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The topological phonons, electronic structure, and transport properties of Li,CaX (X = Sn and Pb) have been
investigated using first-principles. Topological phononic states are facilitated by Dirac-like band crossings
observed in optical phonon branches, which are ensured by calculated surface states in the (001) plane. Li,CaPb
has very low lattice thermal conductivity(k,), as evidenced by shorter phonon lifetime, acoustic phonon mode

dispersion, and low Debye temperature. The value of k; is low at high temperatures due to Dirac-like crossings
in optical phonon branches exhibiting non-trivial topological properties. The inclusion of hybrid functional
transits Li,CaPb into an indirect bandgap semiconductor. Li,CaPb has a figure of merit of 0.15 for holes and
0.2 for electrons at 500 K. Topological phonons combined with promising transport features in Li,CaX (X =
Sn and Pb) may be desirable for future device applications.

1. Introduction

The unprecedented technological advancement and modern civi-
lization require huge amounts of energy primarily derived from non-
renewable sources like coal and petroleum. The limited quantity of
these energy sources led to the emergence of technologies like solar
cells, photovoltaic cells, biofuels, etc. Thermoelectricity is one among
these emerging technologies, which utilizes the waste heat lost in
the environment as an input, and converts it into useful electricity
and vice-versa. This technology might significantly reduce energy con-
sumption and save huge economic losses [1]. Although waste-heat
recovery can minimize the energy crisis, current TE devices are too
expensive and inefficient to support widespread use [2,3]. Traditional
thermoelectric materials such as Bi,Te;, PbTe, and Si,_,Ge, are well-
known for their high performance at intermediate temperatures [4].
A surplus amount of research has been undertaken over the past few
years to identify highly efficient thermoelectric materials [4-12]. A
dimensionless quantity that characterizes any thermoelectric material’s
efficiency is called the figure of Merit (ZT). To achieve a high figure
of merit, one should look for a material with high thermopower(S),
high electrical conductivity (¢), and low thermal conductivity (x =
k, + k; ‘sum of electronic and lattice contributions’), which can be
understood from the relation, “ZT = S?> ¢T/x”. The interdependency
of thermopower, electrical conductivity, and electronic thermal con-
ductivity (k,) poses a significant challenge for researchers to achieve
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higher efficiency. Certain techniques, such as nanostructuring [5,6] and
choosing materials that are more susceptible to scattering (Clathrates,
etc.) [13] may result in low lattice thermal conductivity and enable
ZT values higher than 1. This prompted further research in the field
of thermoelectricity, which resulted in the realization of new classes of
effective TE materials such as clathrates [14], skutterudites [15], group
IV-VI compounds [16], Zintl phase [17]. One of the recent studies
revealed that the topological phonons in triple point metals suppress
the lattice thermal conductivity and enhance TE performance [18].
Previous studies on the Heusler compounds [19-23] have reported
their promising electrical, magnetic, and transport properties, but these
are unsuitable for real TE applications due to high lattice thermal
conductivity. A few Lanthanum-based half-Heuslers [24] and the alkali-
based full-Heuslers [25] were projected to have very low «; at 300 K
using machine learning methods and high-throughput computations,
respectively. Bhattacharya et al. reported the high power factor for a
few Ni-based half-Heusler alloys [26]. Heusler compounds containing
lighter elements like Li are suitable for their potential storage applica-
tions [27]. The previous findings on various Heusler compounds inspire
us to investigate Li-based full-Heusler compounds such as Li,CaSn
and Li,CaPb. Besides experimental synthesis by Stoiber et al. [28],
one earlier study [29] provides a first-principles analysis of structural,
electrical, and thermal properties. There are no studies describing
the thermoelectric properties of these materials, paving the way for
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Fig. 1. (a) The conventional unit cell with four formula units, (b) The primitive unit cell. Ca, X(Sn and Pb), and Li atoms are represented by light pink, blue, and green spheres,
respectively. (c) The irreducible Brillouin zone for face-centered cubic symmetry. Red dots displays high symmetry points. (001) plane is shown by the top surface. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Computed lattice parameters of Li,CaX and associated
experimental parameters [28].

Compound Experiment [28] GGA-PBE [32] LDA [33]
a@d) a ) a @

Li,CaSn 6.94 6.96 6.75

Li,CaPb 6.98 7.07 6.83

further research into these materials. The present work highlights the
thermal properties, topological phonons, and electronic and thermo-
electric properties of these full-Heusler compounds. The organization
of this paper is as follows: the methods used to compute different
properties are presented in Section 2, followed by a description of the
mechanical properties, phonon band spectrum, and their topological
features in Section 3. Section 4 describes the lattice thermal transport.
The electronic structural properties with GGA-PBE and HSE (Heyd-
Scuseria-Ernzerhof) functionals are discussed subsequently, followed
by thermoelectric properties, and a summary is given in the last section.

2. Methodology and crystal structure

The structural optimization is performed using VASP [30,31] for dif-
ferent exchange—correlation functionals, GGA-PBE [32] and LDA [33],
and found that GGA parameters are consistent with experiments [28]
[Table 1]. Monkhorst-pack scheme [34] with K-mesh of 16 x 16 x 16 is
used for Brillouin zone sampling. The energy convergence of 1073 eV
and force tolerance factor of 102 eV/Aare chosen to calculate well-
converged energy eigenvalues. The plane-wave energy cut-off is set to
900 eV. Tetrahedron method [35] is used to integrate the irreducible
Brillouin zone. The force constants are computed using VASP to plot
the phonon dispersion using phonopy [36]. The tight-binding Hamil-
tonian [37,38] was generated for phonons to compute the topological
properties like surface states and bulk gap plane using the Wannier-
Tools package [39,40]. Thermal properties like lattice thermal conduc-
tivity are calculated via the supercell approach with a displacement of
0.03 A using the phono3py package [41]. Both the GGA-PBE [32] and
HSE (Heyd-Scuseria-Ernzerhof) [42] functionals are used to analyze
the electronic structure properties. The semi-classical Boltzmann trans-
port theory implemented in the Boltztrap code [43] is used to compute
thermoelectric coefficients within two approximations: relaxation time
approximation(RTA) and rigid band approximation(RBA). Fig. 1(a &
b) display the crystal structure of Li,CaX (where, X = Sn and Pb). The
irreducible Brillouin zone illustrating high symmetry points is given in
Fig. 1(c) .

3. Results and discussion
3.1. Mechanical and dynamical properties
Examining the mechanical and dynamical stabilities is the primary

step to validate any system’s structural stability. The mechanical stabil-
ity of these compounds is ensured by the computed elastic constants,

Table 2
Elastic constants and other mechanical properties of Li,CaX.
Elastic properties Li,CaSn Li,CaPb
C,, (GPa) 59.47 48.84
Cy, (GPa) 21.24 18.80
C,, (GPa) 34.48 28.22
B (GPa) 33.98 28.81
G (GPa) 27.21 21.91
E (GPa) 64.43 52.43
B/G 1.24 1.37
c 0.18 0.19
0p 336.32 247.54
Melting point(T,,) 900 K + 300 K 840 K + 300 K

which meet Born’s mechanical stability criterion for cubic symme-
try [44]. The elastic constants and other mechanical parameters are
listed in Table 2. The calculated bulk moduli agree well with earlier
reported values determined using energy-volume fitting curves [29].
There are no experimental reports available so far. B/G ratio and
Poisson ratio values are lesser than their critical values (1.75 and
0.26, respectively), which indicate the brittle nature of these com-
pounds [45]. A negative value of Cauchy pressure (C;5 - C4y) also
supports brittle nature here. The Debye temperature (6,) is calculated
using the empirical relations in terms of sound velocities [46], which
plays a vital role in defining any material’s high and low operating
temperature ranges. It is also linked with other thermal properties like
specific heat, which impacts lattice thermal conductivity. The com-
puted value of 8}, is low, indicating the low lattice thermal conductivity
in the examined compounds.

The phonon dispersion is plotted to test the dynamical stability, as
illustrated in Fig. 2. All phonon branches are positive, demonstrating
the dynamical stability of Li,CaX (where, X = Sn and Pb). The dif-
ference in atomic weight of constituent elements causes a frequency
gap between high- and low-frequency optical modes. A detailed ex-
amination of Li,CaPb phonon dispersion reveals a minor gap between
acoustic and low-frequency optical modes. The acoustic phonon modes
of Li,CaPb are less dispersive than those of Li,CaSn, implying that
Li,CaPb has a lower group velocity.

Dirac-like dispersion observed in the optical phonon branches at
and around the high symmetry point ‘W’, motivates us to investigate
the topological properties of these phononic states. Li,CaPb has been
taken as an example to highlight the topological features in these
Heusler compounds. To begin with, the tight-binding Hamiltonian has
been generated using the Wannier90 package to visualize the surface
states and iso-frequency spectrum in the (001) plane. Fig. 3 depicts the
computed topological properties of Li,CaPb. We project the topological
character of both low- and high-frequency optical phonon modes.
Fig. 3(b) displays the surface state plot for optical phonons in frequency
ranging from 3-4 THz. We observe the drumhead surface states em-
anating from bulk phonon crossings. In general, a drumhead surface
state is always connected with a nodal line, and the same[NL1] is
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Fig. 2. The phonon spectrum plotted along high symmetry points, as mentioned in IBZ Fig. 1(a) for Li,CaSn in (a) and for Li,CaPb in (b).
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Fig. 3. (a) Li,CaPb phonon spectrum in a frequency range between 3-4 THz. The red arrow indicates the nodal line. (b) Surface state spectrum plotted in (001) plane. Black
arrows mark drumhead surface states and nodal lines. (c) Constant frequency contour plot at 3.48 THz displays the nodal line. (d) Li,CaPb phonon spectrum in a frequency range
between 9-10 THz. (e) Surface state spectrum in (001) plane for optical modes shown in Fig.(d). (e) Constant frequency contour plot at 9.44 THz displays the nodal lines. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

depicted in an iso-frequency plot at 3.48 THz [Fig. 3(c)]. Figs. 3(d, e,
& f) depict the topological features of high-frequency optical phonon
branches [frequency range 9-10 THz]. These optical branches have
multi-Dirac-like crossings around high-symmetry point ‘W’. The surface
states for these modes are given in Fig. 3(e), displaying the surface
states arising from the bulk band crossings similar to the low-frequency
case. Nodal lines[NL2 & NL3] corresponding to these crossings are
given in Fig. 3(f). The symmetry analysis should be considered while
addressing the topological properties of any system, and the same is
included here. The investigated system is non-magnetic and hosts both
inversion and time-reversal symmetries. Nine mirror planes including
M,, M, M, M, M5, M., Mz, M, and M,; are present in this face-
centered cubic system. The nodal lines observed in the bulk bandgap
calculations are found in the (001) plane and are protected by mirror
symmetries M, M, M, and M,. To check the topological character of
these nodal lines, we have calculated the Berry phase using the relation
given in literature [47]. The calculated value of the Berry phase for
the k-loop enclosing NL1 is z, and it is zero for the remaining two
nodal lines denoted as NL2 and NL3. It infers the non-trivial topology
in phononic states forming the NL1, whereas the phononic states in the
high-frequency region are topologically trivial.

3.2. Lattice thermal transport

The lattice thermal conductivity (x;) is estimated to observe the
influence of topological phonons on thermal transport. Fig. 4(a) shows
the temperature-dependent «; plotted between 100 K to 500 K. It de-
creases as the temperature rises, which is a usual trend. The plots reveal
a significant difference in «; values of both compounds. Li,CaPb has
an extremely low k;, which may entice potential applications in ther-
moelectricity. The phonon-lifetime as a function of phonon-frequency
at 300 K is also calculated to examine the room temperature effect
on k; [Fig. 4(b & ¢)]. The black dots represent phonon modes, while
the color bar shows their density. Li,CaPb has a much lower phonon-
lifetime than Li,CaSn. The lower «; for Li,CaPb is due to acoustic
phonon mode dispersion and shorter phonon-lifetime. Fig. 4(d) depicts
the accumulative lattice thermal conductivity as a function of the mean
free path. Li,CaPb(200 [o\) has a much lower saturated value of mean
free path than Li,CaSn (1000 A). This saturation value is crucial in
determining whether any material is appropriate for nanostructure en-
gineering. The saturation value of the mean free path is greater than the
grain size of the materials studied, implying that future nanostructure
engineering will be possible. It may further reduce «; and increase TE
performance. To check the contribution of optical phonon modes to «;,
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Fig. 4. The temperature-dependent lattice thermal conductivity in (a), (b-c) the phonon-lifetime for Li,CaSn and Li,CaPb respectively, at 300 K, the color bar represents the

density of phonon modes. (d) accumulative lattice thermal conductivity as a function of the mean free path at 300 K. (e, f) Frequency-dependent «, / «,

values.

the ratio of «; and «,,,, is plotted at different temperatures [Fig. 4(e
& f)]. k; is entirely dominated by acoustic modes in a low-temperature
regime, as seen from the plots for 10 K. The optical mode contribution
to k; increases as the temperature rises. This analysis suggests that
the optical branches enable low «; in these explored compounds. The
topological features observed in optical phonon modes responsible for
flattened surface states may cause more scattering, leading to a low «;.
These Heusler compounds may offer good TE performance due to their
low «;.

3.3. Electronic structure properties

The electronic band structure of these full-Heusler compounds is
computed using equilibrium lattice constants along the high symme-
try directions in the irreducible Brillouin zone [Fig. 1(c)]. Fig. 5(a)
depicts the electronic band structure for Li,CaSn using the GGA-PBE
functional [32]. The existence of hole and electron-type bands in the
energy eigenstates at the Fermi level verifies the system’s semimetallic
nature. Fig. 5(b) depicts the projected band structure to understand
partial orbital contributions to these states. Ca - s, d and X - p or-
bitals contribute most to the bands near the Fermi level. The lack of
experimental reports on electronic structure properties motivates us
to incorporate HSE (Heyd-Scuseria—Ernzerhof) [42] functional here,
which has drastically changed the band structure profile, especially
in the case of Li,CaPb which turns out to be an indirect bandgap
semiconductor with a bandgap of 0.03 eV [Fig. 6(c)] from a semimetal
[Fig. 6(a)]. Fig. 6(b) shows the orbital decomposed band structure of
Li,CaPb. The noticeable changes in electronic structural properties with
HSE functional and low lattice thermal conductivity indicate that these
compounds might be appealing for potential thermoelectric properties
described in the next section.

4. Thermoelectric properties
The thermoelectric properties for these full-Heusler compounds are

computed as a function of temperature for fixed carrier concentra-
tion 10!° cm~3 using HSE (Heyd-Scuseria—Ernzerhof) [42] functional.

for various temperature

ceum

Table 3
Comparative studies of calculated thermoelectric figure of
merit with values reported for other full-Heusler compounds

at 500 K.
Compounds ZT
Fe,ScP [48] 0.16
Fe,ScAs [48] ~ 0.2
Ru,VSn [49] ~ 0.05
Co,CrX(X = Al Si, Ge & Sn)[50] ~ (10™* - 107%)
Ru,NbAI [51] ~ 1072
Li,CaPb (current work) 0.2

Fig. 7(a & b) display the thermopower for holes and electrons. The
magnitude of thermopower increases with temperature. Thermopower
is plotted up to 500 K since the examined systems are brittle and
have low melting temperatures. The thermopower of Li,CaSn is higher
than that for Li,CaPb. The magnitudes of thermopower for electrons
are nearly the same for both compounds for temperatures ranging
between 400 K to 500 K. The bipolar conduction affects the magnitude
of thermopower, notably in Li,CaSn. The magnitude of thermopower is
around 100 pV/K and 175 pV/K for holes and electrons, respectively,
at 500 K. The increasing trend in thermopower with temperature is
a good sign for high TE performance. Following that, the electrical
conductivity scaled by relaxation time (¢/7) is calculated [Figs. 7(c &
d)]. o/7 is higher for Li,CaPb for both the carriers. The holes show a
decremental effect with temperature, whereas electrons show a mixed
trend with a decremental effect till 300 K and start increasing beyond
this value. /7 is higher for holes than for electrons. The combined
effect of thermopower and ¢ /7 can be observed from the power factor
scaled by relaxation time (S?c/7) calculations. The calculated S%c/z
is displayed in Figs. 7(e & f). Thermopower significantly impacts the
S?c/7 plots of holes and electrons. The effect of nearly the same
thermopower values for electrons is reflected in S?c/z values of these
carriers. The lack of experimental data available for the electrical
conductivity or resistivity of these compounds motivated to assume
the relaxation time to be 10714 s to determine the absolute value of
the electronic part of thermal conductivity (x,) and figure of merit
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(ZT). This relaxation time value aligns with previous studies on Heusler
compounds [51-54]. The calculated «, and ZT are shown in Fig. 8. «,
increases with temperature for both carriers, which is an usual trend
[Figs. 8(a & b)]. As the S?5/7 values for both compounds do not differ
significantly, the effect of k; becomes essential to determine the figure
of merit. The figure of merit for both the compounds increases with
temperature [Figs. 8(c & d)]. The figure of merit values for Li,CaSn are
nearly 0.05 for both carriers at 500 K. Li,CaPb stands out differently
with an appreciable figure of merit values of 0.15 for holes and 0.20 for
electrons, respectively, at 500 K. The comparative analysis with a few
other full-Heusler compounds is given in Table 3, which reckons that
these investigated compounds have displayed promising TE properties
and may open avenues for experimentalists for further exploration.

5. Conclusion

In summary, this article elucidates the electronic structure and
thermoelectric properties of full-Heusler compounds Li,CaX (where, X
= Sn and Pb) using density functional theory. The calculated elastic
constants are positive and meet Born’s mechanical stability criteria,
ensuring mechanical stability. No negative phonon mode is seen in the
phonon spectrum, which guarantees the dynamical stability of these
compounds. Highly linearized optical phonon modes signal the topolog-
ical features in these Heusler compounds, and the same is manifested by
the drumhead surface states emanating from bulk phonon crossings and
nodal lines shown in iso-frequency plots calculated in the (001) plane.
The = Berry phase for the nodal line corresponding to mid-frequency
phononic surface states ensure non-trivial nature, whereas the high-
frequency phononic surface states are topologically trivial with zero
Berry phase. The lattice thermal conductivity calculations reveal the
very low «; for Li,CaPb as the phonon-lifetime is very short for the
same. The investigated compounds are semimetallic, as observed from
the calculated electronic band structures. The inclusion of HSE func-
tional turned Li,CaPb into an indirect bandgap semiconductor with
a tiny bandgap of 0.03 eV. These noticeable changes and low lattice
thermal conductivity prompt an idea to compute the thermoelectric
properties here. The thermopower values for both compounds are al-
most the same, but the lower k; of Li,CaPb makes it a more efficient TE

material. The calculated thermoelectric figure of merit values is nearly
0.05 in Li,CaSn for both the carriers and Li,CaPb has ZT values of 0.15
and 0.2 at 500 K for holes and electrons. The examined compounds
have shown promising TE properties that await future experimental
verification.
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