSe2 crystals in the pressure range <​20 kbar. Values of 
these coefficients have been found to be in very good agreement with theoretical predictions obtained within 
DFT calculations. The pressure coefficients for indirect gap have been found to be negative and it has been 
estimated that the semiconductor to metal transition for MoS2, MoSe2, WS2, and WSe2 crystals is expected at 

Method MoS2 A transition (eV) MoS2 B transition (eV) MoS2 X transition (eV)

PR 1.855 2.065 NA

MBJLDA

  (GGA +​ DFT-D3) 1.64 1.84 1.09

  (LDA) 1.73 1.94 1.04

GGA

  (GGA +​ DFT-D3) 1.65 1.88 0.85

  (GGA) 1.61 1.77 1.39

  LDA (LDA) 1.73 1.99 0.72

MoSe2 A transition (meV/kbar) MoSe2 B transition (meV/kbar) MoSe2 X transition (meV/kbar)

PR 1.555 1.812 NA

MBJLDA

  (GGA +​ DFT-D3) 1.39 1.63 0.98

  (LDA) 1.45 1.72 0.94

GGA

  (GGA +​ DFT-D3) 1.39 1.68 0.79

  (LDA) 1.34 1.53 1.34

  LDA 1.46 1.77 0.70

WS2 A transition (meV/kbar) WS2 B transition (meV/kbar) WS2 X transition (meV/kbar)

PR 1.993 2.432 NA

MBJLDA

  (GGA +​ DFT-D3) 1.70 2.14 1.15

  (LDA) 1.79 2.23 1.12

GGA

  (GGA +​ DFT-D3) 1.63 2.09 0.92

  (GGA) 1.54 1.98 1.49

  LDA (LDA) 1.68 2.16 0.81

WSe2 A transition (meV/kbar) WSe2 B transition (meV/kbar) WSe2 X transition (meV/kbar)

PR 1.647 2.095 NA

MBJLDA

  (GGA +​ DFT-D3) 1.39 1.88 1.04

  (LDA) 1.47 1.97 1.01

GGA

  (GGA +​ DFT-D3) 1.33 1.85 0.86

  (GGA) 1.25 1.72 1.17

  LDA (LDA) 1.38 1.92 0.77

Table 2.   Energies of the three studied optical transitions calculated theoretically with different DFT functionals 
(equilibrium pressure) together with energies of A and B transitions extracted from PR measurements. Different 
combinations of functionals are presented here so in the method column, the first one, without parentheses, 
is the functional used for band structure calculations and those in parentheses are functionals used with it for 
geometry optimization.
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around 140, 180, 190, and 240 kbar, respectively. In addition, a comparative study of different computational 
DFT approaches has been performed and analyzed.

Methods
Sample growth.  MoS2, MoSe2, WS2, and WSe2 samples were grown by iodine assisted vapor transport tech-
nique at high temperatures (900–1100 °C) and low pressures (~1E-6 Torr) in a sealed quartz ampoules. During 
growth ~50 °C temperature differential created between hot and cold zones to initiate nucleation and facilitate pre-
cursor transport. Prior to growth quartz ampoules (~15 cm in length, 2.4 cm outer diameter, 2.0 inner diameter) 
were cleaned in piranha solution and annealed in H2 gas to remove contaminants. Precursors (Mo, W foils and 
S, Se nuggets) were mixed in 1:2.05 M:X stoichiometric ratio and iodine pieces were added as a transport agent. 
Quartz ampoule is sealed under vacuum (1 microTorr). Synthesized crystals were characterized by Raman/PL  
spectroscopy and XRD measurements.

Photoreflectance measurements at high hydrostatic pressures.  For PR measurements at high 
hydrostatic pressures the samples were mounted on the plug with a sapphire window inside a pressure cell56. 
The pressure was increased by pushing the piston inwards the cell body. The liquid used as a pressure medium 
was Daphne 7474 remained hydrostatic and transparent in the whole pressure range (20 kbar). The pressure was 
determined by changes of the resistance of an InSb sensor which gives about 0.1 kbar sensitivity in the 20 kbar 

Method
MoS2 αA for A transition 

(meV/kbar) MoS2 αB for B transition (meV/kbar)
MoS2 αX for X transition (meV/

kbar)

PR 2.0 3.6 NA

MBJLDA

  (GGA +​ DFT-D3) 1.94 3.73 −7.90

  (LDA) 2.00 3.69 −​7.27

GGA

  (GGA +​ DFT-D3) 2.02 3.57 −​2.78

  (GGA) 1.91 3.91 −​12.4

  LDA (LDA) 1.74 3.73 −​5.61

MoSe2 A transition (meV/kbar) MoSe2 B transition (meV/kbar) MoSe2 X transition (meV/kbar)

PR 2.3 4.1 NA

MBJLDA

  (GGA +​ DFT-D3) 2.44 4.15 −5.51

  (LDA) 2.04 3.95 −​7.03

GGA

  (GGA +​ DFT-D3) 2.08 3.60 −​4.62

  (GGA) 1.97 4.30 −​13.8

  LDA (LDA) 0.70 2.74 4.68

WS2 A transition (meV/kbar) WS2 B transition (meV/kbar) WS2 X transition (meV/kbar)

PR 2.7 4.1 NA

MBJLDA

  (GGA +​ DFT-D3) 2.83 3.95 −6.11

  (LDA) 2.78 4.42 −​7.48

GGA

  (GGA +​ DFT-D3) 2.89 3.94 −​2.62

  (GGA) 2.68 3.81 −​12.9

  LDA (LDA) 1.69 3.40 −​5.11

WSe2 A transition(meV/kbar) WSe2 B transition (meV/kbar) WSe2 X transition (meV/kbar)

PR 3.5 5.3 NA

MBJLDA

  (GGA +​ DFT-D3) 3.45 4.71 −3.79

  (LDA) 3.31 5.37 −​3.25

GGA

  (GGA +​ DFT-D3) 3.11 4.14 −​3.32

  (GGA) 2.78 3.95 −​7.59

  LDA (LDA) 0.61 2.25 −​4.25

Table 3.   Pressure coefficients of all studied TMD materials obtained experimentally, as well as within all the 
studied DFT approaches. The method of choice where the deviation from the experimental was the smallest is 
highlighted in bold. Different combinations of functionals are presented here so in the method column, the first 
one, without parentheses, is the functional used for band structure calculations and those in parentheses are 
functionals used with it for geometry optimization.
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range. A single grating of 0.55 meter focal-length monochromator and a Si pin photodiode were used to disperse 
and detect the light reflected from the samples. A 150W tungsten-halogen bulb was used as the probe, and a 
semiconductor laser (405 nm line) was used as the pump source. The pump beam was modulated by a mechanical 
chopper at a frequency of 280 Hz. Phase-sensitive detection of the PR signal was performed using a lock-in ampli-
fier. Other relevant details on PR measurements at high hydrostatic pressure can be found in ref. 56.

Theoretical calculations.  The DFT calculations have been performed with a modified version of the 
ABINIT code57. The geometry optimization has been performed with the use of PAW atomic datasets generated 
with the ATOMPAW package58. This representation of the atoms is believed to yield the most correct results, since 
it includes the core electrons as well. In order to obtain the optimized shape (a/c ratio), size and atomic positions 
corresponding to a certain hydrostatic pressure we used the stress tensor as a target for geometry optimization. 
A diagonal stress tensor with equal values on the diagonal was used, as it corresponds to the case of externally 
applied hydrostatic pressure. Then, the optimized geometries were used for regular band structure calculations. 
A proper geometry optimization is crucial in determining other properties correctly, so especially strict con-
vergence criteria (forces [stresses] could not exceed 10−11 Hartree/Bohr [10−8 Hartree/Bohr3]) have been used. 
The band structures have been calculated with the use of fully relativistic pseudopotentials, with the spin-orbit 
interactions included, generated with the APE package59 especially for this study. Different pseudopotentials have 
been generated for each functional tested here, with all other parameters (e.g. the cut-off radii) left unchanged. 
This is the proper approach, since using a pseudopotential generated with a different functional than the one used 
in calculations can create misleading and wrong results. A total energy difference of 10−10 eV and a wavefunction 
squared residual of 10−13 have been used as a convergence criteria in the band structure calculations. In all calcu-
lations a 10 ×​ 10 ×​ 6 Monkhorst-Pack mesh was used60, as a result of convergence studies. We have checked that 
a denser mesh does not change our results.

References
1.	 Mak, K. F., Lee, Ch., Hone, J., Shan, J. & Heinz, T. F. Atomically Thin MoS2: A New Direct-Gap Semiconductor. Phys. Rev. Lett. 105, 

136805 (2010).
2.	 Tang, Q. & Zhou, Z. Graphene-analogous low-dimensional materials. Progress in Materials Science 58, 1244 (2013).
3.	 Jariwala, D., Sangwan, V. K., Lauhon, L. J., Marks, T. J. & Hersam, M. C. Emerging Device Applications for Semiconducting Two-

Dimensional Transition Metal Dichalcogenides. ACS Nano 8, 1102 (2014).
4.	 Wang, H., Yuan, H., Hong, S. S., Li, Y. & Cui, Y. Physical and chemical tuning of two-dimensional transition metal dichalcogenides. 

Chem. Soc. Rev. 44, 2664 (2015).
5.	 Heine, T. Transition Metal Chalcogenides: Ultrathin Inorganic Materials with Tunable Electronic Properties. Acc. Chem. Res. 48, 65 

(2015).
6.	 Wilson J. A. & Yoffe, A. D. The transition metal dichalcogenides discussion and interpretation of the observed optical, electrical and 

structural properties. Adv. Phys. 18, 193 (1969).
7.	 Beal, A. R., Knights, J. C. & Liang, W. Y. Transmission spectra of some transition metal dichalcogenides. II. Group VIA: trigonal 

prismatic coordination. J. Phys. C: Solid State Phys. 5, 3540 (1972).
8.	 Kormányos, A. et al. V. kp theory for two-dimensional transition metal dichalcogenide semiconductors. 2D Mater. 2, 022001 (2015).
9.	 Roldán, R. et al. Electronic properties of single-layer and multilayer transition metal dichalcogenides MX2 (M =​ Mo, W and X =​ S, 

Se). Ann. Phys. (Berlin) 526, 347 (2014).
10.	 Scalise, E., Houssa, M., Pourtois, G., Afanasev, V. & Stesmans, A. Strain-Induced Semiconductor to Metal Transition in the Two-

Dimensional Honeycomb Structure of MoS2. Nano Res. 5, 43 (2011).
11.	 Johari, P. & Shenoy, V. B. Tuning the Electronic Properties of Semiconducting Transition Metal Dichalcogenides by Applying 

Mechanical Strains. ACS Nano 6, 5449 (2012).
12.	 Yun, W. S., Han, S. W., Hong, S. C., Kim, I. G. & Lee, J. D. Thickness and Strain Effects on Electronic Structures of Transition Metal 

Dichalcogenides: 2H-MX2 Semiconductors (M =​ Mo, W; X =​ S, Se, Te). Phys. Rev. B 85, 033305 (2012).
13.	 Bhattacharyya, S. & Singh, A. K. Semiconductor-Metal Transition in Semiconducting Bilayer Sheets of Transition-Metal 

Dichalcogenides. Phys. Rev. B 86, 075454 (2012).
14.	 Peelaers, H. & Van de Walle, C. G. Effects of Strain on Band Structure and Effective Masses in MoS2. Phys. Rev. B 86, 241401(R) (2012).
15.	 Ghorbani-Asl, M., Borini, S., Kuc, A. & Heine, T. Strain-Dependent Modulation of Conductivity in Single-Layer Transition-Metal 

Dichalcogenides. Phys. Rev. B 87, 235434 (2013).
16.	 Cheiwchanchamnangij, T. & Lambrecht, W. R. L. Quasiparticle Band Structure Calculation of Monolayer, Bilayer, and Bulk MoS2. 

Phys. Rev. B 85, 205302 (2012).
17.	 Horzum, S. et al. Phonon Softening and Direct to Indirect Band Gap Crossover in Strained Single-Layer MoSe2. Phys. Rev. B 87, 

125415 (2013).
18.	 Chang, C. H., Fan, X. F., Lin, S. H. & Kuo, J. L. Orbital Analysis of Electronic Structure and Phonon Dispersion in MoS2, MoSe2, WS2, 

and WSe2 Monolayers under Strain. Phys. Rev. B 88, 195420 (2013).
19.	 Kumar, A. & Ahluwalia, P. K. Semiconductor to Metal Transition in Bilayer Transition Metals Dichalcogenides MX2 (M =​ Mo, W; 

X =​ S, Se, Te). Modell. Simul. Mater. Sci. Eng. 21, 065015 (2013).
20.	 Fan, X., Chang, C.-H., Zheng, W. T., Kuo, J.-L. & Singh, D. J. The Electronic Properties of Single-Layer and Multilayer MoS2 under 

High Pressure. J. Phys. Chem. C 119, 10189 (2015).
21.	 Hromadová, L., Martoňák, R. & Tosatti, E. Structure change, layer sliding, and metallization in high-pressure MoS2. Phys. Rev. B 87, 

144105 (2013).
22.	 Guo, H., Yang, T., Tao, P., Wang, Y. & Zhang, Z. High pressure effect on structure, electronic structure, and thermoelectric properties 

of MoS2. J. Appl. Phys. 113, 013709 (2013).
23.	 He, K., Poole, C., Mak, K. F. & Shan, J. Experimental Demonstration of Continuous Electronic Structure Tuning via Strain in 

Atomically Thin MoS2. Nano Lett. 13, 2931 (2013).
24.	 Conley, H. et al. Bandgap Engineering of Strained Monolayer and Bilayer MoS2. Nano Lett. 13, 3626 (2013).
25.	 Zhao, W. J. et al. Origin of Indirect Optical Transitions in Few-Layer MoS2, WS2, and WSe2. Nano Lett. 13, 5627 (2013).
26.	 Nayak, A. P. et al. Pressure-Induced Semiconducting to Metallic Transition in Multilayered Molybdenum Disulphide. Nat. Commun. 

5, 3731 (2014).
27.	 Nayak, A. P. et al. Pressure-Modulated Conductivity, Carrier Density, and Mobility of Multilayered Tungsten Disulfide. ACS Nano 

9, 9117 (2015).
28.	 Kudrawiec, R. et al. Temperature dependence of the optical transitions in Ga0.64In0.36N0.046As0.954 multi quantum wells of various 

widths studied by photoreflectance. J. Appl. Phys. 106, 033507 (2009).



www.nature.com/scientificreports/

1 2Scientific Reports | 6:26663 | DOI: 10.1038/srep26663

29.	 Kudrawiec, R. et al. Photoreflectance study of N- and Sb-related modifications of the energy gap and spin-orbit splitting in InNAsSb 
alloys. Appl. Phys. Lett. 99, 011904 (2011).

30.	 Kudrawiec, R. et al. Temperature dependence of E0 and E0 +​ Δ​SO transitions in In0.53Ga0.47BixAs1−x alloys studied by photoreflectance. 
J. Appl. Phys. 112, 113508 (2012).

31.	 Saigal, N. & Ghosh, S. H-point exciton transitions in bulk MoS2. Appl. Phys. Lett. 106, 182103 (2015).
32.	 Aspnes, D. E. Third-derivative modulation spectroscopy with low-field electroreflectance. Surf. Sci. 37, 418 (1973).
33.	 Kudrawiec, R., Sek, G. J., Misiewicz, J., Li, L. H. & Harmand, J. C. Influence of carrier localization on modulation mechanism in 

photoreflectance of GaAsN and GaInAsN. Appl. Phys. Lett. 83, 1379 (2003).
34.	 Tiong, K. K., Shou, T. S. & Ho, C. H. Temperature dependence piezoreflectance study of the effect of doping MoS2 with rhenium. J. 

Phys.: Condens. Matter 12, 3441 (2000).
35.	 Yen, P. C., Hsu, H. P., Liu, Y. T., Huang, Y. S. & Tiong, K. K. Temperature dependences of energies and broadening parameters of the 

band-edge excitons of Re-doped WS2 and 2H-WS2 single crystals. J. Phys.: Condens. Matter 16, 6995 (2004).
36.	 Sigiro, M., Huang, Y.-S., Ho, Ch.-H., Lin, Y.-Ch. & Suenaga, K. Influence of rhenium on the structural and optical properties of 

molybdenium disulfide. Jap. J. Appl. Phys. 54, 04DH05 (2015).
37.	 Coehoorn, R., Haas, C. & de Groot, R. A. Electronic structure of MoSe2, MoS2, and WSe2. II. The nature of the optical band gaps. 

Phys. Rev. B 35, 6203 (1987).
38.	 Komsa, H.–P. & Krasheninnikov, A. V. Effects of confinement and environment on the electronic structure and exciton binding 

energy of MoS2 from first principles. Phys. Rev. B 86, 241201 (2012).
39.	 Evans, B. L. & Young, P. A. Optical Absorption and Dispersion in Molybdenum Disulphide. Proc. R. Soc. London, Ser. A 284, 402 

(1965).
40.	 Kudrawiec, R. et al. Temperature dependence of E0 and E0 +​ Δ​SO transitions in In0.53Ga0.47BixAs1-x alloys studied by photoreflectance. 

J. Appl. Phys. 112, 113508 (2012).
41.	 Scharoch, P. & Winiarski, M. An efficient method of DFT/LDA band-gap correction. Comput. Phys. Commun. 184, 12 (2013).
42.	 Li, W., Walther, Ch. F. J., Kuc, A. & Heine T. Density Functional Theory and Beyond for Band-Gap Screening: Performance for 

Transition-Metal Oxides and Dichalcogenides. J. Chem. Theory and Comp. 9, 2950 (2013).
43.	 Wei, S.-H. & Zunger, A. Predicted band-gap pressure coefficients of all diamond and zinc-blende semiconductors: Chemical trends. 

Phys. Rev. B 60, 5404 (1999).
44.	 Grimme, S., Antony, J., Ehrlich, S. & Krieg, H. A consistent and accurate ab initio parametrization of density functional dispersion 

correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 132, 154104 (2010).
45.	 Perdew, J. P. & Wang, Y. Accurate and simple analytic representation of the electron-gas correlation energy. Phys. Rev. B 45, 13244 

(1992).
46.	 Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized Gradient Approximation Made Simple. Phys. Rev. Lett. 77, 3865 (1996).
47.	 Petkov, V. et al. Structure of nanocrystalline materials using atomic pair distribution function analysis: Study of LiMoS2. Phys. Rev. 

B 65, 092105 (2002).
48.	 Schonfeld, B., Huang, J. J. & Moss, S. C. Anisotropic mean-square displacements (MSD) in single crystals of 2H- and 3R-MoS2. Acta 

Cryst. B 39, 404–407 (1983).
49.	 James, P. B. & Lavik, M. T. The crystal structure of MoSe2, Acta Cryst. 16, 1183 (1963).
50.	 Schutte, W. J., De Boer, J. L. & Jellinek, F. Crystal structures of tungsten disulfide and diselenide. J. Solid State Chem. 70, 2 (1987).
51.	 Tran, F. & Blaha, P. Accurate Band Gaps of Semiconductors and Insulators with a Semilocal Exchange-Correlation Potential. Phys. 

Rev. Lett. 102, 226401 (2009).
52.	 Camargo-Martínez, J. A. & Baquero, R. Performance of the modified Becke-Johnson potential for semiconductors. Phys. Rev. B 86, 

195106 (2012).
53.	 Kim, Y.-S., Marsman, M., Kresse, G., Tran, F. & Blaha, P. Towards efficient band structure and effective mass calculations for III-V 

direct band-gap semiconductors. Phys. Rev. B 82, 205212 (2010).
54.	 Polak, M. P., Scharoch, P. & Kudrawiec, R. First-principles calculations of bismuth induced changes in the band structure of dilute 

Ga–V–Bi and In–V–Bi alloys: chemical trends versus experimental data. Semicond. Sci. Technol. 30, 094001 (2015).
55.	 Polak, M. P. et al. Theoretical and experimental studies of electronic band structure for GaSb1-xBix in the dilute Bi regime. J. Phys. D 

47, 355107 (2014).
56.	 Kudrawiec, R. & Misiewicz, J. Photoreflectance spectroscopy of semiconductor structures at hydrostatic pressure: A comparison of 

GaInAs/GaAs and GaInNAs/GaAs single quantum wells. Appl. Surf. Sci. 253, 80 (2006).
57.	 Gonze, X. et al. ABINIT: first-principles approach to material and nanosystem properties. Comput. Phys. Comm. 180, 2582–2615 

(2009).
58.	 Holzwarth, N. A. W., Tackett, A. R. & Matthews, G. E. A Projector Augmented Wave (PAW) code for electronic structure 

calculations, Part I: atom paw for generating atom-centered functions. Comput. Phys. Comm. 135, 3 (2001).
59.	 Oliveira, M. J. T. & Nogueira, F. Generating relativistic pseudo-potentials with explicit incorporation of semi-core states using APE, 

the Atomic Pseudo-potentials Engine Volume. Comput. Phys. Comm. 178, 7 (2008).
60.	 Monkhorst, H. J. & Pack, J. D. Special points for Brillouin-zone integrations. Phys. Rev. B 13, 5188 (1976).

Acknowledgements
This work was performed within the grant of the National Science Centre (grant no. 2014/12/S/ST3/00313). 
Calculations have been carried out in Wroclaw Centre for Networking and Supercomputing (http://www.wcss.pl).

Author Contributions
F.D. and J.K. performed photoreflectance measurements at hydrostatic pressures and analysis of experimental 
data. M.P.P. and P.S. performed the DFT calculations. K.W. and S.T. fabricated the samples. R.K. supervised the 
project and wrote the manuscript. All the authors discussed the results and reviewed the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Dybała, F. et al. Pressure coefficients for direct optical transitions in MoS2, MoSe2, WS2, 
and WSe2 crystals and semiconductor to metal transitions. Sci. Rep. 6, 26663; doi: 10.1038/srep26663 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://www.wcss.pl
http://creativecommons.org/licenses/by/4.0/

	Pressure coefficients for direct optical transitions in MoS2, MoSe2, WS2, and WSe2 crystals and semiconductor to metal tran ...
	Results and Discussion

	Conclusions

	Methods

	Sample growth. 
	Photoreflectance measurements at high hydrostatic pressures. 
	Theoretical calculations. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Room temperature PR spectra measured for MoS2 (a), MoSe2 (b), WS2 (c), and WSe2 (d) crystals at various hydrostatic pressures.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Electronic band structure for MoS2 (a), MoSe2 (b), WS2 (c), and WSe2 (d) crystals with marked optical transitions A, B, and X, calculated with MBJLDA functional and GGA +​ DFT-D3 geometry optimization.
	﻿Figure 3﻿﻿.﻿﻿ ﻿  PR spectra measured at atmospheric pressure together with fitting curves (dashed lines) and modulus of individual PR resonances (solid lines).
	﻿Figure 4﻿﻿.﻿﻿ ﻿  Brillouin zone of 2H-MX2 (M = Mo or W and X = S or Se).
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Pressure dependences of energies of A, B and X transitions in MoS2 (a), MoSe2 (b), WS2 (c), and WSe2 (d) crystals (solid lines) together with experimental data (open points).
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Relative changes in energies of A and B transitions in MoS2 (a), MoSe2 (b), WS2 (c), and WSe2 (d) crystals (solid lines) together with experimental data (open points).
	﻿Figure 7﻿﻿.﻿﻿ ﻿ Electronic band structures for MoS2 (a), MoSe2 (b), WS2 (c), and WSe2 (d) crystals obtained for various hydrostatic pressures: 0, 20, and 40 kbar, calculated with MBJLDA functional and GGA +​ DFT-D3 geometry optimization.
	﻿Table 1﻿﻿. ﻿ .
	﻿Table 2﻿﻿. ﻿ .
	﻿Table 3﻿﻿. ﻿ .



 
    
       
          application/pdf
          
             
                Pressure coefficients for direct optical transitions in MoS2, MoSe2, WS2, and WSe2 crystals and semiconductor to metal transitions
            
         
          
             
                srep ,  (2016). doi:10.1038/srep26663
            
         
          
             
                F. Dybała
                M. P. Polak
                J. Kopaczek
                P. Scharoch
                K. Wu
                S. Tongay
                R. Kudrawiec
            
         
          doi:10.1038/srep26663
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep26663
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep26663
            
         
      
       
          
          
          
             
                doi:10.1038/srep26663
            
         
          
             
                srep ,  (2016). doi:10.1038/srep26663
            
         
          
          
      
       
       
          True
      
   




