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SPECIAL TOPIC — Heat conduction and its related interdisciplinary areas
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Grasping the underlying mechanisms behind the low lattice thermal conductivity of materials is essential for the
efficient design and development of high-performance thermoelectric materials and thermal barrier coating materials. In
this paper, we present a first-principles calculations of the phonon transport properties of Janus Pb,PAs and Pb,SbAs
monolayers. Both materials possess low lattice thermal conductivity, at least two orders of magnitude lower than graphene
and h-BN. The room temperature thermal conductivity of PbySbAs (0.91 W/mK) is only a quarter of that of PbyPAs
(3.88 W/mK). We analyze in depth the bonding, lattice dynamics, and phonon mode level information of these materials.
Ultimately, it is determined that the synergistic effect of low group velocity due to weak bonding and strong phonon
anharmonicity is the fundamental cause of the intrinsic low thermal conductivity in these Janus structures. Relative regular
residual analysis further indicates that the four-phonon processes are limited in Pb, PAs and Pb, SbAs, and the three-phonon
scattering is sufficient to describe their anharmonicity. In this study, the thermal transport properties of Janus PbyPAs and
Pb,SbAs monolayers are illuminated based on fundamental physical mechanisms, and the low lattice thermal conductivity
endows them with the potential applications in the field of thermal barriers and thermoelectrics.

Keywords: lattice thermal conductivity, weak bonding, phonon anharmonicity, first principles calculations

PACS: 65.40.-b, 63.20.kg, 63.20.Ry, 63.20.dk

1. Introduction

Materials with low lattice thermal conductivity (ki ) have
received much attention for their potential applications in
thermal barrier coatings,!!?! thermoelectrics,*~°! and efficient
thermal management. Meanwhile, the thermal transport in
semiconductors is mainly controlled by phonon transport,
which makes the regulation of lattice thermal conductivity
crucial. Up to today, applying external fields (force, elec-
tric, magnetic),"*! doping,'%! alloying,!'!! and constructing
superlattices!!?! are popular strategies to reduce the ki . In ad-
dition, finding materials with inherently low ki, will make reg-
ulation more efficient and further contribute to its application
in fields such as thermoelectrics. Over the past few decades,
considerable progress has been made in understanding the un-
derlying mechanisms of various compounds with low thermal
conductivity.['>17] For example, the low ki in ordered crys-
talline chalcogenides (CuzSbSes, CuszSbSes, and CuSbSe;),
cage structure (ZnsSbsz and EugGai6Gesp), and lead chalco-
genide with rocksalt structure (SnTe, BipyTes, Bi, and Sb)
originates from the strong anharmonicity due to the lone-pair
electrons,'# rattling atoms,!'>1%! and resonant bonding,!'”!

respectively. Since the strong phonon—phonon interactions can
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produce intrinsically low ki while maintaining carrier mobil-
ity, the inherent strong anharmonicity of materials also plays a
key role in the exploration of high-performance thermoelectric
devices.

The study of phonon transport in two-dimensional
(2D) materials is one of the hottest topics in materials
science and condensed matter physics over the last two
decades.!'823 Unfortunately, certain classical 2D materials,
e.g., graphene,?1:231 h-BN, 1?4231 and MoS, 29281 face signif-
icant constraints in their application as thermoelectric mate-
rials due to their elevated thermal conductivity. The group
IV-V layered material M>X, (M = Si, Ge, Sn, Pb; X = P,
As, Sb, Bi) is mainly characterized by two stable configura-
tions with space groups of C2/m and P-6m2 (mostly semi-
conductor materials).[?*-33 Benefiting from the weaker inter-
layer van der Waals interactions, two-dimensional sheets of
SizAsy, Ge,P,, and Gey Asy with C2/m phases are experimen-
tally prepared.>!-33] Thereafter, it has inspired several theoret-
ical studies about monolayer M, X, (C2/m).34-3"1 However, in
recent years, there appears to be a heightened research focuses
on the monolayer P-6m2 phase M>X>, primarily due to its ap-
pealing optical, thermoelectric, and distinctive Mexican-hat-

30,3841

shaped electronic energy band properties.| I Moreover,
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more interesting behaviors are found in this Janus structure
where the mirror symmetry is broken. For example, Wu et
al. demonstrated the remarkable piezoelectric properties of
monolayers of Janus X>PAs (X = Si, Ge, and Sn).[42] He and
Liu et al. concluded that Janus X, PAs possesses superior pho-
tocatalytic performance with high carrier mobility.*3** Liu
and Touski et al. found an interesting Rashba effect and Lif-
shitz transition in Janus PA>As (A = Si, Ge, Sn, and Pb),
XSnyY, and SirXY (X,Y =P, As, Sb, and Bi; X # Y).[447]
However, up to now, it is still unclear how these specific Janus
structures will affect their phonon transport behavior.

Motivated by the above statement, taking the Janus
PbyXAs (X = P, Sb, and Bi) monolayers as examples, we
systematically investigate the thermal transport properties by
means of first-principles calculations combined with Boltz-
mann transport theory. The calculations show that Pb,PAs and
Pb,SbAs monolayers possess low lattice thermal conductivity.
By the bonding and lattice dynamics analysis, we find that the
strong phonon anharmonicity and the weak bond strength are
the underlying mechanisms resulting in low ki, in Pb,PAs and
Pb,SbAs monolayers. The rest of the paper is organized as fol-
lows. In the next section, we give computational details about
the phonon transport calculations. The third section shows the
phonon transport properties of Pb, PAs and Pb, SbAs monolay-
ers and the underlying physical mechanisms. Finally, we give
the conclusion in the fourth section.

2. Computational details

In this work, the first-principles calculations are imple-
mented in the Vienna ab initio simulation package (VASP). 48]
The Perdew—Burke—Ernzerhof (PBE) generalized function of
generalized gradient approximation (GGA) is used as the ex-
change correlation potential.[*”) The wave functions are ex-
panded in plane wave basis with the kinetic energy cutoff of
520 eV, and the k-mesh of 15 x 15 x 1 is used to sample the
Brillouin zone (BZ), with the energy convergence threshold
setting as 107 eV. A large vacuum region is set as 15 A
to avoid the interactions between the monolayer and its mir-
rors induced by the periodic boundary conditions. The lattice
constants and coordinates of all atoms are fully optimized un-
til the maximum residual stress is less than 107> eV/A. The
harmonic approximation (HA) second-order interatomic force
constants (2nd IFCs) and phonon dispersion are obtained by
the ALAMODE package®%>!l via utilizing a finite displace-
ment approach (0.02 A) with a supercell of 5 x 5 x 1, where the
k-mesh is changed to 2 x 2 x 1. It is worth noting that consider-
ing the special quadratic dispersion phenomenon present in the
out-of-plane (ZA) mode of 2D materials, the 2nd IFCs in this

5.152] Compressive

paper are imposed with rotational sum rule
sensing lattice dynamics (CSLD),>3-331 a method for achiev-

ing accelerated and accurate capture of higher-order IFCs,

is used to obtain third-order anharmonic IFCs (3rd IFCs).
Specifically, we perform a 5000-step ab initio molecular dy-
namics (AIMD) simulation at 300 K with a 4 x 4 x 1 super-
cell (single I'-point is used to sample the BZ). The AIMD
simulations are performed using 1-fs time step and NVT en-
semble (vibrations in the out-of-plane direction are fixed).
We then sample 100 snapshot structures by skipping the first
1000 steps in the trajectories, using a frequency of 40 steps.
Subsequently, to reduce the correlation between these atomic
structures, every atom of the 100 snapshots is displaced by
0.1 A along a random direction. Finally, we perform accurate
static density functional theory calculations using a 3 x 3 x 1
k-mesh to obtain the corresponding displacement and force
datasets, thereby further fitting by the least absolute shrinkage
and selection operator (LASSO) technique to obtain the 3rd
IFCs. Once we obtain the 2nd IFCs and 3rd IFCs, by utilizing
the iterative solution method implemented in the ShengBTE
software,°® the lattice thermal conductivity (ki) and phonon
mode level information could be calculated via solving the
phonon Boltzmann transport equation

KLa = Y. CaVigThas (1)
A

where A is the phonon mode index containing both phonon
branch and wave vector, C; represents the mode heat capac-
ity, v, and T, , are the phonon group velocity and phonon
lifetime along o lattice direction, respectively. The conver-
gence of the lattice thermal conductivity is rigorously tested
and the results are provided in Fig. 1. Ultimately, the 9th near-
est neighbor atoms are used as interaction cutoff radius of 3rd
IFCs and 71 x 71 x 1 N-grid is chosen to calculate the con-
vergent phonon information for Pb,XAs monolayers. Mean-
while, the effective thickness of 9.50 (9.72) A is used to correct
the thermal conductivity of the PbyPAs (Pb,SbAs) monolayer.
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Fig. 1. (a) Third-order force constant interaction cutoff and (b) N-grid
convergence tests for thermal conductivity of PbyPAs and Pb,SbAs.

3. Results and discussion

As shown in the top view of Fig. 2(a), the Janus Pby X As
(X =P, Sb, and Bi) monolayers exhibit a hexagonal honey-
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comb structure similar to graphene. The difference in the out-
ermost atoms results in the breaking of the mirror symme-
try inherent in the D3, symmetry group possessed by PbyX>
(X =P, As, Sb, Bi), leading to the formation of the Janus struc-
ture with the C3, symmetry group. The optimized structural
parameters are listed in Table 1, where a and b represent lattice
constants, L represents X—Pb bond length, L, represents As—
Pb bond length, L3 represents Pb—Pb bond length, and AL rep-
resents the average bond length. Starting from the optimized
geometry, the phonon spectrum of three Janus structures is ob-
tained based on the finite displacement method. As shown
in Figs. 1(b)-1(d), phonon dispersion curves with imaginary
frequencies are absent in the Pb,PAs and Pb,SbAs monolay-
ers. However, the Pb,BiAs monolayer possesses very obvious

@ o
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Fig. 2. (a) The top and side views of lattice structure of Janus Pby X As (X

density of states of (b) PbyPAs, (c) PbaSbAs, and (d) PbyBiAs.

In order to quantify the bonding strength of these ma-
terials, we calculate their integrated crystal orbital Hamil-
ton population (ICOHP). Here, the ICOHP is calculated from
the wave function file from VASP via using the LOBSTER
package,[%?! the strength of chemical bonds as a function of
individual bonds can be easily quantified by the ICOHP val-
ues. In general, the smaller the absolute value of ICOHP, the
weaker the chemical bond. As shown in Table 1, the average
ICOHP (AICOHP) values of Pb,PAs and Pb,SbAs are —3.39
and —3.15, respectively, possessing significantly smaller neg-
ative values than those of graphene (—10.40)1% and h-BN
(—8.98).5%1 Just as we analyzed above, the severely limited
phonon vibrational frequencies in Pb,PAs and PbySbAs orig-

imaginary frequencies, which implies that Pb,BiAs is dynam-
ically unstable. Therefore, the PbyBiAs is excluded from the
subsequent discussion. The cutoff frequencies of the optical
phonon modes of Pb,PAs and PbySbAs are significantly lower
than those of graphene,®”*8 h-BN,[?*1 and other classical
2D materials.[°%01] Such behavior is usually due to weaker
bonding.

Table 1. Calculated a and b for the lattice parameter of Janus Pby X As
monolayers.

a=b@A) L (A) Ly (A) L3 (A) AL (A) AICOHP (eV)

Pb,PAs  4.18 269 274 305 276 —3.39
Pb,SbAs 439 292 281 305 290 -3.15
Pb,BiAs  4.31 3.04 279 312 294 —2.79
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=P, Sb, and Bi) monolayers. Phonon dispersion curves and projected

inate from weak bonding. Furthermore, to further understand
the atomic contribution of the phonon branches, we plot the
phonon projection density of states (PDOS) for each system.
As shown in Fig. 2(b), one can find that the low-frequency
phonon branch is mainly contributed by the heavy atom Pb
in PbyPAs, while the high-frequency region is mainly con-
tributed by the relatively light P and As atoms. Due to the
large mass differences among all three Pb, P, and As atoms,
two obvious phonon band gaps appear. In Pb,SbAs, only
one phonon band gap is observed and the band gap value
decreases (see Fig. 2(c)). This phenomenon mainly stems
from the presence of Sb atoms, which leads to the reduction
of the mass difference between the atoms. Both in PbyPAs
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and Pb,SbAs, the acoustic and low-frequency optical phonons
are entangled, leading to the absence of acoustic—optical band
gap. The disappearance of acoustic—optical band gap suggests
strong acoustic—optical coupling interactions, which could en-
hance the phonon—phonon scattering. Weak bonding as well
as potentially strong phonon scattering often leads to a sig-
nificant suppression of the thermal transport of the material,
as can be insighted from many previous works.>%-63:641 More-
over, we calculated the electronic band structure of PbyPAs
and Pb,SbAs by using the HSE06 function.[>] Pb,PAs and
Pb,SbAs both exhibit semiconducting characteristics, and the
band gaps are 0.71 eV and 0.08 eV, respectively. Notably, the
electronic properties of PbyPAs are studied in detail by Liu et
al., calculating its band gap value as 0.72 eV.[*] Our results
align with their study, confirming the reliability of our calcu-

lations.
—4-Pb,PAs
-~ Pb,SbAs
10}
)
g
~
2 o
[
g
0.1

0 200 400 600 800
Temperature (K)

1000

Fig. 3. Lattice thermal conductivity (ki) of Pb,PAs and Pb, AsSb at dif-
ferent temperatures.
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Fig. 4. Normalized cumulative lattice thermal conductivity (ki) at 300 K

as a function of phonon mean free path (MFP) for Pb,PAs and Pby AsSb.
In Fig. 3, we depict the lattice thermal conductivity (ki)
of PbyPAs and Pb,SbAs as a function of temperature. Both
materials have poor thermal transport properties, and their
thermal conductivity is at least two orders of magnitude lower
than that of graphene and h-BN. The room temperature ther-
mal conductivity of PbySbAs (0.91 W/mK) is only a quarter
of that of PbyPAs (3.88 W/mK). Moreover, the thermal con-
ductivity decreases monotonically with temperature. This is a
common phenomenon in most materials due to the enhance-
ment of phonon—phonon scattering. We also further discuss

the size effect on phonon transport in these two materials. The
normalized cumulative ki values with respect to the phonon
mean free path (MFP) are shown in Fig. 4. The size reduction
can further reduce the sample thermal conductivity. When the
size is reduced to 46 nm (8 nm), the thermal conductivity of
Pb,PAs (PbySbAs) is reduced to half of the original. This pro-
vides some simple insights into the thermal transport of these
materials on the micro-nano scale.

In order to reveal the origin of the low thermal conductiv-
ity of these Janus structures, phonon mode information includ-
ing phonon group velocity (v) and lifetime (7) are systemat-
ically investigated. Since Vv is proportional to \/IW , where
K and M are respectively the bond strength and the atomic
mass, low V is also expected in materials with weak chemical
bonds and large atomic masses. As shown in Fig. 5(a), both
PbyPAs and Pb,SbAs exhibit very low v values (< 3 km/s),
and the latter is overall lower than the former. Therefore, the
low v is one of the key factors contributing to the low lattice
thermal conductivity of these two Janus materials. Phonon
lifetime (7) constitutes another pivotal factor that affects ther-
mal conductivity. We further plot the 7 of the two materi-
als in Fig. 5(b), which is derived from the reciprocal of the
phonon scattering rate. Evidently, both Pb,SbAs and Pb,PAs
exhibit short 7, which implies strong anharmonic scattering.
Moreover, PbySbAs possesses shorter 7 than that of PbyPAs,
consistent with its exhibited thermal transport behavior. Con-
sequently, the low lattice thermal conductivity of Pb,PAs and
Pb,SbAs originates from the synergistic effect of low group
velocity and short phonon lifetime.

3 (a) u Pb,PAs 1000
O Pb,SbAs 4100 &
= ol 2
L0213 410 o
g £
= 11 =
A 1 ?g
{01 3
0 0.01
6} 41500
L4 11000 =
=
- 4500
o 2
o —— ()

8 0 2 4 6 8
Frequency (THz)

0 2 4 6
Frequency (THz)

Fig. 5. Modal comparison of (a) group velocity (Vv), (b) phonon life-
time (7), (c) three-phonon scattering phase space (P3), and (d) squared
Griineisen parameter ('yz) for PbyPAs and Pb, AsSb.

It is well known that scattering phase space (scattering
probability) and phonon anharmonicity (scattering intensity)
are the primary underlying mechanisms affecting phonon life-
time. Larger scattering phase space and anharmonicity lead
to smaller phonon lifetime. Combining Figs. 5(c) and 5(d),
one can find that the three-phonon scattering phase space (P3)
of PbySbAs is only slightly larger than the P; of Pb,PAs, but
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the squared Griineisen parameter (y*; quantifying the mag-
nitude of phonon anharmonicity) of Pb,SbAs is much larger
than that of Pb,PSb. Consequently, the major reason for the
smaller phonon lifetime of Pb,SbAs compared to PbyPAs is
its stronger phonon anharmonicity. To further demonstrate
the reliability of our results, we calculate the potential energy
changes of the non-equivalent atoms of Pb,PAs and Pb,SbAs
when they vibrate in different directions. As can be seen from
Figs. 6(a) and 6(b), the fitted potential energy curves of each
atom exhibit pronounced asymmetry when they make small
vibrations along the direction of bond formation and out-of-
plane direction based on the equilibrium position. This phe-
nomenon implies that the system has strong anharmonicity, the
magnitude of which can be reflected by the third-order term
coefficients C. In Fig. 6(c), the absolute values of the fitted
normalized anharmonic parameters (|C|) are compared for the
non-equivalent atoms of Pby,PAs and Pb,SbAs. It is clear that
the |C| value of Sb_bf (Sb atoms vibrating along the direction
of bond formation) is not significantly different from that of
P_bf, but the |C| value of Sb_out (Sb atoms vibrating in the out-
of-plane direction) is significantly larger than those of P_out
when Sb atoms are substituted for P atoms in Pb,PAs. The
stronger phonon anharmonicity in PbySbAs is further demon-
strated. In other words, the low lattice thermal conductivity of
Pb,PAs and Pb,SbAs originates from the synergistic effect of
strong phonon anharmonicity and low group velocity.
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Fig. 6. Potential energy change of non-equivalent atoms for (a) PbyPAs
and (b) Pb,SbAs in different directions. (c) Comparison of fitted normal-
ized anharmonic parameters (|C|) of non-equivalent atoms for Pb,PAs
and Pb,SbAs.

The above discussion about anharmonicity only considers
the three-phonon scattering process as such, while the more

complex four-phonon scattering is not considered. This is
mainly due to the fact that four-phonon scattering is often
negligible compared to three-phonon scattering for most ma-
terials. Moreover, the computation of the Boltzmann trans-
port equation containing four-phonon scattering using first-
principles is quite time-consuming. To avoid huge compu-
tational costs, the relative regular residuals (RRR) are used
in this paper to investigate the anharmonic effects of differ-
ent atomic vibrations.[!3->76%.671 When the four-phonon anhar-
monicity is small enough, the RRR exhibits the shape of “~”
or “«~”. Otherwise, it has a “W” or “M” shape. As shown
in Fig. S1, we plot the relative regular residuals of nonequiv-
alent atoms for Pb,PAs and Pb,SbAs along different direc-
tions. Apparently, four-phonon scattering is not dominant in
Pb,PAs and Pb,SbAs. Therefore, we speculate that the ther-
mal transport in these systems may be only slightly suppressed
after considering four-phonon. That is to say, the four-phonon
processes are limited in Pb,PAs and Pb,SbAs, and the three-
phonon scattering is sufficient to describe their anharmonicity.

4. Conclusion

We have systematically investigated the thermal transport
properties of Janus Pb,PAs and Pb,SbAs monolayers by us-
ing the first-principles calculations combined with the Boltz-
mann transport equation. Both materials have poor thermal
transport properties, and their thermal conductivity is at least
two orders of magnitude lower than that of graphene and h-
BN. The room temperature thermal conductivity of PbySbAs
(0.91 W/mK) is only a quarter of that of Pb PAs (3.88 W/mK).
Further studies reveal that the synergistic effect of low group
velocity due to weak bonding and strong phonon anharmonic-
ity is the fundamental cause of the intrinsic low thermal con-
ductivity in these Janus structures. Furthermore, in order to
reveal the underlying mechanism of the phenomenon that the
thermal conductivity of PbySbAs is much smaller than that of
Pb,PAs, we compare the scattering phase space and Griineisen
parameter of these materials. It is found that phonon anhar-
monicity, as reflected by the Griineisen parameter, is the main
factor causing this phenomenon. We obtain energy versus dis-
placement curves based on varying the atomic displacements
and quantify the deviations from the harmonic approxima-
tion, further confirming the anharmonic variation of Pb,PAs
and PbySbAs. Relative regular residual analysis further indi-
cates that the four-phonon processes are limited in Pb, PAs and
Pb,SbAs, and the three-phonon scattering is sufficient to de-
scribe their anharmonicity. The finding presented in this work
could shed light on the thermal transport properties of Janus
Pb,PAs and Pb,SbAs monolayers, and the low lattice thermal
conductivity endows the potential applications in the field of
thermal barriers and thermoelectrics.
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