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Low lattice thermal conductivity induced by
rattling-like vibration in RbCaX (X = As, Sb)
compounds with excellent thermoelectric
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Layered alkali metal (A)—alkaline earth metal (AE)—pnictogen (Pn = N, P, As, Sb, and Bi) compounds are
promising candidates for thermoelectric applications due to their thermal stability and low thermal con-
ductivity. This study systematically investigates and compares the anisotropic thermoelectric properties
of the layered RbCaAs and RbCaSb compounds using density functional theory (DFT) and semiclassical
Boltzmann transport theory. The results show that the rattling thermal damping effect from weak
Rb-As/Sb bonds in RbCaX (X = As, Sb) compounds leads to low lattice thermal conductivity (~3.22/1.20
and ~1.90/0.94 W m~! K~! at 300 K along the x-/y-direction). The n-type RbCaSb exhibits significantly
optimal dimensionless thermoelectric figure of merit (ZT) of ~3.19 (cross-plane) and ~1.71 (in-plane) at
900 K, which are significantly higher than ~0.54 and ~0.80 of n-type RbCaAs and typical layered
thermoelectric materials like p-type SnSe (ZT ~2.6, 923 K) and BiCuQOSe (predicted ZT ~0.75, 900 K).
This enhancement is attributed to the lower scattering rate boosting power factor, and lattice softening
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induced by the heavy Sb elements strengthens anharmonic phonon scattering and reduces lattice
thermal conductivity. These findings highlight RbCaSb as a promising candidate in the field of
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rsc.li/pccp thermoelectric materials.

1 Introduction

Thermoelectric (TE) materials enable direct thermal-to-electrical
energy conversion, providing a critical solution to the global
energy crisis."”* Their development is instrumental in alleviating
environmental degradation from carbon-based energy consump-
tion.>* Nonetheless, the widespread application of thermoelectric
materials is impeded by their suboptimal energy conversion
efficiency, typically quantified by the dimensionless figure of
merit ZT, defined as ZT = $’¢T/(K. + K), where S, 7, K. + K; (K)
and T represent the Seebeck coefficient, electrical conductivity,
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thermal conductivity and absolute temperature, respectively.’
The inherent conflict between thermal and electrical transport
poses a considerable challenge to improving overall Z7. Ideal
thermoelectric materials require a delicate balance of high elec-
trical conductivity, large Seebeck coefficients, and low thermal
conductivity, rendering the pursuit of materials endowed with
“phonon glass-electron crystal” (PGEC) attributes a paramount
strategy for thermoelectric performance optimization.® Notably,
low lattice thermal conductivity (Kj) is frequently correlated with
pronounced phonon anharmonicity, primarily induced by weak
bonding and atomic rattling behavior’. Numerous layered materi-
als manifest low K; and anisotropic thermoelectric transport
properties due to the disparity between strong intralayer and
weak interlayer interactions.®'* The exploration of high-
performance thermoelectric materials should focus on strong
anharmonicity,"”>™"” weak atomic bonding,'"® and intrinsic
vacancies.'® Additionally, the traditional methods for optimizing
thermoelectric performance include reducing & via anharmonic
effects®*>* and nanostructuring,®***
band engineering.>**®

Since the discovery of layered NaMgX (X = P, Sb, As)
compounds with exceptional thermoelectric properties,?” alkali

as well as improving ¢ using
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metal (A)-alkaline earth metal (AE)-pnictogen (Pn = N, P, As,
Sb, and Bi) have emerged as a focal point in thermoelectric
research due to their unique chemical bonding hierarchy,
diverse crystal structures, and chemical tunability. The materi-
als typically exhibit a stoichiometric composition of A-AE-Pn
(1:1:1) and crystallize in various structural types, such as cubic
Half-Heusler (e.g., LiMP),*® cubic LiGeGe (e.g., LiBeSb),> hex-
agonal ZrBeSi (e.g., NaBeSb),*® or cubic PbFCI (e.g., NaMgAs).*
Early studies primarily focused on light alkali metal (e.g., Li,
Na, K) systems, for instance, Half-Heusler compounds like
LiSrX (X = N, P and As) exhibited promising electrical and
thermal transport properties, with high power factors observed
under p-type regions.*> Subsequently, NaAESb (AE = Ca, Sr, Ba)
compounds achieved ZT values of ~1 at 500 K, driven by
stronger phonon-phonon interactions at higher temperatures,
effectively reducing thermal transport properties.** Further-
more, the KAEPn family (AE = Mg, Ca; Pn = Sb, Bi) has been
extensively studied for its pressure-induced low lattice thermal
conductivity and optimized thermoelectric performance
through alloy engineering.®*~>®

Despite the excellent electronic properties of light alkali
metal-based A-AE-Pn compounds, their limited structural sta-
bility at evaluated temperatures restricts practical applications.
Consequently, research endeavors have pivoted towards heavy
alkali metals (e.g., Rb, Cs)- and heavy pnictogens (e.g., Sb, Bi)-
based A-AE-Pn compounds, which often exhibit stronger
phonon anharmonicity and lower lattice thermal conductivity,
offering new thermoelectric optimization. Recently, Zhang et al.
screened 488 compounds through thermodynamic analysis and
identified 20 thermodynamically stable Half-Heusler com-
pounds, RbYZ (Y = Be, Mg, Ca, Sr, Ba; Z = P, As, Sb, Bi),
systematically investigating their electronic, optical, and ther-
moelectric properties.>>*® This has accelerated research into
Rb-based A-AE-Pn compounds with diverse phase structures.
Among these compounds, PbFCl-type RbCaAs and RbCaSb
have garnered attention for their high electrical conductivity
and significant power factors.*’**> However, existing studies
have insufficiently addressed phonon and multi-carrier scatter-
ing mechanisms in layered RbCaAs and RbCaSb compounds,
and the origins of low lattice thermal conductivity and strate-
gies for optimizing electrical transport remain unclear, requir-
ing further investigation.

To elucidate these issues, this study employs first-principles
calculations and Boltzmann transport theory to systematically
investigate the thermoelectric properties of layered RbCaX
(X = As, Sb) compounds. By analyzing the effects of acoustic
deformation potential (ADP) scattering, ionized impurity (IMP)
scattering, and polar optical phonon (POP) scattering on carrier
mobility and relaxation time, we find that n-type RbCaSb
exhibits remarkable anisotropic ZT values of ~3.19 (cross-
plane) and ~1.71 (in-plane) at 900 K, significantly surpassing
n-type RbCaAs (~0.80 and ~ 0.54). The rattling-like scattering
behavior in the RbCaX (X = As, Sb) compounds is identified as a
pivotal factor contributing to low lattice thermal conductivity,
supported by in-depth analysis of temperature-dependent
atomic displacement parameter (ADP). The results highlight
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the potential of RbCaSb as a high-performance thermoelectric
material and provide important theoretical insights for the
design and application of layered A-AE-Pn compounds.

2 Computational details
2.1 Density functional theory calculations

All the density functional theory (DFT) calculations were per-
formed within the framework of the Vienna ab initio simulation
package (VASP),*® employing generalized gradient approximation
(GGA) in conjunction with the projector-augmented wave (PAW)
method.***> The exchange-correlation potential was modelled
using the Perdew, Burke, and Ernzerhof parametrized generalized
gradient approximation (GGA-PBE).*® The plane wave cutoff
energy was increased to 600 eV during structure relaxation to
avoid Pulay stress. A 6 x 6 x 4 Monkhorst-Pack k-point mesh in
the irreducible Brillouin zone and energy and force convergence
criteria to 10™% eV and 107° eV A™! were applied for structure
relaxation. Furthermore, considering the self-interaction errors in
the GGA-PBE framework tend to underestimate the fundamental
energy band gaps,”*® the range-separated hybrid functional
proposed by Hey, Scuseria, and Ernzerhof (HSE06) was adopted
to enhance the description of electronic properties and structural
parameters.**>® To accurately describe the weak interlayer inter-
actions, the D3 correction method was incorporated to account
for van der Waals dispersion forces.”"**

The chemical stability convex hull of RbCaX (X = As, Sb)
was constructed by collecting possible binary phases in the
Rb-Ca-X chemical space from the Materials Project database,®
performing PBE relaxation and static self-consistency calcula-
tions on these binary phases and ternary RbCaX (X = As, Sb),
and plotting the diagrams using the python-ternary module
based on the calculated energy results.

2.2 Electronic transport calculations

The electronic transport properties were calculated using the ab
initio scattering and transport program (AMSET) package.>*
Solving the Boltzmann transport equation via the constant
relaxation time approximation (CRTA) usually overestimates
the ZT.>**® In contrast, AMSET improves accuracy by employ-
ing the momentum relaxation time approximation (MRTA),
explicitly calculating the scattering rates of electronic states
within the Born approximation. AMSET accounts for four
scattering mechanisms: polar optical phonon (POP), acoustic
deformation potential (ADP), ionic impurity (IMP), and piezo-
electric (PIE) scattering. These scattering mechanisms are
incorporated into ZT calculations via electrical conductivity (o)
and electronic thermal conductivity (K.). For RbCaX (X = As, Sb),
the piezoelectric constants were calculated to be 0, and thus PIE
scattering was excluded. The Seebeck coefficients were also
calculated by AMSET software but are unaffected by scattering
mechanisms.

The AMSET software was employed to calculate the electro-
nic scattering rates as described by the Fermi golden rule, and
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the elastic scattering rates from a state nk to mk + q can be
written:>*

_ 2n
Tnk—mk+q = %|gnm(k7 Q)|25(8nk - gmk-%—q) (1)

and a corresponding equation was presented for the inelastic
scattering rate:

ks = g )P (g + 1= £, )3 (At — o,

e oo )]
(2)

where /i denotes the reduced Planck constant, é represents the
Dirac delta function, &, signifies the energy of the |nk| state,
n characterizes the Bose-Einstein distribution, f pertains to the
Fermi-Dirac distribution, and the expressions —/iwgq and 7iwg
are indicative of phonon emission and absorption processes,
respectively. The coefficient g,m(k,q) stands for the coupling
matrix element inherent to the analyzed scattering mechanism,
while comprehensive formulations of all scattering matrix
elements can be found in the referenced source.

Additionally, the band structure, wavefunction coefficients,
elastic constants, deformation potentials, static and high-
frequency dielectric constants, and polar optical phonon fre-
quencies were computed by DFT and finite difference (FD)
methods,>® which were used as the AMSET input parameters
for the determination of carrier relaxation times. The above
data are shown in Table S3 (ESIf). Convergence tests for
electrical transport parameters are presented in the ESIL¥
Fig. S4-S7.

2.3 Phonon thermal transport calculations

Phonon dispersions of RbCaX (X = As, Sb) were computed using
the Phonopy code®” and the VASP package based on the second-
order interatomic force constants (IFCs) derived from the finite-
difference (FD) method. The second-order IFCs were evaluated
using a 3 x 3 x 3 supercell (162 atoms) and a 3 x 3 x 3
Monkhorst-Pack g-point mesh. Convergence tests of the pho-
non dispersion are shown in Fig. S10 and S11 (ESIf). The
moment tensor potentials (MTPs) belong to the machine
learning potentials and have been integrated into the Machine
Learning Interatomic Potentials (MLIPs) package.’®>° In this
study, the MTPs were employed to obtain third-order IFCs. The
ab initio molecular dynamics (AIMD) simulations were per-
formed using a 3 x 3 x 3 supercell at temperatures of 50,
300, 500, 700, and 900 K,°® each for 1 ps with a time step of 1 fs.
The training set was derived from the complete simulation
trajectories, with one configuration sampled every two time
steps, which was then used to train the MTP models through
passive training. The AIMD trajectories at multiple tempera-
tures (50, 300, 500, 700 and 900 K) were originally generated to
evaluate the thermal stability of the RbCaX (X = As, Sb)
compounds, and were subsequently reused to train the MTP
model, thereby avoiding additional DFT calculations. Anharmonic
third-order IFCs were obtained with the same superlattice by
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considering the tenth nearest-neighbor atoms using the thir-
dorder_vasp.py code. In fact, the MTPs-based method for
evaluating IFCs not only meets the accuracy of standard DFT
calculations but also reduces expensive computational
resources, as demonstrated in previous work.’® To ensure
convergence of phonon dispersion and lattice thermal con-
ductivity, interactions up to the tenth nearest neighbor were
included. The lattice thermal conductivity was computed by
employing the complete iterative solutions of the Boltzmann
transport equation, which encompass three-phonon scattering
phenomena, as implemented in the ShengBTE code.®"*> The
convergence of scalebroad parameters, the Q-point mesh den-
sity, and the consideration of interactions up to the nearest
neighbor are verified, as demonstrated in Fig. S12-S14 (ESIt).

3 Results and discussion
3.1 Equilibrium geometry and stability

The ternary RbCaAs and RbCaSb compounds fall within the
I-1I-V type semiconductor family and are structurally analo-
gous to Cu,Sb (PbCIF)/KMnAs.®>** Both compounds crystallize
in the centrosymmetric tetragonal symmetry space group P4/
nmm (No. 129) and possess similar atomic coordinates. They
consist of four X atoms (X = As or Sb) positioned at the vertices
of a tetrahedron centered around a Ca atom. These tetrahedral
units are edge-sharing, forming a layered structure that extends
in a specific direction, with the layers interconnected by Rb
atoms, as illustrated in Fig. 1(a). In the out-of-plane direction,
the RbCaX (X = As, Sb) compounds consist of alternating
[Ca,X,]*~ and [Rb]*", resulting in weak van der Waals (vdW)
interactions between adjacent layers. The hierarchical bonded
sublattice structure in RbCaX (X = As, Sb) compounds makes
them inherently suited for low thermal conductivity. Table 1
presents the unit cell lattice parameters optimized using the
PBE and PBESol methods with D3 dispersion correction. The
calculated lattice parameters for RbCaAs and RbCaSb align well
with experimental measurements,*' where the PBE+D3 method
shows a better match. Rb'" and As®~ (Sb*7) ions are coordi-
nated in a square pyramidal with every Rb-As (Sb) bond length
equal to ~3.956 (~4.078) A, with the longer Rb-Sb bond
lengths originating from the larger ionic radius of Sb atom.
Additionally, despite shorter Ca-As bonds compared to Ca-Sb
bonds, the vdW distances between [Rb,]** and [Ca,As,]*”/
[Ca,Sb,]*~ layers in RbCaAs (~1.538) is larger than RbCaSb
(~1.482 A), suggest stronger interlayer interactions than clas-
sical van der Waals laminates.®> %’

The different bond types in RbCaX (X = As, Sb) enhance the
tunability of their chemical bonding. Fig. 1(b) shows the two-
dimensional electron localization function (ELF) of these two
materials on the (0 0 1) and (1 0 0) planes at 0 A from the origin.
According to the color scale in the figure from 0 (fully deloca-
lized electrons) to 1 (fully localized electrons), the low electron
localization around Ca atoms, compared to the stronger loca-
lization around Rb and As (Sb), indicates that Ca-As (Sb)
bonding in the material has low electron sharing and is

This journal is © the Owner Societies 2025
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Fig. 1 (a) The crystal structures of layered RbCaX (X = As, Sb). (b) The electronic localization function (ELF) on the (001) and (100) planes for the RbCaAs
and RbCaSb. The blue and red (ELF = 0.0 and 1.0) colours denote no electron localization and full electron localization, respectively. The atomic
displacement parameter as a function of temperature for the (c) RbCaAs and (d) RbCaSb.

Table 1 The calculated crystal structure parameters of RbCaAs and RbCaSb, with % differences from the experimental data in parentheses. daye refers

to the interlayer spacing

Functional Compound alb (A) c(d) Ca-As/Sb (A) Rb-As/Sb (A) Aiayer (A)

PBE+D3 RbCaAs 5.154 (0.23%) 7.897 (—0.44%) 2.959 (—0.17%) 3.956 1.538
RbCaSb 5.373 (0.19%) 8.503 (0.40%) 3.162 (0.13%) 4.078 1.482

PBEsol+D3 RbCaAs 5.093 (—0.95%) 7.737 (—2.46%) 2.923 (—1.38%) 3.897 1.490
RbCaSb 5.300 (—1.17%) 8.355 (—1.35%) 3.122 (—1.14%) 4.012 1.432

dominated by ionic interactions. Conversely, Rb-As (Sb) bond-
ing exhibits weak bonding characteristics due to the high
localization of electrons around atoms. The bonding hetero-
geneity, characterized by weak interlayer vdW interactions and
strong intralayer ionic bonding, reduces lattice rigidity and
induces rattling-like behavior of Rb atoms. This limits phonon
transport along the out-of-plane direction, resulting in lower
thermal conductivity and significant anharmonicity. Further,
Fig. 1(c) and (d) show that the Rb atoms exhibit the largest
atomic displacement, promoting its intrinsic rattling-like beha-
vior in RbCaX (X = As, Sb) compounds. Additionally, to further
analyze the differences between intralayer and interlayer inter-
actions, the charge density difference and Bader charge ana-
lyses were employed as complementary tools. These methods
reveal the characteristics of various interactions in the material

This journal is © the Owner Societies 2025

from the perspective of electronic structure, as illustrated in
Fig. S1 and Table S1 (ESIY).

Using the PBE functional and python-ternary module, the
convex hull energy diagrams of RbCaX (X = As, Sb) against other
possible secondary phases in the Materials Project database
were plotted, as shown in Fig. S2 (ESIt). The RbCaX (X = As, Sb)
compounds are situated on the convex hull region, corres-
ponding to the lowest dissociation energies (Eq) regions,®®
confirming their chemical stability in the P4/nmm space group
relative to other secondary phases.

To gain deeper insights into the stability and mechanical
behavior of RbCaX (X = As, Sb) compounds, the elastic proper-
ties were evaluated using the stress-strain method.®® Given that
the structures belong to the tetragonal crystal system, six
independent elastic constants Cj; (Cy1, C12, C13y C33, Ca4, and

Phys. Chem. Chem. Phys., 2025, 27, 15594-15608 | 15597
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Css) have been determined according to Hook’s law,”® which is
listed in Table S2 (ESIT). The RbCaX (X = As, Sb) compounds
satisfy the mechanical stability criteria, i.e., C1; > 0, C33 > 0,
Cyq > 0,Cq > 0,(Cy; — Cqp) > 0,(Cqq + C33 — 2Cq3) > 0,[2(Cyy
+ Cy5) + C33 + 4C;3] > 0. Furthermore, considering that the Cy;
values (~44.56 and ~34.87 GPa) of RbCaX (X = As, Sb) are
larger than C;, values (~5.14 and ~4.15 GPa), the shear
constants were subsequently derived using the following for-
mula:

C/:Cn ;Cn’ 3)

as a result, the shear constants of RbCaAs and RbCaSb were
found to be ~19.71 and ~15.36 GPa, which are much lower
than some classical thermoelectric materials.”"”> Generally,
lowering the shear constant helps to reduce the phonon
thermal conductivity, which is also confirmed later in the sub-
sequent thermal transport calculations. From the calculated
elastic constants, the bulk modulus, shear modulus and Young’s
modulus are derived by the Voigt-Reuss-Hill approach.”””*
As portrayed in Table S2 (ESIt), the bulk modulus of RbCaX
(X = As, Sb) is significantly higher than the shear modulus,
leading to a relatively large Poisson’s ratio (0.3). Such positive
Poisson’s ratio (0.3-0.5) suggests that when tensile stress is
applied in one direction, the material contracts in the perpendi-
cular directions. Coupled with the ELF analysis shown in
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Fig. 1(b), these findings confirm that both compounds exhibit
typical ionic bonding characteristics. The By/Gy (toughness
index) values for RbCaX (X = As, Sb) are ~2.16 and ~2.11,
respectively, indicating ductility according to Pugh’s scale.”®

AIMD calculations were conducted to verify the thermal
stability of RbCaX (X = As, Sb). Snapshots from AIMD simula-
tion at 300, 500, 700, and 900 K over 5 ps trajectories (with a
time step of 1 fs) using a 3 x 3 x 3 supercell are presented in
Fig. S3 (ESIf). After reaching equilibrium using canonical
ensemble (NVT), the total energy variation with simulation
time indicates that the supercells are essentially free of major
deformation during the AIMD simulations, and the slight
energy fluctuations further demonstrate their high thermal
stability. Therefore, 900 K is selected as a representative tem-
perature for exploring the phonon, electron transport and
thermoelectric performance.

3.2 Anisotropic thermoelectric figure of merit

Combining the electrical and thermal transport properties, the
theoretical ZTs for RbCaX (X = As, Sb) under n-type regions were
evaluated at different temperatures and carrier concentrations,
the results reveal that the two compounds exhibit significant
anisotropy thermoelectric performance, as shown in Fig. 2.
At 900 K, the optimal ZT of n-type RbCaSb are ~1.71 (in the
in-plane direction) and ~3.19 (in the cross-plane direction),
respectively, which are significantly higher than ~0.54 and

1022 —
RbCaSb In-plane 130
107
10% 425
1019 1
Maximum ZT = 1.71 120
18
9300 400 500 600 700 800 900
Temperature (k) 15

1022
RbCaSb Cross-plane

107 1.0

1 020

0.5
1019

Maximum ZT = 3.19

1018
300 400 500 600 700 800 900

Temperature (k)

0.0

Fig. 2 Predicted thermoelectric figure of merit ZT of n-type (a), (c) RbCaAs and (b), (d) RbCaSb against temperature and carrier concentration along the
in-plane and cross-plane directions. The lightest colors indicate the optimal ZT.
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~0.80 of n-type RbCaAs, and also outperform the performance
of typical layered TEs, such as p-type SnSe (ZT ~2.6, 923 K)"!
and BiCuOSe (predicted ZT ~0.75, 900 K).”” To further explore
the source of the superior thermoelectric performance of n-type
RbCasSb over that of n-type RbCaAs, the electrical and thermal
transport parameters of the two compounds are systematically
analyzed in the following.

3.3 Electronic and transport properties

To comprehend the electrical transport properties of RbCaX (X
= As, Sb), the electronic band structures and density of states
(DOS) were calculated using the HSE06+D3 method depicted in
Fig. 3(a) and (b). The Fermi energy level of RbCaX (X = As, Sb)
was set to be 0 eV to separate the valence band maximum (VBM)
from the conduction band minimum (CBM). Specifically,
RbCaAs and RbCaSb exhibit indirect band gap of ~2.01 eV
and ~2.19 eV, respectively, with both the CBMs located at the I
point and predominantly contributed by the As/Sb-p orbitals,
whereas the VBMs are situated along the M-I" and A-Z direc-
tions, dominated by the hybridization of As/Sb-d and Ca-d
orbitals. These bandgaps are wider than those of BiSb
(~1.67 eV)’® and SnSe (~1.28 eV)”® and are therefore more
resistant to the bipolar conduction effect® that typically occurs
at high temperatures and degrades TE performance. Addition-
ally, the extended Rb-As/Sb interatomic distance weakens out-
of-plane interactions, leading to suppressed band dispersion
along the I'-Z direction near the Fermi level. Conversely, strong
in-plane bonding interactions enhance band dispersion along
the I'-X and I'-M directions. The combination of flat and
dispersive energy bands within the electronic band structure
of layered RbCaAs and RbCaSb compounds are highly advan-
tageous for achieving a large Seebeck coefficient and high
electron mobility. The VBMs of two materials are found to be
flat in reciprocal space (i.e., short-range interactions in real
space), leading to large peaks in the partial density of states
(PDOS), which suggests a high Seebeck coefficient for p-type
doping. In contrast, the CBMs are dispersive, implying a
lighter effective mass and higher velocity of the electron
population, thus indicating high electrical conductivity for
n-type doping. The As/Sb atoms mainly contribute to the PDOS

(a)s.0 ~

20

1.0 1

Energy (eV)
o
o

DOS
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peaks, as these two atoms are important players involved in
the bonding (see Fig. 1(b)).

Due to the moderate electronic band gap, pristine RbCaX
(X = As, Sb) exhibit relatively low thermal electron and hole
populations at ambient temperature compared to narrow band-
gap semiconductors. Nonetheless, high carrier concentrations
(~10”" em™?) are achievable in such materials through doping
(e.g., Cl or Na doped PbSnS,),*" a focus of active semiconductor
research. Inspired by the small effective mass of electrons,
electron transport simulations were performed in this study
under n-type regions with the carrier concentration range of
10'%-10*" cm ™ and temperatures between 300-900 K. Accord-
ing to convergence tests, the electronic transport calculations of
n-type RbCaX (X = As, Sb) converge with an interpolation factor
of 50 using a 12 x 12 x 8 k-mesh (see Fig. S4-S7, ESI¥).

Based on DFT calculations of electron (see Fig. 3), phonon,
and electron-phonon coupling properties (see Fig. 4, for a
detailed analysis of the phonon spectrum was presented later
in the section on calculations of thermal transport properties),
the carrier mobility was determined using the Boltzmann
transport equation employed in the AMSET package. The
variation of carrier scattering rates of n-type RbCaAs and
n-type RbCaSb at specific carrier concentrations (n. = 2 X
10%and 5 x 10" cm?) and temperature (900 K) was studied
(corresponding to the optimal ZT), and the results are displayed
in Fig. 5.

In Fig. 5(a) and (d), the average scattering rates of n-type
RbCaAs and n-type RbCaSb are demonstrated as a function of
temperature for fixed carrier concentrations of n. = 2 X
10" em™® and 5 x 10" ecm™3, respectively. For both com-
pounds, the POP (carrier scattering by dipoles induced by
optical phonon vibrations) scattering gradually dominates with
increasing temperature. In contrast, IMP (caused by charged
lattice defects) scattering remains relatively constant within
this temperature range. As the temperature rises, the total
scattering rate increases due to the enhancement of POP and
ADP scatterings. It is noteworthy that the total scattering rate of
n-type RbCaSb is significantly lower than that of n-type RbCaAs,
mainly due to its larger high-frequency dielectric constant
(see Table S2, ESIT), which is conducive to achieving higher
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Fig. 3 Calculated the electronic band structures and density of states (DOS) for the (a) RbCaAs and (b) RbCaSb.
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conductivity. On the other hand, Fig. 5(b) and (e) demonstrate
the trend of the average scattering rate with carrier concen-
tration at a fixed temperature of 7 = 900 K. At low carrier
concentrations, POP scattering dominates the scattering rates
of n-type RbCaAs and n-type RbCaSb. As the carrier concen-
tration increases, IMP scattering gradually becomes dominant
because these defects are both scattering centers and sources of
free carriers. IMP scattering enhances with increasing doping
concentration and eventually stabilizes, and its behavior is
essentially temperature-independent. While ADP scattering
contributes the least to the total scattering rate, in contrast,

15600 | Phys. Chem. Chem. Phys., 2025, 27, 15594-15608

the contribution of ADP scattering is slightly higher for n-type
RbCSb than for n-type RbCaAs, which can be explained by
the higher deformation potentials (~0.43 eV in the xy-plane
and ~1.09 eV along the z-direction for n-type RbCaSb, com-
pared to ~0.42 eV and ~0.76 eV for n-type RbCaAs). ADP
scattering arises from lattice vibrations induced by electron-
acoustic phonon interactions, leading to localized strain that
disturbs the energy bands and scatters carriers. The scattering
rate can also be described as a function of energy. Fig. 5(c)
and (f) show the normalized scattering rate as a function of
energy at the temperature (T = 900 K) and carrier concentration
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(ne =2 x 10"°/5 x 10" em ™) corresponding to the optimal ZT,
respectively. At the edge of the conduction band, IMP scattering
reaches higher scattering rates in both compounds, signifi-
cantly exceeding ADP scattering. In the higher energy range,
POP scattering dominates, exhibiting significantly higher scat-
tering rates than other scattering mechanisms in the ~1.5 eV
to ~ 3.0 eV. The total scattering rate of n-type RbCaAs is slightly
higher than that of n-type RbCaSb over the whole energy range,
which is one of the reasons for the higher electrical conductiv-
ity of n-type RbCaSb. Additionally, the dominant scattering
mechanism varies between POP, IMP, and ADP scattering, as
affected by doping concentration and temperature. Overall,
under the temperature and carrier concentration regions
corresponding to the optimal ZT, IMP and POP scattering are
the main mechanisms for n-type RbCaAs and n-type RbCasSb.
To further investigate the difference in electron transport
parameters between RbCaAs and RbCaSb, the temperature
dependence of the electron thermal conductivity (K.), electrical
conductivity (¢), Seebeck coefficient (S), and power factor (S°0)
at carrier concentrations of 1 x 108, 1 x 10'°,1 x 10?°, and 1 x
10*' em™? were calculated under the n-type regions, as illu-
strated in Fig. 6. Among the four electronic transport proper-
ties, RbCaX (X = As, Sb) compounds exhibit lower electronic
thermal conductivity at the optimal Z7 in the n-type region due
to their layered structure. Consistent with the Wiedemann-
Franz law (K. = LoT, where L and T represent the Lorentz
number and temperature, respectively), the trend in o closely
mirrors that of K.. Meanwhile, the electrical conductivity
decreases with increasing temperature of n-type RbCaX
(X = As, Sb). However, this decline becomes more moderate at
high carrier concentrations, as the dominant contribution of

Carrier concentration (cm-)
1x10%8 —A= 1x 1079 -~ 1 x1020—4- 1 102"

View Article Online
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temperature-independent IMP scattering, outweighs the effect
of ADP scattering in the total scattering rate.

The Seebeck coefficient (S) quantifies the voltage generated
over a temperature gradient, with its sign determined by the
dominant carrier type: positive for holes and negative for
electrons. The magnitude of S depends on the energy distribu-
tion of carriers and the chemical potential. Typically, the trend
of S with temperature can be described by the degenerate Fermi
gas model:**

_ 8n’kg® (TC >2/37 @

3eh? | POST 3,

where kg is the Boltzmann constant, e represents the elemen-
tary charge, 7 denotes Planck’s constant, n is the carrier
concentration, and mj,,g represents the DOS effective mass.
The S typically exhibits a temperature and carrier concentration
dependence opposite to the o, decreasing with increasing
carrier concentration and rising with temperature. This beha-
vior arises from carrier diffusion and the resulting voltage
difference across temperature gradients. Under n-type regions,
RbCaSb consistently outperforms RbCaAs in S, displaying a
marked contrast to their electrical conductivity trends. Remark-
ably, n-type RbCaSb sustains a high § (~200 uvV K™ ') even at
elevated carrier concentration (n = 1 x 10" em™®) and room
temperature (300 K). This suggests that n-type RbCaSb has
greater potential as an efficient thermoelectric material, as
S > 200 pv K" is regarded as a key criterion for thermoelectric
candidates.®®

The power factor (PF = $%¢) is a critical parameter for
assessing thermoelectric performance (ZT oc PF). Since the
intrinsic trade-off between the Seebeck coefficient (S) and
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electrical conductivity, S is the Seebeck coefficient, and PF represents the
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Table 2 Predicted optimal ZT in n-type RbCaX (X = As, Sb) along the in-plane and cross-plane directions together with corresponding charge carrier
concentration (n), temperature (T, K), Seebeck coefficient (S, pV K1), electrical conductivity (s, S m™?), electronic thermal conductivity (Ko, W m~ K1) and

power factor (PF, pW m~t K2

System Type Direction zr n (em™?) T (K) SuvK™ c(Sm™) Ke(Wm 'K PF (W m ™' K?)
RbCaAs n-Type xy 0.54 3 x 10" 900 —184.56 27876.11 0.49 949.50

n-Type z 0.80 2 x 10" 900 —211.73 12 364.05 0.23 554.3
RbCaSb n-Type xy 1.71 8 x 10" 900 —247.91 39081.67 0.62 2401.99

n-Type z 3.19 5 x 10"° 900 —306.51 26 651.24 0.39 2503.81

electrical conductivity (¢) as a function of carrier concentration,
the calculation of PF aims to achieve an optimal balance
between these two quantities. The PF of n-type RbCaAs reaches
~1.03 mW m™~ " K2, while n-type RbCaSb exhibits a higher PF
of ~3.28 mW m™" K. The electronic transport properties for
both in-plane and cross-plane directions are detailed in Fig. S8
and S9 (ESIT). Notably, the anisotropy of PFs between these two
directions is more pronounced in both compounds (especially
n-type RbCaAs) compared to g, K, and S. Table 2 further reveals
that the in-plane and cross-plane PFs for n-type RbCaSb are
both ~2.5 mW m™' K ?, substantially exceeding the n-type
RbCaAs (~0.95 and ~0.55 mW m™ " K ?, respectively) at the
optimal ZT. These elevated PFs of n-type RbCaSb are primarily
attributed to its enhanced S and o.

3.4 Thermal transport properties

The following part focuses on exploring the differences in
the thermal transport parameters between the RbCaAs and
RbCaSb. Prior to calculating phonon thermal transport proper-
ties, the lattice conductivity at room temperature was verified to
converge with the scalebroad factor, the Q-point grid density,
and the number of nearest-neighbour atoms. A scalebroad
factor of 1.0, a 20 x 20 x 20 Q-point grid, and inclusion up
to the 10th nearest-neighbor atoms were ultimately selected, as
shown in Fig. S12-S14 (ESIt). The lattice thermal conductivity
(K;) of two compounds, as illustrated in Fig. 7(a), decreases with
increasing temperature due to enhanced phonon-phonon scat-
tering at higher temperatures. Owing to strong intralayer
bonding and weak interlayer bonding, RbCaAs and RbCaSb
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Fig. 7 (a) Calculated lattice thermal conductivity (K| as a function of temperature. (b) Percentage contribution of phonon modes to total lattice
conductivity for RbCaX (X = As, Sb) at 300 K along both directions. (c) Calculated phonon group velocity and (d) phonon lifetime of RbCaAs and RbCaSb

as a function of phonon frequency.
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exhibit significant anisotropy in lattice thermal conductivities
between the interlayer (c-axis) and intralayer (a/b-axis) direc-
tions, with Ky )/K;) ratios of ~2.70 and ~2.01, respectively.
At 300 K and 900 K, the average lattice thermal conductivity of
RbCaSb is ~1.6 Wm ' K ' and ~0.5 W m™ " K ', comparable
to other layered thermoelectric materials such as BiCuOSe
(~1.0 W m~ " K" at 300 K),”” but lower than that of RbCaAs
(~25Wm 'K 'and ~0.9W m ' K *). The behavior can be
rationalized by analyzing the phonon dispersion in Fig. 4.
Given their structural and compositional similarities, both
compounds exhibit comparable phonon dispersions, featuring
relatively flat bands that suggest low phonon group velocities
and lattice thermal conductivities. Notably, the ZA and TA
modes of the RbCaX (X = As, Sb) compounds exhibit pro-
nounced softening at the Z point, reducing the phonon group
velocity along the out-of-plane (I'-Z) direction. This effect arises
from weak interlayer van der Waals interactions. Due to its
weak bonding with the crystal lattice, the Rb atom in RbCaAs
and RbCaSb manifests distinct localized phonon modes in
the low-frequency ranges (~38.89 to ~52.10 and ~33.07 to
~49.24 cm™, see the magenta area in Fig. 4), indicative of
rattling-like behavior. These localized modes enhance phonon
scattering, restrict free phonon propagation, and shorten the
effective mean free path, thereby reducing lattice thermal
conductivity. The highest acoustic mode frequencies of RbCaAs
and RbCaSb are ~71 ecm ' and ~63 cm ', respectively,
comparable to state-of-the-art thermoelectric material SnSe,**
reflecting mode softening phenomena. This feature facilitates
strong coupling between the acoustic and low-frequency optical
modes, enhancing the phonon scattering effect. It is note-
worthy that the heavy Rb and X (As/Sb) atoms jointly contribute
to the acoustic and low-frequency optical modes (< 150 cm™ %),
while the lighter Ca atoms dominate the high-frequency optical
modes. Since Sb (121.7 amu) is heavier than As (74.9 amu),
RbCaSb exhibits a greater phonon density of states in the low-
frequency acoustic range (0 to ~63 cm ') compared to RbCaAs,
which enhances phonon scattering and consequently reduces
lattice thermal conductivity (the average lattice thermal con-
ductivity of RbCaAs at 300 K is ~1.5 times higher than
RbCasSb). Additionally, the absence of imaginary frequencies
in the harmonic phonon calculations confirms the dynamic
stability of both compounds.

To further reveal the potential mechanisms of the low K; in
RbCaAs and RbCaSb, the contributions of different phonon
branches to K along the interlayer and intralayer directions at
300 K are presented in Fig. 7(b). In the interlayer direction of
RbCaAs and the intralayer direction of RbCaSb, the acoustic
phonon contribution exceeds approximately 50%. In contrast,
in the intralayer direction of RbCaAs and RbCaSb, the con-
tribution from optical phonons (Opt) is slightly larger. Overall,
the coupling between acoustic and optical modes results in a
relatively low lattice thermal conductivity of the two compounds.

This behavior is intrinsically related to the interatomic force
constants (IFCs), which play a key role in determining the K.
This study investigates the impact of second- and third-order
IFCs on lattice thermal conductivity, with the second-order
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IFCs obtained via the finite difference method and the third-
order IFCs derived from first-principles calculations combined
with machine learning. Based on the IFCs, the lattice thermal
conductivity is determined by summing the contributions from
each phonon mode, using the following formula:

K = ﬁzzcm’z ® Vi) (5)
where N refers to the number of wavevectors (equivalent to the
number of unit cells), and V is the unit cell volume. The modal
heat capacity, group velocity, and phonon lifetime are denoted
by C,, v,, and t,, respectively. To further investigate the thermal
transport mechanism, variations in phonon group velocity and
phonon lifetime with respect to frequency are examined within
the single-mode relaxation time approximation (RTA). The
phonon group velocity can be obtained by using the phonon
spectrum,

8w,~
Vi = aq (6)

where w; and g denote the phonon frequency of the i-th
vibrational mode and the associated wave vector, respectively.
As shown in Fig. 7(c), most phonon group velocities in RbCaAs
and RbCaSb range from 0 to ~4 km s~ . Higher group velocities
are observed in the frequency range of ~4 to ~75 cm ' in
RbCaSb (with a maximum of about ~3.23 km s™'), whereas in
RbCaAs the range is broader spanning ~4 to ~100 cm ™" (with a
maximum of about ~3.70 km s~ '). The proportion of phonon
modes with high group velocities is lower in RbCaSb than in
RbCaAs, which may be attributed to the localization of phonon
modes induced by Sb. On the other hand, the phonon lifetime is
jointly determined by several scattering mechanisms according to
Mathieson’s rule:*®

1 1 1 1

—_= + —+ = 7
T, rj‘“h 0 rf @)

where 7, denotes the phonon lifetime, whose inverse is the
scattering rate, which comprises the contributions from intrinsic
anharmonic phonon-phonon scattering rate (1/73""), isotopic
phonon scattering rate (1/75°), and phonon-boundary scattering
rate (1/75). As illustrated in Fig. 7(d) and Fig. S15(a) (ESIt), the
phonon lifetimes of RbCaAs and RbCaSb are predominantly
distributed in the range of 10" to 10” ps (at 300 K) and 10" to
10" ps (at 900 K). Longer phonon lifetimes occur in the low-
frequency range (~4 to ~71 cm ' for RbCaAs and ~4 to
~63 cm ' for RbCaSb). At 300 K, the mid-frequency phonon
modes (~4 to ~71 cm ™' for RbCaAs and ~4 to ~63 cm™* for
RbCaSb) and the high-frequency Ca-based phonon modes
(~130 to ~249 for RbCaAs and ~115 to ~223 cm™ " for RbCaSb)
typically have lifetimes below 10 ps. At 900 K, these phonon
lifetimes further decrease, with 68% and 78% in the mid- and
high-frequency ranges (~71 to ~249 cm ' for RbCaAs and
~63 to ~223 cm~ ' for RbCaSb) having lifetimes below 1 ps,
reflecting strong phonon-phonon scattering and high anharmo-
nicity, resulting in a lower K.
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Fig. 8 (a) Calculated three-phonon scattering rates and (b) Grlneisen parameter (y) as a function of phonon frequency for RbCaAs and RbCaSb.

(c) Cumulative and normalized lattice thermal conductivity (K© and K{¥) as a function of phonon frequency at 300 K for RbCaX (X = As, Sb). The pink area
represents the acoustic cut-off area. (d) Cumulative and normalized lattice thermal conductivity (KC and K) as a function of phonon mean free path at
300 K for RbCaX (X = As, Sb). The red dashed line shows the thermal conductivity suppression to 50%.

Based on the phonon lifetime, the phonon scattering rate
spectrum at 300 K was calculated (see Fig. 8(a)). The pink-
shaded regions indicate the phonon cutoff frequency range
(~4 to ~71 ecm ' for RbCaAs and ~4 to ~63 cm ' for
RbCaSb), i.e., the low-frequency region. It is dominated by the
ZA (zeroth acoustic), TA (transverse acoustic), and LA (long-
itudinal acoustic) acoustic phonon modes, which exhibit low
scattering rates. In contrast, high-frequency optical modes
(blue-shaded area) have higher scattering. Moreover, stronger
optical and acoustic phonon resonance effects increase the
scattering rate in the low-frequency region and the scattering
channel of the heat-carrying acoustic phonons, as confirmed by
the fact that RbCaSb has a larger scattering rate and lower K;
than RbCaAs (see Fig. 8(a)). At 900 K, the frequency-dependent
trend of the scattering rates remains similar to that of 300 K,
but the peak scattering rate significantly increases (see
Fig. S15(b), ESIY).

Furthermore, to further assess the bond anharmonicity of
RbCaAs and RbCaSb, the mode Griineisen parameter (y) and
average Griineisen parameters are calculated using the follow-
ing equation:*’

Vo o
wj av

Yi= (8)

where w; is the phonon frequency of i-th mode in equilibrium
volume (V,), and y; characterizes the relationship between

15604 | Phys. Chem. Chem. Phys., 2025, 27, 15594-15608

phonon frequency and crystal volume change. As displayed in
Fig. 8(b), the phonon mode Griineisen parameters of RbCaAs
and RbCasSb are positive, with the highest y values concentrated
in the acoustic and low-frequency optical branches. This sug-
gests that the strong acoustic-optical coupling enhances anhar-
monic scattering within a narrow frequency range (~4 to
~100 cm™"). The average Griineisen parameters, calculated
at 300 K (900 K) obtained based on the method given in
Shao et al.®®, are ~0.82 (~0.97) and ~1.04 (~1.15) for RbCaAs
and RbCaSb, respectively, which are comparable to those of
state-of-the-art TE materials such as PbTe (~1.49).*” In sum-
mary, RbCaAs and RbCasSb exhibit comparable range of phonon
group velocities, while the shorter phonon lifetime in RbCaSb
with greater anharmonic scattering supports its lower K.

Fig. 8(c) demonstrates the cumulative lattice thermal con-
ductivity (K{") and normalized lattice thermal conductivity (K})
as a function of phonon frequency at 300 K. At the acoustic
cutoff frequency, the K{ values for RbCaAs and RbCaSb are
~0.01Wm 'K 'and ~0.02W m ' K, respectively. Notably,
the contribution of optical modes to K; significantly exceeds
that of acoustic modes, likely due to phonon scattering arising
from the coupling between low-frequency optical and acoustic
modes (see Fig. 8(a)). This characteristic persists at 900 K (see
Fig. S15(c), ESIt). As the temperature increases to 900 K, the
KT at the acoustic cutoff frequency increases to ~0.11 Wm 'K !
for RbCaAs and ~0.10 W m~ ' K™ ' for RbCaSb. To assess the
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dimensional constraints on experimental crystals, the K” and K}'
as functions of the phonon mean free path (MFP) were calculated
at 300 K, as shown in Fig. 8(d). The results indicate that the curves
converge to 1.0 at long MFPs, demonstrating that the wavevector
mesh is sufficiently fine for accurate results. At 300 K, phonons
with MFPs ~11.78 nm contribute 50% of the total K; for RbCaX
(X = As, Sb). This suggests that crystals of similar size can
effectively suppress phonons contributing 50% of K;, as phonons
with mean free paths exceeding this dimension exhibit ballistic
transport and are limited by the size effect®®. At 900 K, the MFPs
corresponding to 50% of K{ reduce to ~3.85 nm, reflecting the
enhanced phonon scattering at elevated temperatures. This trend
is further confirmed by comparing the relationship between
frequency and scattering rate at 300 K and 900 K (see Fig. 8(a)
and Fig. S15(b), ESIt). These findings provide valuable guidance
for experimental design, particularly in optimizing thermal con-
ductivity by tailoring crystal dimensions.

4 Conclusions

In conclusion, the electronic structure, thermal transport,
electrical transport and TE properties of RbCaX (X = As, Sb)
are systematically investigated in combination with the semi-
empirical Boltzmann transport equation and first-principles
calculations, confirming their potential as n-type TE material
in the medium- to high-temperature applications. At 900 K and
a carrier concentration of ~10" em >, the optimal anisotropy
ZT values are ~0.54/~0.80 for RbCaAs and ~1.71/~3.19 for
RbCaSb (in-plane/cross-plane), respectively. Based on the
HSEO06 hybrid functional, RbCaAs and RbCaSb are identified
as wide bandgap indirect semiconductors with band gaps of
~2.01 and ~2.19 eV, respectively. Structural phase diagrams,
elastic constants, AIMD simulations, and phonon dispersions
verify their chemical, mechanical, thermal and dynamic
stability.

The weak anisotropy of the electrical transport properties of
the two compounds is mainly influenced by ADP, IMP and POP
scattering mechanisms, which endow them with a high PF.
Among them, n-type RbCasSb has a significantly better PF than
n-type RbCaAs due to its higher Seebeck coefficient and con-
ductivity at the temperature and carrier concentration corres-
ponding to the optimal ZT. The high ZT can be attributed to the
intrinsically low lattice thermal conductivity of the material.
Both compounds exhibit intrinsically low average lattice thermal
conductivity due to the rattling-like behavior induced by weak
bonding of Rb-As/Sb, with RbCaSb (~1.90/0.94 W m ' K *
at 300 K along the x-/y-direction) lower than RbCaAs (~3.22/
1.20 W m™" K" at 300 K along the x-/y-direction), attributed to
heavier Sb atoms enhancing anharmonic phonon-phonon scat-
tering. Weak interlayer bonding enhances anharmonic scattering,
significantly reduces the lattice thermal conductivity in the z-axis
direction, and increases the anisotropy between in-plane and
cross-plane. These findings demonstrate that RbCaX (X = As,
Sb) are promising wide-bandgap thermoelectric materials.
Compared with RbCaAs, which shows moderate thermoelectric
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performance, RbCaSb exhibits excellent thermoelectric perfor-
mance at elevated temperatures, making it a strong candidate
for waste heat recovery in lithium-ion battery thermal manage-
ment systems.
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