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Thermoelectric materials show promise for converting waste heat into electricity, addressing energy sustainability
challenges. The ZrBeSi-type Zintl phase compounds, featuring a layered structure, intrinsically exhibit low lattice thermal
conductivity (k7). Motivated by this feature, we employed first-principles calculations.combined with Boltzmann transport
theory to systematically investigate the thermoelectric transport properties of SrLiX (X = P, As). SrLiP exhibits a k7 of
0.98 W-m~'-K~! at 900 K, which is 34% lower than that of SrLiAs (1.48 W-m~'-K=!), despite its smaller average atomic
mass. This anomalous reduction originates from the broader phonon bandwidth in SrLiP, which is a direct consequence of
anion regulation, and this broader bandwidth substantially expands the three-phonon scattering phase space and enhances
phonon scattering rates. Meanwhile, n-type SrLiAs and SrLiP reach power factors of 1.14 mW-m~!-K~2 and 1.33 mW -
m~'-K~2 at 900 K, respectively, benefiting from multiple band convergence near the Fermi level that yields a valley
degeneracy. Ultimately, our calculations yield ZT values of 0.73 for n-type SrLiP and 0.48 for n-type SrLiAs at 900 K.
Our results demonstrate that anion engineering successfully decouples thermal and electrical transport, simultaneously
suppressing lattice thermal conductivity while maintaining favorable electrical transport properties. This offers a viable
strategy for designing high-performance thermoelectrics.
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1. Introduction

Thermoelectric materials can convert heat into electric-
ity, offering a promising route for waste heat recovery in
the face of the intensifying energy crisis.l'™* Energy con-
version efficiency is characterized by the dimensionless ther-
moelectric figure of merit ZT = $>6T/(k, + ki), where S,
o, K., and k; denote the Seebeck coefficient, electrical con-
ductivity, electronic thermal conductivity, and lattice ther-

[5-81 In general, S, o, and K,

mal conductivity, respectively.
are typically difficult to tune independently, and this strong
coupling between electrical and thermal transport limits im-
provements in the ZT value.!>'% Therefore, identifying new
material systems that simultaneously possess high electri-
cal transport performance and low xj is of great signifi-
cance for thermoelectric materials research. Recent studies

[11-13

have demonstrated that Heusler compounds, 1 perovskite-

type complex oxides,!!*!> chalcogenides,!'®!7 and Zintl-
phase compounds are promising candidates for thermoelectric

applications.[18-22]
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18-221 show signifi-

In particular, Zintl-phase compounds!
cant promise for improving the thermoelectric figure of merit,
owing to their characteristic “phonon-glass, electron-crystal”
(PGEC) nature.>>-?7 This unique behavior originates from
their structural characteristics: the rigid covalent framework
provides efficient pathways for electron transport, ensuring
high electrical conductivity, while the loosely bound cations
significantly reduce the lattice thermal conductivity, giving
rise to intrinsically low k; in this class of materials.!?%-28!
Among various Zintl-phase families, compounds with two-
dimensional covalent-bonded substructures have received par-
ticular attention due to their favorable electrical transport
properties.>’! The ZrBeSi-type Zintl phase compounds, a rep-
resentative example of such systems, feature a layered anionic
network that is favorable for electron transport. This layered
structure allows for variation in the anionic species, which has
been found to effectively modulate k;, and decouple thermal
and electrical transport.*%) ACuSb (A = Ca, Sr, Ba)l*!l and
KBaBil*?l have been demonstrated to achieve high n-type ZT
values of approximately 2.2 at 700 K and 3 at 1000 K, respec-
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tively, benefiting from their layered architecture.

In this work, we systematically investigate the thermo-
electric transport properties of SrLiX (X = P, As) using first-
principles calculations combined with Boltzmann transport
theory. According to the classical Slack model, lattice ther-
mal conductivity decreases with increasing average atomic
mass.!33! Surprisingly, our calculations show the opposite
trend: the compound containing the lighter P exhibits an
anomalously lower k; compared to the one with the heav-
ier As. At 900 K, the lattice thermal conductivity of SrLiP
is 0.98 W-m~!-K~!, whereas that of SrLiAs under the same
temperature is 1.48 W-m~!-K~!. This unexpected behavior
originates from the larger phonon bandwidth in SrLiP, which
enhances phonon scattering and ultimately results in lower lat-
tice thermal conductivity while maintaining favorable elec-
trical transport properties, indicating that anion engineering
effectively decouples electronic and thermal transport in this
Zintl-phase system. Ultimately, we found that at 900 K, the
ZT values of SrLiAs and SrLiP reach 0.48 and 0.73, respec-
tively. Our work expands the understanding of ZrBeSi-type
Zintl phases and provides a new strategy for designing high-
performance thermoelectric materials through anion engineer-

ing.

2. Methodology

First-principles calculations were performed. using. the
projector augmented wave (PAW) method within density func-
tional theory (DFT), as implemented in Vienna ab initio simu-
lation package (VASP).[3*331 All calculations were performed
using a plane-wave cutoff energy of 500 eV. A 12 x 12 x 6
k-point mesh generated using the Monkhorst—Pack scheme
was employed for Brillouin zone sampling. To account
for exchange-correlation effects, the generalized gradient ap-
proximation (GGA) with the Perdew—Burke—Ernzerhof (PBE)
parametrization was utilized. *®! The electronic self-consistent
field convergence criterion was set to 1078 eV, and the crys-
tal structures were fully relaxed until the Hellmann—Feynman
forces acting on each atom were less than 10~% eV-A~'. The
PBE functional is known to severely underestimate the band
gap of semiconductors. To address this issue, we used the
HSEQ06'hybrid functional to determine the band gap and elec-
tronic band structure of SrLiX (X =P, As).7]

We carried out phonon calculations on the relaxed crystal
structures using the Phonopy software package.38 A 3 x 3 x 2
supercell was employed, together with a 4 x 4 x 3 k-point grid,
to obtain the second-order harmonic interatomic force con-
stants (IFCs) and phonon dispersion relations. Anharmonic
interactions must be considered to calculate the relaxation
time 7. Accordingly, we employed the Thirdorder package
with the same supercell geometry to obtain third-order IFCs,
which are necessary for describing three-phonon scattering

processes.*°! Interactions up to the ninth nearest neighboring
atoms were considered. The lattice thermal conductivity was
then calculated by iteratively solving the Peierls—Boltzmann
transport equation for phonons using the ShengBTE code. [4°!

The K, tensor is given by
1
k(1) = <o LG TV T (T), ()
NQ =

where N denotes the total number of g-points, €2 is the volume
of the unit cell, o and f indicate the Cartesian components, A
represents the phonon mode index, C, stands for the mode-
resolved specific heat capacity, vy and vf are the group veloc-
ity components, and 7, corresponds to the phonon lifetime.

For electronic transport properties, the band structure was
first calculated using the hybrid HSEQ6 functional to obtain
accurate band gaps, as mentioned above. Subsequently, the
electrical transport coefficients were evaluated using the AM-
SET code, which solves the Boltzmann transport equation
within the relaxation time approximation.!#!*?] The scattering
rate for an electron from the initial state nk to the final state
k + g is described by

i 2
Tnkli)mkﬁ;q = ?|gnm(k; q)|26(8nk: - 8mk:+q>- 2)

Here, 7 denotes the reduced Planck constant, § is the Dirac
delta function, € represents the electron energy, and g stands
for the coupling matrix element. Multiple scattering mecha-
nisms were taken into account, including acoustic deformation
potential (ADP) scattering, polar optical phonon (POP) scat-
tering, and ionized impurity (IMP) scattering.[*3*! The total
scattering rate was obtained by summing the individual con-
tributions following Matthiessen’s rule:

1 1 1 1
- + + 3)

T TapPp  TiMP  TpoP

3. Results and discussion
3.1. Crystal structure and stability

Zintl-phase compounds SrLiX (X = P, As) crystallize in
the P63 /mmc space group, and their crystal structures along
with the electron localization function (ELF) are shown in
Fig. 1(a). Along the crystallographic ¢ axis, the Li-X lay-
ers and Sr atomic layers are arranged alternately. The atomic
arrangement in this system is well ordered, exhibiting good
periodicity and structural regularity. The ELF indicates that
the Li—X bonds exhibit a polar covalent character biased to-
ward the X atom, whereas the interaction between Li and Sr
is predominantly ionic. For a more comprehensive analysis
of the structural features, the negative crystal orbital Hamil-
ton population (-—COHP) values were computed, as presented
in Fig. 1(b). The —COHP values further reveal that the Li—X
bonds possess stronger bond strength than the Li—Sr bonds.
This difference in bond strength contributes to the formation
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of a layered crystal structure, which is beneficial for impeding
thermal transport.

The thermodynamic stability of the investigated materials
was evaluated at 300 K, 600 K, and 900 K via ab initio molec-
ular dynamics (AIMD) simulations, using the same 3 x 3 x 2
supercell as employed in the phonon calculations. The results
for SrLiP and SrLiAs are presented in Figs. 1(c) and S10,
respectively. The free energy remains stable throughout the
15 ps simulation, with negligible fluctuations confined to a
narrow range, demonstrating the thermodynamic stability of
the system. In addition, mechanical stability was assessed by

calculating the elastic constants, which measure the resistance
of the crystal to structural deformation under external stress,
with the detailed values summarized in Table S1 in the supple-
mentary material. According to the Born mechanical stability
criteria,[*®47] for the hexagonal crystal structure, the elastic
constants must satisfy the following conditions:

Ci1 > [Cral, C3(Chy +Cr2) > 2CH;, Cas > 0. “)

The calculated results satisfy the stability criteria, confirming
the mechanical stability of the material.
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Fig. 1. (a) Lattice structure and calculated electron localization function (ELF) on the (110) plane. The purple, yellow, and blue spheres represent
Sr, Li, and X (P or As) atoms, respectively. (b) Negative crystal orbital Hamilton population (-COHP) analysis for SrLiAs and SrLiP. (c) Free
energy as a function of time for SrLiP at 300 K, 600 K, and 900 K over 15 ps.

3.2. Thermal transport

As presented in Fig. S1, our calculations show that within
the SrLiX (X = P, As) system, kz, exhibits a T-! temperature
dependence. Moreover, both compounds exhibit anisotropic
Kz, as detailed in Fig. S6. For both compounds, the lattice
thermal conductivity along the g-axis is lower than that along
the c-axis. Generally, k; decreases with increasing average
atomic mass in crystalline compounds.*8! However, our cal-
culations show that SrLiP has a lower x;, than SrLiAs, which
contradicts this general trend. This observation indicates that
the average atomic mass is not the dominant factor governing
the lattice thermal conductivity in the SrLiX system.

To explain the thermal transport properties of SrLiX, we
examined the phonon dispersion and phonon density of states
(pDOS) of both SrLiAs and SrLiP, as illustrated in Figs. 2(a)
and 2(b), respectively. The pDOS analysis reveals that the
acoustic phonon modes originate mainly from the vibrations
of the heavier Sr atoms, while the lighter X and Li atoms
mainly contribute to the optical phonon modes. Notably, Sr-
LiP exhibits a broader phonon bandwidth, reaching 205 cm™!
as indicated by the shaded region in Fig. 2(b), whereas Sr-
LiAs shows a much narrower bandwidth of only 126 cm™!
(Fig. 2(a)).
creases the phase space for phonon—phonon scattering, which

The expansion of the phonon bandwidth in-

increases the number of scattering channels and ultimately en-
hances the scattering rates, thereby contributing to the reduc-

tion of xy.

We further analyzed the frequency-dependent contribu-
tions to kz, and the cumulative x; as a function of frequency
at different temperatures for both compounds, as illustrated
in Figs. 2(c) and 2(d), respectively. The analysis reveals that
optical phonons make a substantial contribution to the lattice
thermal conductivity of SrLiX. Interestingly, in comparison
with SrLiAs, the contribution from optical phonons in the
range of 40-100 cm ™! is substantially more suppressed in Sr-
LiP. This suppression aligns with the region where the phonon
bandwidth is enlarged (Fig. 2(b)), indicating that the broader
bandwidth is responsible for this phenomenon. Therefore, the
reduction in Kz observed in SrLiP relative to SrLiAs likely
originates from this pronounced suppression in the differential
phonon spectrum.

The empirical formula for lattice thermal conductivity is
given by x; = %Z,l Cy vi Ty, where C, is the phonon-specific
heat, v, is the group velocity, and 7, is the phonon lifetime.
We systematically compared the phonon group velocities of
both compounds within these frequency ranges in Fig. S5.
SrLiP exhibits higher phonon group velocities. The phonon
lifetime 7, is inversely proportional to the phonon scattering
rate (1, o< 1/I3).149°% Therefore, we calculated the phonon
scattering rates of SrLiP and SrLiAs at 300 K, 600 K, and
900 K to investigate the k; behavior of these materials, as
depicted in Figs. 3(a) and 3(b). With increasing tempera-
ture, more phonons are excited, leading to enhanced scatter-
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ing rates. In the mid-frequency region associated with opti-
cal phonon modes (140 cm™"), notably, SrLiP exhibits a pro-
nounced scattering peak across all temperatures, and the inten-
sity of this peak increases with rising temperature. This peak
leads to a reduction in ky.

To understand the origin of this scattering peak, we first

examined the three-phonon scattering phase space for both
compounds, as shown in Figs. 3(c) and 3(d). Correspondingly,
the phase space analysis reveals that a distinct peak structure
exists in the same frequency region, as indicated by the shaded
area in Fig. 3(d), which corresponds exactly to the observed
scattering peak in SrLiP. As previously shown in the phonon
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dispersion relations in Fig. 2(b), the enhanced phase space fea-
tures arise from the broader phonon bandwidth in SrLiP, which
offers more scattering channels. The phonon scattering rate is
jointly governed by the scattering phase space and material
anharmonicity.>'?] Then, we took into account the anhar-
monicity of both materials and presented their mode-resolved
Griineisen parameters projected onto the phonon branches in
Fig. S2. For SrLiP, the Griineisen parameters exhibit a marked
increase around 140 cm™!, indicating enhanced anharmonic-
ity in this frequency range. Therefore, the scattering peaks
observed in the shaded regions arise from the synergistic ef-
fects of both the scattering phase space and the anharmonicity
of the materials. The emergence of these scattering peaks sig-
nificantly reduces the phonon lifetime in SrLiP, leading to a
more pronounced suppression in the dominant x;, contribution
region compared to SrLiAs. This result explains the anoma-
lous dependence of k7, on atomic mass in SrLiP.

3.3. Electron transport properties

Electrical transport properties are essential to thermoelec-
tric performance. Therefore, we calculated the electronic band
structures and density of states (DOS) of SrLiAs and SrLiP, as
presented in Figs. 4(a) and 4(b). Both compounds exhibit in-
direct band gaps. Specifically, the band gap increases.as the
atomic mass of the anion X decreases, from 1.91 eV in SrLiAs
to 2.08 eV in SrLiP. As revealed by the DOS analysis, near
the Fermi level, the valence band maximum (VBM) of SrLiX
(X =P, As) arises primarily from the X atoms, whereas the
conduction band minimum (CBM) is mainly derived from the
Sr atoms. The enlargement of the band gap in SrLiX results
from the synergistic effects of anion size and electronegativ-
ity. Smaller anions restrict atomic orbital overlap, while their
higher electronegativity enhances level splitting, which collec-
tively broadens the band gap.>’!

The remarkable electronic transport properties of SrLiX
This
unique band structure, combined with a high electronic band

stem from the coexistence of light and heavy bands.

degeneracy, synergistically enhances the electrical transport
performance.P*>¢ As summarized in Table S2 of the sup-

(a)

plementary material, taking SrLiP as an example, the elec-
tron effective masses are 0.110my (I'-A) and 0.773mgy (I'—
K), and the hole effective masses are 2.962mg (M-I") and
0.256my (M-K). These large variations across different crys-
tallographic directions reflect significant anisotropy in carrier
effective masses. Additionally, the presence of both a small
electron effective mass and a large hole effective mass along
M-T" in SrLiP points to the coexistence of light and heavy
bands. The light bands, characterized by their high carrier
mobility, markedly improve electrical conductivity, whereas
the heavy bands, with their larger effective mass, enhance the

[57] These unique band structures are con-

Seebeck coefficient.
ducive to a high power factor.

Figure 5 presents the carrier concentration dependence of
the Seebeck coefficient and electrical conductivity for both n-
type and p-type StLiX (X = P, As). The Seebeck coefficient
increases gradually with.increasing temperature from 300 K to
900 K. As the carrier concentration decreases, the Seebeck co-
efficient increases. In contrast, the electrical conductivity, as
depicted in Figs. 5(c) and 5(d), exhibits the opposite trend: it
decreases gradually with increasing temperature from 300 K to
900 K, while increasing with higher carrier concentration. No-
tably, both the Seebeck coefficient and the electrical conduc-
tivity of the n-type materials are higher than those of their p-
type counterparts across the investigated temperature and car-
rier concentration ranges. This observation can be attributed
to the higher band degeneracy at the CBM, which is consistent
with the band structure analysis discussed above.

Building on the analysis of S and o, we evaluated PF
for both n-type and p-type SrLiX (X = P, As), as depicted
in Fig. 6. For n-type SrLiX, the PF increases substantially
with temperature and shows a non-monotonic dependence on
carrier concentration, first increasing to a maximum and then
decreasing. Notably, n-type SrLiX exhibits a higher PF, with
SrLiP reaching a value of 1.33 mW -m~! - K2 at 900 K and
SrLiAs reaching 1.14 mW -m~' - K~2 at 900 K. This can be
attributed to the favorable combination of band features at the
CBM of SrLiX. The CBM of SrLiX possesses multiple val-
ley degeneracy and the coexistence of light and heavy bands.
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Fig. 4. The electronic band structures and density of states (DOS) of (a) SrLiAs and (b) SrLiP. The conduction band minimum (CBM) and
valence band maximum (VBM) are located at the M and K points, respectively. The red dashed arrows indicate the bandgap values of 1.91 eV

for SrLiAs and 2.08 eV for SrLiP.
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These features enable the simultaneous optimization of the
Seebeck coefficient and electrical conductivity, endowing n-
type SrLiX with a higher PF.

3.4. Dimensionless figure of merit

Finally, to provide a comprehensive assessment of the
thermoelectric performance of SrLiX (X = P, As), we ana-
lyzed the figure of merit ZT presented in Fig. 7, which serves

as a key metric for evaluating the overall conversion efficiency
of thermoelectric materials. The ZT values of both n-type Sr-
LiP and SrLiAs increase with increasing temperature across
the entire temperature range from 300 K to 900 K, indicating
that higher temperatures favor thermoelectric performance in
this system. Under the optimized conditions at 900 K, n-type
SrLiP achieves a maximum ZT value of 0.73 at a carrier con-

centration of 1.89 x 10%° cm~3, owing to its high PF and low
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kz. The maximum ZT value of n-type SrLiAs is 0.48. At a
given temperature, the maximum Z7 values of n-type materi-
als are higher than those of their p-type counterparts for both
compounds, which is primarily attributed to the higher PF of

(a) :
900K SrLiAs ]

p-600 K

0.80

p-300K
n-900 K
n-600 K

n-300 K 0.00

10 10" 10% 107!

Carrier concentration (cm™)

the n-type materials. This work demonstrates that the substi-
tution of As with the lighter anion P provides a viable path-
way for designing high-performance ZrBeSi-type Zintl ther-
moelectrics.

ZT (b) SrLiP

p-900 K

p- 600 K

p-300K

n-900 K

n-600 K

n-300 K
10" 10" 10% 10%!

Carrier concentration (cm™)

Fig. 7. The calculated thermoelectric figure of merit Z7 for n-type and p-type SrLiAs and SrLiP at 300 K, 600 K, and 900 K.

4. Conclusion

In summary, using first-principles calculations combined
with Boltzmann transport theory, we have demonstrated that
the variation in anion species within the SrLiX (X = P, As)
system enables an anomalous reduction in lattice thermal con-
ductivity. Our findings reveal that the origin of this counterin-
tuitive behavior can be traced to the expanded phonon band-
width in SrLiP, which significantly enlarges the three-phonon
scattering phase space and creates additional scattering chan-
nels. As a consequence, phonon scattering rates are substan-
tially enhanced, leading to a pronounced suppression of lat-
tice thermal conductivity. At 900 K, SrLiP achieves a low
lattice thermal conductivity of 0.98 W-m~!-K~!. On the elec-
tronic side, the CBM of SrLiX is characterized by multiple
valley degeneracy-accompanied by the coexistence of light
and heavy bands. These unique band structures allow n-type
SrLiX to maintain a high Seebeck coefficient while simultane-
ously delivering excellent electrical conductivity. Benefiting
from this fayorable combination, n-type SrLiP attains a PF of
1.33 mW-m~' - K2 at 900 K, while n-type SrLiAs reaches a
PF of 1.14 mW -m~! - K~2. Ultimately, the synergy between
reduced k7 and optimized PF enables n-type SrLiP to reach
a ZT value of 0.73 at 900 K, higher than the 0.48 for n-type
SrLiAs. This work paves the way for understanding the mi-
croscopic mechanism of the anomalously low k.
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