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Significant reduction of the lattice thermal conductivity in antifluorites via a split-anion approach
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Searching for thermoelectrics with low lattice thermal conductivity κl is crucial to address needs for waste heat
recovery, but few light element dominated materials provide a low κl . Herein, we propose an effective strategy,
i.e., a split-anion approach, to reduce the κl of the antifluorite. After introducing the split-anion approach, the
stable quasiantifluorite Li4OSe is obtained, and κl is reduced by ∼90% compared to the antifluorite Li2Se. The
κl value of Li4OSe reaches as low as 0.49–1.75 W m−1 K−1, the range of thermoelectric applications, despite
numerous light Li atoms and a large mass mismatch among the constituent atoms. This significant reduction of
the thermal conductivity mainly results from the soft phonon branches and large optical bandwidth induced by
lattice symmetry breaking after the split-anion approach. These findings offer ample scope for tuning the phonon
band structure and thermal transport by reducing lattice symmetry like in the split-anion approach, leading to
ultralow κl of materials.
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I. INTRODUCTION

Low lattice thermal conductivity plays a fundamental role
in waste heat recovery, data storage, and thermal barrier coat-
ings. According to Slack’s rule [1], elements with a heavy
atom mass are always adopted, such as Bi2Te3, Sb2Te3, SnTe,
and GeTe [2,3]. Recently, some exciting mechanisms of low
lattice thermal conductivity were also suggested, including
lone pair electrons [4,5], chemical bond hierarchy [6], res-
onant bonding [7,8], and metavalent bonding [9], which are
deepening our physical understanding of thermal transport
in solids. However, light elements like Li, C, and Si have
rarely been selected for low lattice thermal conductivity ma-
terials, even though they are more environmentally friendly
and abundant on earth. The important reasons are that com-
pounds composed of light elements usually have extremely
high phonon group velocities and relatively weak phonon
scattering [10,11].

The antifluorites Li2X (X = Se and Te) are typical kinds
of compounds with a large mass mismatch among constituent
atoms, in which the crystals not only have tightly bunched
acoustic branches and low acoustic phonon group velocities,
determined by the heavier element [12], but also possess
large proportions of light elements. The antifluorites Li2X
have wide bandwidth and dispersive optical branches, in-
ducing strong interactions of one acoustic phonon with two
optical phonons (aoo scattering), which are the dominant re-
sistance to heat-carrying acoustic phonons [12]. However, the
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large frequency gap between acoustic phonons and optical
phonons (a-o gap), determined by mass mismatch among con-
stituent atoms [12,13], inhibits the interaction of two acoustic
phonons with an optical phonon (aao scattering) and thus
leads to the awkward thermal conductivities in Li2X , i.e.,
14.9 W m−1 K−1 for Li2Se and 12.5 W m−1 K−1 for
Li2Te [12]. At present, the antifluorites Li2X with κl > 10 W
m−1 K−1 [12,14] do not have the same excellent thermoelec-
tric (TE) performance as traditional materials, whose thermal
conductivities are generally less than 5 W m−1 K−1, for exam-
ple, 1.2 W m−1 K−1 for Bi2Te3, 1.9 W m−1 K−1 for Sb2Te3,
and 3.1 W m−1 K−1 for Bi2Se3 [2]. It is therefore imperative
to provide a strategy to remove the a-o gap and reduce the
thermal conductivity in antifluorite crystals to realize a brand-
new class of TE materials with a large mass mismatch among
constituent atoms.

In this work, we provide an effective strategy, i.e., the
split-anion approach, to reduce the lattice thermal conduc-
tivity of the antifluorite. For instance, Li2Se will transform
to the quasiantifluorite Li4OSe, in which the introduction
of the O atom lowers the lattice asymmetry and removes
the a-o gap. Although Li4OSe is a compound with many
Li and O atoms, low thermal lattice conductivity, ranging
from 1.75 W m−1 K−1 at 300 K to 0.49 W m−1 K−1 at
1000 K, can be obtained due to the anomalous coupling
between acoustic and optical phonons induced by the opti-
cal phonon mode softening. Based on a simple asymmetric
Li2Se model, a clear relationship between the soft optical
phonon modes and the lattice symmetry breaking is uncov-
ered. We further provide evidence that this picture of soft
optical phonon modes is universal in other quasiantifluo-
rites, through which light element dominated materials are
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expected to lead to new environmentally friendly and low-cost
thermoelectrics.

II. CALCULATION METHOD

The main calculations based on density functional theory
are implemented in the Vienna Ab initio Simulation Pack-
age (VASP) [15,16]. The projector augmented wave method
is used to describe the electron-ion potential [17]. The plane
wave basis set and the generalized gradient approximation
with the Perdew-Burke-Ernzerhof functional are used [18]. A
15 × 15 × 15 Monkhorst-Pack k-point mesh [19] is employed
to sample the Brillouin zone for self-consistent calculation.
The kinetic energy cutoff is set to 600 eV in all calcula-
tions. The convergence tolerances of the energy and force are
smaller than 10−4 eV/Å and 10−8 eV.

To discuss phonon transport, we adopt the SHENGBTE

code [20], which can provide accurate κl values with good
agreement with the experimental result [21]. The second-
and third-order interatomic force constants are computed
using the PHONOPY and THIRDORDER packages [20,22–24],
respectively, as inputs of the SHENGBTE code. In the lin-
earized phonon Boltzmann transport equation (BTE), κl is
calculated as

κ
αβ

l = 1

kBT 2NV

∑
λ

f 0
λ

(
f 0
λ + 1

)
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where ωλ is the phonon frequency of wave vector q with a
branch index λ, υλ denotes the group velocity of the phonon,
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λ is the Bose-Einstein distribution function for the
phonon population. Fβ
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Fβ

λ = τ 0
λ

(
υ

β

λ + 	
β

λ

)
, (2)

where τ 0
λ is the phonon lifetime of the phonon mode λ and 	

β

λ

is a correction term obtained by the fully iterative solution of
the BTE.

We construct the Wannier tight-binding (TB) phonon
Hamiltonian from the second-order interatomic force con-
stants as implemented in WANNIERTOOLS [25]. The force
constants in phonon TB models are constructed by Slater-
Koster TB parameters [26] because the x, y, and z components
for atoms can be regarded as three localized p orbitals in
three-dimensional space [27,28].

Electron-phonon (e-ph) interactions are important for car-
rier and phonon transport [29,30]. We consider the e-ph
interaction by using the QUANTUM ESPRESSO and Electron-
phonon Wannier (EPW) codes [31–35]. The electronic wave
functions are calculated using a dense 15 × 15 × 15 k-point
grid within the EPW code in order to perform the Wannier in-
terpolation. The Wannier interpolated band structure is shown
in Fig. S13 in the Supplemental Material [36]. The imaginary
part of the electron self-energy 
′′

nk is expressed as [34]


′′
nk(ω, T ) = π

∑
mυ

∫
BZ

dq
�BZ

|gmn,υ (k, q)|2{[nqυ (T ) + fmk+q(T )]δ(ω − (εmk+q − εF ) + ωqυ )

+ [nqυ (T ) + 1 − fmk+q(T )]δ[ω − (εmk+q − εF ) − ωqυ]}, (3)

where gmn,υ (k, q) is the matrix element of one e-ph interac-
tion process involving the given phonon and two electrons (or
holes) with band indices m and n and wave vectors k and
k + q, nqυ (T ) is the Bose-Einstein distribution, and fnk(T )
is the electronic occupation. The lifetime of electrons can be
obtained by 1/τnk = 2
′′

nk/h̄. Meanwhile, the imaginary part
of the phonon self-energy can be defined as [34]

�′′
qυ (ω, T ) = 2π

∑
mn

∫
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× |gmn,υ (k, q)|2

× [ fnk(T ) − fmk+q(T )]δ(εmk+q − εnk − ω).

(4)

The phonon lifetime due to the e-ph interaction (1/τ
ep
qυ ) can

be obtained from �′′
qυ by (1/τ

ep
qυ ) = (2�′′

qυ/h̄). The thermo-
electric properties of p-type Li4OSe are obtained by using the
BOLTZTRAP code [37], with the mode-resolved carrier lifetime
from EPW. Refer to the Supplemental Material for details [36].

III. RESULTS AND DISCUSSION

A. Crystal structure and stability

As shown in Fig. 1(a), the antifluorite Li2Se crystallizes in
space group Fm3̄m, in which each Li is fourfold coordinated
while each Se is eightfold coordinated [38]. By the split-anion
approach, the crystal Li4OSe is obtained. The structures of

Li4OSe along different crystal planes are shown in Fig. 1(b).
We can see that one Se anion in the crystal coordinates with
eight Li cations, which is similar to that in the antifluorite
Li2Se, while O anions are in fourfold coordination. Li4OSe

FIG. 1. (a) Structural change from the antifluorite Li2Se to the
quasiantifluorite Li4OSe with space group P2/c along (001) crystal
planes. (b) Crystal structure of the quasiantifluorite Li4OSe.
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FIG. 2. (a) Evolution of total energy versus simulation time in
AIMD for bulk Li4OSe at 300–1000 K. The inset in (a) is the plane
of the 3 × 2 × 2 supercell at 0 K for Li4OSe. The corresponding
snapshot of the final equilibrium structure after 6000 fs at (b) 300 K,
(c) 500 K, (d) 700 K, and (e) 1000 K.

belongs to the monoclinic crystal system, with a space group
symmetry of P2/c and a point group symmetry of C2D, in-
dicating a lower-symmetry structure than Li2Se due to the
introduction of the O atom. Therefore, we call materials like
Li4OSe “quasiantifluorites.” The x-ray-diffraction patterns of
Li4OSe are calculated with VESTA [39], in which the radiation
wavelength is chosen to be 1.5418 Å (Cu Kα; see Fig. S1(a)
in the Supplemental Material [36]).

We evaluate the stability of Li4OSe from three aspects. We
first calculate the phonon spectra and observe no imaginary
frequency, suggesting that the crystal is dynamically stable at
0 K. In order to confirm the thermodynamic characteristics
of Li4OSe at finite temperature, we further perform ab initio
molecular dynamics (AIMD) simulations [40–43], as shown
in Fig. 2 and also Fig. S1(b) in the Supplemental Material
[36]. In Fig. S1(b), the temperature fluctuations show that the
thermostat and ionic movement couple well. A 3 × 2 × 2 su-
percell of Li4OSe at 0 K in Fig. 2(a) is shown for comparison.
It is found that the geometries of Li4OSe are well preserved
after 6000 fs at 300–700 K, while some Li cations begin to
migrate at 1000 K. The time-dependent evolutions of total
energies at 300–1000 K oscillate within a very narrow range in
Fig. 2(a), clearly illustrating the high-temperature stability of
Li4OSe. Furthermore, it is known that free energy differences
(	G = 	H − T 	S, where 	H and 	S are the formation en-
ergy and formation entropy, respectively) between compounds
and their decomposition products can also reflect their ther-
modynamic stability. We thus give 	G [44] between Li4OSe
and its competing binary phases, i.e., Li2Se [38] and Li2O [45]
(see Fig. S1(c) in the Supplemental Material [36]). The nega-
tive value of the free energy differences means that Li4OSe is
thermodynamically stable at 0–1000 K.

B. Lattice thermal transport property

Generally, the large mismatch in mass among atoms leads
to a frequency gap between acoustic and optical phonons
(a-o gap), such as Li2Se, BeSe, and BeTe [12,13], in which
only high-frequency acoustic phonons, localized in a small
region of reciprocal space, can participate in the interac-
tion of two acoustic phonons with an optical phonon (aao
scattering), resulting in a reduced scattering rate and large

FIG. 3. (a) Calculated phonon spectra (left) and phonon den-
sity of states (right) of Li4OSe. High-symmetry points of the first
Brillouin zone are given in Fig. S2 in the Supplemental Mate-
rial [36]. (b) Comparison of phonon dispersions between Li4OSe
(black curves) and Li2Se (blue curves) in the same direction. Com-
pared with Li2Se, Li4OSe has strong a-o coupling and large optical
bandwidth.

thermal conductivity. Nevertheless, this rule cannot be ap-
plied to Li4OSe. We give the phonon spectra and phonon
density of states of Li4OSe in Fig. 3(a) and find that the
heat-carrying acoustic phonon modes originate mainly from
the heavy Se atoms, while the high-frequency optical phonon
modes are dominated by light Li atoms. Surprisingly, the
bandwidth of the optical phonon branches is so large that
the optical phonons dramatically couple with the acoustic
phonons, even though Li and Se atoms have very different
masses. In order to intuitively demonstrate the uniqueness
of Li4OSe, we further compare the phonon dispersion of
Li4OSe and the antifluorite Li2Se along the same direction
in Fig. 3(b). Unlike Li2Se, there is no a-o gap in Li4OSe,
which always disallows aao scattering. Meanwhile, the much
larger optical bandwidth in Li4OSe indicates a stronger inter-
action of one acoustic phonon with two optical phonons (aoo
scattering), as the bandwidth of optical bunching determines
the phase space of aoo scattering [12]. This phonon compar-
ison suggests that Li4OSe has a lower κl value than Li2Se
(14.9 W m−1 K−1) [12].

In order to illustrate the phonon transport properties of
Li4OSe, the frequency dependence of the phonon scattering
rate and group velocities are calculated. First of all, Fig. 4(a)
shows the scattering rate of phonons at 300 K. In the low-
frequency range, the small DOS leads to a small phase space
for three acoustic phonon (aaa) scattering, and the phonon
energies are not enough for aao and aoo scattering, thus
resulting in very weak phonon-phonon (ph-ph) interaction.
Since the a-o coupling provides a continuous phonon spec-
trum without an a-o gap, the phase space for scattering always
expands as the phonon frequency rises, and the scattering
rate monotonously increases accordingly. Second, we further
calculate the phonon group velocities of Li4OSe based on
phonon spectra (as shown in Fig. S3 in the Supplemental
Material [36]). As reported in other thermoelectric materials
like Bi2Te3, Bi2Se3, and Sb2Te3 [2], the heavier the atom is,
the lower the group velocity is. Indeed, the acoustic phonon
velocity (<7.5 km s−1) is relatively low in Li4OSe. Compared
with the acoustic phonon velocity, the optical phonon veloc-
ities (<4 km s−1) are lower as a result of the less dispersive
optical phonon branches. Owing to the a-o coupling, there is
a sharp decline in group velocity around 3 THz.
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FIG. 4. (a) Frequency dependence of phonon scattering rates of Li4OSe due to the intrinsic phonon-phonon interaction at 300 K. The inset
in (a) is the cumulative lattice thermal conductivity. (b) Calculated κl versus temperature for Li4OSe compared with Li2Se (purple curve) and
Li2O (black curve) from Ref. [12]. The value of κl for Li4OSe is much smaller than those for Li2Se and Li2O (∼90% lower).

The high scattering rate and low group velocity of the
heat-carrying acoustic phonon indicate a low lattice ther-
mal conductivity in Li4OSe. The cumulative κl at 300 K in
Fig. 4(a) shows that the value of κl in the y direction is as
low as 1.75 W m−1 K−1, even though there is a large number
of light atoms, i.e., O and Li atoms, in the crystal. According
to the plot of cumulative κl , the acoustic phonons at 0–3 THz
contribute most of the thermal conductivity, resulting from the
limited phase space for scattering. As the phonon frequency
exceeds 3 THz, the rate of accumulation suddenly slows down
because of the sharply decreasing phonon velocities caused by
the a-o coupling as well as the increasing phonon scattering
rate.

Figure 4(b) gives the calculated κl of Li4OSe as a function
of temperature in comparison with Li2Se and Li2O. As the
temperature arises, the phonon scattering is enhanced sig-
nificantly; therefore, the values of κl at 1000 K are much
lower than that at room temperature. Since the acoustic
phonons, dominated by heavy elements, contribute most of
the thermal conductivity, Li2Se with slower velocity acoustic
phonons provides lower κl than Li2O. Meanwhile, the values
of κl for Li4OSe range from 1.75 W m−1 K−1 at 300 K to
0.49 W m−1 K−1 at 1000 K [shown in Fig. 4(b)]. On the
one hand, such a small κl is comparable to those of the tradi-
tional TE materials consisting of heavy elements, for example,
1.2 W m−1 K−1 for Bi2Te3, 1.9 W m−1 K−1 for Sb2Te3,
and 3.1 W m−1 K−1 for Bi2Se3 at room temperature [2]. On
the other hand, Li4OSe gives much smaller values of κl than
Li2Se (an astonishing ∼90% lower), showing that our strategy
can reduce the lattice thermal conductivity more significantly
in antifluorites than other approaches like twisting [46] and
doping [47]. This result suggests that light and heavy element
composite materials can also demonstrate a quite low lattice
thermal conductivity.

C. Soft optical phonon modes

The projected density of states (PDOS) in Fig. 3(a) reveals
that the medium-frequency optical phonon modes occupying
the a-o gap are dominated by both O and Li atoms. These
modes are caused by two factors: (i) the softening of high-

frequency optical phonon modes dominated by Li atoms and
(ii) the medium-frequency vibrations of O atoms, whose mass
is between those of Li and Se atoms. Since the PDOS in the
middle-frequency region is mainly determined by Li atoms,
it thus clearly indicates that the softening of high-frequency
optical phonons is the most significant factor in Li4OSe.

To rationalize the soft optical phonon modes in Li4OSe,
we construct a hypothetical “asymmetric Li2Se” model with
O atoms removed in the Li4OSe crystal lattice (see Fig. S5(a)
in the Supplemental Material [36]) or some of the Li atoms
moved artificially in the Li2Se crystal, similar to the Li-Se
bond in Li4OSe. Surprisingly, the soft optical phonon modes
appear in the constructed asymmetric Li2Se, which is quite
different from symmetric Li2Se. We further use a simpler
asymmetric Li2Se model with only one Li atom shifted along
the y axis [see Fig. 5(a)] and observe an obvious soft mode
(the red optical phonon branch). The soft mode mainly comes
from the shifted Li atom (see Fig. 5(b) and also Figs. S5(b)
and 5(c) in the Supplemental Material [36]); therefore, we
project a phonon band structure into the atomic motion of the
Li atom that is moved along the x, y, and z directions in Fig. S6
in the Supplemental Material [36] and find that the behavior of
the optical branches is similar to the crystal-field splitting in
the asymmetry lattice. We thus speculate that it is the symme-
try breaking that leads to the large splitting of optical phonon
bands and the softening of optical phonon modes. The same
phenomenon is also found in the Na2Se crystal (see Fig. S7),
suggesting that the optical phonon splitting is normal in the
asymmetric antifluorite structure.

To reveal the mechanism of the optical phonon band split-
ting, we construct a Wannier TB phonon Hamiltonian, and
the x, y, and z components for each atomic site can be viewed
as three localized p orbitals in three-dimensional space [27].
With the symmetry breaking, the on-site energy Eon−site of
the Li atom in symmetric Li2Se [black line in Fig. 5(c)] is
split onto the lowest- and highest-frequency phonon branches
in asymmetric Li2Se (blue lines). The splitting of Eon−site

can be regarded as the hybridization of localized p orbitals
of the Li atom, further leading to softening of the optical
mode. When the first- (yellow lines), second- (green lines),
and full-neighbor (red lines) interactions of Li atoms are taken
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FIG. 5. (a) Crystal structure of asymmetric Li2Se with only one
Li atom moved (left) and its phonon spectra (right). An obvious soft
optical branch appears in the a-o gap (red curve). (b) Projected band
structure of the Li atom that moved (blue curve). The projections of
other atoms are given in Figs. S5(b) and S5(c) in the Supplemental
Material [36]. The soft optical mode is mainly dominated by the
Li atoms that moved. (c) The lowest- and highest-frequency optical
branches of the asymmetric Li2Se, showing the band splitting due
to the lattice symmetry breaking. The colored lines represent the
dispersions with the inclusion of the on-site energy splitting, as well
as the first-, second-, and full-neighbor interactions of Li atoms,
compared with the on-site energy of symmetric Li2Se (black curve).
(d) Normalized traces of IFCs for the Li atom in symmetric and
asymmetric Li2Se (black and red dots).

into account, the soft optical phonon band becomes dispersive
in Fig. 5(c), while the band splitting is almost unchanged.
This result indicates that the optical phonon band splitting
mainly derives from the change in Eon−site, which could be
related to the redistribution of charge near the shifted Li atom
in asymmetric Li2Se.

To study the effect of charge redistribution in simple asym-
metric Li2Se, we calculate the normalized traces of harmonic
interatomic force constants (IFCs) [8] for the Li atom that
moved versus the interaction distance in Fig. 5(d). Because
the degeneracy of Li-Se bonds is removed in the asymmetric
lattice, there is a large difference between the two sets of IFCs
at a distance of 2.6 Å, which can be viewed as the splitting
in IFCs. When the distance is larger than 3 Å, there is nearly
no difference in IFCs between the symmetric and asymmetric
models. Therefore, the symmetry breaking modifies only the
local IFC values. Such local interactions are also observed
in Li4OSe (see Fig. S9 in the Supplemental Material [36]).
This means that the short-range charge redistribution in real
space is the physical origin for the splitting of on-site ener-
gies, which leads to optical branch softening. The short-range
charge redistribution can be realized by lowering the lattice
symmetry, such as with the split-anion approach, doping, al-
loys, twisting, and so on. This picture of soft optical phonon
modes is universal and can be extended to other materials
with light atoms and a large a-o gap. For instance, using

the split-anion approach, the lattice thermal conductivity of
Li4OTe (1.06 W m−1 K−1) is an order of magnitude lower
than that of Li2Te (12.5 W m−1 K−1).

D. Electronic structure, the electrical transport property,
and the power factor

A remarkable feature of the band structure of Li4OSe
(Fig. S12(a) in the Supplemental Material [36]) is that there
are several local maxima of the valence bands at points
� (0, 0, 0), D (0, 0.5, 0.5), and E (−0.5, 0.5, 0.5), with
the energy difference being smaller than 0.07 eV. The flat
band along �-D-E indicates a type of Van Hove singularity,
resulting in a peak in the DOS around the valence band maxi-
mum (VBM). High valley multiplicity and strong anisotropic
valence band dispersion suggest good thermoelectric perfor-
mance [48–50].

Because of the high valley multiplicity around the valence
band, we focus on p-type Li4OSe and calculate its carrier
lifetimes (Fig. S12(b) in the Supplemental Material [36]) by
using the QUANTUM ESPRESSO and EPW codes [33,34]. The
lifetime decreases rapidly as the holes away from the VBM
because the increasing phase space enhances the scattering
and hole transitions. As a result, the carrier lifetime cannot
be simply approximated to the one at the VBM for p-type
Li4OSe, which would overestimate the conductivity and the
ultimate ZT value. The power factor (PF) of p-type Li4OSe as
a function of carrier concentration in the y direction at 300–
1000 K is given in Fig. S12(c) in the Supplemental Material
[36]. The optimized PFs retain high values at 300–1000 K
(∼1.25 mW m−1 K−2), comparable to those in Bi2Te3

(∼3.5 mW m−1 K−2) under the optimal hole density [51]. In-
deed, we have not considered the ionized impurity scattering
in doped Li4OSe for simplicity, which may cause an over-
estimate of the PF values. Owing to the increasing collision
cross section of fixed charges, the ionized impurity scattering
is known to be more important at low temperatures [52].
Conversely, e-ph scattering is dominant at high temperatures
due to stronger lattice vibration. Therefore, we believe that
the influence of scattering with ionized dopants in Li4OSe at
high temperatures is relatively less significant, and the over-
estimation of the average PF from room temperature to high
temperature (PFavg) will not exceed an order of magnitude.
In addition, the strength of the ionized impurity scattering at
low temperature can be reduced by doping transition-metal
elements [53]. These desirable electronic properties suggest
that p-type Li4OSe could demonstrate a very promising TE
performance.

E. Reduction of lattice thermal conductivity by e-ph interaction

Although the effect of e-ph interaction on phonon transport
was usually ignored in previous studies, it sometimes signifi-
cantly modifies the lattice thermal conductivity. For instance,
the e-ph interaction reduces the lattice thermal conductivity of
p-type silicon by 45% at room temperature as the carrier con-
centration exceeds 1019 cm−3 [54]. Therefore, we discuss the
effect of e-ph interaction on the lattice thermal conductivity
of p-type Li4OSe. We first estimate the best concentra-
tion in p-type Li4OSe in Fig. S12(d) in the Supplemental
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FIG. 6. (a) Frequency dependence of phonon lifetimes for p-type Li4OSe at a carrier concentration of 5 × 1020 cm−3 without (blue) and
with (red) e-ph interaction. The inset in (a) is the phonon scattering rate in p-type Li4OSe due to the e-ph interaction (gray dots) and the intrinsic
ph-ph interaction (blue dots). (b) Lattice thermal conductivity versus the temperature for Li4OSe at a carrier concentration of 5 × 1020 cm−3

without (dashed lines) and with (solid lines) e-ph interaction.

Material [36]. It is found that 5 × 1020 cm−3 is the best carrier
concentration for p-type Li4OSe, and we will calculate all
data at this carrier concentration in this section. Figure 6(a)
gives the phonon lifetimes of p-type Li4OSe with (red dots)
and without (blue dots) e-ph interactions. When the phonon
frequency is larger than 2.5 THz, the two lifetimes are almost
the same because the e-ph interaction scattering rates here are
nearly 1–2 orders of magnitude lower than the intrinsic ph-ph
ones. As the e-ph interaction scattering rates surpass the ph-ph
scattering rates for some low-frequency phonons, the lifetimes
of these phonons obviously decrease. This is expected to have
a significant impact on phonon transport because most of the
heat is carried by the phonons with the lowest frequencies.
The scattering rates and phonon lifetimes at 1000 K are also
provided in Fig. S13 in the Supplemental Material [36], which
shows increasing phonon scatterings for both the e-ph and
ph-ph interactions. Meanwhile, the temperature has a larger
influence on ph-ph interactions than e-ph interactions in p-
type Li4OSe [see Figs. 6(a) and S13].

Figure 6(b) shows the calculated lattice thermal conduc-
tivity of p-type Li4OSe without (dashed line) and with (solid
line) e-ph interactions. Because of the e-ph interaction in the
heavily doped region, the values of κl of p-type Li4OSe are
lower than those in the intrinsic Li4OSe. Moreover, this re-
duction weakens with increasing temperature due to the larger
temperature dependence of ph-ph interactions. For instance,
the e-ph interaction reduces κl along the y axis by 22.2% at
300 K and 15.2% at 1000 K. This reduction is smaller than
the value of 45% in Si [54] and 60% in SiGe alloys [55] as a
result of the relatively larger ph-ph scattering rate in Li4OSe.
The ionized impurity scattering can also affect the thermal
transport at low temperatures by reducing the lattice thermal
conductivity [56,57]. However, phonon scattering is the main
scattering mechanism for the lattice thermal conductivity at
high temperature [58,59]. Therefore, we do not consider the
effect of impurity scattering on the lattice thermal conduc-
tivity in the high-temperature TE material Li4OSe. Finally,
the impact of e-ph interactions on κl is still non-negligible,
in a range that is of great technological relevance for TE
applications.

IV. CONCLUSION

In summary, we investigated the impairment of the thermal
transport capacity with the antifluorite Li2Se transforming to
the quasiantifluorite Li4OSe and how their κl are modulated
by the split-anion approach. Our result shows that lattice
symmetry breaking through the split-anion approach causes
an ultralow κl by softening the optical phonon, which sig-
nificantly enhances the phonon scattering. Thus, ultralow κl

values, ranging from 1.75 W m−1 K−1 at 300 K to 0.49 W
m−1 K−1 at 1000 K, can be obtained, comparable to the
traditional TE materials, even though Li4OSe has a large
mass mismatch among atoms. Based on the asymmetric Li2Se
model, we uncovered the relationship between the soft optical
phonon modes and the lattice symmetry breaking, in which
the latter modifies a short-range redistribution of charge in real
space, rendering a large band splitting of optical branches. We
further demonstrated the effect of e-ph interactions in heavily
doped Li4OSe, which reduce κl by 15%–22% at 300–1000 K.
This picture can be extended to other quasiantifluorites and
similar light-atom compounds, and it will stimulate intense
interest in the exploration of compounds with a large mass
mismatch among constituent atoms for new environmentally
friendly and low-cost thermoelectric materials.
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