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Abstract
Generally speaking, for materials with the same structure, the thermal conductivity is higher for
lighter atomic masses. However, we found that the thermal conductivity of CaO is lower than
that of CaS, despite the lighter atomic mass of O than S. To uncover the underlying physical
mechanisms, the thermal conductivity of CaM (M = O, S, Se, Te) and the corresponding
response to strain is investigated by performing first-principles calculations along with the
phonon Boltzmann transport equation. For unstrained system, the order of thermal conductivity
is CaS > CaO > CaSe > CaTe. This order remains unchanged in the strain range of −2% to 5%.
When the compressive strain is larger than 2%, the thermal conductivity of CaO surpasses that
of CaS and becomes the highest thermal conductivity material among the four compounds. By
analyzing the mode-dependent phonon properties, the phonon lifetime is found to be dominant
over other influential factors and leads to the disparate response of thermal conductivity under
strain. Moreover, the changing trend of three-phonon scattering phase space is consistent with
that of phonon lifetime, which is directly correlated to the phonon frequency gap induced by the
LO-TO splitting. The variation of Born effective charge is found to be opposite for CaM. The
Born effective charge of CaO decreases with tensile strain increasing, demonstrating stronger
charge delocalization and lower ionicity, while the Born effective charges of CaS, CaSe, and
CaTe show a dramatic increase. Such variation indicates that the bonding nature can be
effectively tuned by external strain, thus affecting the phonon anharmonic properties and
thermal conductivity. The difference of bonding nature is further confirmed by the band
structure. Our results show that the bonding nature of CaM can be modulated by external strain
and leads to disparate strain dependent thermal conductivity.
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1. Introduction

Heat transfer is one of the main forms of energy transfer in
nature. Efficiently manipulating thermal transport in materi-
als is one of the most appealing fundamental thermal physical
problems, with two representatives but opposing aspects: on
the one hand, increasing the thermal conductivity of the mater-
ial to eliminate the heat accumulated performance of elec-
tronic equipment is essential to extend its lifetime [1–3]; on
the other hand, reducing the thermal conductivity of the mater-
ial is significant in the thermoelectricity and thermal insula-
tion field [4–7]. As for the carriers of heat transfer, phonons
play a dominant role in the thermal transport of semicon-
ductors and insulators [8–11]. According to the phonon kin-
etic theory, the lattice thermal conductivity is a summation
of contribution of all the phonon modes, given by [12, 13]
κα =

∑
λ

cph,λν2α,λτλ, where κα denotes the lattice thermal

conductivity along α direction in Cartesian coordinates, λ rep-
resents a phonon mode with wave vector q and phonon branch
s, να, λ is the phonon group velocity of mode λ along α direc-
tion, τλ is the phonon lifetime of mode λ, and cph refers to the
phonon volumetric specific heat of each mode. It is obvious
that phonon transport in a material is governed by heat capa-
city, group velocity, and most importantly the phonon lifetime.
In principle, the nature of the interatomic electrostatic interac-
tions is the dominant factor to determine all these components
mentioned above. Based on this concept, tremendous amounts
of research efforts have been dedicated in the past decades
to exploring robust ways to effectively modulate phonon
transport. The external mechanical deformation is one of the
most common and effective methods to manipulate thermal
transport [14–19].

In recent years, alkaline earth chalcogenides (AM: A= Be,
Mg, Ca, Sr, Ba; M = O, S, Se, Te) attracted tremendous
research interests [20], including the theoretical and experi-
mental research on them. This is because these compounds
are thought to be promising in light-emitting diodes and laser
diodes [21, 22]. Among them, CaM is the most widely used
ranging from catalysis to microelectronics. A lot of stud-
ies using different ab initio methods have been performed
on structural phase transitions, metallization, cohesive and
elastic properties at ambient conditions and under high pres-
sure on CaM [23–28]. However, the research of phonon
transport in CaM is relatively rare. In order to seek ther-
moelectric materials with high conversion efficiency, Seko
et al reported the first-principles calculation results of the
thermal conductivity of CaM compounds [29]. The trend is
CaS > CaO > CaSe > CaTe, but no physical mechanisms
were analyzed further. Here, the strain is used to manipu-
late the thermal conductivity of CaO. Among the compounds
formed by calcium and other elements of the oxygen family
(CaO, CaS, CaSe, CaTe), due to the relatively light mass of
CaO, it can be predicted that its thermal conductivity is rel-
atively higher. However, the result unexpectedly shows that
the thermal conductivity of CaO is lower than that of CaS,
which aroused our great interest. Based on this, the first-
principles approach is used to systematically study the thermal

Figure 1. The conventional unit cell of CaM structure, where the
blue and red atoms represent Ca and M (M = O, S, Se,Te).

conductivity of CaO, CaS, CaSe, and CaTe. The underlying
physical mechanism for the abnormal strain tuned thermal
conductivity is also discussed from the perspective of bond-
ing nature.

2. Computational model and methods

All the first-principles calculations are based on density
functional theory (DFT) as implemented in the Vienna
ab initio simulation package (VASP) [30–32]. The Perdew-
Burke-Ernzerhof (PBE) [33] of the generalized gradient
approximation (GGA) is chosen as the exchange-correlation
functional. The kinetic energy cutoff of the wave functions is
set as 600 eV, and aMonkhorst-Pack [34] k-mesh of 6× 6× 6
is used to sample the Brillouin Zone (BZ). The structures are
allowed to be fully relaxed until both the energy convergence
criteria of 10−8 eV and the force convergence threshold of

10−6 eV
◦
A−1 are satisfied.

CaM (M = O, S, Se, Te) belong to the cubic crystal sys-
tem with space group Fm3̄m (space group number: 225). The
atomic coordinates of CaM crystals are Ca (0, 0, 0) and M
(0.5, 0.5, 0.5), respectively (see figure 1). The fully relaxed
lattice constant of bulk CaO is 4.838 Å, in good agreement
with experimental value of 4.811 Å [27]. Due to the increase
of atomic radius, the lattice constants of CaS, CaSe, and CaTe
are monotonically increased to 5.718 Å, 5.965 Å, and 6.400 Å,
respectively, which is quite normal and consistent with gen-
eral knowledge. Tensile and compressive strains are applied
by stretching and compressing the unstrained lattice constant
a0 by a certain percentage ε= (a—a0)/a0, where a is the lattice
constant of strained structures. During the optimization, only
the atomic positions are changed, with the lattice constant kept
fixed.

The lattice thermal conductivity (κl) is obtained by iterat-
ively solving the linearized Boltzmann-Peierls transport equa-
tion (BTE) as implemented in the ShengBTE package [35],
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Figure 2. (a) Normalized trace of interatomic force constant tensors versus atomic distances. (b) Convergence test of thermal conductivity
with respect to cutoff distance. (c) Convergence test of thermal conductivity with respect to Q-grid in phonon BTE calculation.

which only requires the inputs of second-order harmonic and
third-order anharmonic interatomic force constants (IFCs)
without any other adjustable parameters. A 2 × 2 × 2 super-
cell and the Monkhorst–Pack k-mesh of 2 × 2 × 2 are chosen
to calculate the harmonic and anharmonic IFCs. The second-
order harmonic IFCs are used to determine the phonon fre-
quency and phonon eigenvector using the Phonopy code[36].
The anharmonicity is described using the third-order IFCs,
while the contributions of the fourth and higher-order terms
are neglected. The third-order IFCs can be evaluated based
on the third-order derivatives of the total energy with respect
to the atomic displacements. With the anharmonic IFCs, the
scattering matrix can be constructed, based on which one
can calculate all the three phonon scattering rates and then
obtain the phonon lifetime. This anharmonic lattice dynam-
ics method coupled with BTE has been widely used to study

phonon transport in crystalline materials recently [37–46]. In
addition, the Born effective charge (Z) and dielectric con-
stant (ε) are obtained based on density functional perturbation
theory (DFPT).

3. Simulation result and discussion

3.1. Lattice thermal conductivity

In the condition of considering the phonon-phonon scattering
as determined by phonon anharmonicity, the lattice thermal
conductivities (κl) of CaM (M = O, S, Se, Te) are obtained
by solving the phonon BTE. The thermal conductivity conver-
gence of CaM with respect to the cutoff radius and Q-grid are
fully examined in figure 2. The convergence of cutoff radius
of anharmonic IFCs should be tested firstly, because the cutoff
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Figure 3. (a) The phonon dispersion of CaO and CaS. (b) The cumulative thermal conductivity of CaM with respect to frequency. (c) The
frequency dependent group velocity of CaM. (d) The mode lifetime of CaM.

radius can be directly determined to get satisfactory thermal
conductivity results based on the analysis of harmonic IFCs
[47]. In order to quantify the strength of interatomic interac-
tions which are described by harmonic IFCs, we calculated the
normalized trace of interatomic force constant tensors [48].
According to this parameter, one can directly determine how
large the cutoff radius should be used to evaluate the anhar-
monic IFCs by effectively including the possibly strong inter-
action strength as revealed by the large trace value. Figure 2(a)
is the normalized trace of IFC in CaM, it is clear that when the
cutoff radius is less than 0.512 nm (blue ball), 0.605 nm (red
ball), 0.632 nm (green ball) and 0.678 nm (olive ball), which
are corresponding to fourth-nearest neighbors of CaM (M=O,
S, Se, Te) respectively, there exist strong interactions between
Ca and M atoms. When the cutoff radius is bigger than the
threshold value (fourth-nearest neighbor), the trace values are
very weak, indicating negligible force constants. Similar con-
clusions can also be obtained by the convergence test of CaM
thermal conductivity in figure 2(b). Before the cutoff radius
achieving the threshold value, the CaM thermal conductiv-
ities drop dramatically, and the thermal conductivities con-
verge quickly up to the fourth-nearest neighbors, which con-
firms the evaluation from the strength of the harmonic IFCs in
figure 1(a). It is also shown in figure 2(c) that the thermal con-
ductivities of CaM possess a well-converged behavior when
Q-grid is greater than 6 × 6 × 6. Therefore, considering
both computational cost and accuracy, the interactions are
truncated up to the fifth-nearest neighbors and Q-grid is set as
10× 10× 10 for the following anharmonic IFCs calculations.

Phonon dispersion is crucial for the calculation of phonon
transport properties. By using finite displacement difference
method, we obtained the harmonic IFCs and hence the phonon
dispersion relations of CaM. To accurately predict the phonon
frequencies for polar materials, the effects of dipole-dipole
interactions are incorporated into the dynamic matrix based
on the Born effective charges and high-frequency dielectric
constants, which can result in the splitting between longit-
udinal and transverse optical (LO-TO) phonon frequencies
presented at the Γ point. Due to the similarity, only phonon
dispersion curves of CaO and CaS along the high symmetry
path are shown in figure 3(a). It is obvious that all phonon
modes of CaS experience a downward shift in frequency as
compared with CaO. In fact, as the atomic mass of the com-
pound increases, the phonon frequency of CaM (M = O, S,
Se, Te) will decrease substantially. Moreover, there is a large
LO-TO splitting in the vicinity of Γ point. In the three-phonon
scattering process, both energy and momentum conservation
should be satisfied. The phonon splitting between LO and
TO will open a frequency gap and largely affect the available
three-phonon scattering channels. We will perform a detailed
analysis about the effect of LO-TO splitting on the thermal
conductivity in the following text.

In figure 3(b), the cumulative thermal conductivities of
CaM are compared, from which we can quantify the con-
tributions of different phonon frequencies to lattice thermal
conductivity. In the frequency range of 0–2 THz, the
thermal conductivity of CaTe is relatively higher, then the
thermal conductivity of CaS increases significantly when the
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phonon frequency is above 2 THz. Although the phonon
modes with frequency larger than 10 THz still contribute
to the thermal conductivity of CaO, CaS has the highest
thermal conductivity among the four materials. The room-
temperature thermal conductivities of the four compounds are
19.50WmK−1 (CaO), 23.63WmK−1 (CaS), 11.29WmK−1

(CaSe), and 5.50WmK−1 (CaTe), respectively. They are con-
sistent with the theoretical results using first-principles anhar-
monic lattice-dynamics calculations [29]. It is worth noting
that the thermal conductivity of CaO is lower than that of CaS,
which is opposite to the general trend that those with heavier
elements have lower thermal conductivity for crystals with the
same structure [49, 50]. To elucidate the physical mechanism
behind this phenomenon, the mode-level phonon group velo-
city and phonon lifetime are calculated and analyzed in detail.

From the phonon group velocity shown in figure 3(c), we
can see that the group velocity increases with the decrease
of the atomic mass of CaM. As we all know, the phonon
group velocity is given by the slope of the dispersion rela-
tions v= ∂ω/∂q. From the phonon dispersion in figure 3(a),
it can be seen that the group velocity of CaO is larger than that
of CaS, which is evidenced by the highly dispersive acous-
tic phonon branches in the vicinity of Γ point. Obviously,
the phonon group velocity cannot explain the abnormal lower
thermal conductivity of CaO than that of CaS.

Apart from the phonon group velocity, the phonon life-
time is another key factor determining thermal conductiv-
ity. Figure 3(d) shows the frequency-dependent phonon life-
times of CaM. It is found that the phonon lifetime of CaTe is
higher in the range of 0–2 THz. Meanwhile, the phonon life-
time of CaS becomes the largest in the high frequency range
(4–7 THz). This variation trend of the phonon lifetime is con-
sistent with the results of the cumulative thermal conductivity
in figure 3(b). Combining the results of phonon group velocity
and phonon lifetime, we can conclude that phonon lifetime is
the dominant factor for the counterintuitive phenomenon that
the thermal conductivity of CaS with heavier atomic mass is
larger than that of CaO.

3.2. Strain tuned lattice thermal conductivity

Through the above analysis, it can be clear that the phonon
anharmonic scattering is the main factor determining the
thermal conductivity of CaM. As is known to everyone, mater-
ials need to be used in different environments, compression
and tension are important parameters to material thermody-
namic properties, it can be used as an effective method to
manipulate the thermal conductivity of materials. Based on
this, we investigate the response of thermal conductivity to
external strains. The thermal conductivity of CaM at differ-
ent applied strains are shown in figure 4. When the applied
strain changes from 5% (tensile) to −5% (compressive), the
thermal conductivity of CaM increases monotonically. In the
interval of −1% and 5% strain, the order of thermal conduct-
ivity is CaS > CaO > CaSe > CaTe. When the compressive
strain reaches−2%, CaO has the highest thermal conductivity
among the four materials, and the order of thermal conductiv-
ity remains with the further increase of compressive strain.

Figure 4. The thermal conductivity of CaM (M = O, S, Se, Te)
under tensile (ε > 0) and compressive (ε < 0) strain.

The anharmonic phonon parameters are shown in figure 5.
Figure 5(a) compares the phonon lifetimes of CaO and CaS at
some representative strains. It is clearly seen that the phonon
lifetime of CaO decreases significantly when strain changes
from −5% (compressive strain) to 5% (tensile strain). Inter-
estingly, when the strain is compressive, there is slight dif-
ference in phonon lifetime for CaS. However, for CaS under
tensile strain, more significant reduction in phonon lifetime is
observed.

For further insight into the anharmonic interactions, the
Grüneisen parameter and scattering phase space are computed,
which are used to characterize the scattering strength and the
number of available phonon scattering channels.We found that
the magnitude of the Grüneisen parameter of both materials
is enchanced greatly when tensile strain is applied. In con-
trast, the Grüneisen parameter of both materials almost does
not change with compressive strain. It is known that the lar-
ger the Grüneisen parameter, the stronger the anharmonicity.
The larger Grüneisen parameter at high tensile strains leads to
lower thermal conductivity, however, the almost unchanged
Grüneisen parameter cannot explain the large variation in
thermal conductivity of CaO under compressive strains.

To further understand the disparate strain dependent
phonon lifetime of CaO and CaS, the three-phonon scattering
phase space is calculated. This phase space is determined by
integrating over delta functions that represent the conservation
of energy and crystal momentum conditions [51]:

ωj(q)±ωj′(q
′) = ωj′′(q

′′), q± q′ = q′′ +G (1)

where ωj(q) is the phonon frequency of mode (j, q), and j,q
are each phonon branch and momenta of phonon, respect-
ively. G is a reciprocal lattice vector which is zero for Normal
processes and non-zero lattice vector for Umklapp processes.
±signs correspond to the two types of possible three-phonon
processes [52]. Equation (1) imposes severe constraints on the
phase space available for three-phonon scattering.
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Figure 5. (a) The phonon lifetime of CaO and CaS under compressive and tensile strain. (b) The Grüneisen parameter of CaO and CaS
under different strain. (c) The phase space of CaO and CaS under different strain. The blue and red dashed lines are the average phase space
value of CaO and CaS, respectively.

To explore and clarify the mechanism behind, the three-
phonon scattering phase space (P3) is calculated as [35–53]:

P3 =
2
3Ω

(
P(+)
3 +

1
2
P(−)
3

)
(2)

where

P(±)
3 =

∑
j

ˆ
dqD(±)

j (q) (3)

and

D(±)
j (q) =

∑
j′,j′′

ˆ
dq′δ (ωj (q)±ωj′ (q

′)−ωj′′ (q± q′′ −G))

(4)
where Ω is a normalization factor. In equation (3) and (4),
D(±)
j (q) is the two phonon density of states and momentum

conservation has already been imposed on q′′ [54]. According
to equations (2)–(4), P3 contains a large amount of scatter-
ing events that satisfy the conservation conditions and can be
used to assess quantitatively the number of scattering chan-
nels available for each phonon mode. Consequently, there is
an inverse relationship between P3 and the intrinsic lattice
thermal conductivity of a material [55].

In figure 5(c), the dash lines are the average phase
space of CaO and CaS which are showed by scatter plots.
According to this parameter, one can directly recognize how
the scattering phase space is changing with strain in CaO
and CaS. For CaO, the scattering phase space experiences an
upward shift when the applied strain is changed from com-
pressive to tensile. Especially, starting from −2%, the phase
space rises rapidly in the frequency range of 7 THz∼ 10 THz.
As for CaS, there is no obvious change in the phase space until
the strain is larger than 2%, so that the average value of CaS
phase space begins to be lower than that of CaO in the strain
range of −2% to 0%. These results are consistent with the
strain-dependent phonon lifetime of CaO and CaS. Therefore,
considering the results of Grüneisen parameter and scattering
phase space, we can conclude that the scattering phase space
is the governing factor that determining the phonon lifetime
under strains.

3.3. Insight from phonon splitting of optical modes

It has been clear that the phase space leads to the dispar-
ate strain dependent phonon lifetime of CaO and CaS. More
specifically, the increased phase space mainly comes from
the high-frequency phonon modes which belong to optical
branches. As we know, the scattering phase space is determ-
ined by the energy conservation and momentum conservation
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Figure 6. The splitting degrees of CaM optical phonon mode under tensile (ε > 0) and compressive (ε < 0) strain. (a) CaO, (inset) CaSe.
(b) CaS (inset) CaTe.

Figure 7. The strain dependent Born effective charge of CaM
(M = O, S, Se, Te), where CaO shows distinctly different behavior
where the Born effective charge decreases when external strain
changes from compressive (ε < 0) to tensile (ε > 0) strain.

of three involved phonons. As Lindsay et al suggested [56],
three-phonon scattering processes involving optical phonons
will increase and contribute significantly to thermal resistance
for materials with large LO-TO splitting. Therefore, the differ-
ence of LO-TO splitting in CaO and CaSwill result in different
response of phonon lifetime to external strain.

Here, the splitting degrees of optical phonon modes at Γ
point are shown in figure 6. Among the curves, the red line rep-
resents the LO branch, the green line represents the TO branch,
and the blue line represents the frequency gap between LO and
TO. From compressive to tensile strain, the phonon frequen-
cies of LO and TO branches decrease linearly. The frequency
gap induced by the LO-TO splitting increases with the increase

of tensile strain. For CaO, the frequency gap changes from
8 THz at−5% (compressive strain) to 9.3 THz at+5% (tensile
strain). The magnitude of frequency gap change for CaS is
about 1.3 THz, similar to CaO, but only changed from 3 THz
to 4.3 THz. As discussed above, the scattering phase space
of CaO increases gradually when the applied strain changes
from compressive to tensile, while the scattering phase space
of CaS does not show obvious change until the strain is larger
than 2% which corresponds to the LO-TO splitting of CaS at
4 THz. Based on the LO-TO splitting effects on phonon scat-
tering process, so it is reasonable to believe that, for CaS, there
could be a much enhancement in scattering phase space when
the LO-TO splitting is larger than 4 THz.

It is well known that LO-TO splitting is related to the long-
range Coulomb interactions which partly depends on the Born
effective charge. Moreover, Born effective charge character-
izes the charge redistribution of chemical compound and indic-
ates the bond ionicity, which are directly correlated to the
thermal transport properties [57]. In figure 7, we present the
Born effective charge of Ca ion. It can be seen that the Born
effective charge of CaO decreases with the increase of tensile
strain, which is fundamentally different from other CaM. In
addition, the variation of Born effective charge for CaO is
greatly less than that of other CaM. These results agree well
with previous study by first-principles calculations [58].When
the strain changes from compressive to tensile, the Born effect-
ive charge of CaO is closer to the nominal charge of Ca ions,
indicating stronger charge delocalization and lower ionicity,
while the Born effective charge of CaS is further away from the
nominal charge of Ca ions, the bond ionicity of CaS, CaSe, and
CaTe is greater than that of CaO, thus the charge is localized
on the ions.

Furthermore, in figure 8, we show the band structures of
CaO and CaS under compressive and tensile strains, respect-
ively. CaO and CaS are insulators with direct band gap no
matter the applied strain is compressive or tensile. For CaO,
the band gap decreases from 3.549 eV to 3.497 eV when
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Figure8. Bandstructureof(a)CaOand(b)CaSundercompressive(−5%)andtensile(5%)strains.

thestainchangesfrom−5%to5%,whichisanindication
ofchargedelocalization.However,forCaS,theconduction
bandmovestowardshigh-energyregionwhenthetensilestrain
isapplied,thebandgapbecomeswiderfrom1.962eVto
2.627eV,showingstrongerchargelocalization.Thechange
ofbandgapwithstrainisconsistentwiththeresultsofBorn
effectivecharge,demonstratingthatthebondionicityofCaO
isdifferentfromCaS,CaSe,andCaTe.Therefore,itisreason-
abletoconcludethatthedisparatevariationofbondionicityof
CaMwithappliedstrainhasastronginluenceonthephonon
splittingandphononanharmonicity,andthusaffectsthelattice
thermalconductivityofCaM.

4. Conclusion

Insummary, irst-principlescalculationscombined with
phononBoltzmanntransportequationisperformedtosystem-
aticallystudythelatticethermalconductivityofCaM(M=O,
S,Se,Te)anditsresponsetoexternalmechanicalstrain.For
theunstrainedsystem,thethermalconductivityofCaOis
muchlowerthanthatofCaSdespitethelightatomicmassof
CaO. Whentensilestrainisapplied,thethermalconductiv-
ityofCaMdecreasesandCaShasthehighestthermalcon-
ductivityamongthefourcompounds.Ascompressivestrain
increases,thethermalconductivityofCaOexhibitsadramatic
increaseandishigherthanCaSwhenthecompressivestrain
islargerthan2%.Theanalysisofphononrelatedproperties
revealsthatthedisparatestraintunedthermalconductivityof
CaMisrootedinthephononanharmonicitystemmingfrom
thedifferentbondingnatureamongCaM.Duetotheincrease
offrequencygapinducedbyLO-TOsplitting,three-phonon
scatteringphasespaceofCaOincreasesgraduallyinthestrain
rangeof−5%∼5%.Incontrast,althoughtheLO-TOsplit-
tingisalsoenhanced,three-phononscatteringphasespaceof
CaSisnotmuchsensitivetostretchingandcompressinguntil
thetensilestrainincreasesupto2%.Furtheranalysisshows
theBorneffectivechargeofCaioninCaOisclosertothe
nominalchargeofCaionswhenthestrainchangesfromcom-
pressivetotensile,whichisoppositetothevariationofother

CaMstructures,indicatingstrongerchargedelocalizationand
lowerionicity.Itisfurtherveriiedbythedecreaseofthe
bandgapofCaOwhenstretchingthestructure.Theresults
obtainedinthisworkprovideacomprehensiveunderstand-
ingoftheintrinsicthermaltransportofCaMlatticesandpave
thewayformanipulatingphonontransportinothercrystalline
materials,especiallyioniccrystals.
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