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This report presents a pressure-induced permanent metallization for MoS2 under non-hydrostatic

conditions. Impedance and Raman spectra were measured to study the pressure-induced structural

and electronic transformations of MoS2 at up to �25 GPa in diamond anvil cells under both

non-hydrostatic and hydrostatic conditions. The results show evidence for isostructural hexagonal

distortion from 2Hc to 2Ha and metallization at �17 GPa and �20 GPa under non-hydrostatic and

hydrostatic conditions, respectively. Interestingly, the metallization is irreversible only under non-

hydrostatic compression. We attribute this phenomenon to the incorporation of molecules of pres-

sure medium between layers, which mitigate compressed stress and reduce interlayer interaction.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4979143]

Recently, with the discovery of graphene,1 two-

dimensional (2D) materials have been received increasing

attention, especially the layered transition metal dichalcoge-

nides (LTMD).2,3 As a typical LTMD, MoS2 has motivated

intensive interest in fields such as lubricants,4 photovoltaics,5

and transistors.6 Unlike graphene,7 bulk and monolayer MoS2

are semiconductors with an indirect band gap of 1.23 eV and

a direct band gap of 1.8 eV, respectively.8,9 Its tunable semi-

conducting behavior makes it a tremendously promising

material for transistors and other electronic devices.8,9

In monolayer MoS2, one metal atom (Mo) plane is sand-

wiched by two chalcogen atom (S) planes, forming a trigonal

prismatic coordination.10 And the MoS2 layers are intercon-

nected by the d-orbital states of the Mo atoms with van der

Waals forces.11 Different layer stacking patterns form a

variety of crystal structures, like the 2Ha and 2Hc struc-

ture.12 It has been demonstrated that chemical doping,13

intercalation,14 and surface functionalization15 can change

the structure of MoS2. As one effective approach, pressure

can induce the isostructural hexagonal distortion of

MoS2.7,16,17 Furthermore, the transition pressure points have

been obtained by theoretical calculations and experimental

studies.7,12,18 It is generally believed that the structural tran-

sition occurs simultaneously with metallization. For most

LTMDs, the closure of the interlayer Van der Waals gap is

accompanied by structural reorganization and atomic dis-

placement, resulting in a first-order structural phase transi-

tion.15,19 However, a recent study on MoSe2 has found that

metallization occurs under high pressure without any struc-

tural phase transition.20 This indicates that the overlap of the

conduction and valence bands is the key factor in inducing

metallization, instead of the structural phase transition.20 In

another recent study, WS2 was shown to undergo a structural

phase transition (2Hc to 2Ha) and metallization at around

37 GPa owing to the strong shear stress caused by non-

hydrostatic conditions.21 However, the corresponding struc-

tural transition disappeared when He was used as a pressure

medium owing to the insertion of He atoms into the WS2

layers.21 In other words, the use of pressure media greatly

affects the properties of layered materials under high pres-

sure. Experimental evidence for the influence of non-

hydrostatic conditions on the structural transition and metal-

lization of MoS2 is still absent.7,16,18,22 Based on this, there

are several interesting and unresolved questions for MoS2:

(i) What is the relationship between structural transition and

metallization? (ii) What is the effect of pressure media on

the properties of MoS2? In this study, we explored the prop-

erties of MoS2 under non-hydrostatic and hydrostatic condi-

tions. The results showed that the structural transition and

metallization of MoS2 are reversible under hydrostatic condi-

tions. However, under non-hydrostatic conditions, the struc-

tural transition is reversible, but is accompanied by

permanent metallization.

MoS2 powder samples (Aladdin, China) were commer-

cially purchased for this study. Under ambient conditions,

X-ray diffraction analysis revealed that the samples belonged

to hexagonal mmc space group (2H-MoS2) with the following

lattice parameters: a¼ b¼ 3.165 Å, c¼ 12.318 Å, a¼b¼ 90�,
c¼ 120�, which is consistent with previous studies.7,16,18

Atomic force microscopy (AFM) and transmission electron

microscopy (TEM) images were obtained using a Multimode

8 mass spectrometer (Bruker) and Tecnai G2 F20 S-TWIN

TMP, respectively. Raman and electrical experiments were

carried out using a 300 lm culet diamond anvil cell (DAC).

Pressure was calibrated through the wave number shift of ruby

fluorescence.23 Raman spectra were collected using a Micro-

Confocal Spectrometer in quasi-backscattering geometry. For

hydrostatic conditions, a mixture of methanol and ethanol in

4:1 volume ratio was chosen as the pressure media. No pres-

sure medium was used under non-hydrostatic conditions. The

high pressure electrical conductivity of the samples was mea-

sured using a Solartron-1260 AC impedance spectroscopya)Email: dailidong_2014@hotmail.com
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analyzer. Details of the measurement procedures were pre-

sented in our previous work.24

Representative Nyquist plots of the impedance of MoS2

at different pressures up to �25 GPa under non-hydrostatic

conditions are shown in Fig. 1. The semi-circular arc in the

high frequency region of Fig. 1(a) corresponds to a bulk con-

tribution, while the semi-circle in the low frequency region

on the right represents the grain boundary contribution.25

The plots were fitted with Z-View software with an error of

less than 5%. Both semicircular arcs gradually decreased and

the grain boundary resistance disappeared at around 7.5 GPa.

At higher pressure, the impedance spectra only appeared in

the fourth quadrant, which represents the electronic response

of the sample (Fig. 1(b)).26

The equivalent circuit of Fig. 1(a) consists of two parts,

each including a resistor and a constant phase element (R-

CPE) in parallel. To confirm the validity of the fitting results,

the corresponding fitting curves are also shown in Fig. 1(a).

Meanwhile, the equivalent circuit of Fig. 1(b) was taken as a

simple resistor. The value was obtained for Z00 ¼ 0 and the

influence of the wire resistance was considered.27

The upper-left illustration of Fig. 1(a) shows the ratio

between the grain boundary and grain interior resistance.

The grain boundary resistance was greater than the grain

interior resistance by about sixteen orders of magnitude

under ambient conditions. As the pressure was increased, the

ratio gradually decreased and became zero until �7.5 GPa.

This phenomenon indicates that the electronic crystal struc-

ture of the MoS2 changed greatly in this pressure range, and

demonstrated a pressure induced electronic polarization28

caused by the increasing width of the grain boundaries along

the direction of current transmission.29

Fig. 2(a) shows the pressure-dependent conductivity of

MoS2 at room temperature. With increasing pressure, the

conductivity of MoS2 was gradually enhanced until

�7.5 GPa and then abruptly increased by about three orders

of magnitude between �7.5 and �17 GPa, in good agree-

ment with the previous results of Nayak et al.16 With further

compression to about �25 GPa, the conductivity tended to

stabilize between �0.5 and �0.8 S cm�1. The sudden change

in conductivity with respect to pressure at �17 GPa is in

accordance with the characteristics of a first-order structural

transition.16 Additionally, the orders of magnitude change in

conductivity up to �25 GPa indicates that the MoS2 may

have been metallized.16,22 As shown in Fig. 2(a), the

observed variation in conductivity with pressure could be

divided into three distinct regions: (i) semiconducting area

up to �7.5 GPa (SC), (ii) intermediate state between semi-

conductor and metal from �7.5 to �17 GPa (IS), and (iii)

metallic zone above �17 GPa. Upon decompression, the

conductivity of MoS2 decreased very slowly and reached

�1� 10�1 S cm�1 at atmospheric pressure. Furthermore,

even with a much longer relaxing time (72 h), the conductiv-

ity of the decompressed sample remained �1� 10�1 S

cm�1.30 This irreversible metallization is an enormous dif-

ference with previous results.16,17,22 Therefore, to verify this

permanent metallization in MoS2, we performed in situ

temperature-dependent conductivity measurements.

The conductivity of a semiconductor increases with

increasing temperature, while that of the metal does the

opposite.16,22 As can be seen from Figs. 2(b) and 2(c), under

non-hydrostatic conditions the conductivity of MoS2

increased with temperature at �10 GPa, which is a typical

semiconductor property. Conversely, the conductivity

decreased with increasing temperature at �25 GPa and upon

decompression, a typical metallic behavior. However, in Fig.

2(d), the conductivity vs. temperature curves show semicon-

ducting behaviors both at �10 GPa and upon decompression

under hydrostatic conditions.

Our experimental results distinctly show the reversible

and irreversible metallization of MoS2 under two types of

pressure conditions. A reasonable explanation for the differ-

ent properties displayed by MoS2 under non-hydrostatic and

hydrostatic conditions is the influence of pressure media and

anisotropic stress. The overlap of the conduction band and

valence band resulting from the decrease in interlayer spacing

caused by compressive stress is the crucial factor in the met-

allization of MoS2.17,31 For hydrostatic conditions, the molec-

ular dynamic diameters of methanol and ethanol are 0.38 nm

and 0.43 nm, respectively, while the interlayer spacing of

MoS2 is �6.5 nm.16 This means that the molecules of metha-

nol and ethanol can enter the interlayer space to alleviate the

interlayer interactions. After decompression, the layer spac-

ing recovers with the escape of methanol and ethanol mole-

cules.32 For the non-hydrostatic sample, a stronger interaction

is generated in the van der Waals gap, preventing the recov-

ery of the interlayer spacing after compression owing to the

absence of methyl alcohol molecules and the presence of

strong anisotropic stress.33,34 In fact, another recent study has

also confirmed that the pressure medium is a significant factor

FIG. 1. Selected impedance spectra

(Nyquist plots) in the complex plane of

MoS2 at different pressures. Inset:

Grain boundary/grain interior resis-

tance (Rgb/Rgi) versus pressure. This

ratio represents the dominance of the

grain boundary or grain interior resis-

tance in the conduction process.
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in determining the stability of layered structures.21 More

importantly, stronger interlayer interactions can perhaps

change the electronic structure permanently.

To determine the relationship between structural transi-

tion and irreversible metallization, high-pressure Raman

spectral studies were carried out under non-hydrostatic

and hydrostatic conditions, and the results are displayed in

Fig. 3. Four typical Raman vibration modes for MoS2 were

observed at room pressure: E1g (286 cm�1), E1
2g (383 cm�1),

A1g (409 cm�1), and E2
2g (32 cm�1).35,36 A1g is the interlayer

vibration mode, while the others are intra-layer vibration

modes.37 In the non-resonant condition, A1g and E1
2g are the

two dominant vibrational modes.38 Fig. 3(a) shows the repre-

sentative Raman spectra of MoS2 under non-hydrostatic con-

ditions, in which the two dominant Raman modes exhibited

a systematic blue shift with increasing pressure. In Fig. 3(b),

the Raman shift rate of the A1g mode with pressure was

significantly higher than that of the E1
2g mode, which

FIG. 2. The electronic properties of

MoS2. (a) Pressure-dependent electri-

cal conductivity of MoS2 under non-

hydrostatic conditions. (b) and (c)

Temperature-dependent conductivity

of MoS2 under non-hydrostatic condi-

tions. (d) Temperature-dependent con-

ductivity of MoS2 under hydrostatic

conditions with pressure media (PM).

FIG. 3. Raman spectra of MoS2 under high pressure. (a) and (d) Raman spectra at representative pressure points under non-hydrostatic and hydrostatic condi-

tions, respectively. (b) and (e) Raman shifts of A1g and E1
2g Raman modes with increasing pressure under non-hydrostatic and hydrostatic conditions, respec-

tively. The straight lines serve as visual guides. (c) and (f) Raman FWHM for the two modes with increasing pressure under non-hydrostatic and hydrostatic

conditions, respectively. The straight lines serve as visual guides.
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indicates that the A1g mode was more strongly affected by

pressure. Specifically, E1
2g mode is less susceptible to pres-

sure owing to the strong covalent bond. In contrast, the A1g

mode corresponding to the interlayer atomic vibration is

susceptible to the volumetric compression and interlayer slip

under high pressure because of the weak van der Waals

force. Additionally, the two abrupt transition points of the

A1g and E1
2g modes with pressure (at �7.5 and �17 GPa)

are in a good agreement with the variation in conductivity

with pressure. Besides, as seen in Fig. 3(c), the pressure

dependence of the full-width at half-maximum (FWHM)

was similar to that of the Raman spectral shifts, which appar-

ently indicates an increase in lattice anharmonic vibration.16

Therefore, it was confirmed through Raman and impedance

spectroscopy that isostructural hexagonal distortion from

2Hc to 2Ha12 and metallization7,16,17 of the MoS2 occurred

at �17 GPa in non-hydrostatic conditions.

Under hydrostatic conditions, as shown in Figs. 3(e) and

3(f), the pressure dependence of the Raman spectral shifts

and FWHM exhibited similar variations to those observed

under non-hydrostatic conditions except for the delay in the

transition points, which occurred at higher pressures of

around 9 and 20 GPa. The discrepancy can be attributed to

the effect of anisotropic stress under non-hydrostatic condi-

tions, which leads to stronger compressibility and increased

bulk modulus.39 Additionally, the Raman modes of the

MoS2 returned to their initial state upon decompression

under both non-hydrostatic and hydrostatic conditions, indi-

cating that the structural transition is reversible (Figs. 3(a)

and 3(b)).17 Raman spectroscopy is sensitive to lattice vibra-

tion,32 and the isostructural hexagonal distortion of MoS2 is

caused by interlayer slipping owing to tensile stress.17,31

This interlayer sliding of MoS2 is reversible upon decom-

pression under both non-hydrostatic and hydrostatic condi-

tions, and is therefore reflected in the Raman spectra.

AFM and TEM are effective methods for exploring

small changes in morphology and interlayer spacing.

Therefore, we carried out AFM and TEM studies to support

the hypothesized conclusions. As seen in Figs. 4(a) and

4(b), the layered structure of MoS2 under hydrostatic condi-

tions was well preserved upon decompression from

24.4 GPa. However, upon decompression under non-

hydrostatic conditions from 23.9 GPa, the surface morphol-

ogy of the MoS2 was completely destroyed and became

lumpy, which means that MoS2 has a limited tolerance to

anisotropic stress and is significantly affected by it without

the protection of a pressure medium. In fact, a similar phe-

nomenon regarding the irreversible phase transition has

been found for LiMn2O4 using scanning electron micros-

copy.40 Furthermore, the TEM images (Figs. 4(c) and 4(d))

show that the initial interlayer spacing of the MoS2 was

�0.65 nm.41 It then became �0.18 nm upon decompression

from 25.3 GPa under non-hydrostatic conditions and

�0.45 nm upon decompression from 24.8 GPa under hydro-

static conditions. Additionally, the layered structure of the

sample was partially destroyed only under non-hydrostatic

conditions. This means that the change in interlayer spacing

was irreversible under non-hydrostatic conditions. In con-

trast, the molecules of the pressure medium entered the

interlayer spacing, which weakened the interlayer interac-

tions and caused the change in spacing to be reversible

under hydrostatic conditions. All of the above results there-

fore confirm that MoS2 undergoes irreversible metallization

only under non-hydrostatic conditions.

Previous studies on MoS2 revealed its continuous lattice

contraction under pressure with a c-axis compression ratio

2–3 times larger than that of the a-axis and b-axis.16,18 Under

non-hydrostatic conditions MoS2 is subjected to more

intense effects under pressure and greater interlayer interac-

tions, which leads to the irreversible metallization. More

FIG. 4. (a) and (b) AFM images of

pressure-induced morphology of MoS2

upon decompression from 23.9 GPa

under non-hydrostatic conditions and

24.4 GPa under hydrostatic conditions,

respectively. (c) and (d) TEM images

of MoS2 upon decompression from

25.3 GPa under non-hydrostatic condi-

tions and 24.8 GPa under hydrostatic

conditions, respectively. Scale bars are

20 nm and 10 nm, respectively. Inset:

TEM image of the initial sample. Scale

bar, 10 nm.
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generally, stronger interlayer interactions produce more

intense attraction between two adjacent layers and are more

likely to generate a sustained lattice response in extreme

environments such as high pressure.

Previous studies have also reported changes in elec-

tronic properties from insulating or semiconducting to a

metallic state for some 2D materials.42–44 In these materials,

the changes in electronic properties and the closure of their

energy gap are generally accompanied by structural transi-

tions. The transformation of electronic properties tends to be

reversible as the structure recovers upon decompression.

However, in the present work, the metallization of MoS2 is

not reversible with the recovery of the structure under non-

hydrostatic conditions. Additionally, the non-hydrostatic

pressure induced irreversible metallization may be derived

from the special band structure of MoS2 and its defective

electronic state. This may be better applied in materials sci-

ence in future, and many other LTMDs may also exhibit sim-

ilar properties.

In summary, the structures, vibrations, and electronic

properties of MoS2 under high pressure have been systemati-

cally studied by high-pressure Raman spectroscopy, imped-

ance spectroscopy, atomic force microscopy, transmission

electron microscopy, and temperature-dependent conductivity

measurements. In this study, MoS2 underwent an isostructural

hexagonal distortion from 2Hc to 2Ha at �17 GPa under non-

hydrostatic conditions accompanied by an electronic transi-

tion from semiconductor to metal. The reversible structural

transition and metallization of MoS2 occurred under hydro-

static conditions. However, under non-hydrostatic conditions

the metallization was irreversible. We emphasize the key role

of pressure media in reducing interlayer interaction during

compression and restoring the interlayer spacing upon decom-

pression. The structural and electronic properties of MoS2 are

a unity of opposites, and may have potential applications in

opto-electronics and photovoltaic devices.
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