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ABSTRACT: Materials with an intrinsic (ultra)low lattice thermal
conductivity (kL) are critically important for the development of
efficient energy conversion devices. In the present work, we have
investigated microscopic origins of low kL behavior in BaO, BaS, and
MgTe by exploring lattice dynamics and phonon transport of 16
isostructural MX (M = Mg, Ca, Sr, and Ba and X = O, S, Se, and Te)
compounds in the rocksalt (NaCl)-type structure. Anomalous trends are
observed for kL in MX (M = Mg, Ca, Sr, and Ba and X = O, S, Se, and
Te) compounds except for the MgX (X = O, S, Se, and Te) series in
contrast to the expected trend from their atomic mass. The underlying
mechanisms for such low kL behavior in large mismatch atomic mass
systems, namely, BaO, BaS, and MgTe, are thoroughly analyzed. We
propose the following factors that might be responsible for low kL
behavior in these materials: (1) high mass contrast provides a phonon
gap between the acoustic and optic branches; (2) softening of transverse acoustic (TA) phonon modes due to the presence of heavy
element; (3) low-lying optic (LLO) phonon modes fall into the acoustic mode region and are responsible for softening of the
acoustic phonon modes or enhancing the overlap between LLO (TO) and longitudinal acoustic (LA) phonon modes, thereby
increasing scattering rates; (4) shorter phonon lifetimes; and (5) a relatively high density (ρ) and a large Grüneisen parameter (γ)
leads to strong anharmonicity. Moreover, tensile strain causes a further reduction in kL for BaO, BaS, and MgTe through phonon
softening and near ferroelectric instability. Our comprehensive study on 16 binary MX (M = Mg, Ca, Sr, and Ba and X = O, S, Se,
and Te) compounds provides a pathway for designing (ultra)low kL materials through phonon engineering even with simple crystal
systems.

KEYWORDS: finite temperature lattice dynamics, lattice thermal conductivity, rocksalt-type, mass contrast, phonon transport,
temperature-dependent effective potential (TDEP), first-principles calculations, molecular dynamics simulations

■ INTRODUCTION

Materials with low lattice thermal conductivity (kL) have
gained tremendous interest because of their potential
applications in thermoelectrics,1,2 thermal barrier coatings,3

thermal insulation,4 and thermal energy management.
Extensive efforts have been put forward by researchers in
this direction to develop suitable materials for energy
conversion applications during the past decade. Binary
alkaline-earth chalcogenides, MX (M = Mg, Ca, Sr, and Ba
and X = O, S, Se, and Te) are simple binary systems and are
receiving considerable attention because of their possible
applications in thermoelectrics.5−7 Bulk MX and their 2D
counterparts,5−8 p-type PbTe and MTe nanocrystals,9 CaTe-
SnTe,10 heavily doped SrTe with PbTe,11,12 and BaTe-PbTe,13

are found to have excellent thermoelectric figure of merit (zT)
in the range of 0.5−1.32.7,14 In general, the conversion
efficiency is characterized by a dimensionless quantity i.e., zT =
Sσ2T/k, where k = ke + kL; S, σ, T are the Seebeck coefficient,

electrical conductivity, and absolute temperature, and ke & kL
are the electronic and lattice thermal conductivities,
respectively. The complex interdependence among these S,
σ, and k parameters makes it challenging to discover the high
zT materials. Therefore, materials with an intrinsic ultralow k
(especially kL) provide a pathway for discovering high zT
materials without degrading its charge transport.
The MX (M = Mg, Ca, Sr, and Ba and X = O, S, Se, and Te)

compounds are extensively studied from the theoretical
perspective, which mainly focused on exploring the elastic,15,16

lattice dynamics,17−20 thermodynamic,21,22 and thermoelectric
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properties5−7 at ambient and/or high-pressure conditions.
However, very limited studies have been dedicated toward
understanding the phonon transport in MgSe,23 MgTe,24 CaX
(X = O, S, Se, and Te)25 and MTe (M = Mg, Ca, Sr, Ba, and
Pb)26 compounds. Therefore, a detailed and comparative study
on phonon transport of MX (M = Mg, Ca, Sr, and Ba and X =
O, S, Se, and Te) compounds provide insights to achieve
(ultra)low kL materials through phonon engineering, which is
essential for the discovery of high zT materials. In the present
work, we shed more light on understanding lattice dynamics,
phonon transport, and mechanical properties of 16 MX (M =
Mg, Ca, Sr, and Ba and X = O, S, Se, and Te) compounds at
ambient conditions. Interestingly, we observe anomalous
trends in kL for CaX (CaS > CaO > CaSe > CaTe), SrX
(SrSe > SrO > SrS > SrTe), and BaX (BaTe > BaSe > BaS >
BaO) series. Especially, the observed anomalous27 trend in
BaX (partly in SrX and CaX25) series is in contrast to the
expected trend from their atomic mass. Overall, among 16
compounds, we found BaO, BaS, and MgTe to exhibit low kL
behavior over the studied temperature range of 300−800 K
despite their low atomic mass in the rocksalt NaCl-type (B1)
structure. The underlying mechanisms for such abnormal
trends and low kL behavior are extensively discussed through
the computed lattice dynamics, phonon lifetimes, scattering
rates, phonon group velocities at 300 K, and mechanical
properties. We have also investigated the effect of tensile strain
on the lattice dynamics and the phonon transport properties of
BaO, BaS, and MgTe compounds and discussed it in detail.
The rest of the paper is organized as follows: In the next

section, we briefly describe the computational details, the
methodology, various parameters used to perform the
computation, and the crystal structure. Results concerning
anharmonic lattice dynamics, lattice thermal conductivity, and
mechanical properties of the 16 MX (M = Mg, Ca, Sr, and Ba
and X = O, S, Se, and Te) compounds are discussed. Finally,
we propose important observations that will be helpful to
achieve (ultra)low kL in general and summarized major
outcomes of the present study.

■ COMPUTATIONAL DETAILS, METHODOLOGY,
AND CRYSTAL STRUCTURE

All the first-principles calculations have been performed using
the Vienna Ab initio Simulation Package (VASP)28 for MX (M =
Mg, Ca, Sr, and Ba and X = O, S, Se, and Te) compounds. The
exchange-correlation was treated with the PBEsol functional
and the electron−ion interactions with the pseudopotential-
based projected augmented wave (PAW) approach. We have
considered 10 and 6 valence electrons for alkaline-earth metals
(Mg, Ca, Sr, and Ba) and chalcogens (O, S, Se, and Te) as

plane wave basis orbitals, respectively. A plane wave cutoff
energy of 520 eV was used for plane wave basis set expansion
and a spacing of 2π × 0.024 Å−1 for k-mesh in the irreducible
Brillouin zone. Because MX (M = Mg, Ca, Sr, and Ba and X =
O, S, Se, and Te) compounds are polar semiconductors, Born
effective charges and dielectric constants are calculated using
density functional perturbation theory to capture dipole−
dipole interactions.
Lattice dynamics and thermal conductivity of MX (M = Mg,

Ca, Sr, and Ba and X = O, S, Se, and Te) compounds are
calculated by considering harmonic (second) and anharmonic
(third) interatomic force constants (IFCs) using the temper-
ature-dependent effective potential (TDEP)29−31 method. In
the present work, we have considered the expansion of
interatomic force constants (IFCs) up to third order and the
corresponding model Hamiltonian is given as follows:

H U
p
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u u

u u u
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2

1
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where pi and ui are the momentum and displacement of atom i,
respectively. Φij

αβ and ψijk
αβγ are second- and third-order force

constant matrices, respectively. To compute these harmonic
(second) and anharmonic (third) interatomic force constants
(IFCs), we have performed ab initio molecular dynamics
(AIMD) simulations as implemented in the VASP at 300 K.
The AIMD calculations were run for 5000 MD steps with
time-step of 1 fs (i.e., 5 ps) with 128 atoms (4 × 4 × 4)
supercell for all the investigated compounds. For second- and
third-order IFCs, interactions up to ninth nearest neighbors
were included to ensure the convergence of calculated lattice
dynamics and phonon transport properties. The temperature
was controlled with a Nose−́Hoover thermostat. The lattice
thermal conductivity is calculated by iteratively solving the full
Boltzmann transport equation (BTE), including three-phonon
and isotope scatterings from the natural distribution on a 25 ×
25 × 25 q-point grid.
The thermal conductivity tensor is given by

k dqC v v
1

(2 ) s
3 ∫∑

π
τ=αβ

λ λα λβ λβ
(2)

where Cλ is the contribution per mode λ = (s, q) to specific
heat, α and β are Cartesian components, and vβ and τβ are
phonon velocity and scattering time, respectively.
The scattering rates are calculated from a full inelastic

phonon Boltzmann equation which is given by

Figure 1. Crystal structure of BaO and electron localization function (ELF) of BaO and MgTe along the (001) plane. Light green (#1EEF2C), red
(#FE0300), thick orange (#FB7B15) and light brown (#ADA251) color balls represent Ba, O, Mg and Te atoms, respectively. The values in
parenthesis are hexadecimal color codes.
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The left-hand side represents the phonon diffusion induced by
the thermal gradient ∇T and n0λ is the equilibrium phonon
distribution function. The right-hand side corresponds to the
collision term for three-phonon interactions. vλ is the phonon
velocity in mode λ, Pλλ′λ″

+ , and Pλλ′λ″
− are three phonon

scattering rates for absorption (λ + λ′ → λ″) and emission (λ
→ λ′ + λ″) processes, respectively.
Binary alkaline-earth chalcogenides, MX (M = Mg, Ca, Sr,

and Ba and X = O, S, Se, and Te) compounds except MgSe
and MgTe crystallize in the face-centered cubic (FCC) rocksalt
NaCl (B1)-type structure (see Figure 1) having space group
Fm3̅m with Z = 4 formula units (f.u.) per unit cell at ambient
conditions.32−38 MgSe and MgTe exhibit rich polymorphism
and they crystallize in rocksalt (B1), zincblende (B3), wurtzite
(B4), and NiAs (B8)-type structures. The X-ray diffraction
measurements reveal that MgTe crystallizes in B339 and B840

structures at ambient conditions. First-principles calculations
disclose that B341 phase for MgSe and both B341 and B842−44

for MgTe are thermodynamically stable structures at ambient
conditions. Moreover, rocksalt-type B1 structure is dynamically
stable (metastable) for both MgSe and MgTe compounds.
Therefore, in the present work, we have considered B1
structure for all the MX (M = Mg, Ca, Sr, and Ba and X = O, S,
Se, and Te) compounds, which allow us to directly compare
the calculated properties among these 16 compounds under
investigation. Table S1 presents the calculated ground-state
equilibrium lattice constant for MX (M = Mg, Ca, Sr, and Ba
and X = O, S, Se, and Te) compounds in comparison with
reported X-ray diffraction measurements32−37,45−47 and
previous first-principles calculations5,7,41,48−51 and there is a
good agreement among them. In addition, we also calculated
the electron localization function (ELF) for BaO and MgTe
compounds. As shown in Figure 1, the metal cations (Mg2+,
Ba2+) donate the electrons, whereas anions (O2−, Te2−) gain
the electrons, indicating complete transfer of charge and
resulting in strong ionic bonding that is consistent with the fact
that a large electronegativity (on the pauling scale) difference
(2.55 for BaO) between Ba (0.89) and O (3.44) results in
strong ionic character. The low electronegativity difference
(0.79 for MgTe) between Mg (1.31) and Te (2.10) atoms
suggest a polar covalent bonding along with ionic bonding in

Figure 2. Calculated room-temperature phonon dispersion curves of (a) MgX, (b) CaX, (c) SrX, and (d) BaX compounds at the PBEsol
equilibrium volume, where X = O, S, Se, and Te. Phonon softening is observed with increasing atomic mass of both alkaline-earth (Mg, Ca, Sr, Ba)
and chalcogen (O, S, Se, Te) atoms.

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.1c03310
ACS Appl. Energy Mater. 2022, 5, 882−896

884

https://pubs.acs.org/doi/suppl/10.1021/acsaem.1c03310/suppl_file/ae1c03310_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c03310?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c03310?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c03310?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c03310?fig=fig2&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.1c03310?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 3. Calculated lattice thermal conductivity (kL) of (a) MgX, (b) CaX, (c) SrX, and (d) BaX compounds as a function of temperature, where
X = O, S, Se, and Te at the PBEsol equilibrium volume. Anomalous trends are predicted for kL partly in CaX (CaS > CaO > CaSe > CaTe), SrX
(SrSe > SrO > SrS > SrTe) and a completely opposite trend for BaX (BaTe > BaSe > BaS > BaO) compounds in contrast to the trends expected
from their atomic mass.

Figure 4. Calculated lattice thermal conductivity (kL) at 300 K as a function of mass ratio for MX (M = Mg, Ca, Sr, and Ba and X = O, S, Se, and
Te) compounds. The vertical line corresponds to mass ratio equal to unity, where metal and nonmetal atoms have equal atomic masses.
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Figure 5. Calculated (a) phonon dispersion curves, (b) phonon lifetimes of MgTe and BaTe as a function of frequency, (c) group velocity as a
function of frequency for MgTe, and (d) group velocity as a function of frequency for BaTe.

Table 1. Calculated Lattice Thermal Conductivity (kL, in W m−1 K−1) at 300 K for 16 MX Compounds

this work others

compd kL
a kL

Eb expt. k3ph
HA k3ph

SCPH k3,4ph
SCPH others

MgO 61.65 61.65 52c 52.1d 58.7d 50.1d

MgS 22.59 18.74
MgSe 9.8 7.55
MgTe 4.45 4.45 3.5e, 3f

CaO 29.94 24.77 30c 21.3d 25.1d 22.2d

CaS 33.66 28.39
CaSe 15.56 13.21
CaTe 10.17 8.33 3.1e, 8.5f

SrO 13.61 11.65 10c 9.0d 11.0d 9.9d

SrS 12.81 11.60
SrSe 19.36 15.8
SrTe 10.64 9.66 2.5e, 10.5f

BaO 5.63 6.76 3c 2.8d 4.4d 3.3d

BaS 6.17 6.28
BaSe 9.85 10.06
BaTe 10.14 9.84 1.9e, 10.2f

akL: calculated at the PBEsol equilibrium lattice constant bkL
E: calculated at the experimental lattice constant cRef 69. dRef 70. eRef 54. fRef 26.
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MgTe. The distinct nature of chemical bonding strongly
influences kL of these materials.

■ RESULTS AND DISCUSSION

Anharmonic Lattice Dynamics and Thermal Con-
ductivity. Exploring lattice dynamics including anharmonic
effects is crucial for understanding phonon transport in
materials. As a first step, we have computed phonon dispersion
curves (Figure 2) of MX (M = Mg, Ca, Sr, and Ba and X = O,
S, Se, and Te) compounds at 300 K and thoroughly analyzed
them. As shown in Figure 2, no imaginary frequencies are
found along high symmetry directions of the Brillouin zone,
indicating that all the investigated materials are dynamically
stable. MX (M = Mg, Ca, Sr, and Ba and X = O, S, Se, and Te)
materials consist of two atoms per primitive cell resulting in
(3N; N = number of atoms per primitive cell) six vibrational
modes, of which three are acoustic and three are optic modes.
Dipole−dipole interactions are crucial for polar materials to
describe phonon spectra correctly. These interactions are
incorporated into a dynamic matrix through calculated Born
effective charges (see Table S2) and high-frequency dielectric
constants, which in turn produces a splitting between the
longitudinal optic (LO) and transverse optic (TO) phonon
modes (Figure 2). Because of this LO-TO splitting, the three
phonon optic modes split into two degenerate TO (ωTO) and
one LO (ωLO) modes along the Γ-direction. Large LO-TO
splitting is observed in particular for MO (M = Mg, Ca, Sr, Ba)
compounds and it increases from MgO < CaO < SrO < BaO,
and it decreases from MO > MS > MSe > MTe (M = Mg, Ca,

Sr, and Ba) compounds (see Figure 2 and Tables S2 and S3).
The MX (M = Mg, Ca, Sr, and Ba and X = O, S, Se, and Te)
compounds exhibit similar phonon band features and showed a
significant phonon softening with increasing atomic mass from
Mg → Ca → Sr → Ba and O → S → Se → Te, and these
features are consistent with previous first-principles lattice
dynamics calculations.5−7,26

We then calculated lattice thermal conductivity (kL) as a
function of temperature (300−800 K) and the same is
presented in Figure 3. The obtained kL values decrease with
temperature for all 16 compounds under investigation because
of increasing anharmonicity with temperature. Usually,
materials with same crystal structure that consist of heavy
elements possess low kL compared to the ones with light
elements because of their high atomic mass. As expected, kL
decreases with increasing atomic mass of anion i.e., from MgO
→ MgS → MgSe → MgTe in MgX compounds, whereas kL
shows anomalous trends for the CaX (CaS > CaO > CaSe >
CaTe), SrX (SrSe > SrO > SrS > SrTe), and BaX (BaTe >
BaSe > BaS > BaO) series of compounds. Especially, BaX
series shows an opposite trend for kL in contrary to the
expected trend from their atomic mass. However, the above
trends are slightly altered when kL is computed at the
experimental lattice constant for SrX (SrSe > SrO ≥ SrS >
SrTe) and BaX (BaSe ≥ BaTe > BaO > BaS) compounds but
the overall trends remain more or less similar in both the cases
(see Figures 3 and Figures S1 and S2). To get insights on the
observed anomalous trends, we have plotted the obtained kL
values at 300 K as a function of mass ratio (i.e., the ratio of the

Figure 6. Calculated phonon lifetimes of (a) MgX, (b) CaX, (c) SrX, and (d) BaX compounds as a function of frequency, where X = O, S, Se, and
Te.
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atomic mass of a metal atom to the atomic mass of a nonmetal
atom) as depicted in Figure 4. Materials with high mass
contrast, i.e., either low or high mass ratios, exhibit low kL
values. For instance, MgTe, BaS, and BaO have relatively low
kL values of 4.45, 6.17, and 5.63 W m−1 K−1 with mass ratios of
0.19, 4.3, and 8.6, respectively, compared to those with mass
ratios close to unity, which are having higher kL values. For
example, BaTe has the mass ratio of 1.1 with a kL value of
10.14 W m−1 K−1, which is higher than the high mass contrast
systems, namely, BaO and MgTe. Further, to understand why
high mass contrast materials have relatively low kL values52

over the materials with mass ratio close to unity, we have
considered MgTe and BaTe compounds for the case study. As
shown in Figure 5a, MgTe has a phonon gap between acoustic
and optic phonon branches and these phonon branches span in
the frequency range of ∼0−8 THz, whereas BaTe has no
phonon gap in the whole frequency range of ∼0−4 THz
because of the mass ratio close to unity (1.1). According to
slack theory,53 if the gap between acoustic and optic phonon
branches is quite small and the optic phonon velocity is large,
then optic phonons also carry heat in crystalline materials.
Therefore, in BaTe, the optic phonons also contribute for the
heat conduction (see Figure 5d), whereas in MgTe, the
phonon gap with low TO optic phonon velocities might be an

unfavorable situation for the phonon transport (see Figure 5c).
Moreover, MgTe has shorter phonon lifetimes over BaTe in
the frequency range of ∼1−4 THz (see Figure 5b). Therefore,
low phonon propagation and shorter phonon lifetimes of
MgTe result in low kL over BaTe. This explanation is valid for
anomalous trends observed for other compounds as well (see
Figure S3 for CaO and CaS). This clearly demonstrates that
when designing low kappa materials with a combination of
heavy and light elements to have high mass contrast that
produce a finite phonon gap between acoustic-optic branches,
which is critical to achieve (ultra)low kL behavior.
We observed phonon softening from phonon dispersion

curves (see Figures 2 and 5a) in compounds with high mass
contrast. As shown in Figure 2c, d, low-lying TO modes of MO
(M = Ca, Sr, and Ba), SrS, and BaS compounds fall into the
acoustic mode region in general and in particular for BaO7 and
SrO6 compounds (see Figure 2). In addition, BaO shows an
extra phonon softening of transverse acoustic modes near L
point despite its low atomic mass compared to the rest of BaX
(X = S, Se, and Te) compounds. Among the 16 systems under
investigation, interestingly, three compounds, namely, BaO,
BaS, and MgTe with high mass contrast exhibit low kL i.e.,
below ∼6 W m−1 K−1 at 300 K. Moreover, MgTe exhibits
phonon softening of the transverse acoustic phonon modes

Figure 7. Calculated (a) phonon dispersion curves, (b) phonon scattering rates, (c) phonon lifetime, and (d) lattice thermal conductivity (kL) of
BaO, BaS, and MgTe compounds at PBEsol equilibrium volume. The obtained kL values decrease in the following order: BaS > BaO > MgTe.
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near the X and L points, although it has low atomic mass
compared to BaTe (see Figure 5a). This trend is consistent
with the previous compressive sensing lattice dynamics
(CSLD) study26 but in contrast to the phenomenological
Debye−Callaway model study54 on the lattice thermal
transport of MTe (M = Mg, Sr, Ba, and Pb) compounds. In
addition, the kL values are severely underestimated using the
Debye-Callaway model (see Table 1). So far, we observed four
important aspects that significantly influence the kL behavior in
BaO, BaS, and MgTe compounds: (1) high mass contrast
between metal and nonmetal atoms (see Figure 4), (2) low-
lying TO phonon modes fall into the acoustic mode region for
BaO and BaS (see Figure 2d), (3) soft transverse acoustic
(TA) phonon modes of MgTe despite its low atomic mass
over BaTe (see Figure 5a), and (4) phonon lifetimes for MgTe
and BaTe (see Figure 5b). Especially, the later one plays a
pivotal role in determining trends in kL, and the same is
discussed in detail in the section below.
To further explore the underlying mechanisms that are

responsible for the observed anomalous behavior of kL in
MgTe, CaX (X = O and S), SrX (X = O, S, and Se), and BaX
(X = O, S, Se, and Te) compounds (see Figure 3 and Figure S1

and S2), we have calculated phonon mean free paths (MFPs),
phonon lifetimes, group velocities, and scattering rates. The
calculated phonon MFPs as a function of frequency are
presented in Figure S4. For all the MX compounds, a large
portion of the phonon MFPs fall above the minimum
interatomic distance or so-called Ioffe−Regel limit. Therefore,
the phonon Boltzmann transport theory is good enough to
describe thermal transport in MX compounds. In crystalline
materials, the heat transport can be understood as the
propagation of phonons and their scatterings among
themselves. Because kL ∝ τ(ω) and v(ω), materials with low
τ(ω) and v(ω) are expected to have low kL.
As illustrated in Figure 6, phonon lifetime decreases from

MgO > MgS > MgSe > MgTe over the entire frequency range,
and the same trend is followed for kL in MgX. However, CaO
has relatively shorter phonon lifetimes than CaS in the
frequency range of ∼2−8 THz (see Figure 6b), which might
be a reason for the low kL of CaO and results in the anomalous
trend (CaS > CaO > CaSe > CaTe) for kL in the CaX series.
This trend is consistent with the previous lattice thermal
conductivity study25 on CaX (X = O, S, Se, and Te)
compounds using ShengBTE. SrSe and SrO possess relatively

Figure 8. Calculated tensile-strain-dependent (a) phonon dispersion curves, (b) phonon scattering rates, (c) phonon lifetimes, and (d) lattice
thermal conductivity (kL) values of BaO.
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highest and shorter phonon lifetimes in the frequency range of
∼1−4 and ∼2−4 THz, respectively. This could be a possible
reason for the anomalous trend (SrSe > SrO > SrS > SrTe)
observed in SrX (X = O, S, Se, and Te) series for kL. Finally,
BaO and BaS have the shortest phonon lifetimes over BaSe and
BaTe in turn they have low kL and this is consistent with the
trend BaTe > BaSe > BaS > BaO predicted for kL in BaX (X =
O, S, Se, and Te) compounds.27

As shown in Figures S5 and S6, total scattering rates are
obtained through summation of absorption, emission, and
isotope scattering rates from the three phonon processes for all
16 MX (M = Mg, Ca, Sr, and Ba and X = O, S, Se, and Te)
compounds. The absorption scattering rates are largely
dominant in the low-frequency region (for instance, below 3
THz for BaO). In the low-frequency region, phonon scattering
processes probably occur through conversion of a low-energy
phonon to a high-energy phonon with an absorption of a
phonon. The contribution of emission scattering rates
gradually increase with frequency and are largely dominant
in the high-frequency region, where phonon scattering
processes probably occur through conversion of a high-energy
phonon to a low-energy phonon with an emission of a phonon.
Finally, a moderate contribution from isotope scattering rates

are observed over the entire frequency range, for instance, BaX
(X = O, S, Se, Te) compounds (see Figure S6).

Effect of Tensile Strain on Lattice Thermal Con-
ductivity. Out of 16 MX (M = Mg, Ca, Sr, and Ba and X = O,
S, Se, and Te) compounds, three of them (BaO, BaS, and
MgTe) were found to have low kL (<6 W m−1 K−1) values over
the studied temperature range of 300−800 K. As illustrated in
Figure 7, we compared phonon dispersion curves, phonon
lifetimes, scattering rates, and kL values of the BaO, BaS, and
MgTe compounds. Phonon softening of both the acoustic and
optic modes with a phonon gap because of high mass contrast
(see Figure 7a), high scattering rates (see Figure 7b), and short
phonon lifetimes (see Figure 7c) is responsible for the low kL
behavior of BaO, BaS, and MgTe compounds. The obtained kL
values follow exactly the decreasing order of phonon lifetimes
for these three compounds, which is given as follows: BaS >
BaO > MgTe (see Figure 7c, d). On the basis of this trend and
observed trends for the rest of the compounds (see Figure 6),
we suggest that phonon lifetime (τ) is a dominating factor to
determine kL behavior in isostructural compounds with same
crystal symmetry.
We then considered these three BaO, BaS, and MgTe

compounds to investigate the effect of tensile strain on lattice

Figure 9. Calculated tensile-strain-dependent (a) phonon dispersion curves, (b) phonon scattering rates, (c) phonon lifetime, and (d) lattice
thermal conductivity (kL) of BaS.
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dynamics and phonon transport. Further, to lower kL, we
applied tensile strain, which is an effective strategy to achieve
an (ultra)low kL in materials. We have systematically increased
the obtained equilibrium lattice constant up to 6% but we
observed soft phonon modes with tensile strain ≥5% of the
equilibrium lattice constant for BaO; therefore, we studied the
effect of tensile strain up to 4% for these three compounds. As
illustrated in Figures 8a, 9a, and 10a, with increasing strain, the
acoustic and TO phonon modes are softened, which increases
the coupling strength between the acoustic and TO phonon
modes. This eventually increases phonon−phonon scattering
rates with increasing strain (see Figure 8b, 9b, and 10b), which
causes a reduction in kL over the studied temperature range.
The phonon lifetime decreases (see Figures 8c, 9c, and 10c)
significantly because of the high scattering rates for both the
acoustic and low-lying TO modes with an increase in tensile
strain, which is responsible for further lowering of kL (see
Figures 8d, 9d, and 10d). The obtained kL values for 4% of
tensile strain at 300 K are ∼2.06, ∼2.38, and ∼1.05 W m−1 K−1

for BaO, BaS, and MgTe, respectively. The ultralow kL of
strained MgTe might be a better candidate for energy
conversion applications. From the present and previous
studies,25 one can expect a similar behavior for other MX

(M = Mg, Ca, Sr, and Ba and X = O, S, Se, and Te)
compounds with an application of tensile strain.

Elastic Constants and Mechanical Properties. To
explore the interatomic bonding strength, lattice anharmonic-
ity, and mechanical stability of the investigated compounds, we
calculated second-order elastic constants (Cij). Because all the
studied MX (M = Mg, Ca, Sr, and Ba and X = O, S, Se, and
Te) compounds crystallize in the cubic (Fm3̅m) structure, they
have three independent elastic constants such as longitudinal
(C11), transverse (C12), and shear (C44) due to symmetry
constraints (C11 = C22 = C33, C12 = C13 = C23, C44 = C55 = C66,
and Cij = Cji). The calculated second-order elastic constants are
given in Table S4 and are consistent with the available
ultrasonic pulse echo55−57 and Brillouin scattering measure-
ments58 as well as with previous first-principles calcula-
tions.7,21,54,59−63 The obtained elastic constants satisfy the
Born stability criteria64 indicating the mechanical stability of all
these MX (M = Mg, Ca, Sr, and Ba and X = O, S, Se, and Te)
compounds.

C C C C C C0, 0, 0, 2 011 12 11 44 11 12− > > > + > (4)

We then computed bulk (B) and shear (G) moduli from the
calculated elastic constants with Voigt−Reuss−Hill (VRH)

Figure 10. Calculated tensile-strain-dependent (a) phonon dispersion curves, (b) phonon scattering rates, (c) phonon lifetime, and (d) lattice
thermal conductivity (kL) of MgTe.
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approximation using eqs 5 and 6, respectively. Later, the
obtained B and G values are used to calculate Young’s modulus
(E) using eq 7. Because MgO has the highest E value, it is the
stiffest material among the 16 MX (M = Mg, Ca, Sr, and Ba
and X = O, S, Se, and Te) compounds.
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The calculated Cij values and E, B, and G moduli decrease from
MO to MTe (M = Mg, Ca, Sr, and Ba), which indicates the
weak electrostatic/interatomic interactions in the lattice with
an increase in atomic size, i.e., from Mg to Ba and O to Te.

Therefore, the materials with a higher atomic size can be easily
deformed under mechanical stress and thus result in low elastic
moduli or soft lattice for systems with higher atomic mass.
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The typical values of Poisson’s ratio (ν) are 0.1 and 0.25 for
covalent and ionic materials, respectively.65 The obtained ν
values span in the range of 0.18−0.28, which infer a strong
ionic contribution in the interatomic bonding for these MX (M
= Mg, Ca, Sr, and Ba and X = O, S, Se, and Te) compounds
(for instance, see Figure 1 for BaO). MgO (0.18) and BaO
(0.28) have the smallest and largest ν values, respectively,
among all the 16 MX (M = Mg, Ca, Sr, and Ba and X = O, S,

Figure 11. Calculated kL as a function of (a) density (ρ) and (b) Grüneisen parameter (γν) for 16 MX compounds.
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Se, and Te) compounds. Further, the ν values are used to
calculated the Grüneisen parameter (γν).
The strength of the lattice anharmonicity of a material is

represented by the Grüneisen parameter (γω), which is usually
obtained from phonons. However, computation of γω involves
a series of expensive phonon calculations and repeating them
for 16 compounds is computationally demanding. To avoid
this, we have used an efficient formula to compute γν using
Poisson’s ratio (ν).66 The obtained γν values using eq 9 for
materials with rocksalt structure are in excellent agreement
with γω as demonstrated in refs67 and 68. Since the 16
materials under investigation crystallize in rocksalt structure,
we used eq 9 to compute γν based on the ν values obtained
with eq 8. As shown in Figure 11, BaO has the highest γν,
which indicates relatively high anharmonicity of BaO over rest
of the MX (M = Mg, Ca, and Sr and X = O, S, Se, and Te),
BaS, BaSe, and BaTe compounds, which in turn leads to low kL
values. We then calculated sound velocities (vl, vt, vm) and the
Debye temperature (ΘD) using the following relationships:
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Here, ρ, h, kB, N, and V are the crystal density, Planck constant,
Boltzmann constant, and number of atoms and volume of unit
cell. The calculated vl, vt, vm, and ΘD values decrease from MO
to MTe (M = Mg, Ca, Sr, and Ba). Figure 12 and Figure S7
show the variation of kL as a function of Debye temperature

Figure 12. Calculated kL as a function of (a) average (vm) sound velocity and (b) Debye temperature (ΘD) for 16 MX compounds.

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.1c03310
ACS Appl. Energy Mater. 2022, 5, 882−896

893

https://pubs.acs.org/doi/suppl/10.1021/acsaem.1c03310/suppl_file/ae1c03310_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c03310?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c03310?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c03310?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c03310?fig=fig12&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.1c03310?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(ΘD) and average (vm), longitudinal (vl), and transverse (vt)
sound velocities for the 16 MX (M = Mg, Ca, Sr, and Ba and X
= O, S, Se, and Te) compounds. The same trend is observed
for all these four properties vl, vt, vm, and ΘD. According to the
Slack theory, low ΘD values are indicative of low kL values in
materials. In fact, the presence of LLO phonons results in a
softening of the acoustic phonon modes, which yields low
group velocities and frequencies for acoustic phonons and thus
results in low ΘD. However, BaO, BaS, and MgTe compounds
have low kL values despite their higher vl, vt, vm, and ΘD over
other MTe (M = Ca, Sr, Ba), BaSe, and SrSe compounds.
Moreover, the calculated phonon group velocities for BaX (X =
O, S, and Se) compounds (see Figure S8) also follow their
atomic mass trend consistent with sound velocities. Overall,
the results of present study strongly suggest that high mass
contrast and phonon lifetimes are the dominant factors that are
responsible for the observed anomalous trends in MX (M =
Mg, Ca, Sr, and Ba and X = O, S, Se, and Te) compounds.

■ CONCLUSIONS
In summary, we have systematically investigated lattice
dynamics, phonon transport, and mechanical properties of 16
binary compounds with rocksalt-type structure. We predicted
anomalous trends for kL in CaX (CaS > CaO > CaSe > CaTe),
SrX (SrSe > SrO > SrS > SrTe), and BaX (BaTe > BaSe > BaS
> BaO) series of compounds. In particular, we observed an
opposite trend for kL in the BaX (X = O, S, Se, and Te) series,
which is in contrast to the expected trend from their atomic
mass. However, the above trends are slightly altered for SrX (X
= O, S, and Se) and BaX (X = O, S, Se, and Te) compounds,
when kL is computed at the experimental lattice constant
because of the sensitivity of kL toward the lattice constant. We
propose few observations from this study to design (ultra)low
kL materials, which are as follows: (1) design a material with a
combination of heavy and light elements to have high mass
contrast, which produces an acoustic-optic phonon gap, (2)
phonon softening of transverse acoustic (TA) modes due to
heavy atomic mass element; (3) constituent elements in a
material with a high electronegativity difference produce a
large LO-TO splitting, resulting in LLO (TO) phonon modes,
which might fall into the acoustic mode region, and they are
responsible for the softening of acoustic phonon modes or
enhancing the overlap between the LLO and longitudinal
acoustic (LA) phonon modes, thereby increasing scattering
rates thus resulting in shorter phonon lifetimes; and (4)
selection of a material with a relatively high density (ρ). The
application of tensile strain further reduces kL in BaO, BaS, and
MgTe through phonon softening, which increases scattering
rates, thereby lowering phonon lifetimes. Overall, the present
study provides insights to achieve (ultra)low kL materials
through phonon engineering in simple crystal systems, which is
essential for the development of sustainable energy conversion
devices for future energy applications.
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