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Using first-principles simulation, the correlation between structure, phonon spectra, thermal expansion, and
thermomechanics of single-layer MoS, is established. The laminar structure results in the low-dimension ZA
mode with a parabolic dispersion and negative Griineisen constants (y), while the nonorthogonal covalent
Mo-S bonds (or intralayer thickness) result in the interatom and interdirection vibrational hybridizations, which
tend to increase y. There is a negative-positive crossover in thermal expansion coefficient at 20 K, because of
the competition between the modes with negative and positive y. Although the phononic activation at finite
temperatures has a stiffening effect on the bulk modulus, the dominant effect from thermal expansion softens
the lattice upon heating. The intralayer thickness results in the similarity between the thermal expansions of SL
and bulk MoS,. Our numerical results explicitly support that the experimentally measured thermal shifts of the

Raman modes are dominated by multiphonon scattering, but not thermal expansion.
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I. INTRODUCTION

The structural exploration and property investigation of
two-dimensional materials in recent work [1-8] are excited by
the advent of graphene [9], a two-dimensional carbon allotrope
with superior electronic, mechanical, chemical, optical, and
biological properties [10—12]. Apart from graphene, MoS,
is another promising two-dimensional material, whose bulk
counterpart has been used as the dry lubrication and catalysis
in industry, and also has shown potential photovoltaic and
photocatalytic properties [4]. From bulk to few layer (FL) and
single layer (SL), the band gap of MoS, has an indirect-direct
transition, which considerably increases its light absorption
[13-15], and implies its promising applications in optical
devices. Due to the finite band gap (1.9 eV), high on/off
ratios (10°—10%) also have been realized in SL MoS, transistors
[16-18].

The lattice constant and stiffness of MoS,, as well as
their temperature dependence, are very important for the
design of related electronic and optical devices, because any
accumulated internal stress/strain will degrade the perfor-
mance or even damage the devices when used under varying
temperatures. It also has been found that the band gaps and
vibrational frequencies of many semiconducting transition-
metal dichalcogenides (including MoS;) have a sensitive
dependence on the lattice constant [19-24]. The vibrational
modes and frequencies can give out essential elemental
information about the materials, and are also important for
the understanding of many experimental characterizations.
Several groups have simulated the phonon dispersions and
thermodynamic properties of MoS,, and various experimen-
tal Raman measurements also have been well understood
[20,22,25-28]. However, the roles of Mo and S atoms in
the whole phonon dispersions are still not clear, which are
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important to understand the interatom interaction/cooperation
in vibrations. And a systematic correlation between structure,
phonons, anharmonicity, thermodynamic functions, thermal
expansion, and thermomechanics still has not been established.
Currently available experimental measurements on the thermal
expansion and frequency thermal shift also require further
theoretical explanation. In addition, there is a disagreement on
the Griineissen constant of the flexural ZA mode in SL MoS;
between two theoretical groups (positive [22] versus negative
[27]). The convergence of the flexural modes is hard to be
obtained in simulation; thus a stringent calculation and a clear
physics are needed to settle this disagreement.

In this work, the phonon dispersions, thermal expansion,
and temperature-dependent bulk modulus of SL MoS, are
calculated using first-principles simulation. The correlation
between structure (a planar sheet with a thickness), phonon dis-
persions, interatom and interdirection vibrational hybridiza-
tions, Griineisen constants, thermal expansion, and thermome-
chanics is established. Our results have provided clear physical
mechanisms underlying the experimental measurements on the
thermal expansion and thermal redshift of Raman modes.

II. COMPUTATIONAL AND THEORETICAL METHODS

The structure, electronic structure, and energy are calcu-
lated using density functional theory (DFT), and the phonons
are calculated using density functional perturbation theory
(DFPT) [29]. The DFT and DFPT calculations are carried
out using the Quantum ESPRESSO code [30], which uses the
planewave-pseudopotential method. The ultrasoft [31] PBE
[32] pseudopotentials are used to describe the electronic
exchange and correlation. The cutoff energies for the wave
function and charge density are 50 and 500 Ry, respectively.
The k-point grid for the electronic-state integration is 12 x
12 x 1. An interlayer distance of 15 A in the periodic cell is
large enough to exclude the interlayer interaction. The k-point
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grid for the calculation of dynamical matrices is 12 x 12 x 1,
and that for the calculation of thermodynamic properties is
50 x 50 x 1. A k-point grid of 200 x 200 x 1 is used to
calculate the phonon density of states (PhDOS), as well as
the projected PhDOSs for the in-plane (XY) and out-plane (Z)
vibrations of the Mo and S atoms. To precisely calculate the
frequencies of the flexural ZA modes near the Brillouin-zone
center, stringent convergence thresholds (10~'2 and 10~ Ry)
for the total electronic energy and the perturbation of the
self-consistent potential (A Vi) are required, which are also
necessary for pristine and functionalized graphene [33]. It
should be noted that the Quantum ESPRESSO code uses
the square of the differential AV (=107'° here) as the
convergence threshold during iterative phonon calculations.

The temperature dependences of the lattice constant and
bulk modulus are simulated using the quasiharmonic approxi-
mation (QHA), which takes the first-order anharmonicity into
account [34]. QHA has been used to calculate the thermal
expansions of diamond, graphite, and graphene [27,35], and
theory-experiment agreements have been reached for the
former two within a large temperature range (0-3000 K). In
experiment, the thermal expansion of graphene is indirectly
derived from the thermal shift of Raman-active modes.
Although an experimental consensus on graphene still has
not been achieved [36-38], part of the experimental results
[38] agree well with the DFT-QHA results [27,33,35]. SL
MoS, has a thickness of ~3.1 A, which makes it more like
graphite [35] or functionalized graphene [33] than pristine
graphene; thus QHA is expected to be reliable here. The
temperature-dependent lattice constant can be derived from
the free energy in QHA [33]

dEe(a)>1 1
T)= ~r U oVk,o> 1
a(T) ( - NkaG ko Vi, (1

where Nj is the number of k points; k and o are the indices
of the wave vector and branch of a phonon mode; E°, Uy ,,
and yi , are the electronic energy, and the internal energy and
Griineisen constant of the (k, o) vibrational mode, respectively.
y is defined as
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and the frequency shift caused by thermal expansion is also
considered
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From Eq. (1), the thermal expansion coefficient can be derived
as
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The lattice constant at the lowest temperature is determined
by iteratively solving Egs. (1)—(3), and then a(T) is calculated
one shot from low to high temperatures using

a(T + AT) = [1 + a(T)ATJa(T). ©)

The two-dimensional bulk modulus (Byp = A a; /f‘z‘“, where A

is the area) is used to describe the stiffness of SL MoS,, which
is derived to be

Bop(T) = ﬁ[ﬁ — 52 4 53 + 541, 7
where
2
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In a planar two-dimensional lattice, the parabolically dispers-
ing flexural ZA mode results in a nonzero PhDOS at v = 0
and then the divergent thermal excitation at finite temperature
[33]. This is the reason why there is no low-dimensional lattice
having strictly crystalline order at finite temperature [39]. The
existence of the suspended two-dimensional lattices (e.g., SL
graphene and MoS,) is ascribed to the stabilizing effect from
the intrinsic ripples [40-42]. Intrinsic ripples of 60-100 A
also have been observed in suspended SL MoS, [43], which
will destroy the long-wavelength phonons. In this work, the
phonons with wavelength larger than 80 A are excluded in the
thermodynamic simulations.

III. RESULTS AND DISCUSSION

SL MoS; has a hexagonal lattice with three atoms per unit
cell, and the Mo layer is sandwiched between two S layers. The
calculated structure of SL MoS, is shown in Fig. 1(a), where
the lattice constant, thickness, Mo-S bond length, /MoSMo,
and ZSMoS are 3.193, 3.134, 2.415 A, 82.8°, and 80.5°,
respectively, which are consistent with other reported results
[8,21,25,27]. The lattice constant is overestimated by 1%
when compared with experimental measurement (3.16 A)
[25], which is well known due to the generalized gradient
approximation used in the PBE potential [32]. However, this
overestimation in equilibrium constant will not influence the
response of the lattice to heat. The differential electron density
(A Q) and its projection onto the out-plane (z) direction (A Q)
can be used to understand the bond character of MoS,, which
are shown in Fig. 1(b). It can be seen that the electrons flow
from both Mo and S atoms into the Mo—S bonds, which
indicates the high covalency of these bonds. The amount of
depleting electrons on the S atoms is much less than that
on the Mo atom, and the bond electrons are closer to the S
atoms, both of which are due to the higher electronegativity of
S than that of Mo. It has been found that MoS, is slightly
polar and the LO-TO splitting is very small (<2.8 cm™!)
[26,44], even comparable with or smaller than the mode width
(2-5 cm™!) measured in experiments. This negligible polarity
is due to both the symmetrical sandwich structure and high
covalency of the Mo—S bonds. These nonorthogonal [Fig. 1(a)]
and highly covalent [Fig. 1(b)] Mo-S bonds will effectively
result in the hybridization between the in-plane (XY) and
out-plane (Z) vibrations, and then play an important role in
the thermodynamic properties of MoS,.
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FIG. 1. (Color online) (a) Top and side views of SL. MoS,, where the lattice constant, bond length, thickness (in A), and the Mo-S-Mo and
S-Mo-S angles (in degrees) are labeled. (b) The differential electron density (A Q) (isovalues: £0.0675 ¢/ A A3) in real space and its z-direction

projection (A Q).

The phonon dispersions and PhDOS of SL MoS, are shown
in Fig. 2(a), where the phonon branches are sorted according
to the continuity of their eigenvectors

> €, () €rnm ()] = 800, — 0D, (9)

where e (i) is the displacement of the atom i in the eigenvec-
tor of (k,o) vibrational mode, and A is a small wave vector. The
k- p theory for phonons is implicitly used in this branch sorting.
The experimentally measured frequencies of the optical modes
at " point [19,45-50] agree with our theoretical results, except
for a small systematic underestimation of 5-10 cm™' in
the latter, which is due to the overestimation of the lattice
constant by the PBE potential. According to previous works
on pristine and functionalized graphene [35,51], such small
downshift in frequency will not have any observable effect
on the temperature effects. The phonon bands with their
widths weighted by the contribution of a specified atom and
direction are called far bands. The fat bands for the Mo(XY),
Mo(Z), S(XY), and S(Z) vibrations are shown in Figs. 2(b)
and 2(c), together with the corresponding projected PhDOSs.
Although the LA and TA modes have normal linear dispersions
near the I' point, the flexural ZA mode has a parabolic
dispersion and a finite PhDOS at w = 0 [Fig. 2(a)], which
is an ubiquitous phenomenon in two-dimensional systems,
e.g., pristine and functionalized graphene [33,35]. These
flexural modes are unstable at finite temperatures due to their
divergent thermodynamic functions, which is the reason why
there is no long-range crystalline order in low-dimensional
systems [39], and intrinsic ripples are inevitably observed
in two-dimensional systems, e.g., graphene [40-42] and SL
MoS, [43]. The ZA mode consists of the Mo(Z) and S(Z)
vibrations at the I" point, while the contribution from the
S(XY) vibration becomes larger when getting away from the
I' point [Figs. 2(b) and 2(c)]. This XY-Z hybridization is
caused by the nonorthogonality of the covalent Mo—S bonds
(Fig. 1), which is similar in functionalized graphene [51],
and is also ubiquitous in other vibrational modes of MoS,.

It can be seen from the fat bands and projected PhDOSs of Mo
[Fig. 2(b)] that there is no hybridization between the Mo(XY)
and Mo(Z) vibrations in all phonon branches, because the Mo
layer is symmetrically sandwiched by two S layers, which
makes the XY and Z vibrations of the Mo layer distinctive
from each other. Therefore, the Mo(XY) or Mo(Z) vibration
only hybridizes with the S(XY) and S(Z) vibrations, while
the S(XY) and S(Z) vibrations can hybridize with each other.
The highest two branches [ZO* and ZO*, Fig. 2(a)] mainly
consist of the S(Z) vibration [Figs. 2(b) and 2(c)], and the two
S layers have symmetric and antisymmetric displacements in
them, respectively. The observable Mo(Z) vibration in the ZO*
branch [Fig. 2(b)] is required by the mass-center invariance,
and there is also observable hybridization coming from the
S(XY) vibration in the ZO* branch near the Brillouin-zone
boundary [Fig. 2(c)]. The ZO® branch also has a parabolic
dispersion and constant PhDOS near the I" point. Other optical
branches below the ZO® and ZO** ones mainly consist of the
S(XY) vibration, and some hybridizations from the S(Z) and
Mo(XY) vibrations are also observable [Figs. 2(b) and 2(c)].
The Griineisen constants (y) of the phonon branches are
shown in Fig. 2(d). The most prominent phenomenon is the
large negativity of y(ZA) near the I" point, which is consistent
with Sevik’s result [27]. This kind of negativity for the flexural
modes has been found in various two-dimensional systems
[27,33,35,51] or open-shell three-dimensional semiconductors
[52], because of the membrane effect [35] or the guitar-
string effect [52] present in the vibrational modes with
low-dimensional character. However, Cai [22] has obtained
an unphysically large positive value for y(ZA) (=320), and
y(LA) and y(TA) are also abnormally large (=55 and 120).
This is probably caused by the poor frequency convergence
used there, which is also implied by the unphysical wiggles
in the y of some optical branches in Cai’s result [22]. In
planar graphene, the ys of the ZA and ZO branches are fully
negative [35,51]. While in SL. MoS,, y(ZO) is positive, and
y(ZA) is only negative near the I'" point, which is similar
in functionalized graphene [33,51]. This negative-positive
conversion is due to the hybridization between the Z and XY
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FIG. 2. (Color online) (a) Phonon dispersions and PhDOS, (b),
(c) fat bands and projected PhDOSs, and (d) Grineisen constants of
SL MoS;. In (a), the experimental frequencies of the optical modes
(Agy, Ay, Esg, Ejp) at the I' point [19,45-50] are shown in the left
panel, and the detailed PhDOS at low frequencies are shown in the
inset of the right panel. In (d), the dispersion of y(ZA) is fully shown
in the inset.
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vibrations, which is caused by the nonorthogonal covalent
bonds in MoS, (and functionalized graphene). This also can
be viewed as a thickness effect [33], which counteracts the
membrane effect [35] in low-dimensional systems. When
leaving from the I' point, the contribution of the S(XY)
vibration to the ZA mode becomes larger and larger [Fig. 2(c)],
which makes the flexural ZA mode more and more like a
normal mode with positive y. y always tends to increase
with the contribution of the XY vibration, because the change
in the lateral dimension will have more normal anharmonic
effect on the XY than Z vibrations. The TA (LA) mode has
its largest and lowest y at the I' and K (M) points [Fig. 2(d)],
where the contributions of the S(Z) vibration are the smallest
and largest [Fig. 2(c)], respectively. The same trend is also
observable in all optical modes when comparing their ys
[Fig. 2(d)] and fat bands [Fig. 2(c)]. The effect of XY-Z
hybridization on the anharmonicity will play an important role
in various thermodynamic properties of SL MoS,, which will
be discussed in the following.

The temperature dependences of the lattice constant (a),
thermal-expansion coefficient («), isovolume heat capacity
(Cy), and two-dimensional bulk modulus (B,p) are shown
in Fig. 3. The melting point of MoS, is 1458 K, only
below which the calculated properties are meaningful. The
equilibrium lattice constant from DFT calculation is 3.193 A,
and the zero-point vibration expands the lattice by 0.15% at
0 K, which is smaller than those in diamond (0.4%), h-BN
(0.3%), graphene (0.3%), and functionalized graphene (0.4%)
[27,33,35,51]. The small zero-point expansion in SL. MoS,
is due to its large mass, which results in lower frequencies,
smaller zero-point energy, and then smaller a(0) [Eq. (1)]. In
Fig. 3(a), the simulated %70?(0) for SL MoS, is compared
with available experimental results for bulk MoS, [53,54],
where the highly nonlinear variation of the latter above 800 K
is caused by oxidation [54]. It is interesting that the thermal
expansions of SL and bulk MoS, are quite close to each other,
though the former is a little smaller. However, the situation is
totally different for graphene and graphite [35]. Graphite has
a much larger thermal expansion than graphene, because the
interlayer interaction in graphite considerably increases the y
of the ZA and ZO modes, which are fully negative in graphene
and responsible for its thermal contraction [35]. This also can
be viewed as a thickness effect. However, in SL MoS,, the
nonorthogonal Mo-S bonds (i.e., intralayer thickness) and the
resulted XY-Z hybridization already have stiffened the ZO
branch and most of the ZA branch, leading to the positive y
[Fig. 2(d)]. Thus there is little space for the interlayer stacking
in bulk MoS; to influence the anharmonicity of those modes
and then the lateral thermal expansion.

Considering the scattering data and the presence of ox-
idation in those early experiments [53,54], more accurate
measurements on MoS; (SL, FL, and bulk) are still necessary.
Understanding the redshift of Raman modes upon heating also
requires the information about thermal expansion [45], the
precision of which is expected to be influential on the conclu-
sion. The thermal shifts of the Raman modes (E,, and A,)
have been measured by many experimental groups [45-48,56],
and both thermal expansion and multiphonon scattering are
expected to be contributive. By fitting experimental results
using a simplified model, Najmaei [45] proposed that only
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FIG. 3. (Color online) Temperature dependence of the (a) lattice constant, (b) thermal expansion coefficient, (c) isovolume heat capacity,
and (d) two-dimensional bulk modulus of SL MoS,. In (a), the available experimental measurements on bulk MoS, [53,54] are shown. In (b),
the detailed variation of « at low temperature is shown in the inset. In (d), the bulk modulus with the phononic contribution excluded (Bjp) is

shown, and the linear slopes of the curves are indicated.

multiphonon scattering contributes to the redshift of the Ey,
mode upon heating, while in the redshift of the A;, mode, the
contribution of thermal expansion is even larger than that of
multiphonon scattering. However, by combining experimental
measurement and molecular-dynamics simulation, Lanzillo
[47] proposed that only multiphonon scattering is sufficient
to understand the redshifts of both E,, and A;, modes.
We are intending to provide numerical calculation on the
expansion-caused redshift (x7g) by using

(10)

The calculated x7gs of the Ay, Ay,, Eog, and E», modes are
listed in Table I, where the experimental thermal-shift rates of
the A, and E;, modes in suspended/supported SL, FL, and
bulk MoS, [45-48,55] are also summarized. It is found that
the calculated x7ps of the Az and E», modes are less than
the experimental shift rates by one order of magnitude, even
less than the variation between different experiments. This
indicates that the redshift of any Raman modes in MoS; upon
heating is dominated by the multiphonon scattering, which is
consistent with Lanzillo’s [47] conclusion.

When increasing temperature, the low-lying ZA modes
with negative y [Figs. 2(a) and 2(d)] will be activated first;
thus SL. MoS, has a thermal contraction (negative «) below
20 K [Fig. 3(b)]. However, at higher temperatures, the lattice

converts into thermal expansion [positive «, Fig. 3(b)]. One
fully activated phonon branch will contribute 1.0 kg to Cy per
formula unit, and it can be seen from Fig. 3(c) that most (86%)
of the phonon branches already have been activated at 300 K.
This easy activation of the vibrational modes is due to their low
frequencies in heavy MoS,, and the activation of the positive-y
modes is responsible for the thermal expansion of SL MoS;
above 20 K. « increases quickly from O to 300 K due to the

TABLE 1. Calculated expansion-caused shift rates (xrg, in
cm™!/K) of the Ay,, Aig, Ez, and E;, modes in SL MoS,, and
the experimental thermal-shift rates of the A;, and E,, modes in
suspended/supported SL, FL, and bulk MoS,. The modes with Raman
and infrared activity are labeled with “R” and “L,” respectively.

Au () A, R) - By I+R)  Ey (R)
This work (x7g) ~ —0.0031 —0.0010  —0.0033  —0.0019
Suspended SL [48] —0.0130  —0.0110
Supported SL [48] —0.0130  —0.0170
Supported SL [45] —-0.0143  —0.0179
Supported SL [47] —0.0160  —0.0130
Suspended FL [55] —0.0120  —0.0130
Supported FL [46] —-0.0123  —0.0132
Bulk [56] —0.0123  —0.0147
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easy phononic activation, and then asymptotically approaches
8.0 x 107 K~! at high temperatures, which explains the
reason why a high degree of linearity already has been achieved
in the a(T) curve below 300 K [Fig. 3(a)]. The temperature
dependence of the two-dimensional bulk modulus (B;p) of SL
MoS, is shown in Fig. 3(d), which consists of the contributions
from both thermal expansion and phononic activation [Eq. (7)].
The B,p(T) curve enters into a highly linear variation above
150 K, and the linear slope is —1.88 x 10~ eVA-2K!.
To understand the roles of thermal expansion and phononic
activation in Bp(7T), the bulk modulus without phonon
contribution (Bjp) is also calculated [Fig. 3(d)], namely,
the s3 and s4 parameters are excluded in Eq. (7). This is
the so-called quasistatic approximation proposed by Wang
[57], which only considers the effect of thermal expansion
in thermomechanics. At low temperatures (<100 K), B} is
lower than B;p by 0.6%, which is due to the stiffening effect
of the zero-point vibrations in the latter. The B,(T) curve
also has a highly linear variation above 150 K, and the linear
slope is —2.61 x 10™* eV A~2K~!, which is smaller than
that of the B,p(T) curve. This indicates that the softening
effect from the thermal expansion is partially canceled by the
stiffening effect from the phonon activation in B,p(T"). The
frequency lowering caused by thermal expansion results in the
increased activation of the phonons with positive y's, which
then tends to increase Byp [Eqgs. (7) and (8)]. This phononic
stiffening effect is different from the phononic softening effect
in graphene [33], where the frequency heightening caused
by thermal contraction tends to decrease B,p. In pristine and
functionalized graphene [33,51], Bp has an increase within
some temperature window due to the effect from the thermal
contraction. However, the Bp of SL MoS, monotonically
decreases with increasing temperature, because the weak
thermal contraction at low temperature (<20 K) cannot result
in any observable increase in Byp.

IV. CONCLUSION

The correlation between structure, phonon spectra, thermal
expansion, and thermomechanics of single-layer MoS, has
been investigated using first-principles simulation. The exis-
tence of the flexural ZA mode with a parabolic dispersion

PHYSICAL REVIEW B 90, 045409 (2014)

and negative Griineisen constant (y) is due to the low-
dimensional structure. However, the nonorthogonal covalent
Mo-S bonds (or intralayer thickness) result in the interatom
and XY-Z vibrational hybridizations, and then tend to increase
y. There is a negative-positive crossover in the y of ZA
branch, which is also due to the phononic hybridization. A
negative-positive crossover also exists in thermal expansion
coefficient at 20 K, because of the competition between
the modes with negative and positive y. The calculated
thermal expansion of single-layer MoS, is quite close to
the experimental measurements on bulk MoS,, because the
chemical-bond nonorthogonality in MoS, layer has similar
effect on y and thermodynamic properties as the interlayer
interaction in bulk MoS,. Upon heating, the redshifts of the
Raman modes caused by thermal expansion are smaller than
experimental measurements by one order of magnitude, which
indicates the dominant role of multiphonon scattering in those
Raman shifts, and settles a disagreement on the importance of
thermal expansion. Although both the phononic activation and
low-temperature thermal contraction have a stiffening effect on
the bulk modulus of single-layer MoS,, the dominant effect
from the positive thermal expansion consistently softens the
lattice upon heating. The phonon spectra, Griineisen constants,
thermal expansion, and thermomechanics of SL MoS, are
closely compared with those of pristine and functionalized
graphene, and the concluded physical mechanisms should be
helpful for further theoretical and experimental studies on
other two-dimensional systems.
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