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Crystal symmetry plays a critical role in thermal transport in solids. One example is mirror symmetry in
monolayer graphene that promotes thermal transport by forbidding certain phonon scattering channels. Here, we
show an interesting counterexample in monolayer Ta,CS, that inversion symmetry breaking can abnormally
enhance lattice thermal conductivity of two-dimensional (2D) functionalized MXenes based on the phonon
Boltzmann transport theory combined with first-principles calculations. We find inversion symmetry breaking
not only affects scattering channels but also redistributes the charge and changes the anharmonic phonon
properties. Both atomic vibrations in real space and phonon scattering rates in the reciprocal space confirm the
significantly reduced lattice anharmonicity in an asymmetric Ta,CS, sheet, leading to substantially enhanced
thermal conductivity after inversion symmetry breaking. The physical origin for the variation of anharmonic
properties induced by symmetry is discussed in detail. In this paper, we provide insight into the complex role of
symmetry on thermal transport in 2D functionalized MXenes.
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I. INTRODUCTION

In the past several decades, thermoelectric devices have
attracted great attention because of their high potential in
many areas including power generators, cooling devices, and
sensors [1-5]. Thermoelectric materials can directly convert
thermal energy into electrical energy and vice versa through
the flow of charge carriers in solid state [6-8]. The ther-
moelectric performance of the material is evaluated by the
dimensionless figure of merit ZT = aSzT//c, where o, S, «,
and T correspond to the electrical conductivity, the Seebeck
coefficient, thermal conductivity, and the absolute tempera-
ture, respectively. ZT can thus be enhanced by increasing the
power factor (S%0) and/or by reducing the thermal conduc-
tivity, but the complex interdependency of power factor and
thermal conductivity makes it challenging to enhance the ZT
value [9].

Recent experimental and theoretical results confirm that
reduction of thermal conductivity can be achieved by several
mechanisms. Nanostructuring, such as embedded nanopar-
ticles, boundaries, and superlattices, can effectively reduce
thermal conductivity by enhancing the phonon scattering rates
[10-15]. Resonant scatterings such as cage structures and pil-
lared nanostructures can also significantly reduce the thermal
conductivity by increasing the number of scattering channels
[16-20]. Increasing the complexity of the crystal or forming
alloy is also effective for the reduction of thermal conductivity
by breaking mode degeneracy and thus increasing the phonon
scattering channels [21-24]. The abovementioned methods
require either disrupting the periodicity of the crystal or
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changing the lattice structure or the types of atoms. How-
ever, disrupting the lattice periodicity can also jeopardize the
stability of the system, and the synthesis of stable complex
crystals is also difficult in the experiment. Therefore, it is
highly desirable to achieve tunable thermal conductivity of
simple crystals without disrupting the lattice structure.
Authors of previous studies have shown that the symmetry
and the functional atom sites in crystals have a strong im-
pact on the electrical [25,26], magnetic [27,28], and optical
properties [29,30]. Additionally, the selection rule of phonon
scattering in two-dimensional (2D) materials such as graphene
[31] depends strongly on the mirror symmetry. More impor-
tantly, the atom sites can also affect the charge distribution
of atoms and the interaction between different phonon modes
[32,33]. The effects of symmetry and atom sites are mainly on
the higher-order phonon scatterings, which allows for the reg-
ulation of thermal conductivity via anharmonic interactions.
Ferroelectric materials are systems with spontaneous sym-
metry breaking, which is characterized by the ordered electric
polarization. Due to the impact of symmetry on thermal con-
ductivity, the response of ferroelectric materials to external
electric fields makes it possible to dynamically control the
thermal transport. Transition metal carbides, carbonitrides,
and nitrides (MXenes) have a general formula [34] of M, 11X,
(n = 1-3), where M represents a transition metal element
(such as Sc, Ti, Hf, Nb, Ta, or Mo, among others), and X
is carbon and/or nitrogen. The ferroelectricity in MXenes
has been realized by surface functionalization. A variety of
functional groups, such as O, OH, F, Cl, and S, can be
utilized in experiment to functionalize the surface of MX-
enes [35-37]. Some MXene structures exhibit semiconducting
behavior with a small bandgap [37,38], such as Nb,CS,
and Ta,CS,. This suggests that these functionalized MXenes
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would be good candidates for thermoelectric applications.
Furthermore, unlike most ferroelectric materials, the highly
symmetrically functionalized MXenes also have a minimum
potential energy. Additionally, the energy difference between
the high- and low-symmetry phases is small, which indicates
a first-order nonpolar-polar structural phase transition and the
possible coexistence of the high- and low-symmetry phases.
This provides a promising platform to study the influence of
symmetry and atom sites [38,39].

In this paper, we study the lattice thermal conductivity of
the ferroelectric material Ta,CS, with both symmetric and
asymmetric phases based on the Peierls-Boltzmann transport
equation. It is found that thermal conductivity of asymmet-
ric Ta,CS, is much higher than that of symmetric Ta,CS,,
which is in sharp contrast to the role of symmetry in typ-
ical 2D materials such as graphene. The detailed analysis
reveals that the lower stability and stronger coupling between
phonon branches in symmetric Ta,CS, lead to the stronger
anharmonic scattering strength, leading to a lower thermal
conductivity.

The rest of the paper is organized as follows. The com-
putational methodology is described in Sec. II. In Sec. III,
we present the thermal conductivity results of symmetric
Ta,CS, and asymmetric Ta;CS,. The anharmonic properties
are systematically investigated to explore the origin for the
observed difference in thermal conductivity. The conclusions
are summarized in Sec. I'V.

II. COMPUTATIONAL METHODS

The first-principles calculations based on density func-
tional theory were carried out with the Vienna Ab initio
Simulation Package (VASP) [40,41]. The exchange-correlation
of valence electrons was described by generalized gradient
approximation of the Perdew-Burke-Ernzerhof type [42]. The
cutoff energy for plane waves was set to 600 eV, and the first
Brillouin zone of all structures was sampled with a 15 x 15 x
1 k-point grid centered on the I" point [43]. A large vacuum
layer of 15 A was included to separate the interaction in the
vertical direction. The dipole correction along the vertical
direction was also applied in our calculation since there exists
a net dipole in the ferroelectric system [44]. The structures
were completely relaxed until the maximum force acting on
the atoms and the energy of the entire system converged to
1 x10*eVA~"and 1 x 1077 eV, respectively. The ab initio
molecular dynamics (AIMD) simulations were performed for
10 ps in the canonical (NVT) ensemble with a time step of
1 fs, and the Nosé-Hoover method was applied to control the
temperature.

The harmonic (2ND) and the third-order (3RD) anhar-
monic interatomic force constants (IFCs) were computed
by the finite displacement method as implemented in the
PHONOPY code [45] and the SHENGBTE code [46], respectively.
A 4 x 4 x 1 supercell with a 3 x 3 x 1 k-mesh for sampling
is used to obtain the harmonic and anharmonic IFCs. More
details can be found in our previous works [47-49].

In the linearized phonon Boltzmann transport equation
(BTE), the lattice thermal conductivity is calculated as

o 1 o
kP = TNV Xk:f}?(fxo + 1) (haoWES, (D)

where kg, T, 11, V, and N are the Boltzmann constant, absolute
temperature, reduced Planck’s constant, the volume of the unit
cell, and the total number of q points uniformly spaced in
the Brillouin zone, respectively. Here, w; denotes the phonon
frequency of wave vector ¢ with a branch index A. Here, v{
represents the component of the group velocity along the «
direction, and ff is the Bose-Einstein distribution function for

the phonon population. Here, F/\ﬂ can be expressed as
Ef =) + Af), )

where 1) is the phonon lifetime of phonon mode A as ob-
tained from perturbation theory, and Af is a correction term
obtained by the fully iterative solution of the BTE. The total
scattering rate is the sum of the isotope scattering rate and the
anharmonic scattering rate 0 = 0 . The anharmonic

Tiso,n

three-phonon scattering process 1s the dominating scattering
mechanism in pristine crystals, and the resulting phonon life-
time can be calculated based on the Fermi golden rule as

1
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where F;MM and I';, , represent the scattering rates for the
absorbing and emitting three-phonon scattering processes, re-
spectively. The phonon scattering rates are given by
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The Vﬁl ;, are the scattering matrix elements given by [50]
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where CDD‘ﬂ ¥ is the 3RD anharmonic IFCs, i, j, and k are

the atomlc indices; m is the atomic mass; and ef{" is the ath
component of the phonon eigenvector on the atom. A cutoff
distance up to the seventh nearest neighbor is used to ensure
the convergence of thermal conductivity. The stopping crite-
rion for the iteration process is that the relative change in the
calculated thermal conductivity tensor is <107>.

III. RESULTS AND DISCUSSION

The primitive cells of the asymmetric and symmetric
Ta,CS, sheets are shown in Fig. 1. For asymmetric Ta,CS,,
one S atom is above the Ta atom, while another S atom
is above the C atom, causing inversion symmetry breaking.
After structure optimization, the lattice constant of symmet-
ric Ta,CS, monolayer is a = b = 3.260 A anditisa=b=
3.242 A in asymmetric Ta,CS,. The space group of symmetric
Ta,CS; is P-3m1 (164), while that of asymmetric Ta,CS; is
P3m1 (156). Due to the lack of inversion symmetry, there are
different bond types of Ta-S and Ta-C in asymmetric Ta,CS,
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FIG. 1. (a) The side and top views of asymmetric Ta,CS, and (b)
symmetric Ta,CS,. The black dotted line represents the position of
the S atom. In asymmetric Ta,CS,, one S atom is located above the
C atom, and another is above the Ta atom (dot lines). All S atoms are
located above the Ta atom for symmetric Ta,CS,.

[see Fig. 1(a)]. Although the corresponding bond lengths of
asymmetric Ta,CS, are almost the same as that of symmetric
Ta,CS,, the stabilities and vibrational and thermal properties
have significant differences due to symmetry breaking and the
existence of the net dipole.

The polarization switching process via the displacement of
the S atom is calculated by the nudged elastic band (NEB)
method [51], as shown in Fig. 2(a). Asymmetric Ta,CS; has
slightly lower energy than symmetric Ta,CS,, which means
asymmetric Ta,;CS, is more stable. The potential barrier be-
tween symmetric and asymmetric Ta,CS; is 1.28 eV, and the
deep potential well results in the coexistence of symmetric
Ta,CS, and asymmetric Ta,CS,, which is different from the
common ferroelectric materials.

To further verify the stability, the phonon dispersions
along the high-symmetry path of these two monolayers are
calculated. Long-range electrostatic interactions (nonanalyt-
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FIG. 2. (a) Nudged elastic band (NEB) calculations of asymmet-
ric Ta,CS, and symmetric Ta,CS,. The electron localization function
(ELF) is also shown. The high charge localization region appears
between Ta and S atoms in asymmetric Ta,CS, as indicated by
the red arrows, and the P on both sides represents the direction of
polarization. (b) Phonon dispersion and phonon density of states
(PDOS) of asymmetric Ta,CS, and (c¢) symmetric Ta,CS,. The in-
sert images show longitudinal acoustic (LA)-transverse optical (TO)
hybridization of asymmetric and symmetric Ta,CS,.
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FIG. 3. (a) The evolution of the average energy per atom of
the ab initio molecular dynamics (AIMD) at 800 K for symmetric
Ta,CS, and (b) symmetric Ta,CS,.

ical correction) are included by using the Born effective
charges and the dielectric tensor calculated by VASP, and the
phonon frequencies at various g-points are calculated using
the method in Ref. [52]. As shown in Figs. 2(b) and 2(c), there
is no negative frequency in the phonon dispersion for both
structures, which is consistent with the literature result [38]
and confirms the thermodynamic stability of the structures.

In symmetric Ta,CS,, the longitudinal optical (LO) and
transverse optical (TO) modes are degenerate at the I" point
[Fig. 2(c)], indicating the absence of the net dipole and long-
range Coulomb interactions. In contrast, there is a splitting
between the LO and TO modes at the I point in asymmet-
ric Ta,CS, [Fig. 2(b)] due to the presence of dipole-dipole
interactions in ferroelectrics, which is related to the charge
localization between the Ta-S atoms on one side of the asym-
metric Ta,CS, as indicated by the red arrow in Fig. 2(a). In
both structures, the in-plane longitudinal acoustic (LA) mode
and the transverse acoustic (TA) mode exhibit a linear dis-
persion around the I" point, whereas the out-of-plane acoustic
(flexural acoustic, or ZA) mode has a quadratic dispersion
in the long wavelength limit, which is the characteristic of
monolayer material.

Compared with asymmetric Ta;CS,, the TO branch away
from the I" point in symmetric Ta,CS, is softened, especially
at the K point [see the blue circle region in Fig. 2(c)]. The TO
branch is highly related to the phase transition in ferroelectric
materials, which will be discussed later in detail. In addition,
the phonon density of states (PDOS) of two structures are
also shown in the right panel of Figs. 2(b) and 2(c). In both
structures, the optical branches in the high-frequency region
are mainly contributed by carbon atoms, the optical branches
in the intermediate-frequency region are mainly contributed
by sulfur atoms, and the optical or acoustic branches in the
low-frequency region are mainly contributed by Ta atoms.
Due to the large atomic mass difference and weak interac-
tion, the PDOS spectrum for different kinds of atoms shows
almost no overlap. The decoupling of atomic vibrations and
the unequal contribution of phonons to thermal transport at
different frequencies provide avenues to regulate the thermal
conductivity by adjusting the harmonic/anharmonic phonon
properties. Moreover, we have also performed AIMD simula-
tions for both structures and verified that both structures are
thermally stable even at 800 K, as shown in Fig. 3.

After confirming the stability of these two structures, the
lattice thermal conductivity of two monolayer structures is
calculated by using the iterative solution of BTE. By testing
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FIG. 4. (a) The convergence test of the thermal conductivity for
asymmetric Ta,CS, and symmetric Ta,CS, at 300 K. (b) Thermal
conductivity of asymmetric Ta,CS, (solid square) and symmetric
Ta,CS,; (solid circle). A hypothetical case (empty triangle) using the
harmonic (2ND) interatomic force constants (IFCs) of asymmetric
Ta,CS,, and the anharmonic (3RD) IFCs of symmetric Ta,CS, are
also shown for comparison.

the convergence of the thermal conductivity with respect to
the Q-grid, as shown in Fig. 4(a), a dense Q-grid size of
120 x 120 x 1 is used for the rest of this paper. Moreover,
our calculation results further reveal that both structures are
isotropic and have the same thermal conductivity in two in-
plane directions.

Surprisingly, our simulation results reveal the thermal con-
ductivity of symmetric Ta,CS; is significantly lower than that
of asymmetric Ta,CS, at various temperatures, as shown in
Fig. 4(b). For instance, the thermal conductivity of asymmet-
ric Ta,CS; is ~168 Wm~' K~! at 200 K, while it is only
23Wm~! K~! in symmetric Ta,CS, at the same temperature,
showing more than sevenfold enhancement after inversion
symmetry breaking. This result is not consistent with previ-
ous findings on symmetry [31,53,54]. In general, the thermal
conductivity of 2D materials with a high-symmetry phase is
usually higher than that of the low-symmetry phase. This is
because the high-symmetry phase will cause the band de-
generacy and forbid certain phonon scattering channels. Such
symmetry breaking will remove the constraints to the phonon
scattering process, opening some scattering channels and thus
suppressing the thermal transport, such as the skew graphene
[54] and Janus asymmetry structures [55].

Due to the quite similar phonon dispersion between asym-
metric and symmetric Ta,CS, sheets (Fig. 2), we have verified
in our calculations that there is no substantial difference be-
tween these two structures in the harmonic properties, such
as the phonon group velocity and the phase space for three-
phonon scatterings. Therefore, we speculate the change of
symmetry and atom sites mainly results in the variation of
anharmonic phonon scattering strength and then affects the
thermal conductivity. To test our conjecture, we construct a
hypothetical case in which we only replace the 3RD IFCs
of asymmetric Ta,CS, with the counterpart of symmetric
Ta,CS, and repeat the thermal conductivity calculation. As
shown in Fig. 4(b), the thermal conductivity of this hypothet-
ical case (empty triangle) is almost identical to the thermal
conductivity of symmetric Ta,CS, (solid circle), indicating
that the anharmonic properties play a dominant role in deter-
mining the thermal conductivity of Ta,CS,.

The degree of anharmonicity can be directly manifested
by the magnitude of atomic deviation from the equilibrium
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FIG. 5. Probability distributions of the Ta,/Tay atom of (a) and
(c) asymmetric Ta,CS, and (b) and (d) symmetric Ta,CS, at 300 K.
Compared with symmetric Ta,CS,, Ta atoms in asymmetric Ta,CS,
are more likely to appear near the equilibrium position, indicating a
weaker anharmonic effect in asymmetric Ta,CS,. Comparison of en-
semble averaged displacement between asymmetric and symmetric
Ta,CS, for (e) the Ta, atom and (f) the Taq atom.

position in real space at finite temperatures. Since the thermal
conductivity of Ta,;CS, is mainly contributed by the acoustic
branches in low frequencies that originate from Ta atoms (see
PDOS in Fig. 2), we focus here on the probability distribution
of Ta atoms in the x-y plane at 300 K, with the origin of the x-y
plane denoting the equilibrium position. As shown in Fig. 5,
the probability of Ta atoms in asymmetric Ta,CS, appearing
near the equilibrium position is significantly higher than that
of symmetric Ta,CS,. Moreover, the ensemble averaged dis-
placement of Ta atoms in asymmetric Ta;CS, is smaller than
that of symmetric Ta,CS,, and the difference becomes larger
with increasing temperature, as shown in Figs. 5(e) and 5(f).
The enlarged displacement of Ta atoms in symmetric Ta,CS;
intuitively confirms that symmetric Ta;CS, has a stronger
anharmonicity.

To further quantitatively compare the difference in anhar-
monicity between symmetric and asymmetric Ta,CS; sheets,
we calculate the anharmonic phonon scattering rates of acous-
tic branches in the reciprocal space. As shown in Fig. 6, we
find that the anharmonic phonon scattering rates in symmetric
Ta,CS; (filled symbols) are more than one order of magni-
tude higher than that in asymmetric Ta;CS; (empty symbols),
especially for low-frequency phonons. Therefore, both the
lattice vibration in the real space and the phonon properties
in the reciprocal space confirm that symmetric Ta,CS, has
a stronger lattice anharmonicity than asymmetric Ta,CS,,
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FIG. 6. Anharmonic scattering rates in symmetric Ta,CS, (filled
symbols) and asymmetric Ta,CS, (empty symbols). The strong XY-
Z hybridization causes a large anharmonic scattering rate in the
shadowed region.

which causes a stronger phonon scattering and thus a lower
thermal conductivity in symmetric Ta,CS,.

Exploring the variation of the charge distribution and the
origin of the dipole moment will be helpful for the under-
standing of anharmonic properties in Ta,CS;. The inversion
symmetry breaking makes the Ta/S atoms in asymmet-
ric Ta;CS; no longer equivalent. This inversion symmetry
breaking will change the charge distribution in Ta/S atoms,
resulting in the variation of anharmonic properties. In this
regard, we have calculated the Bader charge following
Refs. [56,57] for Ta and S atoms both in symmetric and
asymmetric Ta,CS;. As listed in Table I, the Bader charge
of Ta, /S, is the same as Tay/Sq in symmetric Ta,CS,, while
there is a distinct difference in asymmetric Ta,CS,. This
unbalanced charge distribution in asymmetric Ta,CS, also
results in the different bond lengths for Ta,-C and Tay-C
bonds, as contrasted with the equal bond lengths in symmet-
ric Ta,CS, (Table I), which is consistent with the interlayer
sliding model in 2D ferroelectric materials [58].

To study the effect of charge redistribution on atom vibra-
tions, we calculate the normalized traces of 2ND IFCs defined
as [59]

o 20
|Tr(2ND IFCs)| = ’—

>
, 7
>, @

where ®g* represents the 2ND IFCs in the o direction be-
tween the origin atom (u{) and the ith neighboring atom (u").
When i = 0, it represents the self-interaction 2ND IFCs, and
the distance is defined as d = |r? —1Y|. The trace of 2ND
IFCs quantifies the bonding stiffness and allows us to compare
the interatomic interaction ranges in different structures and
different bonding stiffness by normalizing the trace of 2ND
IFCs.

The normalized traces of 2ND IFCs for Ta atoms vs the
interaction distance are shown in Fig. 7. Corresponding to
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FIG. 7. Normalized traces of harmonic (2ND) interatomic force
constants (IFCs) for Ta atoms in (a) asymmetric Ta,CS, and (b)
symmetric Ta,CS,.

their crystal symmetry, the normalized trace of 2ND IFCs
of Ta atoms in symmetric Ta,CS, is the same, while the
normalized trace of 2ND IFCs of Ta atoms in asymmetric
Ta,CS, is different. Surprisingly, the nonnegligible 2ND IFCs
of Ta atoms can exist at a distance as long as 9 A in symmetric
Ta,CS;. In contrast, the convergence radius of 2ND IFCs of
Ta atoms in asymmetric Ta,CS, is ~6 A. This result suggests
that the inversion symmetry breaking and the redistribution of
charge in asymmetric Ta,CS, cause the interatomic forces to
converge at a shorter distance, so asymmetric Ta,CS, has a
stronger stability and harmonicity. In other words, the inver-
sion symmetry breaking and the dipole in asymmetric Ta,CS,
make the system more stable and lead to the enhancement
of lattice thermal conductivity compared with the symmetric
case. Although the inversion symmetry of symmetric Ta;CS;
limits the phonon scattering, this factor does not play a domi-
nant role due to the high-anharmonic scattering rates.

The above discussion reveals that the charge redistribution
in real space is the physical origin for the change of the
interatomic interactions, which further leads to the variation
of harmonic/anharmonic properties. One notable example is
the softening of the TO branch in symmetric Ta;CS,, which
indicates a lower stability [60,61]. The softened TO branch
in ferroelectric materials is a particular normal mode of the
crystal lattice, which exhibits a redshift in its characteristic
frequency as the nonpolar-polar transition is approached. As
shown in Fig. 2(c), the TO branch of symmetric Ta,CS, is
softened throughout the Brillouin zone and becomes more
dispersive, especially around the K point [see the blue circle
region in Fig. 2(c)], which represents the lower stability and
stronger anharmonicity in symmetric Ta, CS,.

Another interesting feature is the emergence of local re-
gions with high scattering rates in Fig. 6, especially for
symmetric Ta,CS, ~3.5 THz (shadowed region in Fig. 6).
This phenomenon is related to the LA-TO hybridization in the
phonon dispersion of symmetric Ta,CS;, which is indicated
by the dashed circle region in the inset of Fig. 2(b). Previous
works found the anticrossing phenomenon can reduce thermal

TABLE I. The charge transfer and atomic bond lengths for symmetric and asymmetric Ta,CS,.

Type Ta, (e7) Tag (e7) C(e) Su (e7) Sq (e7) Ta,-C bond length (A) Tag-C bond length (A)
Symmetric +1.80 +1.80 -1.92 —0.84 —0.84 2.225 2.225
Asymmetric +1.66 +1.86 —1.90 —-0.79 —0.83 2252 2.194
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FIG. 8. Phonon band structures for the Z direction vibrations of
the Ta,/Ta, atom in (a) and (c) asymmetric Ta,CS, and (b) and (d)
symmetric Ta,CS,. The color represents the proportion of vibrations
in the Z direction of the Ta atoms.

conductivity by increasing the scattering matrix elements
[62]. Although the anticrossing phenomenon also appears in
asymmetric Ta,CS,, the negligible gap indicates a relatively
weak hybridization between the LA and TO branches, cor-
responding to a lower peak in the same shadowed region in
Fig. 6. Therefore, the different LA-TO coupling strength leads
to the significantly different anharmonic scattering rates in
this local region, which further enlarges the contrast in the
anharmonic properties between symmetric and asymmetric
Ta2CSQ.

To examine the degree of mode hybridization in the entire
Brillouin zone, we finally calculate for each phonon mode the
projection to the Z direction as [33]

F(Z,Kk, i, A) = lex,(i, Z)1%, ®)

where i is the atom index for the Ta atom, and ek (i, Z)
is the eigenvector of the atom i along the Z direction for
phonon mode (k, ). Figure 8 shows the weighted phonon
dispersion, in which the color represents the value of projec-
tion function F(Z, k, i, 1). Obviously, the XY-Z hybridization
(colored region) not only appears at the position of the LA-
TO anticrossing but also exists in a wide range of other
branches for both symmetric and asymmetric Ta,CS,, due to
the nonorthogonality of Ta-S bonds. This XY-Z hybridization
phenomenon has also been reported in other 2D materials
such as functionalized graphene and MoS; [33,63]. Moreover,
the low-frequency TA phonons (dashed region ~2-3 THz in
Fig. 8) in the asymmetric Ta,CS, are purely in in-plane mode,
while the same region in symmetric Ta,CS, exhibits an obvi-
ous XY-Z hybridization. This result suggests that the inversion
symmetry breaking leads to a weaker coupling between the in-
plane and out-of-plane phonons, which is consistent with the
weaker lattice anharmonicity observed in the lattice vibration
(Fig. 5) and phonon scattering rate (Fig. 6).

Finally, we briefly discuss the experimental prospects
of symmetric and asymmetric Ta,CS; structures. There are
literature works on the synthesis and applications of func-
tionalized MXenes, especially for the symmetric phase of
functionalized MXenes, which have demonstrated their sta-
bility and experimental availability [64—66]. Although the
asymmetric phase of functionalized MXenes has not been
prepared experimentally so far, many theoretical works have
predicted this asymmetric phase and verified its stability
[38,67,68]. Moreover, the tunable ferroelectricity in MX-
enes by surface functionalization has also been demonstrated
in experiment [69]. Furthermore, compared with symmetric
Ta,CS,, the asymmetric Ta,CS, structure has a lower energy
according to our calculation, which suggests that the experi-
mental synthesis of the asymmetric phase is feasible.

IV. CONCLUSIONS

We have investigated the thermal transport properties of
two kinds of sulfur-functionalized Ta,C with different sym-
metries by using the phonon Boltzmann transport theory
combined with first-principles calculations. In sharp contrast
with the mirror symmetry rule in graphene that promotes ther-
mal transport, the thermal conductivity of asymmetric Ta,CS;
is much higher than that of symmetric Ta,CS;. The variations
of atomic position and symmetry have a strong impact on
the anharmonic properties, which is reflected by the softened
TO branch and the larger amplitude of atomic vibrations in
symmetric Ta,CS, compared with the asymmetric counter-
part. The inversion symmetry breaking in Ta,CS, reduces the
phonon anharmonic scattering strength by one order of mag-
nitude and weakens the XY-Z hybridization, which ultimately
gives rise to a higher thermal conductivity in asymmetric
Ta,CS,. By analyzing the Bader charge, bond lengths, and
the trace of 2ND IFCs, we confirm that variation of interlayer
spacing between Ta-C redistributes the charge and induces
the out-of-plane polarization. The rearrangement of charge in
Ta atoms is the physical origin for the observed difference
in anharmonic properties between symmetric and asymmetric
Ta,CS,. The huge difference in thermal conductivity between
nonpolar-polar Ta,CS, might have a potential application as
a thermal switch. In this paper, we provide insight into role
of symmetry on the thermal transport in 2D functionalized
MXenes.
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