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Anomalous electronic and thermoelectric transport properties in cubic Rb3AuO antiperovskite
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We use first-principles calculations combined with self-consistent phonon (SCP) theory, electron-phonon
(e-ph) coupling, and the Boltzmann transport equation (BTE) to investigate the electronic and thermoelectric
transport properties in the cubic Rb3AuO antiperovskite with strongly cubic and quartic lattice anharmonicity.
The combination of SCP theory and Wannier-Fourier interpolation is used to calculate the e-ph coupling due to
the failure of density functional perturbation theory in solving e-ph matrix elements for a strongly anharmonic
crystal. Our results exhibit that a high electron mobility μe, e.g., ∼454 cm2/Vs at 300 K from the iterative
BTE solution, and a relatively weak temperature dependence of μe ∝ T −1.1 are obtained in the n-type cubic
Rb3AuO. We demonstrate that the coupling between electrons and polar optical phonons is responsible for the
good charge transport, which, along with the high thermopower deriving from a light and threefold degenerate
conduction-band pocket around the X point, leads to a very high power factor reaching 5.5 mW/mK2 at 800 K.
Meanwhile, a low lattice thermal conductivity and an undersized Lorenz number that signifies a resulting low
electron thermal conductivity are also detected. As a result, a good thermoelectric performance with a figure of
merit ZT ∼ 1.02 at 300 K and an anomalously high ZT ∼ 3.02 at 800 K is captured in the n-type cubic Rb3AuO.
This finding breaks the long-term record of ZT < 3 in most of the reported bulk thermoelectric materials to date,
and illustrates that the cubic Rb3AuO is an excellent candidate for thermoelectric applications.

DOI: 10.1103/PhysRevB.102.094314

I. INTRODUCTION

Thermoelectric (TE) materials have attracted great atten-
tion due to their ability for direct conversion of electricity
from heat [1–4]. The conversion efficiency is determined
by the dimensionless figure of merit ZT = S2σT/(κe + κl ),
where S, σ , T , and κe (κl ) are the thermopower, electrical
conductivity, absolute temperature, and electron (lattice) ther-
mal conductivity, respectively. Hence, the optimization of ZT
refers to the tuning of conflicting material properties through
reducing the total thermal conductivity (κe and κl ) and en-
hancing the TE power factor S2σ simultaneously. The former
involves nanostructuring [5], substructuring [6,7], complexity
[8,9], anharmonicity [10], and ferroelectriclike lattice instabil-
ity [11,12], while the latter is usually achieved by band tuning
[13], heavy doping [2,14], and the carrier energy filtering
effect [15]. Generally, decreasing thermal conductivity is not
hard since the κl can even be reduced to the lower limit of
amorphous [16–27]. In contrast, the tuning of the power factor
suffers from the counteractive behavior of S and σ with re-
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spect to the change of carrier concentration. Therefore, to gain
a high power factor, the electronic bands with anisotropic fea-
tures, e.g., the coexistence of flat and dispersive band edges,
have been proposed [28–30], where the flat part induces high
S, while the dispersive part facilitates high carrier mobility.

Although there are many strategies to enhance TE con-
version efficiency, most of the reported TE materials to date
have the ZT values below 2, and only a few cases have
the conversion efficiencies surpassing ZT = 2, such as cubic
AgPbmSbTe2+m with a ZT ∼ 2.2 [31], Ge1−x−ySbxInyTe with
a ZT ∼ 2.3 [32], and SnSe crystal with a highest ZT ∼ 2.6
[11]. Recently, a remarkably high ZT ∼ 5 has been predicted
in the n-type Ba2BiAu full-Heusler compound due to the
coexistence of ultralow lattice thermal conductivity and an
ultrahigh power factor [33], breaking the long-term record
of ZT < 3. However, the Ba2BiAu compound has not been
synthesized, which poses a new challenge for achieving high
TE conversion efficiency. In this work, enlightened by low lat-
tice thermal conductivity [34] and an available experimental
preparation scheme [35,36], we turn to the Rb3AuO antiper-
ovskite to search for the feasible high-ZT material.

Concretely, the stable Rb3AuO crystal adopts the ideal
cubic antiperovskite structure with the symmetric group of
Pm3m and the fusing point of 850 K [37]. It can be prepared
experimentally according to the procedure provided by Feld-
mann [35,36], and the anionic character of its gold atom has
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been established by the x-ray absorption spectroscopy [38].
Theoretically, first-principles calculations have predicted that
the cubic Rb3AuO crystal is a semiconductor with strongly
cubic and quartic lattice anharmonicity [34,39]. Therefore, a
fairly low lattice thermal conductivity κl , e.g., ∼0.7 W/mK
at 300 K, with an anomalously weak temperature dependence
of κl ∝ T −3, has been obtained in the cubic Rb3AuO [34].
Obviously, if there is a high electrical conductivity σ , a
phonon-glass electron-crystal characteristic will be captured
in this material, which is usually required for a promising TE
candidate.

In this paper, to gain the electronic transport and TE
properties, we use the Boltzmann transport equation (BTE)
combined with electron-phonon (e-ph) coupling to calculate
the mobility μ, electrical conductivity σ , thermopower S, and
electron thermal conductivity κe in the cubic Rb3AuO with
strong lattice anharmonicity. Due to the failure of density
functional perturbation theory (DFPT) [40] to solve e-ph ma-
trix elements for a strongly anharmonic crystal [41,42], we
introduce self-consistent phonon (SCP) theory [43–48] along
with Wannier-Fourier interpolation [49–54] to calculate the
e-ph coupling. Our key findings are that the coexistence of
high electron mobility dominated by the e-ph scattering on
polar optical phonons and high thermopower deriving from
the light and threefold degenerate conduction-band pocket
gives rise to a high power factor, which, coupled with low
κl and the undersized Lorenz number that signifies low κe,
results in a good TE performance, with a highest ZT > 1
at 300 K and an anomalously high ZT > 3 at 800 K in the
n-type cubic Rb3AuO crystal.

II. METHODOLOGY

The involved first-principles calculations are carried out
within the generalized gradient approximation (GGA) of the
PBESOL functional [55] to the density functional theory (DFT)
with plane waves simulating the valence electrons and norm-
conserving pseudopotentials [56] describing the ion cores, as
implemented in the QUANTUM ESPRESSO package [57]. The
cutoff for plane-wave kinetic energy and charge density is set
to be 90 and 360 Ry, respectively, in structure optimization
and calculations for energy forces to fit the interatomic force
constants (IFCs). For computing the e-ph scattering, the key
quantities are the e-ph matrix elements,

gmnν (k, q) =
√

h̄

2ω′
qν

∑
sα

e′
qνsα√
Ms

〈mk + q|∂qsαV |nk〉, (1)

which represent the probability amplitude of scattering in-
duced by phonon mode |qν〉 (with wave vector q, mode index
ν, energy h̄ω′

qν , and eigenvector e′
qν) between the Bloch states

|nk〉 and |mk + q〉 with band index n and crystal momentum
k. Here, ∂qsαV ≡ ∑

l eiq·Rl ∂lsαV , and ∂lsαV is the derivative
of the Kohn-Sham potential with respect to displacement of
atom s (with mass Ms) in the unit cell Rl along the Carte-
sian direction α. To include the lattice anharmonic effect,
the anharmonicity-renormalized frequencies ω′

qν and eigen-
vectors e′

qν at each considered temperature are adopted in
Eq. (1) instead of the harmonic frequencies ωqν and eigen-
vectors eqν obtained from DFPT results. The SCP theory

coded in the ALAMODE package [44,45] is used to calcu-
late the temperature-dependent anharmonicity, and the needed
second- to fourth-order IFCs are trained by the compres-
sive sensing technique [58–60]. After SCP calculations, the
temperature-dependent anharmonic dynamical matrices are
transformed into the real-space effective second-order IFCs at
each temperature, which are then taken as inputs for subse-
quent e-ph coupling calculations.

The EPW code [52–54] is employed to calculate the e-ph
matrix elements gmnν (k, q). The required DFT calculations
for the Wannier-Fourier interpolations are carried out within
a uniform k-point mesh of 8 × 8 × 8. Then, to capture the
accurate band gap, the GW quasiparticle corrections are im-
posed on energy eigenvalues εnk of states |nk〉, while the
wave functions maintain the DFT level. In EPW calculations,
three Wannier functions above (below) the Fermi level are
used to describe the conduction band (valence band), and the
interpolated k-point grid of 80 × 80 × 80 and q-grid of 40 ×
40 × 40 are applied to solve the precise gmnν (k, q). From the
gmnν (k, q), the intrinsic electron mobility μe is computed by
the linearized electronic BTE as [61,62]

μe,αβ = −e

ne


∑
n∈CB

∫
dk

BZ

F 0
nk,αβτnk(1 + �nk ), (2)

with F 0
nk,αβ ≡ vnk,αvnk,β∂ f 0

nk/∂εnk, where ne denotes the elec-
tron doping concentration, 
 and 
BZ are the volume of
the unit cell and first Brillouin zone (BZ), respectively,
vnk,α = h̄−1∂εnk/∂kα is the electron group velocity, f 0

nk is
the Fermi-Dirac distribution, and τnk = 1/(2
′′

nk ) is the elec-
tron relaxation time with 
′′

nk representing the imaginary part
of Fan-Migdal self-energy [54]. �nk is a correction term
that eliminates the inaccuracy of μe within the self-energy
relaxation-time approximation (SERTA). If �nk is neglected,
the SERTA result of μe is obtained, while inclusion of �nk
refers to the so-called iterative BTE (IBTE) calculation of
μe. Similarly, there is an expression of Eq. (2) for hole
mobility μh. From μ and τnk, the electrical conductivity σ ,
thermopower S, and electron thermal conductivity κe are com-
puted as [63]

σαβ = e(neμe,αβ + nhμh,αβ ), (3)

Sαβ = − 1

eT

∑
n

∫
dk

BZ

(εnk − εF )F 0
nk,αβτnk∑

n

∫
dk

BZ

F 0
nk,αβ

τnk
, (4)

and

κe,αβ = − 1


T

∑
n

∫
dk

BZ

(εnk − εF )2F 0
nk,αβτnk − T S2

αβσαβ,

(5)
respectively, where εF denotes the Fermi level, and κe,αβ is
rational only when the SERTA result of σ is used.

III. RESULTS AND DISCUSSION

The atomic structure of the cubic Rb3AuO is shown in
Fig. 1(a). Our PBESOL optimization gives a lattice constant
of 5.48 Å, which is slightly lower than the Perdew-Burke-
Ernzerhof (PBE) functional result of 5.62 Å [39], but in good
accordance with the experimental value of 5.50 Å [36,37,64].
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FIG. 1. (a) Atomic structure and BZ. The big blue, middle yel-
low, and small red balls label the Rb, Au, and O atoms, respectively.
(b) Anharmonic phonon dispersion at 300 K with the projection of
a ln-scale color map of the |gν (q)| in units of meV. The gray line
represents the DFPT phonon dispersion.

The anharmonic phonon dispersion obtained from the effec-
tive second-order IFCs at 300 K is plotted in Fig. 1(b), in
which the DFPT phonon dispersion is also shown for com-
parison. We observe that there is no imaginary frequency in
the anharmonic phonon dispersion at 300 K, while the DFPT
result exhibits the low-lying modes around the unstable M
and R points. It has been demonstrated that the strong quartic
anharmonicity of alkali-metal atoms plays a crucial role in an-
harmonic low-lying phonon frequency and structural stability
of the cubic Rb3AuO at finite temperature [34]. Meanwhile,
the anharmonic low-lying modes harden evidently as the
temperature increases, while the high-frequency modes have
relatively weak anharmonic renormalization, as shown in
Fig. 8. In fact, the eigenvalues of the effective second-order
IFCs are always positive (even if the structure is unstable)
by definition, as they describe the atomic fluctuations [65].
Therefore, to reveal a possible structural phase transition, the
change of squared phonon frequencies with temperature for
the softest low-lying mode is analyzed, which indicates that
the cubic Rb3AuO structure is stable at temperatures above
100 K [34].

To investigate the e-ph coupling strength on different
phonon modes, a ln-scale color map of the quantities |gν (q)|
at 300 K, which are obtained from the e-ph matrix elements
gmnν (k, q) by integrating k in the first BZ and computing
the square root of the gauge-invariant trace of |g|2 over three
conduction bands, is overlaid on the anharmonic phonon dis-
persion at the same temperature. Here we focus on |gν (q)|
induced by three conduction bands since the n-type case has
superior electronic transport according to subsequent analysis.
One can find that the two polar (longitudinal) optical branches
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FIG. 2. (a) Quasiparticle band structure with the projection of a
color map of the imaginary part of electron self-energy 
′′

nk (also
known as the electron linewidth) in units of meV. (b) The isoenergy
surface for the Fermi level εF dipped 100 meV into the conduction
band (left) and valence band (right).

LO1 and LO2, as labeled in Fig. 1(b), have fairly strong
|gν (q)|, especially around the BZ center, in sharp contrast to
the projections of |gν (q)| on other phonon branches. In fact,
the |gν (q)| values for the LO1 and LO2 modes diverge as 1/q
for q achieving the BZ center due to the Fröhlich interaction
[66]. These findings signify that the e-ph coupling on the LO1

and LO2 branches dominates the electron scattering in the
cubic Rb3AuO. Furthermore, we can find that the anharmonic
low-lying modes around the M and R points also possess
certain e-ph coupling, which is usually deemed as zero when
the DFPT phonons are used in solving Eq. (1) due to the
presence of imaginary frequencies.

From DFT calculations within the GGA of the PBE
(PBESOL) functional, a band gap of 0.24 (0.08) eV is obtained
in the cubic Rb3AuO. Since DFT usually underestimates the
gap value, the GW quasiparticle calculation is carried out on
top of the DFT wave functions with the GGA of the PBESOL

functional selected in this work. The quasiparticle band struc-
ture is plotted in Fig. 2(a). We find that the cubic Rb3AuO has
an indirect gap of 0.86 eV with the conduction-band minimum
(CBM) locating at the X point and the valence-band maximum
(VBM) at the � point. The conspicuous characteristics are
a dispersive conduction-band pocket around the CBM and a
flat-and-dispersive valence-band pocket near the VBM, which
generates a set of spheroidlike isoenergy surfaces around three
X points at 100 meV above the CBM and an isoenergy surface
composed of a large eight-vertex-concave shape surrounding
an eight-vertex star and a small cube around the � point
at 100 meV below the VBM, as shown in Fig. 2(b). The
spheroidlike isoenergy surface reflects that the effective mass
is small longitudinally (along the �X direction) and larger
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but still small transversely (along the XM direction). The
isoenergy surface at 100 meV below the VBM is actually
formed by three valence bands (see Fig. 9), and illustrates
the coexistence of small and large effective mass. Both kinds
of band structures have been related to a high TE power
factor.

The CBM pocket comes with threefold pocket multiplicity,
which benefits σ by increasing the electron concentration for
a given Fermi level εF and eliminates the adverse effect on S
resulting from band misalignment [67]. Moreover, the small
effective mass of the CBM pockets is supposed to contract the
acoustic phonon-scattering phase space, a typical limitation of
a carrier scattering process for TE materials. To verify this, we
focus on the projections of the imaginary part of electron self-
energy 
′′

nk (also known as the electron linewidth, an indicator
of the e-ph coupling [53,68]) on the band structure to reveal
intrinsic scattering at the CBM. As shown in Fig. 2(a), there
exists a fairly small linewidth on the band around the CBM,
which signifies a very weak e-ph scattering at the CBM.
On the other hand, the fact that |gν (q)|, dominated by three
conduction bands, has a large strength on only polar optical
branches illustrates the negligible coupling between electrons
and acoustic phonons, interpreting the limitation of the acous-
tic phonon-scattering process and thus weak scattering at
the CBM.

The renormalization of the real part of the electron
self-energy can also influence the band structure. The renor-
malized quasiparticle band structures at 300, 500, and 800 K
are shown in Fig. 10, which demonstrates that the dispersion
trend near the CBM has negligible renormalization, consistent
with the weak e-ph coupling around the CBM. In addition,
the renormalization of the real part of the electron self-energy
results in a slight decrease of the band gap, e.g., about 0.08 eV
at 800 K, which has almost no effect on the final electronic and
TE transport. These results signify that the renormalization of
the real part of the electron self-energy for the band structure
can be neglected in electronic transport calculations. Hence,
unless otherwise stated, we take the GW quasiparticle band
structure to study the electronic and TE properties in this
work.

The SERTA and IBTE results of electron mobility μe and
hole mobility μh are plotted in Fig. 3(a). Since the fusing point
is about 850 K [37] and a latent structural phase transition has
been predicted to occur at 100 K [34], we only show the mo-
bility values between 100 and 800 K in Fig. 3(a). Overall, the
μe is much higher than the μh, and the IBTE solutions from
100 to 800 K are about 55% to 61% (30% to 15%) larger than
the SERTA results for electrons (holes). For instance, the μe

obtained from the SERTA and IBTE calculations at 300 K are
285 and 454 cm2/Vs, respectively, which is much higher than
the corresponding results of about 9 and 11 cm2/Vs for the μh

at the same temperature. According to Eq. (2), the mobility
is proportional to τnk and |vnk|2 if the SERTA calculation is
performed in an isotropic crystal. For the cubic Rb3AuO, the
carrier scattering rates 1/τnk around the VBM are more than
three times larger than the scattering rates around the CBM,
as shown in Fig. 4(a), and the magnitude of vnk near the VBM
is about one-third of that near the CBM, which finally causes
the SERTA value of μe to be almost 30 times higher than that
of μh, as shown in Fig. 3(a).
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FIG. 3. (a) Calculated electron mobility μe and hole mobility
μh as functions of temperature T . The results from the SERTA and
IBTE calculations are both exhibited. (b) SERTA calculated electron
mobility μe as functions of doping concentration ne at 300, 500, and
800 K.

Another important point is the relatively weak tempera-
ture dependence of the calculated mobility. Generally, the
enhancement of temperature leads to increasing phonon con-
centration, which gives rise to the enhanced carrier scattering
rates, as shown in Fig. 4(a), and thus the lowered mobility, as
shown in Fig. 3(a). Here we can approximately describe the
temperature dependence of mobility μ in the cubic Rb3AuO
crystal by a power law μ ∝ T −1.1 for both electrons and holes,
which is weaker than the relation μ ∝ T −α with α ∼ 1.7–2.4
for the μ in Si and Ge, but analogous to the power law μe ∝
T −1.0 for the μe in GaAs [69]. Moreover, carrier concentration
also plays an important role in mobility. As an example, the
SERTA results of μe vs ne at 300, 500, and 800 K are plotted
in Fig. 3(b). One can find that μe decreases with ne at a given
temperature, and this decreasing is slight at low ne, e.g., <1019

(1020) cm−3 for the μe at 300 (800) K. Of course, at high
ne, the μe decreases drastically due to the enhanced scattering
rates.

In addition, we also show the zoomed-in total and mode-
resolved scattering rates 1/τnk around the CBM at 300 K in
Fig. 4(b). It can be clearly seen that the LO1 and LO2 optical
modes dominate the total scattering rates, in line with the
projections of mode-resolved e-ph coupling strength on the
anharmonic phonon dispersion at 300 K in Fig. 1(b). Quan-
titatively, the scattering rates governed by the LO1 and LO2

phonons account for about 73% of the total scattering rates
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FIG. 4. (a) Total carrier scattering rates 1/τnk at 300, 500, and
800 K. The red curve represents the electronic density of states
(EDOS). Obviously, the scattering rates closely follow the EDOS.
(b) Total and mode-resolved scattering rates 1/τnk around the CBM
at 300 K. The energy of the CBM is set to be zero.

at the CBM, while the optical phonons excluding LO1 and
LO2 modes and all the acoustic phonons contribute about 25%
and 3% of the total scattering rates, respectively, as shown in
Fig. 4(b), which also demonstrates again the contraction of
acoustic phonon scattering around the CBM.

We now turn to the TE behaviors. Due to the existence of
high μe, we first concentrate on the n-type case to research
the TE properties. The SERTA and IBTE results of electrical
conductivity σ calculated from Eq. (3) at 300, 500, and 800 K
are plotted in Fig. 5(a). For comparison, the σ at 300 and
800 K obtained from the Kubo-Greenwood electrical conduc-
tivity (KGEC) formulation [70] are also shown in Fig. 5(a). It
can be found that the IBTE solution at 300 K is close to the
KGEC value at the same temperature, while the σ of SERTA
and IBTE at 800 K is much lower than the corresponding
KGEC result. In view of the KGEC method excluding the
e-ph scattering, the similarity of the IBTE solution at 300 K to
the KGEC value exhibits the decoupled electron and phonon
systems in the n-type case, which accords well with the weak
e-ph scattering around the CBM and supports the high μe

at low temperature. As temperature increases, the coupling
between the electron and phonon systems strengthens, that
is, the e-ph scattering is enhanced, and thus the σ at 800 K
is much lowered relative to the KGEC result, as shown in
Fig. 5(a). In addition, one can observe from Fig. 5(a) that the
σ decreases with T at the same ne, consistent with the change
of μe vs T . However, because of the enhanced electronic
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FIG. 5. TE parameters for the n-type cubic Rb3AuO: (a) SERTA
and IBTE results of electrical conductivity σ at 300, 500, and
800 K. The full and dashed orange lines denote the Kubo-Greenwood
electrical conductivity (KGEC) at 300 and 800 K, respectively.
(b) Thermopower |S| at 300, 500, and 800 K. (c) Power factor S2σ

calculated with the S in (b) and the SERTA and IBTE results of σ in
(a). The curves have the same color legend as that in (a).

density of states (EDOS), the σ increases monotonously with
increasing ne at the same T , in spite of the decreasing μe

shown in Fig. 3(b). Finally, it is worth noting that the IBTE
electronic transport in many semiconductors is more pertinent
than the SERTA result compared with the experimental value
[61,62,71], which means that the TE performance computed
with the IBTE solution of σ should also be taken as a reason-
able reference.

The calculated thermopower S from Eq. (4) for the n-type
cubic Rb3AuO is shown in Fig. 5(b). Due to the minus value of
S for the n-type case, the absolute value is plotted in Fig. 5(a)
for convenience. As is expected, the calculated |S| is fairly
high due to the presence of threefold pocket multiplicity of
the CBM. For instance, the |S| at ne = 1019 cm−3 have values
from 0.24 to 0.37 mV/K as T increases from 300 to 800 K,
which are very high compared with the |S| in the typical
TE material PbTe [2], and consistent with the fact that the
typical thermopower for a high-ZT material usually lies in
the range of 0.2 to 0.3 mV/K. Moreover, one can note that
the |S| increases with T at the same ne, and decreases with
ne at the same T , analogous to the general trend observed
in most semiconducting TE materials. At last, because of the
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coexistence of high |S| and good charge transport, a very high
TE power factor S2σ even reaching 5.4 (5.5) mW/mK2 at 500
(800) K is obtained in the n-type cubic Rb3AuO based on
the IBTE solution of σ , as shown in Fig. 5(c). This is com-
parable to the highest n-type power factor of ∼7 mW/mK2

for bulk semiconductors reported to date [33]. At the same
time, the S2σ with the SERTA result of σ is also exhibited
in Fig. 5(c) for comparison, which gives a highest power
factor of ∼3.5 mW/mK2, also considerably higher than that
of commonly used TE materials.

Eventually, high ZT requires the coexistence of a high
power factor and low thermal conductivity. The cubic
Rb3AuO has already been predicted to have low lattice ther-
mal conductivity κl , e.g., ∼0.7 W/mK at 300 K, using
phononic BTE on top of the SCP calculations at each con-
sidered temperature with the input IFCs computed with the
projector augmented wave potentials [72] in previous work
[34]. For consistency and convenience, we reproduce the κl

here based on the same method, but using the IFCs cal-
culated with the norm-conserving potentials chosen in this
paper. The reproduced result is shown in Fig. 6(a), which
provides similar findings to previous calculations. As dis-
cussed in Ref. [34], the low κl derives mainly from the strong
three-phonon scattering, and it has an anomalously weak tem-
perature dependence of κl ∼ T −0.3 due to the presence of
strong and different quartic anharmonic renormalization for
the soft modes at different temperatures. Moreover, if other
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FIG. 6. (a) Lattice thermal conductivity κl . (b) SERTA and IBTE
electron thermal conductivity κe at 300, 500, and 800 K. The inset
exhibits the calculated Lorenz number L which is scaled by the
Wiedemann-Franz value LWF.

effects such as thermal expansion and additional four-phonon
scattering induced by the quartic anharmonicity are included,
the κl may be further reduced and the temperature dependence
may be somewhat different from the relation of κl ∼ T −0.3,
which indicates a potential limitation of the present SCP +
BTE method.

Because of low κl , electron thermal transport plays an
important role in the ultimate TE performance. To calcu-
late the electron thermal conductivity κe, the commonly used
formula is described by Eq. (5), which corresponds logi-
cally to the σ obtained from the linearized electronic BTE
within the relaxation-time approximation [63,73,74]. In other
words, the formula of Eq. (5) is essentially a method within
the relaxation-time approximation, and a reasonable Lorenz
number L can be captured via the Wiedemann-Franz law
κe = LσT based on this method with corresponding σ [33].
Obviously, combined with the obtained S and κl , the TE per-
formance can be fully calculated from the σ and κe computed
by this method. However, recent calculations show that the
IBTE electronic transport in many semiconductors is higher
and more pertinent than the SERTA result [61,62,71]. There-
fore, to gain the TE properties within the IBTE and reveal the
rational upper limit of the ZT value, the κe corresponding to
the σ within the IBTE is required. Unfortunately, there is no
numerically feasible formulation of the κe relating to the σ

of IBTE to date. As a simple model, here we calculate the
required κe from the σ of IBTE via the Wiedemann-Franz
law κe = LσT with the reasonable Lorenz number L obtained
from the σ and κe within the SERTA.

The calculated κe within the SERTA and IBTE for the n-
type cubic Rb3AuO are plotted in Fig. 6(b), in which the
inset shows the obtained Lorenz number L scaled by the
Wiedemann-Franz value LWF = (π2/3)(k2

B/e2). Evidently, a
similar trend to σ vs T and ne is discovered for the κe in a
wide range of the relevant doping concentration. Also, the κe

of IBTE is higher than the SERTA result, which is meaning-
ful to capturing a rational TE performance within the IBTE.
Furthermore, one can observe a negative deviation of L from
the Wiedemann-Franz value, that is, the L is much lower
than the LWF throughout the relevant doping ranges, e.g.,
L/LWF ∼ 0.73–0.62 at ne = 1019 cm−3 as T changes from
300 to 800 K. This small L is beneficial to gain the undersized
κe, being indispensable for enhancement of ZT . The small L
can be interpreted by a single parabolic band model, according
to which L is written as L = (r + 2.5)k2

B/e2 [75], where the
constant r is controlled by the energy dependence of e-ph scat-
tering. Under polar optical phonon scattering, r = 0.5, which
results in L = 3k2

B/e2 < LWF. For acoustic phonon scattering,
r = −0.5, and thus L = 2k2

B/e2 would be much lower than
the LWF. Last but not least, we can find that the κe within the
IBTE is comparable to or even higher than the κl at lower
temperature and higher doping concentration, e.g., κe ∼ 0.73
W/mK at T = 300 K and ne = 2 × 1019 cm−3.

The combination of high power factor and low thermal
conductivity in the cubic Rb3AuO gives rise to an anoma-
lously high n-type ZT ∼ 3.31 at ne ∼ 1.6 × 1019 cm−3 and
T = 800 K based on the calculations with the IBTE electronic
transport results, as shown by the full line in Fig. 7. This ZT
value is much larger than those in most of the reported bulk TE
materials, although somewhat lower than the highest ZT ∼ 5
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FIG. 7. Figure of merit ZT calculated with the SERTA and IBTE
results of σ and κe for the n-type cubic Rb3AuO at 300, 500, and
800 K.

predicted in the n-type Ba2BiAu full-Heusler compound [33].
At the same time, at 300 K, we predict a ZT ∼ 1.23 at ne ∼
8.1 × 1018 cm−3, which is also a very high value for the TE
material at room temperature. Moreover, the doping concen-
trations ne ∼ 8.1 × 1018 and 1.6 × 1019 cm−3 correspond to
the electron doping of about 0.0013 and 0.0026 e per unit cell,
respectively, which can be easily accessible in experiments
by weaker ionized-impurity scattering. For comparison, the
ZT calculated from the SERTA results of σ and κe is also
plotted, as shown by the dashed line in Fig. 7. We find that
a maximum ZT ∼ 2.55 is captured at ne ∼ 2.3 × 1019 cm−3

and T = 800 K if the SERTA results of electronic transport
are used. This value is also very high, and close to the highest
experimental ZT result of 2.6 reported to date [11].

For testing the validity of our predictions for the TE prop-
erties, we also compute the n-type ZT using the BOLTZTRAP

code [74] within the constant relaxation-time approximation.
Since the algorithm implemented in the BOLTZTRAP code is
analogous to Eqs. (2)–(5) but with �nk = 0 and τnk = τ0

[74], the TE performances within the constant relaxation-
time approximation should be similar to those within the
SERTA if the required constant relaxation time τ0 is set
reasonably. To satisfy this, the τ0 at each temperature is cal-
culated from the scattering rates around the CBM shown in
Fig. 4(a). Our result shows that a highest n-type ZT ∼ 2.66
within the constant relaxation-time approximation is obtained
at ne ∼ 2.6 × 1019 cm−3 and T = 800 K, as shown in Fig. 11,
which is consistent with the maximum ZT ∼ 2.55 within the
SERTA.

Then we discuss the TE performance of the p-type case.
Due to the presence of a flat-and-dispersive valence-band
pocket around the VBM, the TE power factor S2σ of the
p-type cubic Rb3AuO is also considerably high, which de-
rives from the combination of a drastically enhanced S and
a much lowered μh with respect to those of the n-type case.
As a result, the highest ZT ∼ 2.75 (2.55) at nh ∼ 4.7 × 1020

(5.3 × 1020) cm−3 and T = 800 K is obtained in the p-type
cubic Rb3AuO when the IBTE (SERTA) results of electronic
transport are used. For details, see Fig. 12. However, com-
pared with the ne for the n-type case, the nh here is about 30 to

60 times higher, meaning that achieving good TE properties
in the p-type case is more difficult than that in the n-type one.
Hence, the n-type cubic Rb3AuO is recommended to realize
the good TE performance in experiments.

We note that ionized impurity scattering is excluded in our
present calculations. If this effect is taken into account, the
calculated σ , κe, and thus ZT may be decreased somewhat.
Since the CBM is fairly parabolic in the cubic Rb3AuO, the
Brooks-Herring formula can be used to estimate impurity
scattering at the desired doping concentrations for the n-type
case [76]. Based on the electron effective mass of 0.27me

at the CBM in the isotropic approximation and the static
permittivity of 14.2ε0 for the cubic Rb3AuO crystal (me and
ε0 are the mass of the free electron and vacuum permittivity,
respectively), we estimate the electron mobility μIMP driven
by ionized-impurity scattering through Eq. (36) in Ref. [76]
to demonstrate the effect of ionized-impurity scattering on the
final ZT , as shown in Fig. 13. Overall, the ionized-impurity
scattering plays an important role in total electron mobility
μtot at low temperature and high doping concentrations. As an
example, at ne = 1019 cm−3, the ionized-impurity scattering
make the μtot decrease about 17% (25%), 10% (14%), and
5% (7%) at 300, 500, and 800 K, respectively, relative to
the SERTA (IBTE) electron mobility μe−ph induced by only
e-ph scattering. Meanwhile, the corresponding σ and κe suffer
from similar modification. As a result, the modified maximum
n-type ZT is 3.15 at 800 K and 1.02 at 300 K, as shown in
Fig. 13(b).

Thermal expansion is another factor that can influence
the result of ZT , especially at high temperature. Due to the
presence of imaginary frequency in the DFPT phonon dis-
persion, the commonly used quasiharmonic approximations
are invalid to calculate thermal expansion here. As a rough
estimation, we use the linear approximation to calculate the
lattice constant at 800 K, in which the optimized value of
5.48 Å is taken as the lattice constant at zero temperature,
that is, the effect of zero-point phonon energy on the lattice
constant is neglected. From the experimental result of 5.50 Å
at room temperature, we can obtain a constant thermal ex-
pansion coefficient of ∼3.66 × 10−5 K−1 and infer a lattice
constant of 5.53 Å at 800 K. The thermal expansion coeffi-
cient here is analogous to the value of ∼2.98 × 10−5 K−1 for
the similar cubic SrTiO3 perovskite structure [77]. Using the
lattice constant of 5.53 Å, our calculations indicate that the
σ and κe for the n-type case at 800 K decrease about 16%
while the κl reduce about 9%, which, as a result, makes the
maximum n-type ZT be 3.16 at 800 K. If the ionized-impurity
scattering and thermal expansion effect are both taken into
consideration, the final maximum n-type ZT becomes 3.02
at 800 K, as shown in Fig. 14. In addition, the additional
four-phonon scattering induced by the quartic anharmonicity
may also play a role in the estimation of the lattice thermal
transport and, consequently, the final ZT . Since the κl can be
further reduced by the four-phonon scattering [78], the ob-
tained ZT may increase somewhat if this effect is included in
the estimation of the TE performance. Finally, for the p-type
case, a high ZT approaching 2.4 can be captured at 800 K
after the inclusion of thermal expansion and ionized-impurity
scattering.
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IV. CONCLUSION

In conclusion, we have systematically investigated the
electronic transport and TE properties in the cubic Rb3AuO
crystal with strong lattice anharmonicity using first-principles
calculations combined with SCP theory, e-ph coupling, and
electronic BTE. Due to the failure of DFPT in solving e-ph
matrix elements for a strongly anharmonic crystal, we have in-
troduced the combination of SCP theory and Wannier-Fourier
interpolation to calculate the e-ph coupling. We discovered
a high electron mobility μe, e.g., ∼454 cm2/Vs at 300 K
from the IBTE solution, in the n-type cubic Rb3AuO, and
demonstrated that the coupling between electrons and polar
optical phonons dominate this good charge transport because
the acoustic phonon-scattering phase space is contracted by
small effective mass of the CBM pockets. At the same time,
the light and threefold degenerate conduction-band pockets
around the CBM give rise to a high thermopower S, which,
along with the high μe, leads to a very high n-type power fac-
tor S2σ , e.g., even reaching 5.5 mW/mK2 at 800 K within the
IBTE transport mechanism. Moreover, a low lattice thermal
conductivity and an undersized Lorenz number that signifies
a resulting low electron thermal conductivity were also found.
As a result, a good TE performance with a figure of merit
ZT ∼ 1.23 at 300 K and an anomalously high ZT ∼ 3.31
at 800 K was obtained in the n-type cubic Rb3AuO, based
on the calculations with IBTE results of the σ and κe driven
by e-ph scattering. After the inclusion of ionized-impurity
scattering in calculating the σ and κe of the IBTE, a modified
n-type ZT is 1.02 at 300 K and 3.15 at 800 K. If the thermal
expansion effect is also taken into account, the final maximum
n-type ZT is further modified into 3.02 at 800 K. Therefore,
considering the available experimental preparation scheme
given by Feldmann, the cubic Rb3AuO crystal may be the
first bulk material for realizing TE conversion efficiency with
ZT > 3. In addition, a ZT ∼ 2.4 can also be found at 800 K
in the p-type case, but at a much higher doping concentration
compared with that in the n-type one. Hence, the n-type cubic
Rb3AuO is recommended to test the good TE performance in
experiment.

ACKNOWLEDGMENTS

This research was supported by the National Natural Sci-
ence Foundation of China under Grants No. 11704322, No.
11974302, No. 11774396, and No. 11774195; and the Na-
tional Key Research and Development Program of China un-
der Grants No. 2016YFA0300902 and No. 2016YFB0700102.

APPENDIX

1. SCP phonon dispersion at different temperature

The SCP phonon dispersion for the cubic Rr3AuO at 300,
500, and 800 K is plotted in Fig. 8. The result is calculated
through the real-space effective second-order IFCs that are
transformed from the SCP calculated anharmonic dynamical
matrices at each temperature. One can find that the low-
frequency anharmonic modes, e.g., ω′

qν < 10 meV, harden
with the increased temperature, while the high-frequency
modes have a relatively small anharmonic renormalization.
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FIG. 8. Anharmonic phonon dispersion for the cubic Rr3AuO at
300, 500, and 800 K. The DFPT phonon dispersion is also shown by
the gray line for comparison.

2. Isoenergy surface around the VBM

As shown in Fig. 2(a), three valence bands contribute to
the VBM simultaneously, and there is a flat-and-dispersive
valence-band characteristic near the VBM, which, as a result,
leads to a valence-band pocket with the isoenergy surface
formed by a large eight-vertex-concave shape, as shown in
Fig. 9(a), a middle eight-vertex star, as shown in Fig. 9(b),
and a small cube, as shown in Fig. 9(c), at 100 meV below
the VBM. This type of isoenergy surface supports the coexis-
tence of small and large effective mass, and thus promises the
presence of a high TE power factor.

3. Band structure renormalized by the real part
of the electron self-energy

The quasiparticle band structures renormalized by the real
part of the electron self-energy at 300, 500, and 800 K are
plotted in Fig. 10. It shows that the dispersion around the
CBM has negligible renormalization, in accordance with the
weak e-ph coupling around the CBM. The negligible band
renormalization near the CBM means a very weak change of
the electron group velocity derived from the real part of the
self-energy, and demonstrate that the unrenormalized quasi-
particle band structure can be used to capture the electronic

FIG. 9. The isoenergy surface for the Fermi level εF dipped
100 meV into the valence band. It is formed by (a) a large eight-
vertex-concave shape surrounding (b) an eight-vertex star and (c) a
small cube.

094314-8



ANOMALOUS ELECTRONIC AND THERMOELECTRIC … PHYSICAL REVIEW B 102, 094314 (2020)

-2

-1

0

1

2

3

Quasiparticle band 300 K 500 K 800 K

Μ

En
er
gy
(e
V
)

Γ Χ Μ Γ R

FIG. 10. Quasiparticle band structure renormalized by the real
part of the electron self-energy at 300, 500, and 800 K. The unrenor-
malized quasiparticle band structure is plotted by the gray line for
comparison.

transport properties with enough accuracy. In addition, the
self-energy renormalization also leads to a slight decrease of
the band gap, e.g., about 0.08 eV at 800 K, which also has a
negligible effect on the final electronic transport performance.

4. TE results tested by BOLTZTRAP for the n-type cubic Rb3AuO

The BOLTZTRAP code [74] within the constant relaxation-
time approximation is employed to test the validity of our
predictions for the TE properties. The n-type case is taken
as an example. The required constant relaxation time τ0 is
calculated from the scattering rates around the CBM shown
in Fig. 4(a). Due to weak scattering around the CBM, the
calculated τ0 at the CBM have considerably large values,
such as 61.6, 35.7, and 21.5 fs at 300, 500, and 800 K,
respectively, which are comparable to those around the CBM
of Ba2BiAu, as shown in Fig. 4(a) in Ref. [33]. Based on
these values of τ0, a highest n-type ZT ∼ 2.66 is obtained at
ne ∼ 2.6 × 1019 cm−3 and T = 800 K, as shown in Fig. 11,
which is consistent with the maximum ZT ∼ 2.55 within the
SERTA.

5. TE properties for the p-type cubic Rb3AuO

The calculated thermopower S from Eq. (4) for the p-type
cubic Rb3AuO is shown in Fig. 12(a). Obviously, due to the
presence of the flat band around the VBM, the calculated S
is much higher than that in the n-type case. For instance, the
S at nh = 1019 cm−3 have values from 0.52 to 0.65 mV/K
as T increases from 300 to 800 K, about two times those in
the n-type case. However, because of the much reduced σ ,
the obtained power factor S2σ at nh = 1019 cm−3 is about
an order of magnitude lower than that at the same doping
concentration in the n-type case, as shown in Fig. 5(c) and
Fig. 12(b). Therefore, a high doping concentration is required
to increase the σ and thus the S2σ for the p-type case. As
shown in Fig. 12(b), a high S2σ achieving 3.9 mW/mK2 at
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FIG. 11. Figure of merit ZT calculated within the relaxation-
time approximation and the SERTA of σ , κe, and S for the n-type
cubic Rb3AuO at 300, 500, and 800 K.

nh ∼ 1.7 × 1021 cm−3 and T = 800 K can be obtained in the
p-type cubic Rb3AuO if the IBTE solution of σ is applied
in the calculation. Meanwhile, the S2σ calculated with the
SERTA result of σ has the highest value of ∼3.4 mW/mK2,
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FIG. 12. TE parameters for the p-type cubic Rb3AuO at 300,
500, and 800 K: (a) Thermopower |S|. (b) Power factor S2σ calcu-
lated with the SERTA and IBTE results of σ . (c) Figure of merit ZT
calculated with the SERTA and IBTE results of σ and κe. The curves
have the same color legends as that in Figs. 5 and 7.
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FIG. 13. (a) Electron mobility μIMP driven by ionized-impurity
scattering, SERTA calculated mobility μe−ph driven by e-ph scatter-
ing, and total mobility μtot with the contributions of e-ph scattering
and ionized-impurity scattering as functions of doping concentration
ne for the n-type case at 300, 500, and 800 K. (b) Figure of merit ZT
calculated with the SERTA and IBTE results of σ and κe modified by
the ionized-impurity scattering (IMP) for the n-type cubic Rb3AuO
at 300, 500, and 800 K.

which is also very high compared with that of commonly
used TE materials. As a result, the highest ZT ∼ 2.75 (2.55)
at nh ∼ 4.7 × 1020 (5.3 × 1020) cm−3 and T = 800 K is ob-
tained in the p-type cubic Rb3AuO based on the calculations
with the IBTE (SERTA) solutions of σ and κe, as shown in
Fig. 12(c).

6. Effect of ionized-impurity scattering on TE performance

The Brooks-Herring formula [79,80] is used to estimate
ionized-impurity scattering for the n-type case. Using Eq. (36)
in Ref. [76], the electron mobility μIMP driven by only the
ionized-impurity scattering is estimated. The result, together
with the SERTA electron mobility μe−ph and total mobility
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FIG. 14. Figure of merit ZT calculated with the SERTA and
IBTE results of σ and κe without and with the inclusion of the
thermal expansion (THEX) effect for the n-type cubic Rb3AuO at
300, 500, and 800 K. The ZT result including both thermal expansion
and ionized-impurity scattering (IMP) is also shown.

μtot, is plotted in Fig. 13(a). We find that the ionized-impurity
scattering has considerable impact on the total electron mo-
bility μtot at low temperature and high doping concentrations.
For instance, the ionized-impurity scattering makes the μtot

at ne = 1019 cm−3 reduce about 17%, 10%, and 5% at 300,
500, and 800 K, respectively, relative to the SERTA electron
mobility μe−ph driven by only the e-ph scattering, as shown in
Fig. 13(a). If the IBTE calculated μe−ph is used, more decrease
of the μtot will be induced by the ionized-impurity scattering,
such as 25%, 14%, and 7% at 300, 500, and 800 K, respec-
tively, at ne = 1019 cm−3. Meanwhile, the corresponding σ

and κe undergo similar modification. As a result, the modified
highest n-type ZT is 3.15 (2.44) at 800 K and 1.02 (0.78) at
300 K based on the IBTE (SERTA) calculations, as shown in
Fig. 13(b).

7. Effect of thermal expansion on TE performance

Using the lattice constant of 5.53 Å at 800 K, the calculated
σ and κe for the n-type case at 800 K decrease about 16%,
and the κl reduce about 9%, relative to the results computed
with the optimized lattice constant. As a result, the maximum
n-type ZT within the IBTE (SERTA) becomes 3.16 (2.42) at
800 K. If thermal expansion and ionized-impurity scattering
are both taken into account, the final maximum n-type ZT
within the IBTE (SERTA) is 3.02 (2.32) at 800 K, as shown in
Fig. 14.
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