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ABSTRACT

The Nowotny-Juza o-MgAgSb has been demonstrated to be a promising candidate for room-temperature thermoelectric material, owing to
its ultralow lattice thermal conductivity. The challenge of enhancing its figure of merit (ZT) for commercial applications is how to effectively
decouple the electrical and thermal transport with available experimental strategies. With a synergic pressure and doping strategy, we
demonstrate from first principles that the bandgap of o-MgAgSb enlarges and its electrical and thermal transport can be decoupled. From
the perspective of lattice dynamics, the locally vibrating three-centered Mg-Ag-Sb bonds generate multiple low-lying optical phonons which
contribute large scattering channels among heat-carrying phonons and thus result in a strong anharmonicity. Under hydrostatic pressure
from ambient to 50 GPa, the chemical bonds are strengthened and low-lying optical phonons move upward, which reduces the anharmonic
three-phonon scattering events and thus increases lattice thermal conductivity. Under hydrostatic pressure, a-MgAgSb maintains high
mechanical stability even at 550 K and 50 GPa, as verified by first-principles molecular dynamics simulations. By combining the pressure
and the doping strategy to engineer density of states near the Fermi level, the thermoelectric power factor can be tuned to be significantly
high while the thermal conductivity remains reasonably low. The physical insights gained from this work pave the way for decoupling
electrical and thermal transport of a-MgAgSb via the synergic pressure and doping strategy toward improving its thermoelectric performance.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5090456

I. INTRODUCTION

Thermoelectric (TE) technology holds great promise in advanc-
ing future energy utilization for its capability of directly converting a
temperature gradient into electricity and vice versa.'™® As the core of
a TE module, high-performance TE materials have been extensively
exploited to achieve high TE conversion efliciency. From a material’s
perspective, the performance of TE material is determined by the
dimensionless number called figure of merit ZT = S2 6T/ (Ko + Kia),,
where S is the Seebeck coeflicient, o is the electrical conductivity,
T is the absolute temperature, and «,; and K, are the electronic and
lattice components of thermal conductivity, respectively. Historically,
following Slack’s “electron-crystal phonon-glass” concept,” two basic
approaches are widely applied to improve ZT via either increasing

the power factor (PF) $’c or decreasing i, Great endeavors,
such as band engineering by introducing resonant states close to
band edge,’™'” pressure,'*'* modulation doping,'*'* and quantum
confinement,'>'® have been made to increase PF. On the other hand,
hierarchical architectures,'”*® doping,w’20 point defects,”"** and dis-
locations™>** are widely applied to scatter heat-carrying phonons
and thus reduce k. Yet, the remaining challenge, which is more
fundamental, lies in the fact that PF and «; are strongly interdepen-
dent, which requires a revolutionary strategy to reach a delicate
balance between them and then optimize ZT.

Recently, room-temperature thermoelectrics (ambient to 200 °C)
have grown rapidly with the increasing demands for domestic
applications.”” " However, the lack of high-ZT TE materials near
room temperature has become a bottleneck. Ever since the first
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reported ZT value of ~0.35 at room temperature,” o-MgAgSb
has drawn wide attention and become a promising candidate
for room-temperature TE materials. High ZT values of ~1.1-1.4
near room temperature have been experimentally reported, and
0-MgAgSb-based materials have better thermoelectric performance
comparable to the commercial p-type Bi,Tes;-based alloys.”” >
Moreover, constituting of nontoxic and relatively low-cost elements
makes o-MgAgSb more suitable for commercial applications. To
further improve ZT of o-MgAgSb, it is essential to understand its
lattice structure, electrical and thermal transport, and, in particular,
how to decouple them. a-MgAgSb has a Nowotny-Juza phase and
belongs to the class of “filled tetrahedral structures.”” In
0-MgAgSb, global and local weak chemical bonds coexist due to
the distorted rocksalt lattice of Sb and Mg atoms. After performing
lattice dynamics analysis, Ying et al’* stated that the hierarchical
chemical bonds of o-MgAgSb led to the ultralow xy,, at room
temperature. As for the electrical transport, Miao et al”> showed
that a-MgAgSb experienced a semimetal-semiconductor phase
transition under hydrostatic pressure and its thermoelectric PF was
greatly improved via the pressure and doping strategy by applying
first-principles simulations. Yet, the essential understanding on
how the pressure and doping strategy influence the thermal trans-
port of a-MgAgSb is lacking, which is crucial to obtain ZT with a
higher accuracy.

Motivated by the idea of Ref. 35, we systematically investigate
how the combination of the pressure and the doping strategy
decouples the electrical and thermal transport in a-MgAgSb from
first principles. By applying anharmonic lattice dynamics coupled
with the phonon Boltzmann transport theory, we attribute the
atomistic origins of ultralow x;,, to a strong phonon anharmonicity,
low phonon relaxation time, and average group velocity. The strong
phonon anharmonicity originates from the existence of multiple
low-lying optical phonons which participate in the anharmonic
scattering, while the low average group velocity originates from a
weak chemical bonding. On the other hand, under hydrostatic
pressure from ambient to 50 GPa, the bandgap of o-MgAgSb
enlarges and its thermoelectric S increases, but o and k,; decrease.
By combining the pressure and the doping strategy to engineer
density of states near the Fermi level, we show that PF can be sig-
nificantly high and x,; + ky,, is kept reasonably low.

Il. COMPUTATIONAL METHODOLOGY

It is well known that the transport properties of solids are
fundamentally determined by the quantum interactions among
microscopic electrons and phonons.”*™* For phonon transport in
pure crystal, k,, is dominated by the anharmonic phonon-phonon
scattering. Following the Boltzmann transport theory under relaxa-
tion time approximation (RTA), x,, is determined by””*’

1
K = 2o ; Cav3, T pi(qV), 1

where Q is the volume of the unit cell, N is the total number of
q points in the first Brillouin zone, and Cg,, vg,, and 7, are the
specific heat, phonon group velocity, and relaxation time for a qv
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phonon mode, respectively. Within the scheme of three-phonon
scattering, the lowest-order perturbation of phonon anharmonicity,
Top» is given by

. _
1/t =1/N (Z T+ 1 /2rph> , )

where I'" and I'” correspond to the phonon’s absorption and
emission process, respectively, and can be obtained by calculating
the third-order interatomic force (relevant theory and computa-
tional details are provided in the supplementary material).

As for electrons, their transport properties are mainly deter-
mined by electronic band structure and electron—phonon interaction.
Following the simple free gas model, the electrical conductivity (o)
quantifying electron transport capability is determined by*’

1 . 8(e —€ix)
ousle) = 3 Ekj napti ) 2E ), 3)

where Ny is the total k-points sampled in the first Brillouin zone and
Ooup is the conductivity tensor expressed as ezreluauﬁ. The physical
quantity u is the electron group velocity and 7, is the electron
relaxation time dominated by electron-phonon interaction. Since
there exists weak electron-phonon coupling in o-MgAgSb,"” we
approximate 7,; as 10 fs in this work. Such an approximation can be
verified by the overall agreement of theoretically calculated PF with
the literature experiment.”” Under different doping concentrations
and hydrostatic pressures, 7., and its energy dependence will change
correspondingly. Yet, it would require huge computational cost to
directly calculate the energy-dependent 7,; by performing electron-
phonon calculations, and, therefore, in this work, we ignore the
influence of doping and pressure on 7,; and assume it to be a cons-
tant. After obtaining o, K is calculated as™

Ka=1/(ETQ) Jaaﬁ(s)(e — w)[—0fu(T; €)/Oelde — TS?6, (4)

where T is the absolute temperature, u is the chemical potential, S is
the Seebeck coeficient, and f is the Fermi-Dirac distribution statistics
of electrons.

I1l. RESULTS AND DISCUSSION
A. Mechanical stability

Prior to engineering phononic and electronic transport, it is
essential to investigate the mechanical stability of o-MgAgSb under
high hydrostatic pressure. By calculating the state of equation,
Miao et al.” showed that a-MgAgSb is stable up to 55 GPa, though
a semimetal-semiconductor transition occurs at a higher hydrostatic
pressure. As presented in Fig. 1, the phonon dispersion curves
and projected density of states (PDOS) of o-MgAgSb under high
pressures up to 50 GPa show no imaginary phonon modes, indicat-
ing its lattice dynamical stability. To further rationalize its mechani-
cal stability, we performed first-principles molecular dynamics
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(FPMD) simulations for a-MgAgSb under pressure of 50 GPa. By
choosing a large supercell (384 atoms) and performing a 30 ps
dynamic run (with a time step of 2fs), we show that all element
atoms of o-MgAgSb move randomly but still around their equilib-
rium positions even at 550 K, as indicated by the trajectory analysis
of Fig. S1 in the supplementary material. Based on the FPMD
simulations, Ying et al.** stated that the ultralow x,, of o-MgAgSb is
inclined to the effects of phonon perspective, so we focus on analyz-
ing K, in the view of anharmonic phonon-phonon scattering.

6 T
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g 00— O Exp. Ref. [34]
E 3L Phonon Frequency [THz] —A—Cal. Ref. [34]
o —/—Cal. Ref. [34]
ME Cal. P=0 GPa
2L ——Cal. P=10 GPa
e, Cal. P=50 GPa
%{,\ IS -~
0 1 1 1 1
100 200 300 400 500 600

Temperature [K]

FIG. 2. The temperature-dependent lattice thermal conductivity (k) of
0-MgAgSb under pressures varying from 0 to 50 GPa. The literature values
from Refs. 29 and 34 are also plotted for comparison. (Inset) The comparison
of cumulative of room temperature x;, vs phonon frequencies between different
pressures.

B. Phonon transport

In Fig. 2, the calculated temperature-dependent xj,; of
0-MgAgSb under pressures up to 50 GPa is presented and it dem-
onstrates overall agreement with the literature results.”””* At 300 K,
the calculated x, of a-MgAgSb at 0GPa is unprecedentedly
low (0.58 W/mK), which agrees well with the measured value of
0.6 W/mK*”** but is relatively lower than that of Bi,Te;-based
alloys.”” The experimental study”’ showed that the small grain size
and point defects were crucial to the ultralow xy,, of o-MgAgSb.
Yet, from first principles, it is difficult to quantify their contribution
to thermal transport. Here, we deal with the pure a-MgAgSb
crystal, neglect the influence of small grain size and point defects,
and investigate the physics origin of its ultralow thermal conductiv-
ity. To interpret the ultralow x,, we first analyze the lattice anhar-
monicity and group velocity for the heat-carrying phonons. By
analyzing the cumulative k., as shown in the inset of Fig. 2, the
heat-carrying phonons of o-MgAgSb under 0 GPa lie in the fre-
quency range of 0-2THz and are extended to 0-7 THz under
50 GPa. From a phonon’s perspective, the Griineisen parameter ¥ is
a measure of lattice anharmonicity and reflects the strength of
phonon-phonon scattering, while the group velocity quantifies how
fast phonons propagate and is mainly determined by the chemical
bonding. In Fig. 3(a), we observe a high y; in o-MgAgSb under
0 GPa, with a maximum value of 2.3 at 2THz and a weighted
average of 1.36. The high y suggests a strong phonon anharmonic-
ity and a relatively low 7,;, (approximately 5 ps) for the heat-carrying
phonons (see Fig. S2 in the supplementary material). Further analy-
sis on the detailed scattering process suggests that the normal
process predominates over the Umklapp process and mainly contrib-
utes to the total anharmonic phonon scattering. The anharmonic
scattering among the heat-carrying phonons is predominated by the
absorption process where two low-frequency phonons annihilate
and one high-frequency optical phonon creates (see Fig. S3 in the
supplementary material). On the other hand, the average group
velocity of o-MgAgSb under 0 GPa is relatively low, as shown in
Fig. 3(b), with a maximum value of 2.5 nm/ps at 1.2 THz.
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FIG. 3. The (a) frequency-dependent Griineisen parameter (yg) and (b) aver-
aged group velocity (v) vof a-MgAgSb at 300 K under pressures varying from 0
to 50 GPa.

C. Origin of strong phonon anharmonicity

Ying et al.* attributed the low ki, to the hierarchically weak
chemical bonds in o-MgAgSb. The low group velocity originates
from the global weak bonding, while the strong phonon anharmo-
nicity is closely related to the locally vibrating three-centered
Mg-Ag-Sb bonds. To verify this hypothesis, we calculate the charge
density and chemical bonds of o-MgAgSb under pressures up to
50 GPa, as shown in Fig. 4. Under 0GPa, the charge density is
mainly bounded to Ag atoms and there is less overlap with that of

(b) P =50 GPa
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FIG. 5. The calculated (a) Seebeck coefficient (S), (b) power factor (PF), and
(c) electronic thermal conductivity (i) of a-MgAgSb at 300 K under pressures
varying from 0 to 50 GPa.

Mg and Sb atoms, resulting in the low restoring forces for Ag
atoms [Fig. 4(a)]. Since Ag atoms move in the polyhedral formed
by the distorted rocksalt lattice of Mg and Sb atoms, the low restor-
ing forces on Ag atoms induce multiple low-lying optical phonons.
This can be verified by the projected PDOS which show that Ag

FIG. 4. The lattice structure, charge
density, and chemical bonds of
o-MgAgSb under pressures of (a) 0
GPa and (b) 50 GPa.
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atoms mainly contribute to the low-lying phonon modes in
0-MgAgSb. At a hydrostatic pressure of 50 GPa, the charge density
of Ag, Mg, and Sb atoms increases and overlaps with each other,
leading to the strong restoring forces [Fig. 4(b)]. Thus, the chemical
bonds become shortened and strong. Under 0 GPa, the Mg-Ag,
Mg-Sb, and Ag-Sb chemical bond lengths are 2.922 A, 2.986 A, and
2.905 A, respectively, and reduce to 2.628 A, 2.893 A, and 2.597 A
under 50 GPa. Consequently, the distortion degree of the rocksalt
lattice reduces and the low-lying optical phonons shift to higher
frequencies, as shown in Fig. 1. Since the anharmonic scattering
among the heat-carrying phonons is predominated by the absorp-
tion process such as acoustic + acoustic — optical [see Fig. S3(b) in
the supplementary material], the upward move of the low-lying
optical phonons certainly reduces the anharmonic scattering event
and thus decreases y;. Meanwhile, the strengthened chemical
bonds would lead to the increased group velocity and finally
increases ki, as shown in Fig. 2.

D. Electron transport

As chemical bonds strengthen under a hydrostatic pressure,
the bandgap of 0-MgAgSb increases, which is verified by theoreti-
cal calculations.” The critical room-temperature Seebeck coefficient
S increases slightly from 45 V/K under 0 GPa to 49.37 #V/K under
50 GPa. However, as the bandgap opens, the relevant room-
temperature electrical conductivity ¢ decreases tremendously from

(a) P=0 GPa

(b) P=10 GPa
1.0

[

Chemical Potential [eV]
(=)
Chemical Potential [eV]

200 300 400

200

Temperature [K]

(c) P=20 GPa (d) P=50 GPa
1.0

0.5

o
W

>
o,
=
=
=1
[}
°
£ 0.0
=
S
=)
[}
=
@)

Chemical Potential [eV]

—
—o
=)
S

300 400 600

Temperature [K]

ARTICLE scitation.org/journalljap

1.53 x 10° S/m under 0 GPa to 0.89 S/m under 50 GPa. Consequently,
the room-temperature thermoelectric PF §c significantly reduces
from 0.43 mW/mK? under 0 GPa to 2 x 10~° mW/mK? at 50 GPa,
respectively. Thus, the pressure strategy alone cannot improve the
thermoelectric performance of o-MgAgSb. Recently, the doping strat-
egy has been experimentally verified to effectively improve ZT of
o-MgAgSb.” Theoretical study also shows that the combined pres-
sure and doping strategy can increase the PF by 110% at 550 K.
Motivated by this study, we combine the pressure and doping strategy
to manipulate the electronic transport properties. As presented in
Fig. 5, the p-doping strategy can slightly increase S from 45 uV/K to
72.8 uV/K by shifting the Fermi level down by 0.07 eV under 0 GPa.
In contrast, under 50 GPa, the p-doping (n-doping) strategy signifi-
cantly increases S from 50uV/K to a maximum of 955uV/K
(1015 V/K) by shifting the Fermi level down (up) by 0.05 eV, respec-
tively. At such high doping, disorder concentration will increase and
more electrons are localized mainly around the band edges, leading
to an increase in the energy bandgap and thus the Seebeck coefficient.
However, for heavy doping with more free carriers, S decreases
smoothly with the Fermi level shift increasing. On the other hand,
the doping strategy introduces more free carriers in the semiconduct-
ing o-MgAgSb and thus increases o. By combining the pressure and
doping strategy, the thermoelectric PF increases from 0.43 mW/mK>
to 3.9 mW/mK?, ie., almost an order of magnitude augment. The
substantial increase of PF originates from the engineered density of
states near the Fermi level.”” Yet, the enhanced PF is for a highly

300 400
Temperature [K]

FIG. 6. Theoretically predicted ZT of
o-MgAgSb at different temperatures
and chemical potentials by the synergic
pressure and the doping strategy.

300 400

Temperature [K]
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disordered regime that may require a special set of experimental
settings to realize. While applying the doping strategy, the introduced
carriers will further scatter phonons and reduce x,. Consequently,
Ko + Kiae Will be kept reasonably low, while $% can be engineered sig-
nificantly high, leading to the enhanced ZT as shown in Fig. 6. With
the high doping concentration, the lattice contribution to thermal
transport will be much smaller than the electronic part. Thus, ZT can
be approximated as S’o7x,; since the calculated & and «,; are propor-
tional to 7,. Then, the assumption of the constant value for z,; will
not affect the final value of ZT. Also, it is worth mentioning that the
maximized ZT of 0.72 under 20 GPa is relatively smaller than 0.78
under 50 GPa. Considering that high pressure requires a higher cost
to accomplish, the relatively lower pressure should be applied in
practice.

IV. CONCLUSION

In summary, we examine from first-principles calculations the
atomistic origins of electrical and thermal transport in o-MgAgSb
and demonstrate how the combination of the pressure and the
doping strategy decouples them to boost thermoelectric performance.
Anharmonic lattice dynamics calculations determine an ultralow 7,
of 0.58 W/mK at room temperature, in good agreement with experi-
ments, which is caused by the strong phonon anharmonicity due
to the existence of a large number of low-lying optical phonons
and a weak chemical bonding. Under a hydrostatic pressure of up to
50 GPa, the chemical bonds are strengthened and low-lying optical
phonons have an upward shift, leading to the weakened anharmonic
scattering and the slightly increased xj,. However, by combining
the doping strategy to engineer energy states near the Fermi level,
the thermoelectric PF can be engineered significantly high to be
3.9mW/mK? which compensates the minor increase in lattice
thermal conductivity, with the other key quantity of electronic
thermal conductivity remaining reasonably low. This work mainly
contributes to uncovering the physical insights into how the synergic
pressure and the doping strategy decouples the electrical and thermal
transport in o-MgAgSh.

SUPPLEMENTARY MATERIAL

See the supplementary material for the computational details,
the relevant theory about anharmonic lattice dynamics, and the
first-principles molecular dynamics trajectory of a-MgAgSb under
hydrostatic pressures.
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