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Using a combined approach of first-principles and Boltzmann transport theory, we conducted a systematic
investigation of the thermal and electrical transport properties of the unexplored ternary quasi-two-dimensional
KMgSb system of the KMgX (X = P, As, Sb, and Bi) family. In this paper, we present the transport properties
of KMgSb under the influence of hydrostatic pressure and alloy engineering. At a carrier concentration of
∼8 × 1019 cm−3, we observed a close match in the figure of merit (zT; ∼0.75, at 900 K) for both n-type and
p-type KMgSb, making it an attractive choice for engineering thermoelectric devices with uniform materials
in both legs. This characteristic is particularly advantageous for high-performance thermoelectric applications.
Additionally, as pressure decreases, the zT value exhibits an increasing trend, further enhancing its potential
for use in thermoelectric devices. Substitutional doping (replacing 50% of Sb atoms with Bi atoms) resulted
in a significant ∼49% (in-plane) increase in the peak thermoelectric figure of merit. Notably, after alloy
engineering, the maximum figure-of-merit value obtained reached ∼1.45 at 900 K temperature. Hydrostatic
pressure emerges as an effective tool for tuning the lattice thermal conductivity κL . Our observations indicate
that negative-pressure-like effects can be achieved through the chemical doping of larger atoms, especially when
investigating κL properties. Through our computational investigation, we elucidate that hydrostatic pressure and
alloy engineering hold the potential to dramatically enhance thermoelectric performance in this compound.
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I. INTRODUCTION

Thermometric materials have been around for many
decades now. Many materials have been developed and
identified for thermoelectric-device-based applications [1–9].
The performance and efficiency of thermoelectric materi-
als are judged using a dimensionless figure of merit zT =
S2σT/(κe + κL ), where S, σ , κe, and κL are the Seebeck
coefficient, electrical conductivity, electronic thermal conduc-
tivity, and lattice thermal conductivity, respectively. Among
the many promising materials [7,10–18], the materials that
are layered in nature, such as SnSe, show a high zT value
due to their low thermal conductivity [2]. Thus the quasi-two-
dimensional (quasi-2D) nature of layered materials leads to
improved thermoelectric performance, and such materials are
widely used in thermoelectric devices. SnSe is an example of
a layered material where high zT values have been reported
in n-type as well as p-type doping regions. The layered SnSe
has shown exemplary thermoelectric performance in both sin-
gle crystals and polycrystalline phases [19]. With the same
motive, we have studied the less explored KMgSb from the
KMgX (X = P, As, Sb, and Bi) family, where the compounds
have a quasi-2D type of crystal structure. As per our knowl-
edge, all the members of the KMgX family, except KMgN,
have been experimentally realized [20].
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The topological [21] and thermoelectric [22] properties of
KMgBi are well explored among all members in the fam-
ily. KMgBi has been reported to host type-I Dirac points
[21] and in another study was reported as a narrow-band-gap
(∼11.2 meV) semiconductor [23]. Contrary to this, a study
based on density functional theory (DFT) has reported that
KMgBi has a larger band gap (∼280 meV) and shows a high
zT value (∼2.21) with p-type doping, which is expected to
improve further with alloy engineering [22].

Besides KMgBi, a few studies have been reported related
to other members of the KMgX (X = P, As, Sb, and Bi) family
in hexagonal, orthorhombic, and half-Heusler phases. The
thermoelectric properties of KMgP have been investigated in
the half-Heusler thin film [24] and the MoS2-type 2D struc-
ture [25]. The ferroelectric and antiferroelectric properties of
KMgSb and KMgBi have been reported in the hexagonal [26]
and orthorhombic [27] phases, respectively. In another study,
the optical and elastic properties of KMgX (X = P, As, Sb,
and Bi) have been explored in a hypothetical half-Heusler
structure [28]. Apart from these, no thermal and electronic
transport studies have been reported, as per our knowledge,
in the abovementioned or experimentally realized tetragonal
(P4/nmm) structures. Thus we have investigated the thermo-
electric transport of KMgSb from the KMgX family in the
less studied and experimentally realized quasi-2D tetragonal
structure [20]. We find that as we go down in the KMgX fam-
ily, the band gap value lowers, and this tunability can play an
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important role in getting a good thermoelectric performance.
The known studies on KMgBi [21,22] further motivated us to
investigate KMgSb in the quasi-2D structure.

Over time, many techniques have been used to enhance
the thermoelectric performance of materials. For example,
PbTe and PbTe-based materials have been developed as high-
performance thermoelectric materials by optimizing phonon
and charge transport. These techniques include tuning the
Fermi level by changing the carrier density, increasing the
effective mass by band structure engineering, decreasing the
lattice thermal conductivity by nanostructuring, etc. [29].
Another promising way of improving thermoelectric perfor-
mance is alloy engineering [30].

We picked KMgSb as a candidate material for this study.
In this paper, we have investigated the effect of hydrostatic
pressure and isoelectronic doping (at the Sb sites) on the ther-
moelectric performance of KMgSb. The hydrostatic pressure
results in varying interlayer spacing in the quasi-2D KMgSb,
which affects the zT value significantly. As, Bi, and Sb are
isoelectronic elements, and doping Sb and Bi helps only in
tuning the volume and in generating substitutional defects.
Moreover, the increased volume caused by chemical doping
can be thought of as a condition created by negative pres-
sure, which is also an important parameter and helps in the
enhancement of thermoelectric performance. Further details
are given in Sec. III.

II. COMPUTATIONAL DETAILS

The computations performed in this paper have three
major components, namely, (a) DFT for electronic band struc-
ture and density functional perturbation theory (DFPT) for
mechanical and dielectric properties, (b) phonon or lattice
dynamics, and (c) the scattering rates and transport properties.

The DFT and DFPT calculations were performed using
the Vienna ab initio simulation package (VASP) [31–34]. The
all-electron projector augmented wave method [35,36] was
adopted with a plane-wave cutoff energy of 550 eV, and a
breaking condition of 10−8 eV on the self-consistent field
(SCF) cycles was used. We have used the generalized gradi-
ent approximation (GGA) of Perdew, Burke, and Ernzerhof
(PBE) [37], the revised PBE for solids (PBEsol) [38], and
the Heyd-Scuseria-Ernzerhof 2006 (HSE06) [39] hybrid func-
tional for the exchange-correlation part. Since KMgX family
compounds are layered in nature, the van der Waals density
functional (optB86b-vdW) [40] is used on top of the PBE
and HSE06 functionals. All crystal structures are optimized
on a 21 × 21 × 15 k mesh. During the ionic relaxation, the
forces were relaxed with a breaking condition of 0.01 eV/Å.
Furthermore, the mechanical and dielectric properties were
calculated using the DFPT module of VASP, and the results
were used for scattering rate evaluation.

The phonon band structures and Grüneisen parameters
were obtained using the harmonic approximation in the
PHONOPY package [41] and the DFPT module of VASP. For
Grüneisen parameter calculations, the volume of the unit cell
was changed by approximately ±1.0%. We obtained the lat-
tice thermal conductivity κL using the PHONO3PY [42] and
SHENGBTE [43,44] packages on top of the DFT results from
VASP. A 2 × 2 × 2 supercell was used to calculate the third-

order [44] and fourth-order [45–47] anharmonic interatomic
force constants (IFCs). The second-order IFCs were obtained
using PHONOPY by generating large supercell (3 × 3 × 2)
structures. PHONO3PY gives results within the relaxation time
approximation (RTA), whereas SHENGBTE allows us to cal-
culate κL using the RTA as well as the iterative method. We
observed a close agreement between the κL values obtained
from the two methods. The compounds studied in this paper
are ionic in nature. Thus we included nonanalytical correc-
tions in our calculations.

The last component in computations is related to the
scattering rates and transport properties, which are calcu-
lated using the AMSET code [48]. AMSET takes mechanical,
piezoelectric, and dielectric properties, wave functions, band
structure, and deformation potential as input, which we ob-
tained from the VASP calculations. The electronic and thermal
transport properties are obtained by numerically solving the
linearized Boltzmann transport equations (BTEs). For a very
long time, these BTEs were solved within the constant-
relaxation-time approach (CRTA) due to the complex nature
of the scattering processes. In AMSET, the scattering rates are
obtained using Fermi’s golden rule,

τ−1
i→ f = 2π

h̄
|g f i(k, q)|2δ(εi − ε f ), (1)

where i ( f ) is the initial (final) state, τ is the relaxation time,
g is the coupling matrix, and εi (ε f ) is the initial (final) energy
of the electron. The g matrices are the scattering rate calcula-
tions’ most significant and complex part. These matrices were
obtained using acoustic deformation potential (ADP), ionized
impurity (IMP), and polar optical phonon (POP) scattering
mechanisms in this paper. The ADP and IMP are elastic
processes, while POP is inelastic [48]. The relaxation time
obtained is automatically used in various transport proper-
ties, which are obtained by solving the Boltzmann transport
equations module of AMSET. Various transport coefficients are
obtained from the generalized transport equation

Lα (μ, T ) = q2
∫

	(ε) (ε − μ)α
(

−∂ f 0(ε, T )

∂ε

)
dε, (2)

where q, 	(ε), μ, and f 0(ε, T ) are the electronic charge,
spectral conductivity, chemical potential, and Fermi-Dirac
distribution function, respectively [48–50]. The Seebeck co-
efficient S, the electronic conductivity σ , and the electronic
component of the thermal conductivity κe are given by 1

qT
L1

L0 ,

L0, and 1
q2T [ (L1 )2

L0 − L2], respectively.

III. RESULTS AND DISCUSSION

A. Structural analysis

The compounds of the KMgX family (X = P, As, Sb, and
Bi) crystallize in the P4/nmm space group (No. 129) [20]. K,
Mg, and X occupy the 2c (0, 0.5, ∼0.65), 2a (0, 0, 0), and
2c (0, 0.5, ∼0.20) sites, respectively. The z components of the
sites occupied by K and X are free positions, which we have
relaxed during the structural optimization. The structures of
KMgX are layered in the c direction, consisting of alternating
K and Mg-X layers. In the Mg-X layer, Mg and X atoms
form edge-sharing tetrahedra, as shown in Fig. 1. Since K
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FIG. 1. The crystal structure of KMgX (X = P, As, Sb, and Bi)
in the P4/nmm space group.

is an alkali metal, it tends to give an electron to the MgX
tetrahedron, resulting in an electrostatic interaction between
K+ and [MgX ]−. This electrostatic interaction is weaker than
the covalent bond between Mg and X atoms due to the large
separation between K and Mg-X layers.

The interaction between the layers of KMgX is a van der
Waals interaction in nature. Therefore it becomes inevitable to
exclude van der Waals corrections in DFT calculations. The
unit cell parameters were fully relaxed using PBE, PBEsol,
PBE with optB86b-vdW, HSE06, and HSE06 with optB86b-
vdW exchange-correlation functionals, as given in Table I.
The lattice parameters obtained with the optB86b-vdW cor-
rection and using the HSE06 and PBE functionals are in
excellent agreement with the experimental values. As we go
down the table, PBE with optB8b-vdW gives a more accurate
value, and the most accurate results are obtained for KMgBi.

TABLE II. The band gaps of the KMgX (X = P, As, Sb, and Bi)
family compounds and related alloys. The band gaps in parentheses
are obtained by including spin-orbit coupling (SOC) in the calcula-
tions. The experimental band gap of KMgBi is ∼0.011 eV [23].

Band gap Eg (eV)

Compositiona PBE PBEb HSE06 HSE06b

KMgP 1.70 (1.63) 1.80 (2.02) 2.49 (2.47) 2.55 (2.78)
KMgAs 1.12 (1.04) 1.25 (1.39) 1.92 (1.83) 1.96 (2.11)
KMgSb 1.26 (1.07) 1.34 (1.25) 1.93 (1.74) 1.96 (1.87)
KMgSb0.5Bi0.5 0.76 (0.38) 0.89 (0.69) 1.43 (1.00) 1.50 (1.27)
KMgBi 0.31 (0.00) 0.49 (0.16) 0.93 (0.35) 1.03 (0.64)

aKMgN is not experimentally known and hence is not included in
this paper.
bWith the optB86b-vdW correction.

The PBE (with optB86b-vdW) calculated a lattice constant of
KMgBi differs only by 0.001 Å from the experimental value,
and c matches exactly up to three decimal points as given in
Table I. Without the van der Waals corrections, the c lattice
parameter differs significantly from the experimental value.

The band gap is another parameter that we have tested with
different exchange-correlation functionals. We only have the
experimental band gap (∼11.2 meV) for KMgBi, obtained
from resistivity data measured between 40 and 100 K [23].
The band gap value obtained from PBE with optB86b-vdW
seems to be the best prediction for KMgBi, considering many
approximations that DFT is based on. The band gap values of
various compositions are given in Table II.

We thoroughly scanned the KMgX family compounds and
found that KMgSb is a good candidate for pressure study and
alloy engineering. KMgBi is reported to show good thermo-
electric performance [22]. However, the results published on
KMgBi are based on PBE optimized crystal structure, which
lacks the inclusion of van der Waal’s correction mandatory
for this family of compounds. The PBE optimized lattice

TABLE I. The lattice parameters of the KMgX (X = P, As, Sb, and Bi) family members and related alloys. The values in parentheses are
relative percentage errors with respect to the experimental lattice constants. NA, not available.

Lattice parameter value (Å)

Compositiona Lattice parameter PBE PBEsol PBEb HSE06 HSE06b Expt. [20]

a 4.462 (0.36) 4.426 (−0.45) 4.426 (−0.45) 4.436 (−0.22) 4.428 (−0.40) 4.446
KMgP

c 7.599 (0.73) 7.526 (−0.24) 7.532 (−0.16) 7.605 (0.81) 7.536 (−0.11) 7.544

a 4.577 (0.68) 4.526 (−0.44) 4.530 (−0.35) 4.546 (0.00) 4.536 (−0.22) 4.546
KMgAs

c 7.872 (2.02) 7.736 (0.26) 7.742 (0.34) 7.796 (1.04) 7.738 (0.28) 7.716

a 4.840 (0.58) 4.781 (−0.64) 4.794 (−0.37) 4.803 (−0.19) 4.794 (−0.37) 4.812
KMgSb

c 8.341 (1.69) 8.223 (0.26) 8.221 (0.23) 8.258 (0.68) 8.204 (0.02) 8.202

a 4.888 4.820 4.834 4.848 4.839 NA
KMgSb0.5Bi0.5

c 8.446 8.311 8.306 8.355 8.288 NA

a 4.933 (1.06) 4.870 (−0.22) 4.882 (0.02) 4.896 (0.31) 4.885 (0.08) 4.881
KMgBi

c 8.545 (1.94) 8.397 (0.18) 8.382 (0.00) 8.452 (0.84) 8.365 (−0.20) 8.382

aKMgN is not experimentally known and hence is not included in this paper.
bWith the optB86b-vdW correction.
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FIG. 2. The lattice thermal conductivity κL of KMgSb at (a) 1.0 GPa, (b) ambient, and (c) −1.0 GPa pressure. The black curves show the
κL calculated using third-order IFCs, and red curves represent values obtained using fourth- and third-order IFCs. Here, 3ph, three-phonon
scattering; 4ph, four-phonon scattering; a, b, and c are the lattice parameters.

constants of KMgBi show a large deviation from experimental
values, as shown in Table I. Also, the transport properties of
KMgBi reported in earlier work were obtained by scaling the
PBE band gap to the HSE06 + Hedin’s GW approximation +
spin-orbit coupling (HSE06+GW + SOC) band gap, keeping
the band curvature fixed. This approach should not reflect the
effect of HSE06 and GW in the final transport results. Also,
the band gap of KMgBi obtained using HSE06+GW + SOC
is overestimated (∼280 meV) [22]. The band gap of KMgBi
that we obtain in this paper with GGA+optB86b-vdW+SOC
is quantitatively the best theoretically predicted value. Also,
the predicted lattice constants with PBE+optB86b-vdW are
the most accurate (closest to experimental) values. Our ap-
proach is to work with the functional that gives the most
accurate lattice constants and band gap values. In light of
the available studies, we have picked the unexplored KMgSb
from the family and carried out a detailed investigation to
understand the thermoelectric transport in the KMgX family.
In this paper, we selected PBE with optB86b-vdW corrections
for all the calculations, including phonon and charge transport
evaluation. Using alloy engineering (Bi doping in KMgSb
in this paper), a composition with promising thermoelectric
transport properties is reported. The pressure study and alloy
engineering (Bi doping in KMgSb) are discussed in the fol-
lowing sections of this paper.

B. KMgSb under hydrostatic pressure

The KMgSb has a low bulk modulus (∼25 GPa), as we
found in our calculations. The low bulk modulus indicates
that KMgSb is a low-strength material and large values of
hydrostatic pressure will possibly change the crystal struc-
ture of the compound. Herein, we are not interested in a
pressure-driven phase transition. Therefore we have limited
our study to −1.0 and 1.0 GPa pressure. To understand the
effect of the pressure on the unit cell, the change in lattice
parameters of KMgSb and KMgBi with pressure is given in
the Supplemental Material (SM) [51].

The phonon band structure and mode Grüneisen parameter
γ are the key tools to understand the various aspects of lattice
dynamics, which we calculated using the PHONOPY package

[41]. The mode Grüneisen parameter is a direct measure of
the degree of anharmonicity in phonon modes. A larger value
of γ leads to a low κL, as per the inverse square relation
(κL ∝ 1/γ 2) [52]. The maximum value of γ (∼1.75 at ambi-
ent pressure) in the acoustic region (below ∼2.4 THz) rises to
∼2.25 at −1.0 GPa (see SM). We are focusing on the acoustic
region as it is clear that these modes have their maximum
contribution in the κL of KMgSb (see SM). This rise in the
γ value indicates increasing anharmonicity in the vibration
modes and leads to a significant drop in the κL of KMgSb
(Fig. 2). Thus there is an average and directional κL decrease
under the application of negative pressure. This reduction is
purely due to the change in the bonding strength when the
volume of the cell increases. The ambient-pressure κL ob-
tained in our calculations is higher than the recently reported
values [53]. The discrepancy is possibly due to the different
techniques used for κL calculations. Moreover, the methods
used by She et al. [53] are also known to underestimate κL in
some cases [54,55]. The reduced κL helps improve the ther-
moelectric figure of merit (zT), subject to the condition that
the power factor (PF = S2σ ) remains unchanged or increases.

We observed two increasing trends in the thermoelectric-
figure-of-merit (zT) values of KMgSb, one with increasing
pressure (in the c direction and at ∼6 × 1020 cm−3 n-type
doping) and the other with decreasing pressure (at ∼3.9 ×
1019 cm−3 in the n-type regions and at ∼2.5 × 1020 cm−3 in
the p-type regions). Now, we will explain these two trends
one by one. The peak value of the PF of KMgSb is found
to increase with pressure in all directions and in both doping
regions. In contrast, little change is observed in the electronic
and lattice thermal conductivity. Therefore, at 900 K, the
enhancement in the zT value (see Fig. 4, discussed later) in
the n-type doping is solely due to the increased PF. The elec-
trical conductivity σ shows negligible variation with pressure;
hence the changes in the PF are primarily due to the Seebeck
coefficient S, as shown in the SM. The pressure changes the
band dispersion in the � → Z direction of the conduction re-
gion, which is shown in Fig. 3. The bands inside the red circle
(Fig. 3) are flatter at 1.0 GPa pressure than they are at ambient
and −1.0 GPa pressure, which results in the increasing effec-
tive mass of electrons and Seebeck coefficient of KMgSb. This
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FIG. 3. The electronic band structures of KMgSb with van der Waals corrections and at (a) 1.0 GPa, (b) ambient, and (c) −1.0 GPa
pressure. These band structures are obtained without including spin-orbit coupling (SOC) in the calculations.

leads to a sharp increase in the PF along the c direction and in
the n-type doping region, increasing the zT value.

In the second case, the peak zT values are found to increase
with decreasing pressure in both doping regions (see Fig. 4).
This increase in zT value is primarily due to the decreasing
κL (Fig. 2) because the PF does not increase as we go towards
negative pressure. Therefore the zT value can be increased by
applying hydrostatic pressure. In experiments, positive pres-
sure can be generated using a diamond anvil cell, whereas
negative pressure generation seems extremely challenging.
The negative pressure results in increased unit cell volume,
which can be achieved by chemically doping larger atoms
in place of smaller ones. Herein, we selected the Bi atom
to replace Sb in KMgSb. Since Bi and Sb are isoelectronic,
we expect that the alloying will only change the unit cell
size and not the carrier concentration. This substitution is one
way to create a negative-pressure-like effect in experimental
synthesis. As an interesting observation, we found that the κL

at −1.0 GPa matches closely (in the a-b plane) with the κL of
KMgSb0.5Bi0.5.

The n-type and p-type zT values of KMgSb at ∼8 ×
1019 cm−3 doping level are in close agreement. The ambient-
pressure zT value in the n-type [Fig. 4(c)] and p-type [Fig.
4(d)] regions is ∼0.75 at ∼8 × 1019 cm−3. This is an excit-
ing feature of KMgSb, which is highly desirable in real-life
thermoelectric device-based applications. Hence KMgSb may
be used as a p-type leg as well as an n-type leg of a thermo-
electric device. Moreover, KMgSb is a p-type thermoelectric
material above 1020 cm−3 carrier concentration. Most of the
high-performance thermoelectric materials being reported are
of n type, which makes KMgSb interesting as it may be used
as a p-type leg in thermoelectric devices.

C. Effect of alloying

Considering that the κL of KMgSb decreases as we go
towards negative pressure, it is worth exploring further. In
a recent computational study, KMgBi was reported as an
excellent thermoelectric material with a desirably high zT
value (>2.0) [23]. KMgSb being closer to KMgBi in size
(than, e.g., KMgAs) makes KMgSb an exciting candidate
for experimentalists to replace Sb with Bi and fine-tune the
thermal and electronic properties. We designed a compo-

sition by replacing 50% of the Sb atoms with Bi atoms.
At −1.0 GPa, the a and c lattice constants of KMgSb are
4.853 and 8.388 Å, respectively. The lattice constants of
KMgSb0.5Bi0.5 (see Table I) match closely with the lattice
constants of KMgSb at −1.0 GPa. The difference between
the a values of KMgSb0.5Bi0.5 and KMgSb (at −1.0 GPa) is
0.019 Å, and the difference between their c values is 0.082 Å.
Therefore, by doping 50% Bi in KMgSb, we have designed a
composition of a size similar to that of KMgSb at −1.0 GPa.

The phonon band structure of KMgSb0.5Bi0.5 contains 18
bands, where the three lowest frequency bands [orange bands
in Fig. 5(a)] originating from the � point are the acoustic
bands. All three acoustic modes—two transverse acoustic
(TA) and one longitudinal acoustic (LA)—are seen up to a
frequency of ∼2 THz. These acoustic modes carry most of
the heat in the crystal as observed in the cumulative lattice
thermal conductivity κc shown in Fig. 5(d). The phonon den-
sity of states (PhDOS) confirms that the acoustic modes are
dominated by Sb atoms in KMgSb (see SM). The acoustic
and optical branches of the phonon bands of KMgSb be-
come degenerate above 2.0 THz frequency. The doping of
Bi in KMgSb is directly reflected in the acoustic branches
of phonon bands. Bi doping lowers the maximum frequency
of the acoustic modes from ∼2.4 to ∼2.0 THz and separates
the acoustic band from the optical bands. After Bi doping,
the mode Grüneisen parameter [Fig. 5(b)] shows increased
anharmonicity in the low-frequency modes very similar to that
of KMgSb at −1.0 GPa, and these modes contribute more than
75% (a-b plane) and 85% (c direction) in cumulative lattice
thermal conductivity (κc) as shown in Fig. 5(d). Bi doping
does two interesting things: (a) increase the size of the cell
and (b) cause strain in the lattice. Therefore replacing Sb with
Bi compensates for the negative pressure and also increases
the anharmonicity in phonon modes due to the strain in the
lattice from the substitutional defects. These factors lead to
a decrease in the κL after doping Bi in KMgSb as shown in
Fig. 5(c).

In Fig. 6, the band structure of KMgSb0.5Bi0.5 is shown,
where flat (in the � → Z direction and valence region) as
well as largely dispersive (in the conduction region) bands are
seen. The band gap of KMgSb0.5Bi0.5 is ∼0.89 eV without
spin-orbit coupling (SOC), which drops to ∼0.69 eV with
SOC. Bi doping has significantly reduced the band gap. Such
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FIG. 4. The thermoelectric figure of merit (without SOC) of
KMgSb at (a) and (b) 1.0 GPa, (c) and (d) ambient, and (e) and
(f) −1.0 GPa pressure. The black, blue, and red curves represent
zT at 300, 600, and 900 K temperatures, respectively. The solid and
dashed curves show zT in the a-b plane and along the c direction,
respectively. On the x axis, we have used n for the doping level.

tunability of the band gap (with doping) is highly desirable
when designing materials for thermoelectric applications. In
Fig. 7, present the power factor (PF), total thermal conduc-
tivity (κe + κL), and zT of KMgSb0.5Bi0.5. The zT value of
KMgSb and KMgSb0.5Bi0.5 increases with temperature. At
900 K, the peak zT value of KMgSb0.5Bi0.5 is ∼1.45, which
is obtained in the p-type region as shown in Fig. 7(f). The
κe values of KMgSb and KMgSb0.5Bi0.5 at 900 K closely
match (see SM) at the doping level of the peak zT value,
whereas a significant increase in PF (S2σ ) is observed after

FIG. 5. (a) Phonon band structure and density of states (PhDOS),
(b) Grüneisen parameter γ , (c) lattice thermal conductivity κL , and
(d) cumulative lattice thermal conductivity κc of KMgSb0.5Bi0.5 at
900 K.

Bi doping. If we compare the peak zT values of KMgSb and
KMgSb0.5Bi0.5 in the p-type region, an increase of ∼49%
is obtained after alloy engineering. This increase in the zT
value is due to the increased PF and reduced κL after Bi
doping in KMgSb. As discussed above, KMgSb remains a
p-type thermoelectric material under hydrostatic pressure. Bi
doping enhances the zT value, and KMgSb0.5Bi0.5 becomes
a potential high-performance p-type thermoelectric material,
which is highly desirable for device engineering.

As discussed above, substitutional doping creates defects
that increase phonon scattering and reduces κL, which is desir-
able for thermoelectric applications. We also investigated the
thermoelectric transport of As-doped KMgSb but observed
no significant increase or decrease in the peak zT value,
even though the κL improves after As doping. The zT value

FIG. 6. The electronic band structure of KMgSb0.5Bi0.5 without
(a) and with (b) spin-orbit coupling (SOC).
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FIG. 7. (a) and (b) The power factor (PF), (c) and (d) thermal
conductivity (κe + κL), and (e) and (f) thermoelectric figure of merit
(zT) of KMgSb0.5Bi0.5. The black, blue, and red curves represent zT
at 300, 600, and 900 K temperatures, respectively. The solid and
dashed curves show zT in the a-b plane and along the c direction,
respectively. On the x axis, we have used n for the doping level. These
results are obtained without SOC.

of KMgSb0.5As0.5 remains close to the zT value of KMgSb
at ambient pressure. The electronic and ionic properties of
KMgSb0.5As0.5 are given in the SM.

One important aspect of thermoelectric transport is the
electronic relaxation time, which is a complex phenomenon.
As discussed in Sec. II, the CRTA was considered to be the
most convenient and helpful choice in electronic transport cal-
culations, but it comes with a cost as under CRTA, the Seebeck
and Hall coefficients become independent of scattering rates
[56]. Moreover, a constant value of τ cannot account for all the

scattering processes involved in electronic transport. To gain
insight, we have shown the scattering-mechanism-dependent
relaxation time τ in Fig. 8. The overall electronic relaxation
time is found to lie between ∼10−13 and ∼10−16 s, which
arises primarily from the POP with a small contribution from
ADP and IMP scattering mechanisms.

The results discussed above explain the impact of pressure
and alloy engineering on thermal and electronic transport. The
thermoelectric performance shows a huge improvement after
Bi doping. The spin-orbit coupling (SOC) is also an important
factor in transport properties. It requires a lot of resources
to include SOC in all DFT, hybrid DFT, and thermal and
electronic transport calculations. The Seebeck coefficient S,
the electronic conductivity σ , and the electronic component
of the thermal conductivity κe of KMgSb and KMgSb0.5Bi0.5

with and without SOC are given in the SM. The calculation
of κL (including fourth-order IFCs) with SOC is extremely
challenging and is not included in this paper. We observed
that the SOC has a small effect on S, σ , and κe.

IV. SUMMARY AND CONCLUSIONS

In this paper, we started with the investigation of the crystal
and electronic structure of the KMgX family (X = P, As, and
Sb). All compounds of the KMgX family have van der Waals
interaction along the c direction. The van der Waals interac-
tion is treated with optB86b-vdW with the PBE functional,
which we found to give lattice constants closely matching
with the experimental values. The effect of hydrostatic pres-
sure and alloy engineering on the electronic and thermal
transport properties of KMgSb is investigated in this paper.

It is encouraging to note that the κL of KMgSb decreases
under negative pressure, implying that the application of
negative pressure would be helpful in improving the thermo-
electric performance. We observed that the zT value shows
two increasing trends with the applied pressure. The positive
pressure improves the zT value in the n-type region and along
the c direction. A significant increase in the zT values in
the n-type region, as well as the p-type region, is observed
with the negative pressure. Interestingly, the n-type and p-type
zT values of KMgSb at ambient and −1.0 GPa pressure are
in close agreement at ∼8 × 1019 cm−3 carrier concentration.
This is an important feature that is desirable and can be uti-
lized in thermoelectric device engineering.

Pressure plays an important role. Negative pressure, which
is very challenging experimentally, increases the volume of
the cell. In order to bring in the negative-pressure-like effect,
we substituted 50% Sb with Bi atoms. The alloy engineer-
ing does improve thermoelectric performance dramatically. Bi
doping decreases the κL but increases the power factor, and
the overall effect leads to an ∼49% increase in the zT value
in the a-b plane and p-type doping region. The κL (in the a-b
plane) of KMgSb0.5Bi0.5 matches well with the κL of KMgSb
at −1.0 GPa pressure. Therefore the negative-pressure-like
effect can possibly be obtained via chemical doping, at least
as far as phonon transport is concerned. To conclude, hydro-
static pressure and alloy engineering help in improving the
thermoelectric performance of the quasi-2D material KMgSb.
Also, KMgSb can be used as an n-type as well as p-type
thermoelectric material.
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FIG. 8. The scattering-mechanism-dependent electronic relaxation time τ in KMgSb0.5Bi0.5, calculated at 300, 600, and 900 K for a
1.26 × 1020 cm−3 p-type carrier concentration.
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