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Rare-earth monopnictides have attracted much attention due to their unusual electronic and topo-
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logical properties for potential device applications. Here, we study rock-salt structured lanthanum

monopnictides LaX (X = P, As) by density functional theory (DFT) simulations. We show system-
atically that a meta-GGA functional combined with scissor correction can efficiently and accurately

compute electronic structures on a fine DFT k-grid, which is necessary for converging thermo-

electric calculations. We also show that strain engineering can effectively improve thermoelectric
performance. Under the optimal condition of 2% isotropic tensile strain and carrier concentration
n=3x10% cm3, LaP at temperature 1200 K can achieve a figure of merit ZT value > 2, which
is enhanced by 90% compared to the unstrained value. With carrier doping and strain engineering,
lanthanum monopnictides thereby could be promising high-temperature thermoelectric materials.

1 INTRODUCATION

Thermoelectric materials can directly convert heat into electric-
ity, and they have various existing and potential applications in
energy sector and powering industrym'@. Thermoelectric technol-
ogy is eco-friendly, where the thermal source can be waste heat,
fuels, as well as geothermal and solar energy. Small-scale ther-
moelectric devices can be made as power supply for electricity
generation or as refrigerator for cooling purpose. In all these ap-
plications, achieving a high thermoelectric efficiency is crucial.
The performance of thermoelectric materials can be determined
by the dimensionless figure of merit ZT:
~ S?6T  SPoT

Here, the Seebeck coefficient S is a measure of induced voltage
due to temperature difference across a material. o is the elec-
trical conductivity, T is the temperature, and « is total thermal
conductivity, which has both electronic (x,) and lattice (x;) con-
tributions. ZT > 1 is considered suitable for practical thermoelec-
tric applications, and there is an ongoing need to develop larger
ZT materials that are functional at different temperaturesZ®,
Several approaches have been proposed to improve thermo-
electric performance, ranging from band- and nano-structure en-
gineering1®14, application of strain™18, to the search of new
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quantum materials1Z18, Based on the definition in Eq. , a
high ZT value requires large S, large o, and/or small k. In many
cases, however, these requirements cannot be satisfied simultane-
ously due to the trade-off relationships between different param-
eters. For example, a larger carrier concentration can enhance
o, but it can reduce S as well. Also, materials with high ¢ of-
ten exhibits large k,. Moreover, while ZT has an explicit linear
T dependence, S can degrade at high temperature due to bipo-
lar excitation of both hole and electron carriers12422, Therefore,
increasing ZT remains a nontrivial and challenging task.

In this paper, we study the effects of doping and strain on lan-
thanum monopnictides LaX (X = P, As), which are promising
high-temperature thermoelectric materials. LaX with the rock-
salt structure belong to a large group of rare-earth pnictides,
and they have been widely investigated due to their thermal sta-
bility, mechanical strength, as well as exotic electronic and topo-
logical properties?¥#32. However, the rare-earth element and its
correlated orbitals near the Fermi level have posed challenges for
first-principles band-theory studies. In particular, it has been a
debate whether the systems are metallic or semiconducting.
Deligoz et al. found that LaP and LaAs are metals, based on
density functional theory (DFT) with the local-density approxi-
mation (LDA)3Z, However, Charifi et al. found that LaN, LaP, and
LaAs are semiconductors using both LDA and the generalized gra-
dient approximation (GGA) calculations@]; Shoaib et al.BY also
reached a similar conclusion using the Wu and Cohen GGA func-
tional4Q, Moreover, Yan et al.®U and Khalid et al.42 reported non-
zero energy gaps in LaP and LaAs, by using a more sophisticated
Heyde-Scuseriae-Ernserh hybrid functional (HSE06). Since the
band structure and energy gap play crucial roles in determining
transport and thermoelectric properties, it is important to ensure
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Fig. 1 (a) LaP face-centered cubic structure and its Brillouin zone. (b) Band structures along high-symmetry paths of the Brillouin zone computed
respectively by GGA, SCAN, and HSE06 functionals for unstrained LaP. The zero energy corresponds to the Fermi level.

accurate description and computation of the electronic structures.

In the following, we perform systematic calculations by con-
sidering three different rungs of the “Jacob’s ladder”#3 including
GGA, meta-GGA, and hybrid DFT functionals. We show that meta-
GGA calculations combined with a scissor correction method can
provide accurate and converged thermoelectric results on a re-
fined k-grid, which otherwise is not possible with a computation-
ally much more expensive hybrid functional. We also show that
isotropic strain and carrier doping are effective means to manipu-
late the transport properties of LaX for potential high-temperature
thermoelectric applications.

2 COMPUTATIONAL METHODS

The properties of LaX (X = P, As) are investigated by density
functional theory (DFT)4442 ysing a plane wave pseudopotential
method as implement in the Vienna ab initio simulation package
(VASP)4047 We use a plane wave energy cutoff of 500 €V, which
is 30% larger than the recommended value in VASP pseudopo-
tential files, and it suffices to converge the DFT total energy with
a difference < 10~* eV/atom. For each material, we first relax
the lattice parameters to obtain the unstrained rock-salt struc-
tures using the Perdew-Burke-Ernzerhof generalized gradient ap-
proximation (GGA-PBE) functional®®. After structure relaxation,
we perform self-consistent electronic calculations with spin-orbit
coupling respectively for three functionals: the GGA-PBE func-
tional, the meta-GGA strongly-constrained and appropriately-
normed (SCAN) functional“?, and the hybrid Heyde-Scuseriae-
Ernserh (HSE06) functional®%>l, Studying different advanced
functionals beyond GGA will help determine the electronic band
gap more accurately. The convergence criteria of self-consistent
and structure calculations are set to 10~ eV/unit cell and 10~
eV/A, respectively. The Monkhorst-Pack sampling scheme®? is
used with a I'-centered k-point mesh of grid size 11 x 11 x 11 (res-
olution = 0.01x27/A) points over the Brillouin zone.

For transport quantities — the Seebeck coefficient S, electrical
conductivity o, and electronic thermal conductivity x, — a much
refined k-grid is needed to converge the calculations (see the Elec-
tronic Supplementary Information (ESI)" for convergence tests).
Therefore, we compute transport properties using the meta-GGA

19

2| Journal Name, [year], [vol.],

SCAN functional with spin-orbit coupling on a denser k-gird of
41 x 41 x 41 (resolution = 0.006x27/A) points. HSE06 calcula-
tions on such a k-grid is computationally too expensive to per-
form. On top of the meta-GGA calculations, we further introduce
a scissor operator to correct the band gap, which plays a crucial
role in determining the thermoelectric performance. With inputs
from VASP calculations, transport quantities are computed by the
BOLTZTRAP2 package™3. Based on a linearized version of the
Boltzmann transport equation, BOLTZTRAP2 evaluates the trans-
port distribution function®# under the rigid-band and constant
relaxation time approximations. The transport coefficients S, o,
and k., can be computed directly once the transport distribution
function is determined.

For phonon spectra and lattice thermal conductivity x;, we
utilize respectively the PHONOPY package™® and the PHONO3PY
code>057, pgoNoPY computes the phonon dispersion based on
the harmonic approximation, and it enables us to assure that the
rock-salt structures of LaX (X = P, As) under study are dynami-
cally stable (i.e. with only positive phonon modes). PHONO3PY
solves linearized phonon Boltzmann transport equation with
single-mode relaxation time approximation. Finite atomic dis-
placements and supercell approaches with respectively 5 x 5 x 5
and 4 x 4 x 4 supercells are adopted to compute the second- and
third-order force constants, which are required for evaluating
phonon lifetimes and x;. A phonon ¢-point sampling mesh of
21 x 21 x 21 points and a real-space cutoff approach up to the
fourth neighbor (N-cutoff = 4, with a cutoff radius ~ 6.1 A) are
utilized to reduce the computational demand for the third-order
force constants. The corresponding VASP calculations are based
on the GGA-PBE functional without the spin-orbit coupling. Fur-
ther PHONOPY and PHONO3PY results and convergence tests are
given in the ESI". Finally, the theoretical crystal structure in our
study is visualized by the VESTA software®®.

3 RESULTS AND DISCUSSION

We begin by discussing LaP, which has a stable face-centered
cubic structure with space group symmetry Fm3m (No. 225).
This rock-salt structure and its first Brillouin zone are shown in
Fig. 1(a). In our structure relaxation calculation using a primi-
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Fig. 2 (a) Band gaps at the X point for LaP computed as a function of isotropic strain using different functionals. (b) Band structures computed
respectively by GGA, SCAN, and HSEQ6 functionals for LaP under 2% isotropic tensile strain. The zero energy corresponds to the Fermi level.

tive cell, the equilibrium lattice parameter of LaP is found to be
a=4.278 A. The corresponding value in a conventional cell is
a = 6.050 A, which agrees with previous reports of a = 6.034 A41
and a = 6.025 A27, With the unstrained structure, we compute
the electronic band structures including spin-orbit coupling re-
spectively for three different functionals: GGA, meta-GGA SCAN,
and HSE06. As shown in Fig. 1(b), the GGA (left panel) and
meta-GGA SCAN (middle panel) results indicate that LaP is a
semimetal with band crossing (between predominantly La d- and
P p-orbitals) near the X point. However, the HSE06 result (right
panel) shows a band gap ~ 0.39 €V at the X point, indicating that
LaP is a semiconductor, which agrees with previous studies us-
ing advanced DFT functionals®22241 1t is known that GGA typi-
cally underestimates the energy gap. While the meta-GGA SCAN
functional can improve the gap estimation®?, this improvement
often remains insufficient. Basically, the simple functional forms
of GGA and meta-GGA are not flexible enough to accurately re-
produce both exchange correlation energy and its charge deriva-
tivet2. On the other hand, the advanced hybrid functional HSE06
provides a more sophisticated nonlocal expression for more pre-
cise gap prediction.

Figure 2(a) shows how the X point band gap evolves with
isotropic strain for different functionals. The gap values are ob-
tained by band structure interpolations using BOLTZTRAP2 with
inputs from VASP self-consistent calculations. Overall, the energy
gap would increase under tensile strain, and its rate of increase
with strain is similar for all three functionals. Figure 2(b) shows
the interpolated band structures at the maximum value of +2%
(tensile) strain under study, where the X point band gaps are 0.18
eV, 0.32 eV, and 0.60 €V, respectively for GGA, SCAN, and HSEQ6.
We note again that converging the DFT total energy is much eas-
ier than converging thermoelectric calculations. As shown in the
systematic studies in the ESI', a very refined k-grid is needed to
satisfactorily converge transport properties. For the results pre-
sented below, we adopt a dense k-grid of 41 x 41 x 41 points, so
the calculations can be performed only with the GGA and meta-
GGA SCAN functionals. In addition, we further employ a scissor
method and correct the GGA and meta-GGA band gaps to that of
HSEO06 based on Fig. 2(a), which provides a roadmap for band

gap correction as a function of isotropic strain.

Figures 3(a) and 3(b) show the Seebeck coefficients S of un-
strained LaP as a function of chemical potential u at various tem-
peratures, using respectively the GGA and meta-GGA SCAN func-
tionals. The red vertical dashed line in Fig. 3 indicates the Fermi
level E;. As expected, S is positive when hole carriers dominate
(u—Ef <0), and S is negative when electron carriers dominate
(4 —E¢ > 0). Compared to the GGA result [Fig. 3(a)], the peak
strength of S in meta-GGA [Fig. 3(b)] is slightly enhanced due
to an enlarged band gap. Figures 3(c) and 3(d) show similar cal-
culations respectively for GGA and SCAN functionals with scissor
correction. In both cases, the conduction bands overall are shifted
up in energy by matching the X point gap to that of HSE06. The
results of GGA with scissor correction [Fig. 3(c)] resemble closely
those of SCAN with scissor correction [Fig. 3(d)], both showing
that S is further enhanced after the gap correction. Therefore, the
above results show that obtaining a proper band gap can play a
dominant role in determining thermoelectric behaviors.

Figure 4(a) shows BOLTZTRAP2 calculations of the Seebeck co-
efficient S as a function of carrier density n at various temper-
ature T, using the SCAN functional with scissor correction for
unstrained LaP. Overall, S is enhanced with increasing T or de-
creasing n. These behaviors can be understood qualitatively us-
ing a nearly free electron picture with parabolic band and energy-
independent scattering approximations®e1:

8%k

* T \2/3
= 3eh2’”T(*)/'

3n @

Here, e, kg, h, and m* are respectively electron charge, Boltzmann
constant, Plank constant, and carrier effective mass. Equation
predicts that S depends linearly on T and varies as n=%/3, which is
consistent with Fig. 4(a) in the high carrier concentration regime.
On the other hand, § also can decrease with increasing temper-
ature in the low carrier concentration region, as shown in Fig.
4(a). This unusual situation is caused by a bipolar conduction
(or finite-temperature excitation of both hole and electron carri-
ers)12422 The bipolar effect is more prominent in narrow-gap
semiconductors (< 0.5 €V), and it can lead to degrading thermo-
electric performance.
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Fig. 3 Seebeck coefficients as a function of the chemical potential u at
different temperatures, computed for unstrained LaP using respectively
(a) GGA functional,(b) SCAN functional, (c) GGA functional with scissor
correction, and (d) SCAN functional with scissor correction.

Figure 4(b) shows the electrical conductivity ¢ divided by the
relaxation time 7. Since it is more difficult to compute 7 from
first principles due to the complexity of different scattering mech-
anisms, here we simply adopt a typical value of T =1 x 10"14 5. In
general, o shows a weak temperature dependence and decreases
slightly with increasing T. Also as expected, ¢ increases with in-
creasing n (o < n), which is opposite to the behavior of Seebeck
coefficient (S o< n~2/3). In addition, ¢ is expected to be inversely
proportional to the effective mass m*, while S depends linearly on
m*. For the above reasons, it is thereby challenging to enhance a
material’s thermoelectric power factor (= S20).

Figure 4(c) shows the electronic thermal conductivity ., di-
vided by 7. In general, k., has a similar dependence on n as
o. However, k, has a stronger temperature dependence and in-
creases with increasing 7. These behaviors obey qualitatively the
Wiedemann-Franz law/62:

Ko = ﬂ—z(k—B)on =LoT, (3)

3 e

which is based on the fact that both heat and electrical trans-
port involve free charge carriers in metals. Here, L = 2.44 x
10-8 WQK~2 is the free-electron Lorentz number. Since ZT =
S26T /(. + Kz), for materials with high &, and low «;, or when
K. > Kk at very high temperature, Eq. dictates that ZT ~ S?/L
(independent of the choice of 7). In this case, a less dispersive
flat band (which results in larger effective m* and S) is expected
to show a higher ZT value.

The actual ZT value of unstrained LaP is shown in Fig. 4(d),
which is obtained from S, o, and k, in Figs. 4(a)-4(c), as well as
from the lattice thermal conductivity x;, (to be discussed shortly
in Fig. 5). The ZT value is highly dependent on the carrier con-
centration n and temperature 7. For example, ZT has a peak
value of 0.77 at T = 800 K near n = 3 x 10% cm~3. The maxi-
mum ZT value is enhanced to 1.34 at 7 = 1000 K near the same
n. Therefore, in our later discussion of strain effect on LaP, we
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Fig. 4 Thermoelectric properties of unstrained LaP: (a) Seebeck coeffi-
cient S, (b) electrical conductivity ¢ divided by the relaxation time 7, (c)
electronic thermal conductivity k. divided by 7, and (d) ZT = $?>07/x,
as a function of carrier concentration n in the temperature range T =
300 — 1000 K. The calculations are performed using the SCAN functional
with scissor correction. The horizontal axis is in a log scale.

fix the carrier concentration to be n =3 x 10%° cm~3 for potential
optimal thermoelectric performance.

Figure 5 shows the lattice thermal conductivity ;. of LaP as a
function of T in the -2% (compressive) to +2% (tensile) isotropic
strain range, which can potentially be achieved using only me-
chanical or piezoelectric devices, without more advanced dia-
mond anvil cell techniques. Our calculations of corresponding
phonon spectra and elastic constant matrices indicate that the cu-
bic crystal structure remains dynamically and mechanically stable
in this +2% strain range. Notably, x; decreases with increasing
T, and behaves as k; ~ T~! at high temperature. This behav-
ior can be understood qualitatively using kinetic theory and the

Debye model:
1
K = gV?CVTS. (€))]
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Fig. 5 Lattice thermal conductivity x; as a function of temperature for
LaP in the isotropic strain range —2% to +2%.

Here, v; and c, are respectively the phonon velocity and specific
heat. In Debye model, vy has no temperature dependence, and
¢y is only weakly dependent on 7 above the Debye temperature
Op. T is the phonon relaxation time (or equivalently, 7, 1 js the
phonon scattering rate). Therefore, the temperature dependence
of x; at T > @p is governed by 7,, which is inversely propor-
tional to the phonon occupation number ng(q) ~ kg7 /hiws(q) at
high temperature. Therefore, x; scales as ~ 7~ at T > @p. Also
as shown in Fig. 5, kg is reduced (enhanced) by a tensile (com-
pressive) strain, due to a softening (hardening) of the phonon
velocity. Finally, we note that PHONO3PY considers only three-
phonon scattering processes. If four-phonon processes are also
included, %z ~ (T + aT?)~! will be further reduced (and ZT will
be further enhanced accordingly).

We next discuss the effect of isotropic strain on other transport
coefficients and the ZT value, by fixing the carrier concentration
at n =3 x 1029 ecm—3. Figure 6(a) shows the temperature evolu-
tion of Seebeck coefficient S for strain values ranging from —2%
to +2%. As discussed before, S will increase with T, except when
the bipolar effect sets in at higher temperature. In addition, S
can be enhanced by a tensile strain, mainly due to an increased
carrier effective mass m* by strain engineering. This is consistent
with the behavior of the electrical conductivity o shown in Fig.
6(b), where o is reduced by a tensile strain (as ¢ o« 1/m*). Sim-
ilar to o, the electronic thermal conductivity k, is reduced by a
tensile strain, while x, uplifts with increasing 7. These behav-
iors are consistent with the Wiedemann-Franz law in Eq. ().
Since a tensile strain can enhance § and meanwhile reduce both
K. and kg, the ZT value is expected to increase accordingly. In-
deed, Fig. 6(d) shows that the ZT value strongly depends on the
temperature and applied strain. In general, ZT is enhanced with
increasing T and positive (tensile) strain. At 7' = 1200 K, the ZT
value of LaP under a +2% tensile strain can exceed 2, which is
enhanced by 90% compared to the unstrained value.

We last turn our discussion to LaAs, which is also dynamically
stable in the rock-salt structure like LaPf. The relaxed lattice
parameter of unstrained LaAs in a primitive cell is found to be
a =4.379 A, which corresponds to a = 6.193 A in a conventional
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Fig. 6 Thermoelectric properties of LaP in the isotropic strain range —2%
to +2%: (a) Seebeck coefficient S, (b) electrical conductivity ¢ divided
by the relaxation time 7, (c) electronic thermal conductivity x, divided by
7, and (d) ZT = $?>6T /%, as a function of temperature. The calculations
are performed using the SCAN functional with scissor correction at carrier
concentration n =3 x 10% cm~3.
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strained LaAs. The zero energy corresponds to the Fermi level.

cell. This value is also in agreement with previous reports of
a=6.173 A% and a = 6.182 AL,

Figure 7 shows the band structures computed by different func-
tionals for unstrained LaAs. Overall, LaAs has a band structure
resembling that of LaP, albeit with a smaller energy gap at the X
point®®, In particular, LaAs remains a semimetal even with the
HSEO06 hybrid functional. This reduced gap size is consistent with
electronegativity consideration: The band gap of a binary A-B
compound is positively correlated with the atoms’ electronegativ-
ity difference |xa — xg/°>. In Paulin scale, xp > Yas > Xsp > XBi >
XLa = 1.1. Therefore, the band gap of LaX would decease when
X moves down along the pnictogen group in the periodic table,
which agrees with DFT calculations®®.,

Figure 8(a) shows the Seebeck coefficient S of LaAs as a func-
tion of carrier concentration n at various temperatures 7. Com-
pared to LaP, there are two salient features. First, the bipolar
effect on LaAs is more severe, due to a narrower band gap which
enhances thermal excitations of both charge and hole carriers.
Second, LaAs has a smaller Seebeck coefficient. For example, the
peak value of § =1.97 at T = 1000 K in LaAs is reduced to roughly
60% of that in LaP. Because of a larger p-orbital spread, LaAs has
a more dispersive band structure (with a smaller effective mass
m*), so a smaller § is anticipated.

Figures 8(b) and 8(c) show respectively the electrical conduc-
tivity o and the electronic thermal conductivity x,, divided by
the relaxation time 7. Their overall dependences on the carrier
concentration and temperature follow similar trends to those dis-
cussed in Figs. 4(b) and 4(c) for LaP. The resulting ZT value
of LaAs is shown in Fig. 8(d). At T =800 K, ZT is peaked at
n="17x10% cm~3; the peak value of ZT' = 0.44 is ~ 60% that of
LaP at the same temperature. Therefore, LaAs has a lower ther-
moelectric performance. Nevertheless, the maximum Z7 value of
LaAs still could be boosted to near unity at 7 > 1000 K with ap-
plied strain, as seen in Fig. 9(d). We note that since the electrical
conductivity o is weakly temperature dependent [Fig. 9(b)], the
temperature dependence of the power factor (= $%¢) is mainly
determined by the Seebeck coefficient S [Fig. 9(a)].

4 Conclusion

We have studied systematically rock-salt structured LaP and LaAs
using first-principles calculations based on density functional the-
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Fig. 9 Thermoelectric properties of LaAs in the isotropic strain range
—2% to +2%: (a) Seebeck coefficient S, (b) electrical conductivity &
divided by the relaxation time 7, (c) electronic thermal conductivity k,
divided by 7, and (d) ZT = S>06T/k, as a function of temperature. The
calculations are performed using the SCAN functional with scissor cor-
rection at carrier concentration n =7 x 102 cm~3.

ory. The employed metal-GGA functional with scissor correction
method have enabled computationally efficient and precise evalu-
ations of band structures and thermoelectric properties. We have
shown that applying isotropic strain can effectively manipulate
the thermoelectric performance. At the optimal carrier concen-
tration n = 3 x 102° cm~3, +-2% tensile strain can enhance the fig-
ure of merit ZT of LaP at T = 1200 K to > 2, which is 90% larger
than the unstrained value. The transport coefficients of LaAs ex-
hibit similar carrier concentration and temperature dependences
to those of LaP. Due to a reduced band gap and a more disper-
sive band structure, the thermoelectric performance of LaAs is re-
duced with an optimal ZT ~ 60% that of LaP. With carrier doping
and strain engineering, LaP and LaAs could be promising quan-
tum materials for potential thermoelectric applications at high

Physical Chemistry Chemical Physics

temperatures.

Finally, we note that LaSb and LaBi have even smaller band
gaps and more dispersive bands (with smaller m*). On general
grounds, we thereby do not expect LaSb and LaBi to be of prac-
tical thermoelectric applications. However, these materials can
exhibit nontrivial topological properties®®*Z0 for potential spin-
tronic technologies.
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