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X-ray diffraction, Raman spectroscopy, and electrical conductivity measurements of molybdenum
disulfide MoS, are performed at pressures up to 81 GPa in diamond anvil cells. Above 20 GPa, we find
discontinuous changes in Raman spectra and x-ray diffraction patterns which provide evidence for
isostructural phase transition from 2H, to 2H, modification through layer sliding previously predicted
theoretically. This first-order transition, which is completed around 40 GPa, is characterized by a collapse
in the c-lattice parameter and volume and also by changes in interlayer bonding. After the phase transition
completion, MoS, becomes metallic. The reversibility of the phase transition is identified from all these

techniques.
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Molybdenum disulfide (MoS,), which has a finite band-
gap in monolayer manifestation, is currently under inten-
sive examination as the alternative and/or complement to
graphene for optoelectronic [1] and electronic [2] applica-
tions. It crystallizes in a layered structure consisting of a
sheet of Mo atoms sandwiched between two sheets of
S atoms in a trigonal prismatic coordination. The strong
intralayer covalent bonding results in very high electrical
breakdown current densities [3] and a high mechanical
strength [4] of MoS, membranes [5]. The weak interlayer
interaction renders MoS, a well-known dry lubricant [6]
and even superconductor upon either intercalation with
foreign species like organic molecules and alkali-metal
atoms [7,8] or electrostatic doping [9]. As the number of
layers of MoS, is reduced, this material undergoes a band-
gap transition from an indirect band-gap bulk semicon-
ductor to a direct band-gap monolayer semiconductor,
showing the significant increase in luminescence quantum
efficiency [10,11] and outstanding mechanical properties
[12]. The direct band-gap is in the visible frequency range
and is, therefore, ideal for optical applications. The lack of
inversion symmetry in MoS, gives rise to a strong coupling
of spin and valley degrees of freedom [13,14], which opens
opportunities for valley-based electronic and optoelectronic
applications [15]. Logic circuits [16] and amplifiers [17]
with high gain based on layered MoS, hold great promise
for next-generation electronic applications.

Changing the lattice by the application of external
pressure or strain without inducing impurities is a clean
tool to tune physical properties. There have been theoretical
reports demonstrating that MoS, monolayers and bilayers

PACS numbers: 73.22.-f, 61.50.Ks, 71.30.+h

undergo a semiconductor to semimetal transition [18,19]
and even full metallization [20,21] under biaxial strain. The
metallic state of bulk MoS, has been theoretically predicted
with the application of pressure due to band overlap
[22-24]. At pressures above 25 GPa, MoS, is believed
to have a good figure of merit suitable for practical
thermoelectric application [22]. Exploring the metallic
state of MoS, under pressure is a matter of interest in
band-gap engineering. Despite great efforts [25-27] fol-
lowing the pioneering work of Bridgman [28], experimen-
tal evidence for metallic MoS, upon compression is still
absent. Meanwhile, x-ray diffraction (XRD) [29] and
Raman spectroscopy [30] indicated a structural transition
between 20 and 30 GPa. However, the nature of this high-
pressure phase is still undetermined. Whether it links the
evolution of the crystal structure and electronic structure to
possible metallization remains unclear.

In this Letter, the above-mentioned issues are addressed
by combining the resistivity, synchrotron XRD, and Raman
scattering measurements on bulk MoS, under pressure. We
have determined that the pressure-induced transformation
is isostructural and is related to a lateral shift of adjacent
S-Mo-S layers (see, also, Ref. [24]), which changes the
stacking between the layers and results in c-lattice param-
eter collapse. These effects lead to the change of electronic
structure, and the material becomes metallic when the
phase transition is complete.

MoS, powder samples (Alfa Aesar) were chosen for
experiments. Diamond anvil cells (DAC) with Re
gaskets were used with anvils in 100 ym culet for the
XRD measurements and in 300 ym culet for the Raman
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spectroscopy experiments, respectively. Neon was loaded
together with samples as a pressure transmitting medium in
two runs of XRD experiments. Both neon and argon were
loaded as pressure media in two runs of Raman experi-
ments. The monochromatic XRD signals were collected at
the synchrotron beam line, sector 13 of the Advanced
Phonon Source (APS) of the Argonne National Laboratory
and Extreme Conditions Beamline P02.2 at DESY
(Germany). The sample-to-detector distance and the image
plate orientation angles were calibrated using LaBg and
CeO, standards. For the Raman experiments, a back-
scattering geometry was adopted for microconfocal mea-
surements with incident laser wavelength of 488 nm. A
quasi-four-probe method was used in a DAC with anvils of
500 pum culet to measure the resistivity of the sample with
electrical probes made of platinum foil but without any
pressure medium. Pressure was gauged by means of ruby
fluorescence [31], equation of state of Au [32], and the
diamond Raman shift [33] in these experiments.

The crystal structure of MoS, belongs to a space group
of P65 /mmc [34], the repeat unit in the ¢ direction contains
two layers, and the S atoms in one sheet are directly above
the Mo atoms in the next. This stacking mode is referred to
as 2H.-MoS,. We have collected structural data up to
81.0 GPa and the XRD patterns are shown in Fig. 1. All the
Bragg peaks shift to larger angles, showing the shrinkage of
the MoS, lattice. Upon compression to 26.5 GPa, there are
several changes in the XRD patterns in the number, shape,
and intensity of the peaks, and a new characteristic peak
appears at around 3°, in close proximity to the peak of the
low-pressure phase. With continuous compression to
36.0 GPa, the new peak takes over, while other changes
in diffraction patterns complete. The diffraction patterns
remain unchanged after that. When refining these data
using a Rietveld method with GSAS software [35], we
found that both the low-pressure and high-pressure pat-
terns, indeed, can be described by the single 2H,. and 2H,,
phases, respectively (Fig. 1), while the XRD patterns in the
pressure range of 26—36 GPa are the superposition of these
patterns in one sample. XRD measurements on another
MoS, sample up to 60 GPa revealed that the two phases
coexist between 20 and 40 GPa (see the Supplemental
Material [36], Figs. S1 and S2). Upon decompression, we
observed that the transition is reversible, but there is a small
hysteresis.

The refined lattice parameters and the unit cell volume of
two samples of MoS, upon both the compression and
decompression run as a function of pressure are shown in
Fig. 2 together with other experimental data [27,29] for
comparison. Our results agree well with these two sets of
data except that the 2H, structure was not identified from
previous experimental work [29] and could only be
suggested theoretically [24]. In the intermediate range,
the parameter a becomes stiffer while the parameter ¢ in
2H, phase drops down. After the phase transition com-
pletion, the lattice parameters behave regularly. The lattice
parameters in the 2H,. and 2H, phases are in excellent
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FIG. 1 (color online). Synchrotron x-ray diffraction patterns of
MoS, during the pressurization from ambient conditions to
81.0 GPa (1 =0.3344 10\). Arrows indicate a new peak, which
appears at the phase evolution. The observed and Rietveld refined
diffraction patterns at 1.5 and 81.0 GPa are shown for the 2H,
and 2H, phases. The open circles represent the measured
intensities, and the red lines are the results from profile refine-
ments. The patterns shown in red correspond to the mixed phase
region. The positions of the Bragg reflections are marked by
vertical sticks and the signal from Au in olive sticks. The R values
are R, = 0.34%, weighted profile R,,, = 0.53% at 1.5 GPa and
R, = 0.69%, weighted profile R,, = 1.15% at 81.0 GPa.

agreement with the theoretical results [24]. The stiff @ and
reduced c¢ in the 2H, phase suggest a less anisotropic
characteristic of the high-pressure phase. The Birch-
Murnaghan equation of state [37] provides a good descrip-
tion of the volume-pressure relationship in both phases.
Fitting our data points in the 2H . phase, we obtained the
ambient-pressure bulk modulus K, of 47.65 +0.30 GPa
with its first pressure derivative Kj, = 10.58 £ 0.08, and
the ambient-pressure volume V= 106.38 + 0.30 A3
Our high-pressure data give K, = 57.86 £ 0.30 GPa,
K{, =528 £0.01, and V{ = 106.56 & 0.06 A3 for 2H,.
The structural transition from 2H_. to 2H, due to MoS,
layer sliding results in the contraction of the unit cell in
about 3.5% at 30 GPa. It is worth mentioning that the
obtained K in 2H . is smaller than a value of 53.4 + 1 GPa
with K{; = 9.2 £ 0.4 from the data used below 20.5 GPa
[29]. Our results were obtained when extending measure-
ments to higher pressure and using a much more effective
pressure medium. The hardening bonding feature of 2H , is,
thus, reflected by its large K, value at higher pressures.
Raman spectroscopy is an effective method for detecting
small changes in the lattice, and, to this end, we present a
study to support the above conclusions from the XRD data.
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FIG. 2 (color online). Pressure dependence of the lattice
parameters (upper panel) and volume per formula unit (lower
panel) of two MoS, samples in both 2H,. and 2H, phases in
both the compression (denoted by c¢) and decompression (by d)
run. The experimental data points from Webb er al. [27] and
Aksoy et al. [29], and the theoretical results of Hromadova
et al. [24] are plotted for comparison. The arrows in the upper
panel indicate the corresponding axes. The solid lines dem-
onstrate the fitting data with respect to the equation of states of
2H. and 2H,. The insets illustrate the atomic arrangement of
the 2H, and 2H, structures where Mo is represented by small
spheres and S by large spheres.

Four Raman active modes corresponding to the in-plane
E%g, Ey,, and E} , and the out-of-plane A, were predicted
from a group-theoretic analysis of I'-point lattice vibrations
of 2H-MoS, [38]. The Eég and Egg modes are from the
vibrations involved in both Mo and S atoms in the basal
plane, with the opposite directions within the MoS, unit for
the former and the same direction within the unit for the
latter. For E3 o all three atoms within a MoS, unit move in
the opposite direction of the neighboring MoS,. This rigid-
layer mode located at the I" point reflects the weak van der
Waals binding force and, therefore, is at a much lower
frequency. The A, mode reflects the vibration of the only
S atoms along the ¢ axis, while the E;, mode is from
their vibration in the basal plane. We observed all these
modes in our high-pressure Raman experiments up to
57 GPa (Fig. 3).

Distinct features were observed through the transition for
both the 2H, to 2H, phase where both the E), and Ej,
modes develop new split-off features when the applied
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FIG. 3 (color online). Raman spectra of MoS, at various
pressures up to 57 GPa in both the compression (denoted by
¢) and decompression (denoted by d) run. The insets represent in-
plane phonon modes Ej3, Ej,, and Ej, and the out-of-plane
phonon mode A,

pressure is above 23.0 GPa. The splitting of the Eig was
also reported to start at 19.1 GPa in a previous study [30].
This behavior was explained as experimental evidence for
the presence of the new 2H , phase due to the layer sliding
[24]. We find that the splitting also occurs for the E3 , rigid
layer mode, which signifies the change in the interlayer
stacking mode at the transition. These findings provide
consistent evidence with XRD data for the presence of 2H,
at high pressures and its coexistence with 2H_. in the
intermediate range. The two separate peaks for both the E} g
and E%q modes of the 2H_.-MoS, phase disappear com-
pletely around 40 GPa, indicating that the transformation
from 2H . to 2H, is complete, in excellent agreement with
the XRD data. Interestingly, we observed the coexisted
phases on the pressure release and the recovery to the initial
phase at ambient conditions. Thus, both XRD and Raman
data provide consistent evidence for the transition, coex-
istence, and reversibility of the 2H,. and 2H, phases.
Figure 4 shows the pressure dependence of the vibra-
tional frequencies and their differences of MoS, together
with the data from other works [24,30,39]. Consistent with
these previous experiments, the £3 5 A1y, and E} , modes of
both 2H . and 2H , phases increase with pressure. We report
here the first observation of the high-pressure behavior of
the rigid layer mode Egg. This mode first increases very
rapidly, as it mostly involves weak interlayer van der Waals
bonds, and then this rapid increase is gradually slowed
down approaching the transition. The rapid increase of this
mode resumes in the high-pressure phase. Interestingly, the
clear Raman anomalies through the transition are observed
for Ej, and E3,, which involve lateral atomic motion
(a slight anomaly for E;, is much more difficult to be
observed as this mode is weak), while almost no anomaly is
seen for the A;, mode. This is consistent with a radical
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FIG. 4 (color online). Phonon frequencies of MoS, as a
function of pressure with in-plane E2 (@), Eyy (b), and E2
modes and the out-of-plane A, mode (c) and the frequency
differences (d) with respect to the corresponding modes. The
solid and open symbols are the data for the compression (denoted
by _c) and decompression (by _d) run, respectively. The
experimental (Refs. [30,39]) and theoretical (Ref. [24]) data
points were shown for comparison. 2H,. and 2H, are the
low-pressure and high-pressure phases, respectively.

change in the interlayer stacking and bonding evidenced by
structural changes and discontinuities in lattice parameters
(Figs. 1 and 2).

Over the pressure range studied, the increase of the E} g
vibrational mode is smaller than that of A, As a
consequence, the frequency difference between these two
Raman modes in both 2H,. and 2H, is strongly increased
with increasing pressure. This difference again clearly
evidences the new 2H, phase and the phase coexistence
with 2H . in the intermediate pressure range. Note that the
obtained trend of the frequency difference with pressure is
similar to that for increasing the number of MoS,
layers [40,41].

Next, we present the results for the electronic behavior of
this material. Figure 5 summarizes the results of the
resistivity as functions of pressure and temperature. The
resistivity was found to decrease dramatically with pressure
where it levels off to a constant value at around 20 GPa in a
compression run. It should be noted that our pressure range
is far above the early experiments [25,27,28], which allows
for this behavior to be studied further. At 28 GPa, the
resistivity-vs-temperature curve shows a semiconducting
behavior similar to the ambient-pressure behavior [9,27],
exhibiting a strange shape between 100 and 200 K possibly
due to the presence of a charge-density wave. However,
the temperature-dependent resistivity exhibits a typical
metallic behavior at 60 GPa. Pressure-induced gap overlap
metallization of the 2H,. and 2H, was theoretically
predicted between 25 and 35 GPa or at 20 GPa [22-24].
Our results show that MoS, remains in a semiconducting
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FIG. 5 (color online). Electrical resistivity of MoS, as a
function of pressure at room. Insets: Left bottom is the photo-
graph of the sample in the diamond anvil cell with electrical leads
at 5 GPa. Upper-right panel shows the temperature dependence of
the resistivity of another sample at 28 and 60 GPa.

state at 28 GPa, suggesting that the observed metallization
takes place in 2H,, when the phase transition is complete. It
should be noted that the resistivity was found to return to
large values upon decompression, which again supports the
observed reversibility.

One may be concerned whether the further compression
could drive the metallic 2H ,-MoS, or other new phase to
enter a superconducting state as the case of carrier
intercalation [7,8] or injection [9]. Theoretical calculations
[24] reveal that 2H,-MoS, has poor metallicity with a
dimensionless electron-phonon coupling less than 0.12 at
pressures up to 100 GPa, which is not prone to super-
conductivity. Considering the fact that superconductivity
often takes place when some competing order is suppressed
by pressure, work is under way to determine the possible
superconductivity of MoS, at higher pressures than
reported here.

In summary, we investigated the electrical transport,
structural, and vibrational properties of MoS, by combin-
ing the resistivity, synchrotron x-ray diffraction, and
Raman scattering measurements. A new 2H, phase was
found to occur at high pressures through the first-order
phase transformation of the initial 2H_. phase, which
involves change in interlayer stacking and bonding.
A metallic state was achieved in 2H, through lattice
contraction when the material undergoes sliding of
MoS, layers and the phase transformation is complete.
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