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Effect of low-frequency optical phonons on the thermal conductivity of 2H molybdenum disulfide
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Phonon engineering is a novel and effective approach to tailor the thermal conductivity for the thermoelectric
performance and heat dissipation. In general, the acoustic phonons rather than the optical phonons are dominant
in heating carriers. Here we report an unprecedented large contribution, 47% overall, from the low-frequency
optical phonons to the in-plane thermal conductivity in 2H molybdenum disulfide, revealed by low-wave-number
high-pressure Raman technology assisted with first-principles calculations. The analysis of phonon dispersion
curves and Griineisen parameters of individual phonon modes reveals that the large contribution originates in a
joint effect of the large group velocity of low-frequency optical phonons and their strong anharmonic effects. The
joint effect is continuously maintained when pressure increases, up to 20 GPa. Our work provides new insights
into the optical phonon transport, paving the way for the phonon engineering and thermal management.
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I. INTRODUCTION

The thermal conductivity is a fundamental physical quan-
tity to evaluate the heat transport performance of materials,
playing an important role in the fields of thermoelectrics,
electronics, thermal insulation, and heat management [1-3].
Phonons are the major carriers for heat transport in insulators
and semiconductors. The thermal conductivity from phonon
contributions in crystals is also called the lattice thermal con-
ductivity. In thermoelectrics, for enhancing the figure of merit
zT of thermoelectric materials, one effective approach is to
suppress the lattice thermal conductivity since the electrons
contribution is trivial [4,5]. In electronics, efficient heat dissi-
pation is a prerequisite for ensuring the normal operation of
the devices to avoid meltdown, which can be achieved by im-
proving the lattice thermal conductivity [3]. Phonon-mediated
intrinsically high thermal conductivity is the base in mate-
rial design of anisotropic thermal conductors and real-world
applications [6].

Heat transport needs both a medium (phonon or electrons)
and channels (phonon bands or electron bands). For semicon-
ductors, the thermal conductance contributed from electrons
is negligible, for example, less than 0.01% in MoS, [7]. The
carrier phonon has two categories of channels: acoustic and
optic. The number of acoustic modes or channels is a constant
three, while the optic channel has modes of 3N — 3, where 3N
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is the degrees of freedom of the primitive cells of the system.
For semiconductors and insulators, the lattice thermal con-
ductivity receives predominant contributions not from optic
phonons but from acoustic phonons. Despite the majority in
number of channels, the optical phonons are always negligible
due to their short lifetimes and low group velocities [8,9].
Utilizing the optic modes for phonon-mediated heat transport
could open a new horizon of heat management. The ratio
Po = 0,/0, measures the contribution of optic phonons to
the total lattice thermal conductance. Phonon-engineering for
high p, could revolutionize the heat management and heat
harvesting.

It has been reported that in some cases, optical phonons
can no longer be ignored in thermal transport. For example,
theoretical calculations [10] indicate that the low-frequency
optical phonon modes play a considerably important role in
the thermal conductivity in B8-Ga,0Os3. This is partially be-
cause the low-frequency optical branches have non-negligible
group velocities compared with the acoustic ones. The optical
phonon contribution can reach 46% in the two-dimensional
(2D) material fluorinated diamane owing to the entanglement
of optical phonons with the acoustic phonons, with the penalty
of a dramatic (82%) drop in the thermal conductivity [11].
Experimental evidence of high p, in bulk materials is still in
elusive.

With the emergence of increasingly mature synthesis
techniques, high-quality van der Waals solids with lay-
ered structures including transition-metal dichalcogenides
(TMDCs) become promising candidates for applications
in electronics, optoelectronics, and thermoelectrics [12,13].
TMDC:s are typical anisotropic layered materials with van der
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Waals interactions between layers. TMDCs have the formula
of MX,, where M stands for a transition-metal element, for
example Mo, W, etc., and X refers to a chalcogen element (S,
Se, or Te). Previous works on TMDCs show that the optical
phonons possess large anharmonicity and herald the important
role of optical phonons in thermal conductance [14—16]. The
Griineisen parameter is valuable to evaluate the strength of
anharmonicity [17], and it is necessary to know the Griineisen
parameters of TMDCs. Experimentally, Raman spectroscopy
is powerful in studying optical phonons, providing key infor-
mation of phonon scattering and lattice dynamics [18]. The
Griineisen parameters for individual phonon modes can be
computed from the pressure-dependent Raman spectroscopy
[19-21]. Pressure dependence of the low-frequency optical
phonon mode E22g in TMDCs (with the low wave numbers,

such as 32, 25.4, and 23.7 cm™! for MoS,, MoSe,, and WSe;,
respectively [22]) has been rarely studied [23,24]. The phonon
dispersions of TMDCs [25] suggest that low-frequency op-
tical phonons overlap with acoustic phonons, indicating the
important role of these optical phonons for the thermal
transport.

On the simulation side, the development of first-principles
phonon calculations combining density-functional theory
(DFT) and the Boltzmann transport equation (BTE) has
rendered predictions of phonon transport properties more
credible [1]. Through analyzing the phonon interaction dy-
namics, this method can provides the detailed explanations
and reliable predictions of the performance of lattice ther-
mal conductivity [26-29]. In addition, pressure can tune the
phonon transport through lattice compression, and the behav-
ior of phonons under pressure is always interesting [7,30,31].
So far, there is no systematic study of the individual opti-
cal phonon mode thermal conductivity from ambient to high
pressures. Exploring the contributions of the low-frequency
phonons at ambient pressure and high pressure as a function
of temperature from both the experimental and theoretical
sides is highly desired for the understanding of the thermal
transport properties and the device developments based on
these materials.

Taking MoS, as a prototype, we employ low-wave-number
Raman technology to acquire its high-pressure Raman spectra
(up to 20 GPa) assisted with a diamond-anvil cell (DAC).
The mode-wide Griineisen parameters of the optical phonon
modes including the low-frequency E22g mode are obtained by
combining the Raman data with the high-pressure structural
data. The phonon dispersions and lattice thermal conductiv-
ity of MoS, as functions of pressure and temperature are
explored by means of first-principles calculations conjugated
with BTE. The contributions of high- and low-frequency opti-
cal phonons to the thermal conductivity are then discussed in
detail. The implications of the results for the device develop-
ments and thermal managements are given.

II. METHODS

A. Experimental methods

A high-quality MoS,; single crystal was produced by HQ
Graphene. A 50 x 50 x 20 um? sample was used for high-
pressure Raman-scattering measurements in a DAC with

500 um cults. The advanced low-wave-number Raman tech-
nology was described in our previous works [15,19,20]. We
used Ne as pressure-transmitting medium. The laser wave-
length and power was 488 nm and 1 mW, respectively. The
integral time was 120 s. A small ruby ball was used to cali-
brate the pressure in the sample chamber. The scattered light
was initially focused on an 1800 g/mm grating, followed by
recording with a 1024 pixel Princeton charge-coupled device.

For the transmission electron microscopy (TEM) charac-
terizations, we used dispersant-assisted liquid-phase exfolia-
tion to prepare single- and few-layer MoS,. The TEM images
were acquired using a FEI Themis-Z Double-corrected TEM
operated at an accelerating voltage of 200 kV.

B. First-principles calculations

Our plane-wave ab initio DFT calculations are performed
using the VASP program [32]. The exchange-correlation func-
tional is the generalized gradient approximation (GGA) of
Perdew, Burke, and Ernzerhof (PBE) [33]. The van der Waals
interactions [34] are considered by the zero damping DFT-
D3 method of Grimme [35] due to the compromise between
computing power and accuracy. The plane-wave-basis cutoff
every is 500 eV. The integral in reciprocal space is on the
18 x 18 x 4 Monkhorst-Pack grids of k-point mesh. The crys-
tal structures are optimized until the forces on the atoms are
smaller than 0.001 eV/A. The energy convergence criterion
of the electronic relaxation in self-consistent field method is
107® eV for geometry relaxation. The phonon dispersions
are computed using the finite displacement method with the
PHONOPY code [36]onan 11 x 11 x 11 k-grid with5 x 5 x 3
supercells. For accurate phonon calculations, we have used
an energy cutoff of 500 eV and an energy convergence of
1077 eV.

C. Phonon transport

The phonon transport is governed by the Boltzmann trans-
port equation (BTE) where the lattice thermal conductivity
can be obtained. A linearized version of the BTE is self-
consistently solved using the ShengBTE code [37,38]. The
lattice thermal conductivity k; at temperature 7' is given by
[37,39]

K’ = kTZNQZfo(fo+1>(wn2vmm, M

where 2 is the volume of the unit cell, N the number of
k points, and f; is the Bose—Einstein statistics. The angular
frequency of phonon mode A is w;. vA and vA denote the
components of the group velocity. 7, is the self-consistent
phonon lifetime. The phonon lifetime 7 is inversely related
to the scattering rate. The total scattering rate has two parts.
One is the anharmonic scattering rate 1/7%"". The other is
the isotope scattering rate 1/1°. Therefore, the total phonon
lifetime is calculated as % = r+h + TL

The anharmonic scattering rate takes into account only the
three-phonon scattering processes, which include absorption
processes and emission processes. Absorption processes indi-
cate that two incident phonons combine into one (w; + w, =
;). Emission processes describe that one incident phonon
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(a)

FIG. 1. The schematic diagrams of atomic configurations of bulk
2H phase MoS, (a) front view, and (b) top view in three unit cells.
The large balls are Mo atoms and the small balls are S atoms.

splits into two phonons (w; = wy + w;~). The quantities of
three-phonon scattering rates therefore has two parts Fﬁ, 5 for
the absorption (+4) and emission (—) processes, as described
in the following two equations:

h f/ _ )
F)T)J)»” = Tmlv)j’k”' 3(CUA + W) — wk”)v (2)
and
B hr f/ +f// 41 B )
Mo = — 20T iy 125w, — wp — wp), (3)

4 W) W)Wy

where Vfiw are the scattering matrix elements.

To evaluate the probabilities of anharmonic phonon scat-
tering processes, a parameter W (also called “weighted phase
space” is introduced as [27]

_ 1 2(fu = fur) | 8(@n £ op — @)
2N Mp” f)n’ + fk” +1 W) W) Wy

W L@

The phonon transport properties mentioned above are de-
termined by the lattice geometry and the interactions between
atoms through the interatomic force constants (IFCs). The
data of IFCs can be obtained from DFT calculations. The har-
monic second-order IFCs are calculated by using 5 x 5 x 3
supercells with a 2 x 2 x 2 k grid. Considering the computa-
tional costs, the third-order IFCs calculations are performed
on gamma-point only using 5 x 5 x 2 supercells with seven
nearest-neighbor interactions.

III. RESULTS AND DISCUSSION

A. Electronic structural properties

Among the diverse polytypes of bulk crystal MoS,, the 2H
phase is the most popular and studied in electronic devices
[40]. Therefore, the 2H-MoS; is the focus of this study. Fig-
ure 1 exhibits the atomic structure of 2H-MoS,. Crystalline
2H-MoS, has hexagonal symmetry. There are two S-Mo-S
layers with a total of six atoms per unit cell. It is a semicon-
ductor with covalent bonds between S and Mo within basal
planes. On the contrary, the layers are connected by weak van
der Waals force. The lattice parameters from our DFT results
are 3.16 and 12.33 A for the a and ¢ axes, respectively, which

FIG. 2. Transmission electron microscopy (TEM) characteriza-
tions of single-crystal MoS, used in this experiment. (a) The TEM
image of exfoliated MoS, sheet at a large scale. (b) The HRTEM
image of the exfoliated MoS,, with (c) enlarged view, and (d) fast
Fourier transform (FFT) image. The scale bars and Mo, S elements
are marked in the images.

is in good agreement with the previous theoretical [41] and
experimental results [42].

B. Transmission electron microscopy characterization

The atomic structures of 2H MoS, have been character-
ized via transmission electron microscopy (TEM) technology,
as displayed in Fig. 2 for the exfoliated MoS, sheets. A
large scale in microns is shown in Fig. 2(a). To illustrate
the atomic details, high-resolution transmission electron mi-
croscopy (HRTEM) images are presented in Fig. 2(b). An
enlarged view is illustrated in Fig. 2(c). The fast Fourier
transform (FFT) image is shown in Fig. 2(d). In the magnified
view of Fig. 2(c), the honeycomb structure of MoS, can be
clearly identified. The TEM images indicate that the MoS,
crystal used in this experiment has a high quality in purity
and perfection. Bulk 2H MoS, comprises 18 phonon vibration
modes for the six-atom unit-cell crystal structure. There are
three acoustic modes. The remaining 15 modes are optical
modes. The irreducible representations of these 18 vibration
modes at the I" point in the Brillouin zone have irreducible
representations such as Ay, + Ejg + 2E>, + 2A,, + 2E;, +
Ey, + 2Bog + By,,. Of these 18 modes, Ey,, Ej,, and A, are
Raman active. At 2 K, the obtained Ezzg, Ezlg, and A;; mode
frequency is 34.6, 386.8, and 411.8 cm™!, respectively, as
displayed in Fig. 3. Our results are entirely consistent with
previous experimental results and calculations [22].

C. Experimental mode Griineisen parameters

The properties of phonons, especially the phonon anhar-
monicity, play an essential role in thermal transport. Related
studies show that, for two components of the thermal con-
ductivity of TMDC:s, lattice thermal conductivity is dominant.
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FIG. 3. The Raman spectrum of 2H MoS, at 2 K. The peaks of
Raman modes Ezzg, Ezlg, and A, are fit using a Lorentz function, and
the insets give the corresponding diagrams of vibration modes.

The electronic thermal conductivity only accounts for a small
portion due to their poor electrical conductivity because of
the electronic band-gap energies [12]. The strength of the
phonon anharmonicity is in general assessed by the mode
Griineisen parameter. A larger Griineisen parameter means a
stronger anharmonicity. Consequently, the lattice thermal con-
ductivity decreases [17]. The Griineisen parameter is defined
as y; = —fl((ll't‘]“‘j‘g , which reflects the relationship between the
change of the crystal volume and the phonon frequency w;
shift. When the volume change is mainly caused by the hydro-
static pressure, the Griineisen parameter y; can be expressed
as [19-21,45]

B() da)i
Yi= o P’ (%)
where By is the bulk modulus, w? is the ith phonon frequency
at ambient pressure and room temperature, and dw;/dP is the
frequency derivative of pressure. To obtain dw;/d P for MoS,,
high-pressure Raman-scattering experiments are performed at
pressures up to 25 GPa.

Figure 4(a) illustrates the evolution of Raman peaks with
pressure. In the entire pressure range, the three initially ob-
served Raman peaks Ezzg, Ezlg, and A, always exist. Above
20 GPa, both E,, and Ej, peaks split into two peaks, which
means that the phase transition of MoS, goes from the 2H,
phase to the 2H, phase through layer sliding [36,42]. For the
2H, phase below 20 GPa, the pressure-dependent Ezzg, Ezlg, and
A1z Raman modes are extracted and plotted in Fig. 4(b). A
general trend is that all the phonon frequencies shift up under
compression without distinct deviations. The frequency of
each phonon mode is further analyzed by fitting to a quadratic
function of pressure as

0 da),‘ d 26&),‘ )
w0 (P) = o + 5+ — P ©)
The obtained values of dw;/dP are listed in Table I. The
first-order pressure coefficients of E22g, E2‘ n and A, are 2.88 =
0.06, 1.85 £0.04, and 3.31 £0.04 cm_l/GPa, respectively.
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FIG. 4. (a) The pressure-dependent evolution of Raman spectra
of MoS, from the ambient pressure to 25 GPa at room temperature.
(b) The frequency of Raman-active phonon modes A,,, E,,, and Ej,
as a function of pressure. (c) The evolution of calculated crystal vol-
ume of MoS, with pressure (red line). Several typical experimental
results are drawn in the subfigures [42-44]. (d) The obtained mode
Griineisen parameters of the three phonon modes. The inset is the
sketch of the diamond anvil used in high-pressure Raman-scattering
experiments.

The A, mode is more sensitive to the change of pressure as
compared with the E;, and E3, modes.

Bulk modulus By = —VOZ—"; is the elastic deformation rela-
tionship of the crystal volume with pressure [42], which is
required for mode Griineisen parameter. The bulk modulus
can also be fit by using the Birch-Murnaghan equation [46].
The bulk modulus of MoS, is summarized in Table II. To ob-
tain a reliable By of MoS,, we optimized the lattice parameters
up to 20 GPa before phase transition.

Figure 4(c) shows the evolution of crystal volume with
pressure, together with the experimental data. The unit-cell
volume decreases from 106.7 to 87.1 A3 when the pressure
increases from O to 20 GPa. The obtained bulk modulus is

TABLE 1. Summary of the pressure coefficients of the phonon
frequency , dw;/dP (in cm~! /GPa) and dw; /d P* (in cm~' /GPa?),
as well as the mode Griineisen parameters y; for three Raman modes
of MoS,.

dw;/dP d’w;/dP? Vi
E3, 2.88 =+ 0.057 —0.046 =+ 0.002 4.29 £ 0.22
E,, 1.85 £ 0.039 —0.025 =+ 0.001 0.23 £ 0.054
Ay 3.31 £ 0.044 —0.030 £ 0.002 0.39 + 0.078
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TABLE II. The calculated bulk modulus of MoS, compared with
experimental results [42—44]. B, and B;, are the bulk modulus and its
pressure derivative at ambient pressure, respectively.

B, (GPa) B,
This work 40.6 + 0.1 9.8 + 0.04
Chi et al. [42] 47.65 &+ 0.3 10.58 £ 0.08
Bandaru et al. [44] 70 £ 5 4.5
Aksoy et al. [43] 534 + 1 92 +£ 04

40.6 £ 0.1 GPa, which is the most consistent with the ex-
perimental result using the same transmitting medium Ne
[42]. Combining By of 47.65 £+ 0.30 and dw;/dP, the mode
Griineisen parameters of 2H MoS, are obtained as listed in
Table I. They are also displayed in Fig. 4(d) for ease of
comparison.

The values of the mode Griineisen parameters are 4.29 +
0.22, 0.23 £ 0.05, and 0.39 £ 0.08 for the E22g, Ezlg, and Aj,
modes, respectively. As shown in Fig. 4(d), it is obvious that
the mode Griineisen parameter of the low-frequency mode E22g
is an order of magnitude larger than that of high-frequency
modes (Ezlg and Aj,). The average Griineisen parameter of
these three modes is 2.49 £ 0.13, which is relatively large
compared with other layered materials like boron nitride
(BN) ({y) =0.7) [47], and similar to black phosphorus
({y) =2.5) [48].

D. Anisotropic phonon dispersions from the ambient
to high pressures

Using the optimized unit-cell parameters, the phonon
dispersions and the projected density of states (DOS) are
calculated and illustrated in Fig. 5. The phonon dispersions
exhibit the 18 phonon vibration branches and the Raman-
active modes at the I' point are marked. The calculated
frequencies of the Ezzg, Ezlg, and A, modes are 30.7, 382.8, and
410.3 cm~!, respectively. Our results are slightly smaller than
the experimental values obtained from Raman spectra (Fig. 3).
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FIG. 5. The phonon dispersions and projected density of states
(DOS) of MoS,; at zero GPa. The vibration modes at I" point are
marked and the contribution of each atom is distinguished by color.
The inset shows the path of the selected high-symmetry points in the
Brillouin zone.
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FIG. 6. The phonon dispersions of MoS, under pressure. The
upper panels are along the I"-M direction, and the bottom panels are
along the I'-A direction. The blue and red lines are intended to distin-
guish between the acoustic and optical branches. The corresponding
pressure values are marked in the subfigures.

There is a band gap between 235 and 282 cm™! in the
phonon dispersion curves (Fig. 5). To facilitate the under-
standing of phonon properties, we denote the region above
the phonon band gap as the high-frequency phonon region and
that below the phonon band gap as the low-frequency phonon
region. In the Brillouin zone, I"-M (or I'-K) refers to the direc-
tion along the in-plane and I'-A means along the out-of-plane
direction. In the low-frequency region, the difference between
the two directions is the slope of the phonon dispersion curves
or the phonon group velocities. The slopes of I'-M and I'-K
are larger than that of I'-A. This indicates that the phonon
group velocity toward the a, b directions is greater than that
toward the ¢ direction.

The high-frequency optical phonons are relatively flat and
do not contribute much to the phonon group velocity. The
group velocity shows anisotropy in and out of plane. The
phonon DOS shows that the high-frequency modes is mainly
derived from the vibrations of the S atom. The contribution of
Mo atom in the low-frequency region exceeds that of S atom
because of the larger mass of Mo.

The high-pressure phonon dispersions are calculated as
shown in Fig. 6 along I'-M and I'-A from 0 to 20 GPa.
The acoustic branches and the optical branches are clearly
distinguished by the red and blue lines. With the increment in
pressure, all phonon vibration frequencies increase, predicting
the continuous increase of thermal conductivity with pressure.

Phonon velocity is pressure dependent and nonisotropic.
The slopes along the I'-M direction do not change signif-
icantly with pressure. On the contrary, the slopes of the
acoustic-phonon branches along the I'-A direction have a
large increase as the pressure rises. In addition, at all pres-
sures, the low-frequency optical phonons exhibit unusual
properties along I'-M, reflected in two aspects: (1) The in-
plane phonon group velocities of the low-frequency optical
branches are significantly higher than that of the high-
frequency ones. They are comparable to that of the acoustic
ones. (2) The low-frequency optical modes entangle with the
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FIG. 7. (a) The lattice thermal conductivity of MoS, along the
in-plane and out-of-plane directions at the temperature range from
200 to 1000 K. Previous experimental data are plotted for com-
parison [49-53]. (b) The high-pressure thermal conductivity along
the in-plane and out-of-plane directions up to 20 GPa at 300 K.
The experimental results of Meng et al. are drawn with triangular
symbols [7].

acoustic branches. In contrast, the high-frequency branches
have a significant gap. These factors indicate that the effect
of the low-frequency optical phonons may be important in
controlling the thermal transport of MoS,.

E. Mode-wide thermal conductivity

The phonon behavior determines many physical properties,
including the lattice thermal conductivity. We have theoreti-
cally predicted the lattice thermal conductivity of 2H MoS,
accordingly. Figure 7(a) exhibits the temperature dependence
of the lattice thermal conductivities along two different direc-
tions, the in-plane (x,,) and out-of-plane (x,;) directions. The
temperature ranges from 200 to 1000 K. The thermal con-
ductivity shows a large anisotropy, which is 78.2 Wm~' K~!
for the in-plane direction, but only 1.2 Wm~' K~! along the
out-of-plane direction at 300 K. These values are consistent
with previous experiments and calculations [39,49-53].

It is worth mentioning that our calculated results are larger
than the experimental values. This discrepancy comes from
the fact that our numerical model is ideal without any defects,
as opposed to that in specimens in experiments. The presence
of defects enhances the phonon scattering and reduces the
mean-free path [54], resulting in the lower thermal conductiv-
ity in experiment than in the ideal model in computation. Our
results also agree with previous computational results [55,56].

The thermal conductivity of 2H MoS, decreases monotoni-
cally with respect to an increase in temperature, mainly owing
to the Umklapp phonon scattering. As a widely used semi-
conductor, MoS, has a relatively small thermal conductivity,
compared with Si of 142 W m 'K}, BN of 760 Wm~! K~!
[57], and SiC of 360 Wm ! K~! [47]. The small thermal
conductivity greatly hinders commercial applications of MoS,
as semiconductor devices due to accumulated heating. To
overcome this shortcoming, previous works [7] demonstrated
a significant enhancement in out-of-plane thermal conductiv-
ity of MoS, with pressure. Our theoretical results manifested
two key factors: (1) both the in-plane and out-of-plane thermal
conductivities increase with pressure; and (2) such pressure
enhancement is only up to a pressure about 20 GPa, as shown
in Fig. 7(b).

At room temperature, the in-plane thermal conductivity
increases from 78.2 to 98.7 W m~! K~! when the temperature
increases from 0 to 20 GPa. The initial increment is more con-
siderable, then eventually tends to saturation. The same trend
is observed in the out-of-plane thermal conductivity k., which
increases from 1.2 to 35.5 Wm™'K~! in the same range
of pressure, with a more significant increase up to 15 GPa,
then saturates. The origin of the anisotropy of the thermal
conductivity is the anisotropy of group velocity discussed
above. In addition, the out-of-plane thermal conductivity is
more sensitive to the pressure increment than the in-plane
counterpart. This is because the pressure has little effect on the
group velocity along I"-M, but has a significant enhancement
in the group velocity along I'-A, as shown in Fig. 6.

Subsequently, we calculated the mode-wide contribution
to the thermal conductivity. The individual mode along the
in-plane and out-of-plane directions of MoS, at 300 K are
shown in Figs. 8(a) and 8(b) for their contributions. 1-3 modes
(blue bars) are the acoustic modes, 4-6 (red bars) refer to
the low-frequency modes, and the remaining (purple bars)
are the high-frequency optical modes. From Fig. 8(a), one
can see that the contribution of the low-frequency optical
branches exceed 47%, which can be comparable to that of
the acoustic branches (50.7%). Their contributions are much
more than those of the high-frequency branches (2.2%). The
cumulative thermal conductivity are displayed in the inset of
Fig. 8(a) as a function of frequency. It suggests that the main
contribution is from 100-200 cm~! phonons. Such a range of
phonons frequencies is coincident with the overlap region of
the acoustic and low-frequency optical branches.

Different to the in-plane behavior, the out-of-plane thermal
conductivity receives contributions mainly from the acous-
tic phonons, which exceed 69.8%, while the low-frequency
optical branches only account for 17.9%, as illustrated in
Fig. 8(b). This may be explained from the phonon dis-
persion relationship. Low-frequency optical phonons have a
higher group velocity during the in-plane transport. They are
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FIG. 8. The contribution of the phonon mode to the thermal
conductivity of MoS; at ambient and high pressures at 300 K. (a) The
contribution along the in-plane direction. 1-3 modes refer to the
acoustic modes, 4-6 are the low-frequency optical modes, and others
are the high-frequency modes. The inset is the cumulative ther-
mal conductivity along the in-plane direction. (b) The contribution
along the out-of-plane direction. The inset is the cumulative thermal
conductivity along the out-of-plane direction. (c), (d) The phonon
mode contribution as a function of pressure along the in-plane and
out-of-plane directions, respectively.

complicatedly interwoven with acoustic phonons. This in-
terweaving enlarges phonon scattering due to additional
channels, leading to the enhancement of the contribution of
the optical phonons in thermal transport.

As the pressure is increased, for in-plane thermal con-
ductivity «,,, the contribution of the low-frequency optical
phonons decreases [Fig. 8(c)]. This contribution increases
for «,;, as shown in Fig. 8(d). The reduced contribution in
Kyxy 18 due to the weakening of the coupling between the
acoustic and optical branches along I'-M under pressure (see
Fig. 6). The rising contribution in «,, mainly depends on the
significant enhancement of out-of-plane phonon velocity with
pressure.

To further understand the thermal conductivity and the
underlying mechanism of the contribution of low-frequency
optical phonons in MoS,, we have analyzed the frequency-
dependent phonon group velocities, lifetimes, and Griineisen
parameters, shown in Figs. 9(a)-9(c). The frequency de-
pendence of the group velocities are displayed in different
colors to distinguish the acoustic, low-frequency, and high-
frequency optical phonons in Fig. 9(a). The low-frequency
optical phonons have very large group velocities, which even
exceed the contribution from the acoustic ones. The phonon
lifetimes of the low-frequency optical phonons are compa-
rable to those of the acoustic ones, which is much longer
than those of high-frequency phonons, as shown in Fig. 9(b).
The two synergistic factors make the low-frequency opti-
cal phonons unprecedented large contribution to the thermal
conductivity.
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FIG. 9. (a) Group velocity, (b) phonon lifetimes, (c) frequency-
dependent mode Griineisen parameters, and (d) weighted phase
space of MoS, at 300 K.

Figure 9(c) displays the mode Griineisen parameters with
frequency. The values of low-frequency phonons are much
larger than those of the high-frequency ones, which also
agrees with our experiments. The large mode Griineisen pa-
rameters are related to the anharmonic scattering of phonons.
In addition, according to the previous work, the weighted
phase space (W) can evaluate the anharmonicity [27]. The
results of our weighted phase space values are plotted in
Fig. 9(d). The blue (red) curve exhibits the absorption (emis-
sion) processes in the three-phonon scattering process. The
anharmonicity of the low-frequency phonons is stronger, con-
sistent with the large Griineisen parameters compared with
that of the high-frequency ones.

It is worth pointing out that our results have manifested
that, besides the acoustic phonons, the optical phonons play
a non-negligible role in the thermal transport of MoS,. If the
optical phonons are not considered, the phonon-phonon scat-
tering will reduce due to the reduction of complicity, which
will undoubtedly overestimate the thermal conductivity. The
combined effect of optical-phonon and acoustic-phonon scat-
tering suppresses the thermal conductivity.

The discovered large contribution from the low-frequency
optical phonon modes to the total lattice thermal conductivity
in MoS; is important in understanding the thermal transport,
not only in the 2H MoS; system itself, but also for the de-
vice developments and material design. Currently, MoS, is
being examined in the applications in quantum information
and quantum computing. It finds potential technological ap-
plications as nanoscale drum for quantum information storage
[58], as well as energy storage [59]. Meanwhile, it may also
be used to transmit quantum information through propagating
phonons coupled to artificial atoms [60]. The significant con-
tributions of the low-frequency phonon mode to the thermal
conductivity, and strong anisotropy of the thermal transport
upon lattice compression should be considered for the phonon
engineering, material design, and device developments.
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IV. CONCLUSIONS

We have investigated the mode-wide thermal conductivity
of the single-crystal 2H phase MoS, under high pressures as a
model material of transition-metal dichalcogenides by using a
combined approach of experiment, computations, and theoret-
ical analysis. Various experimental techniques are employed
including low-wave-number Raman experiments, diamond-
anvil cell high pressure, and transmission electron microscopy
characterization. The phonon dispersion curves are obtained
through the first-principles calculations. The thermal conduc-
tivity is predicted through the Boltzmann transport equation.
We have revealed the unprecedented large contributions
to the thermal conductivity from low-frequency phonon
modes.

We have calculated the mode Griineisen parameters of the
Ezzg, Ezlg, and A, modes. We have observed that the Griineisen
parameter of the low-frequency optical mode E22g (below the
phonon band gap) is an order of magnitude larger than those of
the high-frequency modes (above the phonon band gap). First-
principles calculations reveal that the low-frequency optical
phonons have a large contribution (o, = 47%) to the in-plane

thermal conductivity, which is comparable to the contribution
from the acoustic phonons and continuously maintains up
to 20 GPa. This unprecedented large contribution from the
low-frequency optical mode is due to the two unique char-
acteristics of the low-frequency optical phonons: large group
velocities and long lifetime, which are comparable to those
of the acoustic counterparts. The strong anharmonic effect
between the acoustic and optical phonons affects the contri-
bution of thermal conductivity. Our work might be helpful in
material design, phonon engineering, and heat management.
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