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We investigate the ballistic thermal transport of monolayer transition-metal dichalcogenides

(TMDs), which is crucial for the thermal management of their potential applications in nanoelec-

tronics. We find the thermal conductance is mainly affected by the atomic masses of TMDs. As a

consequence, the temperature dependences of thermal conductances of different TMDs cross: At

low temperatures below �50 K, the thermal conductance increases with the atomic mass, while it

exhibits the opposite trend at high temperatures. The crossing behavior of temperature dependent

thermal conductance is characteristic of the atomic mass effect, and TMDs provide a model system

demonstrating that the thermal conductance can be effectively manipulated via the atomic mass by

selecting appropriate atom. In addition, we clarify that in any two dimensional system such as

monolayer TMDs and graphene, due to quadratic dispersion of the out-of-plane modes, the thermal

conductance and specific heat in the low temperature limit are proportional to T3=2 and T, respec-

tively. Mainly because of much smaller group velocities of in-plane acoustic phonons, the high

temperature thermal conductances of monolayer TMDs are much smaller than graphene. However,

due to comparable group velocities of out-of-plane acoustic phonons, below 100 K thermal conduc-

tances of monolayer TMDs are rather comparable to graphene if taking the same layer thickness

for comparison. VC 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4942451]

The monolayer transition-metal dichalcogenides (TMDs)

open up great opportunities for the applications of two

dimensional (2D) materials1 in transistor,2–4 photodetec-

tors,5–7 and electroluminescence and photoluminescence

devices.8–10 In these devices, the thermal conductivity deter-

mines the efficiency of heat dissipation, which is crucial for

the device performance and reliability. Based on first-

principles calculations,11 one of the authors and coworkers

have showed the room temperature thermal conductivity of

monolayer MoS2 is larger than 83 W m�1 K�1 for 1 lm sam-

ple, which has been confirmed by latter experiments12,13 and

calculations.14 When the size of sample is much smaller than

the mean free paths, phonons can conduct heat without being

scattered, known as ballistic regime.15–17 The results on

large samples demonstrate that at room temperature phonon

mean free paths of TMDs can be hundreds of nano-

meters.11,14 Therefore, the ballistic transport occurs in TMDs

devices with lengths of tens of nanometers or less. For

instance, for MoS2, the ballistic transport can persist up to

30 nm at room temperature14 and up to larger lengths at

lower temperatures. Despite the great significance and rele-

vance in thermal management of devices based on these 2D

materials, the systematic investigation of ballistic thermal

conductance of monolayer TMDs is still lacking.

In this work, the ballistic thermal conductance and specific

heat of monolayer MoS2, WS2, MoSe2, and WSe2 are studied

from the first-principles calculation. We reveal that the ballistic

thermal conductance is mainly affected by the atomic masses

of TMDs, leading to characteristic crossing of the temperature

dependent conductances, and demonstrating the thermal con-

ductance can be effectively manipulated via the atomic mass.

Additionally, the difference in thermal conductance between

monolayer TMDs and graphene is also elucidated.

The interatomic force constants (IFCs) of monolayer

TMDs are obtained by using Vienna Ab-initio Simulation

Package (VASP)18 with projector augmented wave (PAW)

pseudopotentials19 and local density approximation (LDA) to

the exchange-correlation functional20 and Phonopy21 based on

the real-space supercell approach.22 The geometry relaxation

is done for the unit cell with a 12� 12� 1 grids of k and a

vacuum space along c-axis is fixed to 20 Å to eliminate the

interaction arising from periodic boundary condition calcula-

tion. A 6� 6� 1 supercell with 2� 2� 1 k sampling is used

for IFCs calculation. We notice that as the raw IFCs do not

satisfy all symmetries, the out-of-plane acoustic (ZA) branch

around the C point is linear rather than theoretically quadratic,

as can be found in previous first-principles calculations on 2D

systems.14,23–34 Here, the IFCs are further symmetrized using

a just developed “by construction” approach,35 correctly giv-

ing quadratic phonon dispersion for ZA modes, ensuring the

accuracy of calculation especially at low temperatures. For

the calculations of thermal conductance and specific heat, a

1200� 1200� 1 meshes of q is used to guarantee the conver-

gence down to 1 K.

Once the phonon dispersion is obtained, the ballistic

thermal conductance can be calculated as36,37

r Tð Þ ¼ 1

NV

X
p;q

@f

@T
�hxp;qð Þ

jvx
p;qj
2

; (1)

where the phonon mode is labeled by the branch index p and

wavevector q. xp;q is the angular frequency and vx
p;q is the
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group velocity along the x direction, in which the thermal con-

ductance is investigated. �h is the reduced Planck’s constant

and f is the equilibrium Bose-Einstein distribution. N is the

number of uniformly spaced q points in the Brillouin zone,

and V is the volume of unit cell. Since V is not a well-defined

quantity in 2D system, for convenience, a constant thickness

H¼ 6.033 Å is applied to all monolayer TMDs, which is equal

to the layer separation in bulk MoS2.11 Although r(T) depends

on the transport direction x, we find the anisotropy of r(T) in

monolayer TMDs is smaller than 0.7%, in agreement with the

small anisotropy for graphene;38 therefore, r(T) can be con-

sidered as isotropic in monolayer TMDs. Note that the specific

heat per unit volume cV (T), which is closely related to r(T),

can be obtained from the right-hand side of Eq. (1) by exclud-

ing the factor of
jvx

p;qj
2

.22,39,40

The calculated lattice constants of monolayer MoS2,

WS2, MoSe2, and WSe2 are 3.118 Å, 3.126 Å, 3.244 Å, and

3.249 Å, respectively, in good agreement with experimental

data41–44 and other calculations.11,14,24 The calculated pho-

non dispersions are plotted in Fig. 1(a). It can be seen that

these phonon dispersions exhibit similar shapes, and the rela-

tive differences in optical phonons are on average larger than

those in acoustic phonons. Note that quadratic dispersions

are obtained for the ZA branch around C point, in contrast to

the other calculations.14,23–34 The phonon dispersion is

mainly determined by the harmonic IFCs and the atomic

mass. Figure 1(a) indicates the compounds with larger

atomic masses have smaller phonon frequencies. We find

that the difference in the phonon dispersion, especially for

the low frequency phonons, is actually dominated by the

atomic mass difference. As can be seen in Fig. 1(b), if artifi-

cially changing the atomic mass of Se to that of S, and the

mass of W to that of Mo, the phonon dispersion of WS2,

MoSe2 and WSe2 become very close to that of MoS2.

Specifically, in the case that only the cation differs, the

remaining discrepancy between MoS2 and WS2 or between

MoSe2 and WSe2 is smaller than 7% for both acoustic and

optical phonons. In the case that the anion differs, i.e.,

MoS2 vs MoSe2 or WS2 vs WSe2, the remaining difference

for optical phonons is still below 8%, but for acoustic pho-

nons, the difference is up to a maximum of 20% at some q.

However, comparing with the differences in the original

phonon dispersions, as shown in Fig. 1(a), these discrepan-

cies resulting from factors other than the atomic mass are

rather insignificant. This means the harmonic IFCs have

good transferability among these systems, especially when

only the cation differs. The larger discrepancy found in the

case that the anion differs can be attributed to the larger lat-

tice mismatch.45

Despite the fact that the phonon dispersion obeys D6h

point group symmetry, the zone-center acoustic phonons are

nearly isotropic. As an example, the q dependence of the fre-

quencies around C point of monolayer MoS2 are plotted in

Fig. 2. It is evident that at short wavevector the frequencies

are independent of the polar angle h of q, while there exists a

p/3 periodicity at large wavevector, as clearly shown in Fig.

2(d). Then, the zone-center phonons can be well described

with x¼ vTA/LA q for in-plane transverse acoustic (TA) and

longitudinal acoustic (LA) branches, and x¼ aZA q2 for the

ZA branch, where vTA/LA and aZA are independent of the

direction of q. The calculated values of vTA/LA and aZA of

monolayer TMDs are listed in Table I, clearly showing that

they decrease with increasing atomic mass. Although the

masses of the two constituent elements are not uniformly

scaled in different compounds, the change of zone-center

acoustic phonons depends on the total atomic mass. Since

the change of the phonon dispersion is dominated by the

change of atomic mass, vTA/LA and aZA approximately scale

as 1=
ffiffiffiffiffiffiffiffi
Muc

p
, where Muc denotes the relative atomic mass in

the unit cell. As can be seen in Fig. 1(a), the influence of

atomic mass on optical phonons can be even larger than the

change of 1=
ffiffiffiffiffiffiffiffi
Muc

p
.

FIG. 1. (a) Calculated phonon disper-

sions of monolayer MoS2, WS2, MoSe2,

and WSe2. (b) Calculated phonon disper-

sions with the atomic masses of W and

Se replaced with those of Mo and S,

respectively.
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Figure 3 presents the temperature dependences of r and

cV for monolayer MoS2, WS2, MoSe2, and WSe2. The temper-

ature dependences of r and cV result from the mode specific

heat capacity @f
@T �hxp;qÞ
�

. At high temperatures, all phonon

modes are effectively excited, and the mode specific heat

capacity approaches to the classic limit kB. Therefore, at high

temperatures, both r and cV become constant. The constant cV

only depends on the volume of the unit cell. As the lattice

constants and volumes are quite similar, the constant cV is

nearly the same for all monolayer TMDs systems. Comparing

to cV, the r is additionally affected by the group velocity. Due

to the fact that compounds with smaller atomic masses tend to

have larger group velocities on average, r at high temperature

are larger in those compounds with smaller atomic mass.

In the low temperature limit, only phonons with �hx < kBT
are well excited and contribute to r and cV. Therefore, r and cV

decrease with decreasing temperature. The low frequency

acoustic phonons determine the low temperature limit. Since

low frequency acoustic phonons are isotropic, r and cV in the

low temperature limit can be derived analytically

rlow Tð Þ ¼
ð1

0

@f

@T
�hxð Þq xð Þ 2

p
jv xð Þj

2
dx; (2)

and

clow
V Tð Þ ¼

ð1
0

@f

@T
�hxð Þq xð Þdx; (3)

where 2
p in Eq. (2) results from the angular average of veloc-

ity, and q is the phonon density of state per unit volume. The

infinite upper limit means the integral can be applied to all

phonons as the upper limit contributing to r and cV is auto-

matically determined by the temperature related @f
@T �hxÞð . For

TA branch and LA branch, x¼ vTA/LA q, and thus,

qðxÞ ¼ x
2pHv2

TA=LA

, then the contribution from TA branch and

LA branch to the thermal conductance is

rlow
TA=LA Tð Þ ¼ g1k3

B

2p2�h2H

T2

vTA=LA

; (4)

with g1 ¼
Ð1

0
x3ex=ðex � 1Þ2dx ’ 7:21, where x ¼ �hx=kBT.

The contribution from TA branch and LA branch to the spe-

cific heat is

clow
V;TA=LA Tð Þ ¼ g1k3

B

2p�h2H

T2

v2
TA=LA

: (5)

The rlow
TA=LA and clow

V;TA=LA have the same T2 dependence, and

differ by a factor of 1
pvTA=LA

. For ZA branch, x¼ aZA q2, and

thus, qðxÞ ¼ 1
4pHaZA

; vðxÞ ¼ 2
ffiffiffiffiffiffiffiffiffiffiffi
aZAx
p

, then the contribution

from ZA branch to the thermal conductance is

rlow
ZA Tð Þ ¼ g2k

5=2
B

2p2�h3=2H

T3=2ffiffiffiffiffiffiffiffi
aZA
p ; (6)

with g2 ¼
Ð1

0
x5=2ex=ðex � 1Þ2dx ’ 4:46.36 The contribution

from ZA branch to the specific heat is

clow
V;ZA Tð Þ ¼ g3k2

B

4p�hH

T

aZA

; (7)

with g3 ¼
Ð1

0
x2ex=ðex � 1Þ2dx ’ 3:29.

FIG. 2. The frequency distribution of (a) ZA, (b) TA and (c) LA of mono-

layer MoS2 depending on q, in unit of 2p/a with a being the lattice constant.

(d) The angular dependence of the frequency at q¼ 0.1 and q¼ 0.3.

TABLE I. The relevant qualities of monolayer TMDs and graphene. The rela-

tive atomic mass Muc and lattice constant a (Å) of unit cell. vLA (103 m/s), vTA

(103 m/s), and aZA (10�7 m2/s) characterizing the low frequency phonon disper-

sions. The low temperature thermal conductance and specific heat contributed

from TAþLA branches rlow
TAþLA (105W m�2 K�3), clow

V;TAþLA (103 J m�3 K�3),

and from ZA branch rlow
ZA (105W m�2 K�5=2), clow

V;ZA (103 J m�3 K�2).

MoS2 WS2 MoSe2 WSe2 Graphene

Muc 160.1 248.0 253.9 341.8 24.02

a 3.118 3.126 3.244 3.249 2.468

vLA 6.84 5.73 5.20 4.66 21.7

vTA 4.05 3.41 3.10 2.80 11.1

AZA 6.34 5.39 5.31 4.85 5.53

rlow
TAþLA 0.563 T2 0.670 T2 0.738 T2 0.819 T2 0.352 T2

rlow
ZA 3.075 T3=2 3.335 T3=2 3.360 T3=2 3.516 T3=2 5.930 T3=2

clow
V;TAþLA 0.037 T2 0.052 T2 0.064 T2 0.078 T2 0.008 T2

clow
V;ZA 1.237 T 1.455 T 1.477 T 1.617 T 2.554 T

FIG. 3. The thermal conductance of monolayer TMDs and graphene as a

function of temperature. The inset shows the specific heat.
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The clow
V;ZA has a linear T dependence, in contrast to the

T2 dependence for TA and LA modes. The reason is that the

temperature dependence of clow
V is related to q(x). For ZA

modes, the quadratic dispersion results in constant q(x),

then the number of excited modes as well as clow
V;ZA linearly

depends on T. However, for TA and LA modes, due to the

linear dependence of q(x) on x, clow
V;TA=LA has T2 dependence.

Furthermore, because the average velocity of the excited ZA

phonons also depend on
ffiffiffiffi
x
p

, providing an extra T1=2 de-

pendence in the thermal conductance, rlow
ZA has T3=2 depend-

ence. Similarly, the constant velocities of TA and LA modes

have no extra T influence, giving the same T2 dependence for

rlow
TA=LA as clow

V;TA=LA. The clow
V has the same correlation with

vTA/LA or aZA as q does. The lower vTA/LA or aZA, the larger

q and clow
V . Considering that vTA/LA and aZA approximately

scale as 1=
ffiffiffiffiffiffiffiffi
Muc

p
, the clow

V increases with Muc, indicating the

TMDs with larger atomic mass have larger clow
V , which can

be seen in Fig. 3. Because rlow explicitly depends on the ve-

locity [see Eqs. (1) and (2)], the atomic mass dependence of

rlow is weakened. The rlow
TA=LA is proportional to

ffiffiffiffiffiffiffiffi
Muc

p
, and

rlow
ZA is proportional to M1=4

uc . In short, both clow
v and rlow

increase with larger atomic mass. Furthermore, the atomic

mass has a stronger influence on clow
V and rlow for the TA and

LA modes than for the ZA modes.

Substituting the calculated values of aZA, vTA, and vLA

into Eqs. (4)–(7), the low temperature asymptotic behaviors

of rlow and clow
V are obtained. For instance, those for mono-

layer MoS2 are shown in Figs. 4(a) and 4(b), in agreement

with the direct calculation. The contribution to rlow and clow
V

from TA and LA branches surpasses the contribution from

the ZA branch above 30 K, and the thermal conductance and

specific heat evidently deviates from �T3=2 and T depend-

ence, respectively. The low temperature asymptotic values

for all monolayer TMDs are listed in Table I.

It is interesting to compare monolayer TMDs with gra-

phene. The “by construction” approach is also imposed on

the IFCs of graphene to ensure the quadratic dispersion for

ZA branch, and a thickness of 3.35 Å is used, which corre-

sponds to the layer separation of graphite.36 The r and cV of

graphene are also plotted in Fig. 3 for comparison. For low

temperatures, the results can be found in Figs. 4(c) and 4(d)

and are also listed in Table I. The calculated results are well

consistent with previous studies.36,38,40,46,47 The high tem-

perature cV of graphene is larger than that for monolayer

TMDs by a factor of �2, which is simply the difference of

the volume per atom. For graphene, vTA ’ 11.1� 103 m/s

and vLA ’ 21.7� 103 m/s, respectively, which are about 3–5

times larger than that of monolayer TMDs. Mainly due to

much larger group velocities of TA and LA branches and

partially because of smaller volume per atom, the high tem-

perature r of graphene is larger than that of monolayer

TMDs by almost one order of magnitude. On the contrary, at

low temperatures, the larger vTA and vLA cause rlow
TA=LA and

clow
V;TA=LA of graphene to be several times smaller even though

a smaller thickness H is used for graphene. Meanwhile, in

graphene, aZA ’ 5.53� 10�7 m2/s, which is close to the val-

ues of monolayer TMDs. As a result, the low temperature

clow
V;ZA and rlow

ZA of graphene are larger than those of TMDs

mainly because of the smaller thickness. Due to the domi-

nance of ZA branch, the low temperature clow
V and rlow of

graphene is larger. If taking the same H for graphene and

TMDs, rlow and clow
V of these systems are then very compara-

ble below 100 K. Much smaller contribution from TA branch

and LA branch and larger contribution from ZA branch in

graphene cause the ZA branch to dominate up to higher tem-

perature than those for monolayer TMDs, as can be seen

from Figs. 4(c) and 4(d).

As revealed above, the thermal conductance increases

with atomic mass at low temperatures below �50 K, while it

decreases with atomic mass at high temperatures. As a con-

sequence, the temperature dependent thermal conductance

crosses at some intermediate temperature. This crossing

behavior of temperature dependent thermal conductance is a

FIG. 4. The low temperature asymp-

totic behavior of thermal conductance

and specific heat for monolayer MoS2

and graphene using Eqs. (4)–(7). The

symbols are the direct calculations in

consistence with Fig. 3.
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signature of the thermal conductance being influenced by

atomic mass. Ideal systems of studying the effect of atomic

mass on thermal conductance can be elements composed of

pure but different isotopes. Then, only the mass is different,

and the phonon dispersion is exactly scaled based on the

mass difference of isotopes. As an example, we can consider

isotopically pure graphene composed of 12C and 13C individ-

ually. In the low temperature limit, the r(12C)/r(13C) isffiffiffiffiffiffiffiffiffiffiffiffiffi
12=134

p
¼ 0:98, while it is

ffiffiffiffiffiffiffiffiffiffiffiffiffi
13=12

p
¼ 1:04 at high tempera-

tures. Due to the small mass difference between isotopes, the

effect is quite weak. Moreover, the isotopically pure samples

are not easily accessible.48 Our results demonstrate that

TMDs provide a model system for studying the effect of

atomic mass on the thermal conductance.

In summary, we have revealed that the thermal conduct-

ance and specific heat of monolayer TMDs are dominantly

affected by the atomic mass. The thermal conductance

increases with the atomic mass at low temperatures below

�50 K, while decreasing with atomic mass at high tempera-

tures. The crossing of the temperature dependent thermal

conductance is characteristic of the atomic mass effect, and

TMDs provide a model system demonstrating this effect and

evidencing that the thermal conductance can be effectively

manipulated via the atomic mass by selecting appropriate

atom. We have also clarified that due to quadratic dispersion

of the ZA branch, the thermal conductance and specific heat

in the low temperature limit are proportional to T3=2 and T,

respectively, in any two dimensional systems. Mainly

because of much smaller group velocities of TA and LA pho-

nons, the high temperature thermal conductances of mono-

layer TMDs are much smaller than that of graphene.

However, due to comparable group velocities of ZA pho-

nons, at temperatures below 100 K, thermal conductances of

TMDs are rather comparable to graphene by using the same

thickness.
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