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With first-principles calculations based on density-functional theory, we predict the potential for
unprecedentedly high thermoelectric figure of merit 27" = 5 at 800 K in n-type BayBiAu full-Heusler
compound. Such a high efficiency arises from an intrinsically ultralow lattice thermal conductivity
coupled with a very high power factor reaching 7 mW m~* K~2 at 500 K. The high n-type power
factor originates from a light, sixfold degenerate conduction band pocket along the I'-X direction.
Weak acoustic phonon scattering and sixfold multiplicity combine to yield both high mobility and
high Seebeck coefficient. In contrast, the flat-and-dispersive (a.k.a. low-dimensional) valence band
of BagBiAu fail to generate as high power factors due to strong acoustic phonon scattering. The
Lorenz numbers at optimal doping are smaller than the Wiedemann-Franz value, an integral feature
for 2T enhancement as electrons are the majority heat carriers.

I. INTRODUCTION

Thermoelectric materials can be used to directly con-
vert heat into electricity and vice versa, and have tech-
nological applications in energy harvesting and refriger-
ation [I, 2]. The indicator of thermoelectric efficiency
is the dimensionless figure of merit 27 = JTUT Here,
a?c is the thermoelectric power factor (PF), composed
of the Seebeck coefficient («) and electronic conductivity
(o). The total thermal conductivity (x) is the sum of
lattice thermal conductivity (k1a4) and thermal conduc-
tivity due to electrons (k). For large-scale deployment,
thermoelectric materials with 27" > 4 are highly cov-
eted. Unfortunately, conversion efficiencies of even the
best thermoelectrics have been stagnant at 2T < 3, only
in rare cases surpassing z7 = 2, and even then only at
high temperatures [3H7]. At room temperature, only al-
loys of BiyTes offer competitive performance [S8HIT].

Clearly, a desirable thermoelectric material would fea-
ture high o and o, while exhibiting low x, but such a
combination is inherently difficult to achieve [I2HI7]. In
general, it has proven much more difficult to engineer
high PF than to decrease k.4, which can sometimes be
reduced even to the vicinity of the amorphous lower limit
[7, 18+29]. The PF is intrinsically limited by the fact
that ¢ and « for a given material behave counteractively
with respect to the carrier (doping) concentration. Con-
ductivity can also be boosted by high carrier mobility,
which occurs only in crystalline compounds. Unfortu-
nately, high crystallinity often leads to high k as well,
limiting the thermoelectric potential. Methods that sup-
press Kiat, such as alloying, hierarchical nanostructuring,
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or lowering crystallinity often run the risk of damaging
mobility, thereby decreasing the PF. A general consen-
sus in the community is that systematic approaches for
achieving high PF are of vital importance for the devel-
opment of next-generation thermoelectrics.

One of the recent concepts for high PF focuses on the
role of electronic bands that exhibit anisotropic features
common in low-dimensional materials [30H32], such as
coexistence of flat and dispersive directions at the band
edge. The idea behind this approach is that the flat por-
tions provide high entropy due to high eDOS and induce
high Seebeck coefficient, while the dispersive portions fa-
cilitate mobile transport due to light effective mass. Bulk
materials with such features have been proposed theo-
retically, e.g. iron-based full-Heusler compounds of the
FeoYZ type [33], but have not yet been proven useful.
On the other hand, small effective mass has been associ-
ated with high thermoelectric performance as well [34].
As reflected by the most recent review article on ther-
moelectric materials, the controversy regarding the ideal
band shapes and effective mass for thermoelectricity con-
tinues [17].

It is in this context that we present our prediction of
unprecedented zT = 5 at 800 K in n-type full-Heusler

FIG. 1. (Color online) a) The unit cell. b) The primitive cell.
Ba is green, Bi is purple, and Au is gold.


mailto:jsyony37@ucla.edu
mailto:yimaverickxia@gmail.com
mailto:vidvuds.ozolins@yale.edu

BasBiAu. This material is a member of the family of full-
Heusler compounds recently discovered to be stable and
to exhibit ultralow intrinsic lattice thermal conductiv-
ity arising from anharmonic rattling of heavy atoms [35].
This compound also exhibits a coexistence of flat and dis-
persive directions at the valence band maximum (VBM),
which has drawn interest for a possibility for high p-type
PF. Here, via parameter-free first-principles calculations
based on density-functional theory (DFT), we predict
that BayBiAu features high n-type PF originating from a
highly dispersive band with multiple degenerate pockets
at the conduction band minimum (CBM). By compari-
son, the p-type PF arising from the flat-and-dispersive,
low-dimensional-type band at the VBM is significantly
lower due to much increased phase space for (acoustic)
phonon scattering of holes. We complement this observa-
tion with a case study of FesTiSi, which shares a qualita-
tively similar band structure, but with reversed locations
of the highly dispersive and flat-and-dispersive bands. In
both cases, we show that the highly dispersive bands are
more beneficial than the low-dimensional bands, suggest-
ing that finding dispersive pockets with light carriers at
off-symmetry points should be prioritized over flat-and-
dispersive band structures.

II. CRYSTAL & ELECTRONIC STRUCTURES

The full-Heusler crystal structure can be described as
a rock-salt structure formed (by Bi and Au) with all eight
of its diamond sublattice positions occupied (by Ba). Its
primitive cell is that of face-centered cubic with addi-
tional atoms in the interior. Relaxation of the crystal
structure and self-consistent calculation of the electronic
structure are performed using two different schemes: us-
ing norm-conserving (NC) pseudopotentials on Quan-
tum Espresso (QE) [36, [37], hereafter NC-QE, and
using projector-augmented wave pseudopotentials [3§]
on Vienna Ab Initio Simulations Package (VASP) [39-
42], hereafter PAW-VASP. The Perdew-Burke-Erzerhof
(PBE) exchange-correlation functional [43] is used for
both cases. A plane-wave energy cut-off of 120 Ry and
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FIG. 2. Electronic band structure of BasBiAu with (red) and
without (black) spin-orbit coupling, aligned at the CBM.

an energy convergence threshold of 108 Ry are used for
NC-QE calculations. 600 eV and 10~7 eV are respec-
tively used for PAW-VASP calculations. Convergence
with respect to k-point mesh is safely ensured.

The ground-state lattice parameter of BagBiAu as cal-
culated by NC-QE is 8.30 A, and that calculated by
PAW-VASP is 8.42 A. BayBiAu has not been synthe-
sized at all to date, so experimental data are unavailable
for comparison. NC-QE and PAW-VASP yield more or
less the same band structures for both compounds near
their energy gaps. The 0 K band gap of BasBaAu is
0.44 eV when calculated with plain NC-QE and 0.45 eV
when calculated with PAW-VASP. A more accurate band
gap is likely predicted by the Tran-Blaha-modified Becke-
Johnson pseudopotential functional (mBJ) [44] [45] with
spin-orbit coupling (SOC), which yields AE, of 0.56 eV.

Fig. [2/shows the electronic band structure of BayBiAu.
The notable features are a highly dispersive conduction
band pocket along I'-X and a flat-and-dispersive valence
band pocket at the L-point. These features translate to
1) a pipe-like isoenergy surface at the VBM, where ef-
fective mass (m) is large along the pipes, corresponding
to the flat direction, and small around the pipes, corre-
sponding to the more dispersive directions; 2) a set of
oblates in the middle of the six I'-X directions for the
isoenergy surface at the CBM [see Fig. . These oblates
reflect that m is very small longitudinally and larger but
still small transversely, characteristic of dispersive pock-
ets at off-symmetry points in the Brillouin zone. Both
types of band structures have been associated with high
PF. We also note that while SOC induces a slight curv-
ing of the otherwise flat VBM, it leaves the dispersive
CBM pocket practically unchanged. Effective masses at
the CBM are mg, = 0.069, my, = m., = 0.51 without
SOC and mg, = 0.067, myy, = m,, = 0.49 with SOC.
Since our main interest here is the n-type performance,
and SOC has negligible influence on both the conduction
band and phonon dispersion [35], we neglect SOC when
calculating the electron-phonon scattering rates.

An advantage of the conduction band pocket is that
it comes with sixfold pocket multiplicity, while the VBM
pocket at the L-point is fourfold degenerate. Pocket mul-

FIG. 3.

(Color online) Isoenergy surfaces of the topmost
valence band (left) and lowermost conductions band (right)
of BagBiAu, 0.1 eV from their respective extrema. The
levels correspond respectively to doping concentrations of
np, = 2.7 % 10%° ecm™ and n. = 1.2 x 10%° cm™3.



tiplicity, or band degeneracy, directly benefits ¢ by en-
hancing carrier concentration for a given Fermi level and
removes the detrimental effect on o caused by band mis-
alignment [46]. No other portion of any band is within 0.3
eV of the CBM, making the pocket the sole contributor
to electron transport up to 800 K. Also, the particularly
small m of the CBM pockets is expected to constrict the
phase space for acoustic phonon scattering — the typical
limiting carrier scattering process in thermoelectrics.

III. SCATTERING AND MOBILITY

We treat the two major scattering mechanisms at work
in thermoelectric materials: electron-phonon scattering
and ionized-impurity scattering. For the former, we ex-
plicitly calculate electron-phonon interaction matrix el-
ements over a coarse 8 x 8 x 8 k-point mesh (for elec-
trons) and a 4 x 4 x 4 g-point mesh (for phonons) using
density-functional perturbation theory (DFPT) [47, 48].
We then use maximally localized Wannier functions [49-
51] for an efficient interpolation of the matrix elements
onto dense 40 x 40 x 40 k-and-q-point meshes using the
EPW software [52H54]. This treatment accounts for both
intravalley and intervalley scattering. Long-ranged polar
optical scattering matrix elements are calculated sepa-
rately and added to the total matrix elements on the
dense k-mesh [55]. The carrier lifetimes (7) are obtained
from the imaginary part of electron self-energy, which
is calculated by summing the matrix elements over the
dense phonon mesh. For further theoretical details, refer
to the supplementary information [56].

With lifetimes at hand, we employ the Boltzmann
transport equations within the relaxation time approx-
imation (RTA) to calculate o and «:
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FIG. 4. a) Energy-dependent electron-phonon scattering life-
times at 300 K of BapBiAu with (black) and without (red)
polar optical scattering. b) Electron mobilities limited by
electron-phonon scattering (eph, solid lines) and by ionized-
impurity scattering (ii, dotted lines), and hole mobility at 300
K for comparison (eph, dashed line).

Group velocity (v) and lifetime (7) depend on band
v and wavevector k. 2 is the primitive cell volume,
Ep is the Fermi level, and f(F — Eg) is the Fermi-
Dirac distribution, whereas €, are the energy eigenval-
ues. The summations of Eqgs. and are performed
using BoltzTraP [57] with pre-calculated band-and-k-
dependent electron-phonon lifetimes. Recent works have
shown that RTA with electron-phonon matrix elements
calculated via DFPT and Wannier interpolation is ca-
pable of accurately reproducing experimental measure-
ments performed on thermoelectric materials [58) [59].

The mobility limited by ionized-impurity scattering
(uii) is estimated using the aMoBT software [60], which
implements an improved form of the Brooks-Herring the-
ory that takes into account screening and band non-
parabolicity [61} [62]. The overall mobility (p) is obtained
by combining p;; with ptepn according to the Matthiesen’s
rule,

P = g i (3)

and is used to rescale o. To accurately relate carrier
concentrations to the Fermi level, the band gap obtained
with mBJ4+SOC (0.56 €V) is used throughout transport
calculations.

The calculated 7 due to electron-phonon scattering at
300 K are shown in Fig. [dh. If polar-optical scattering
is excluded, electron lifetimes near the CBM are roughly
two orders of magnitude longer than those of the hole
states near the VBM. This shows that (acoustic) phonon
scattering is indeed weak for the CBM states, as expected
due to the limited scattering phase space that a disper-
sive band provides. Inclusion of polar optical scattering
reduces 7 by an order of magnitude at the CBM, and
it is the dominant scattering mechanism for electrons
as reflected by the mobility calculations [see Fig. [p].
This mirrors the characteristics of other dispersive-band,
high-y materials such as InSb and GaAs. Screening ef-
fects, which are not accounted for but could play a role in
suppressing polar-optical scattering at high carrier con-
centrations, would only increase the predicted 7 and p.
However, its effect would be counteracted by electron-
electron scattering that also intensifies with carrier con-
centration. The contribution of ionized-impurity scatter-
ing is for the most part small unless the compound is
very heavily doped at 300 K. Hole mobility is lower by
nearly an order of magnitude due to shorter lifetimes let
alone lower group velocities.

IV. THERMOELECTRIC PROPERTIES

The calculated n-type PF tops out at 7 mW m~—' K2
at 500 K [see Fig. } This is among the highest n-type
PFs for bulk semiconductors. At the same temperature,
p-type half-Heusler NbFeSb, the highest-PF semiconduc-
tor to date, exhibits 8 mW m~! K=2 [63]. The high PF
of BagBiAu is attributed in part to the high o arising
from the sixfold pocket multiplicity and weak (acoustic)



phonon scattering that elevates 7 near the CBM. Also,
the band generates high n-type a which exceeds —300 1V
K~ at 800 K, as shown in Fig. [k and[5{. The maximum
PF requires degenerate doping through the CBM, which
is typical of phonon-limited electron transport. We find
that ionized-impurity scattering lowers the peak n-type
PF by 25% at 300 K and 15% at 500 K and 800 K.
Ultimately, high 2T requires high PF coupled with low
thermal conductivity. BasBiAu has already been pre-
dicted to possess ultralow Kia:, 0.55 W m~t K~! at 300
K and 0.2 Wm~! K~! at 800 K, close to the amorphous
limit [35]. For convenience, we provide our reproduction
of the k.t prediction in Fig. 7 for which the com-
pressive sensing lattice dynamics technique [64] and the
iterative Boltzmann transport scheme [65] are used.
Because of such low k1,4, heat is mainly carried by elec-
trons (ke > 1 Wm™t K1), Since k¢ > K1at, small Lorenz
number (L) is indispensable for the enhancement of 27T
This statement can be generalized beyond BasBiAu to
any wishful high 27" material since it must have low kit
and high PF. As Fig. shows, our results indicate that
throughout relevant doping ranges, L < Lwp in the fa-
vor of zT', where Lwy = %2}2—‘2;‘ is the Wiedemann-Franz
value. The negative deviation from the Wiedemann-
Franz law is attributed to energy-dependent electron life-
times due to electron-phonon scattering. A simple illus-
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FIG. 5. a) The n-type power factors and the 500 K p-type
power factor. b) The n-type Lorenz numbers and the 800 K p-
type Lorenz number, where the black horizontal line indicates
Lwr. c¢) The n-type Seebeck coefficients and the 500 K p-type
Seebeck coefficient. d) The n-type conductivities and the 500
K p-type conductivity. All curves are plotted with respect to
their respective doping concentrations. e) Lattice thermal
conductivity.

tration is provided by the non-degenerate approximation
to the single parabolic band model, according to which
the Lorenz number is [66]

kK& (5
where the energy-dependence of scattering controls the
constant r. For polar optical scattering, r = %, which
2
leads to L = 36% < Lwr. Under acoustic phonon scat-

. 2k}2
tering, r = —% and L would be even lower at —#. As

the Fermi level moves towards the center of the gap, L
increases above Ly as each electron carries more energy.

The combination of high PF and low thermal conduc-
tivity in BagBiAu leads to an unprecedentedly high n-
type 2T" = 5 at 800 K. This value is higher by far than
any other 3D bulk thermoelectric to date. At 300 K, we
predict 2T = 1.4, which would also be the highest for an
n-type material at room temperature. Fig. [f] shows that
the peaks of 2T form at noticeably lower doping concen-
trations compared to those of the PF. Optimal n. for zT'
in fact corresponds to the non-degenerate doping regime.
The gap between the optimal n. for the PF and 2T is
reflective of the fact that k. contributes heavily to the
total thermal conductivity. Because ke > Kot and L is
relatively constant with n., 21" naturally favors lower n,
where the Seebeck coefficient is maximally utilized. Such
a low doping requirement is favorable in terms of weaker
ionized-impurity scattering as well. We note that our
calculations result in 27" = 0.8 at 200 K and 27" = 0.2 at
100 K. Though not as remarkably high as the values we
highlight, they are still respectable considering the very
low temperatures.

BasBiAu has previously been projected to have higher
p-type PFs than n-type PFs due to the flat-and-
dispersive valence band [35]. According to our calcu-
lations, however, the highest achievable p-type PF is
merely 2.5 mW m~! K~2 at 500 K, and the highest
achievable p-type 2T is at best 2 at 800 K. This is as-
cribed to heavy phonon-scattering of holes invited by the
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FIG. 6. The n-type 27T and the 800 K p-type =T



large phase space associated with the flat VBM, which
alone reduces hole mobility below the overall electron mo-
bility [see Fig. [db]. Though SOC adds a small curvature
to the VBM and would somewhat improve hole 7 and
the p-type performance, it is unlikely to make a mean-
ingful difference. Additionally, the valence band only
has fourfold pocket multiplicity at the L-point. Shorter
lifetimes and fewer pockets combined with lower group
velocities force one to rely on very high hole doping
(np, > 10%° ecm™3) to achieve sufficiently high values
of o in p-type case [see Fig. ] However, this re-
duces « to approximately 80 uV K~! at 500 K [see Fig.
], resulting in poor overall PF. In all, these observa-
tions indicate that highly dispersive bands that mini-
mize acoustic phonon scattering can easily outperform
flat-and-dispersive bands. Also, note that the n-type «
is even higher in magnitude than the p-type «. This indi-
cates that purely dispersive bands are capable of generat-
ing competitive Seebeck coefficients and that flat bands
do not provide an intrinsic advantage.

V. CASE STUDY: Fe,TiSi

To support the observations from BasBiAu and to
further test their generalizability, we consider in paral-
lel FesTiSi — a full-Heusler compound which has been
studied as a potential high-performance n-type thermo-
electric due to its flat-and-dispersive conduction bands.
However, because earlier theoretical studies have used
approximate methods for estimating carrier scattering
rates and lifetimes [33] [67], a rigorous study of the exact
electron-phonon scattering behaviors is in order.

As seen in Fig. [7h, the conduction bands of Fe,TiSi
comprise a quintessential example of a flat-and-dispersive
electronic structure, with a very pronounced flat portion
along I'-X and five dispersive pockets, one isotropic and
four anisotropic. Meanwhile, the three dispersive-only
valence bands are at located at I'. Fe,TiSi is there-
fore a good platform for a direct comparison of the
performances of the two distinctly different band struc-
tures. Via the fully first-principles approach for electron-
phonon scattering adopted for BasBiAu, we discover that
the n-type PF is in fact rather modest and comparable
to the p-type PF arising from the dispersive-only valence
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FIG. 7. a) The band structure of Fe;TiSi. b) Carrier life-
times of Fe,TiSi with (black) and without (red) polar optical
scattering.

FIG. 8. The isoenergy surfaces near the CBM (top two) and
near the VBM (bottom three).

bands. We further find that electron lifetimes are much
shorter than hole lifetimes due to intense electron-phonon
scattering accommodated by the long, flat band. Also
observed again is that the flat-and-dispersive bands do
not offer an inherent advantage in the Seebeck coefficient
relative to the purely dispersive bands. It actually turns
out that relative to the p-type PF, the n-type PF is fueled
by o, not a.

Calculated lifetimes at 300 K are shown in Fig. [7b.
Without polar optical scattering, the VBM of Fe;TiSi has
even longer (hole) lifetimes than the CBM of BayBiAu.
We attribute this again to the smaller phase space of-
fered by only three valence bands. Because of this, polar
optical scattering makes an even larger contribution in
Fe,TiSi than in BagBiAu, reducing 7 at the VBM by
more than an order of magnitude. Meanwhile, the CBM
consistently features short lifetimes, similar in scale to
those of the VBM of BayBiAu. The shapes of isoenergy
surfaces at the two band edges explain these phenom-
ena [see Fig. [8]. The CBM features one surface resem-
bling very pronounced orthogonal pipes, indicative of the
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flat-and-dispersive nature. In contrast, all three valence
bands are isotropically parabolic and possess spherical
surfaces. These reflect large and small acoustic phonon
scattering phase spaces for the CBM and the VBM, re-
spectively. The resulting thermoelectric PF are shown
in Fig. [9 It is evident that the p-type PF is somewhat
higher without polar optical scattering due to very long
hole lifetimes, while the n-type PF is somewhat higher
with it due to the relative depression in hole lifetimes.

A few notable observations are made at this stage.
When polar optical scattering is fully incorporated, the
p-type and n-type Seebeck coefficients are nearly equiv-
alent at the respective optimal doping concentrations of
np ~ 1020 em™3 and n, ~ 10*! em ™2 [see Fig. [10h and
Fig. ] At 500 K, for instance, the optimal n-type « is
larger merely by 3 ¢V K1, which only contributes a 1%
increase in the n-type PF over the p-type PF, a negligible
amount. Meanwhile, the optimal n-type ¢ is higher than
than the optimal p-type o by a factor of nearly 1.18, lead-
ing to an 18% relative increase in the n-type PF. Since
the valence bands have longer lifetimes and group ve-
locities, this phenomenon can only be explained by the
presence of extra fourth and fifth dispersive branches at
the CBM over three at the VBM. The fact that the va-
lence bands produce comparable PFs in spite of being
only triply degenerate is a promising result.

These observations lead to the following conclusion:
relative to the p-type performance, the n-type perfor-
mance draws benefits not from any enhancement in the
Seebeck coefficients that the flat band is thought to
provide (and does not), but rather from the number-
advantage in dispersive pockets. In other words, the p-
type PF is on par with the n-type PF because of the
disadvantage in dispersive pocket multiplicity. If addi-
tional pocket(s) were present, purely dispersive bands
could easily deliver higher conductivity and higher PF
than flat-and-dispersive ones. A higher dispersion like-

wise would lead to even better thermoelectric properties
via longer lifetimes and higher group velocities with lit-
tle difference in the Seebeck coefficient. Both higher dis-
persion and higher pocket multiplicity occur precisely in
BaygBiAu, leading to the very high power factor and zT'.
As a side-note, FesTiSi is not likely to make a useful ther-
moelectric as either p-type or n-type due to intrinsically
high kiae > 50 W m™! K~!. According to our treatment
of alloy mass-disorder scattering [65], the zT of Fe;TiSi
would be less than 0.5 even with generous 4% Hfr; iso-
valent substitution, which could reduce k1. to as low as
5Wm~! KL

VI. CONCLUSIONS

In summary, we predict that n-type BasBiAu has the
potential to achieve unprecedentedly high thermoelectric
performance marked by 27" =5 at 800 K and 1.4 at 300
K, due to a rare complementation of very high power fac-
tor and ultralow lattice thermal conductivity in addition
to small Lorenz number. The predictions of this work
are offered for experimental synthesis and characteriza-
tion, which would constitute a proof of principle that the
long-desired 2T above 4 is attainable. To that end, it
remains to be seen whether intrinsic defects play in favor
of or against n-doping — to be studied and addressed in
a follow-up paper.

We trace the high n-type power factor to a highly dis-
persive conduction band pocket along the I'-X direction,
which constricts the phase space for electron-phonon
scattering, promoting long lifetimes and high mobility
for electrons. In contrast, the flat-and dispersive valence
band of BasBiAu yields much smaller p-type power fac-
tors due to strong (acoustic) phonon scattering accommo-
dated by a large phase space, while not providing notable
benefits for the Seebeck coefficient. These trends are
mirrored by FesTiSi, in which the conduction bands are
flat-and-dispersive. The commonalities found in the two
compounds indicate that highly dispersive bands with
multiple pockets (preferably by symmetry) ought to be
the main focus in the quest for next-generation semicon-
ductor thermoelectrics. These band structures inhibit
scattering, promote mobility and conductivity, while sus-
taining high Seebeck coefficient. From this perspective,
it is only fitting that the highest known semiconductor
power factors occur in half-Heusler NbFeSb, which has
a very weak deformation potential scattering [59] but
also happens to possess eight relatively dispersive valence
band pockets [68]. In turn, InSb exhibits competitive
power factors in spite of having only one conduction band
pocket due to the extremely high mobility arising from
the very small effective mass of 0.014 [69, [70]. If there
were multiple pocket degeneracies, it would deliver even
higher thermoelectric performance. We hope that these
examples will stimulate further effort in search of highly
dispersive pockets at off-symmetry points occurring in
materials with low lattice thermal conductivity.
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