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ABSTRACT: Combining first-principles calculations with the
solution to the Boltzmann transport equations, we examine
the lattice thermal transport for the orthorhombic perovskite
BaZrS; through analyses of phonon group velocities, lifetimes,
average Griineisen parameter, and Debye temperature. An
extremely low lattice thermal conductivity (LTC) of 1.16
Wm™ K™ at 300 K is obtained with phonons at 0—4 THz
being the main contributors. The acoustic phonons contribute
~30% to the LTC, while the lower frequency range of the
optical modes contributes the most. Nearly 83% of the
accumulated LTC is contributed by phonons with MFP < §
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nm. Since the lattice parameter (9.98 A) of BaZrS, is not

significantly different from the calculated MFP, we corroborate that nanostructuring might be ineffective to reduce LTC.
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1. INTRODUCTION

The search for thermoelectrics with low lattice thermal
conductivity (LTC) and an optimum figure of merit that are
comparable in power conversion efficiency and performance
to commercially available materials such as CulnSe, and CdTe
is ongoing.' > Though organic—inorganic halide perovskites
such as methylammonium lead iodide (MAPbIL;) and
methylammonium tin iodide (MAPbSn;) hold promise, the
presence of toxic elements, such as lead, renders them less
suitable for environmentally friendly applications.*™"" On the
other hand, chalcogenide perovskites in the distorted
orthorhombic phase with the ABX; structure have been
found to possess good optical properties,'”'® power
conversion factors, and thermoelectric performance that is
comparable to traditional thermoelectric materials.'* Recent
interests in chalcogenide perovskites have focused on the
structural characterization," electronic band gap, and optical
absorption properties.'”'°~*' Nevertheless, LTC (k) plays an
important role as materials with a high x; contribute to an
enhanced heat rejection from the electronic devices, but
simultaneously decrease their potential of being good
thermoelectrics. For nonmetallic crystals to possess low
LTC, the requirements include weak interatomic bonding
interactions, the presence of heavy elements, structural
complexity, and large Griineisen parameters.”” Here, we
examine phonon transport through a representative chalcoge-
nide perovskite, barium zirconium sulfide (BaZrS,;, aka,
BZS), and correlate its LTC predictions to corresponding
analyses of phonon dispersion, phonon group velocities,
Griineisen parameters, and phonon lifetimes using the
Boltzmann transport equation. As discussed below in detail,
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strong anharmonicity, low phonon number density in the
acoustic region, and low phonon lifetimes all contribute to a
very low k= 1.16 Wm™" K" at 300 K. The structure for the
distorted orthorhombic BaZrS; employed here is illustrated in
Figure 1. The structure is composed of corner-sharing
perovskite structures (Zr at the center and S atoms at the
sharing corners) with Ba atoms sitting at the hollow sites

within the perovskite framework.

Figure 1. Distorted perovskite structure of BaZrS;. (a) Side view and
(b) top view.
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Figure 2. (a) Phonon dispersion and (b) phonon density of states for BaZrS; in the distorted orthorhombic perovskite phase.
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Figure 3. (a) Average phonon group velocity and (b) average Griineisen parameter for BaZrS;. The vertical line in (b) denotes the average

Griineisen parameter at 300 K.

2. RESULTS AND DISCUSSION

The calculated phonon dispersion and phonon density of
states (DOS) for BaZrS; are presented in Figure 2. The
absence of negative frequency phonon modes demonstrates
the dynamic stability of the BaZrS; orthorhombic perovskite
phase.

Among the 60 phonon modes, the three acoustic modes
(LA, TA, and ZA) exist in the lowest frequency regime with
the highest acoustic frequency at 1.5 THz. The remaining
phonon modes are the optical modes with the highest phonon
vibrational frequency occurring at 13 THz. There is no clear
phonon band gap between the acoustic and the optical
phonon modes. However, gaps exist in the upper zones of the
optical phonon region. From Figure 2(b), we note that the
lower part of the optical modes (2—8 THz) is dispersive and
that these branches are expected to contribute significantly to
the LTC of BaZrS;. The coupling of the acoustic modes with
the lower section of the optical modes leads to the latter
affecting ;. However, the upper region of the optical modes
being localized, they are effective in reducing the LTC.

The average phonon group velocities and Griineisen
parameters are shown in Figure 3. The highest phonon
group velocities are recorded for the acoustic phonon modes
(<1 THz). Phonon group velocities for the lower region of
the optical modes are also significantly high. However, the low
phonon number density in the acoustic region indicates a low
LTC since the acoustic modes are expected to exert the
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highest contribution to k;. Thus, we anticipate LTC
predictions for BaZrS; to yield low ki values.

The average Griineisen parameter is used to characterize
the anharmonicity in the BaZrS; crystal. According to the

AM®D51/3N1/3

Slack’s model™ for x; = T the LTC is inversely

proportional to the square of the average Griineisen parameter
y. Here, A is a constant, M is the average atomic mass, Qp is
the Debye temperature, T is temperature, & is volume per
atom, and N is the number of atoms per unit cell. A higher
Griineisen parameter of a crystal indicates higher lattice
anharmonic effects in the phonon spectrum due to the change
of cell volume, and this typically leads to a lower LTC. As
noted above from the equation for Slack’s model, strong
anharmonicity that is indicative of a higher Griineisen
parameter leads to a lower LTC value. The Griineisen
parameter, defined as the change of the vibrational frequency
_d(nawy)
d(ln V)’
the volume V. However, y determined from the thermal
expansion data averages over all phonon modes including the
optical branches, as presented in Figure 3(b). An estimated
Griineisen parameter of ~0.8 is obtained at 300 K; this
relatively high y is hence expected to result in a low LTC for
BaZrS;. Though the estimated y value is lower than that
obtained for PbTe (1.65)** and SnSe (3.13),>” it is considered
relatively high and expected to result in a low LTC value.

of a given mode with volume, y = is a function of
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The LTC is directly proportional to the phonon lifetimes.
Hence, we illustrate the calculated lifetimes at different
frequencies in Figure 4. The phonon modes are represented as
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Figure 4. Phonon lifetime as a function of the phonon frequency for
BaZrS; calculated at 300 K. Four different groups of phonon modes
are observed that corroborate with the predictions from the DOS in
Figure 2(b).

black dots over a colored background with the region of
highest phonon mode density being represented in red or
orange. From 0 THz onward, the phonon lifetime decreases
rapidly as frequency increases with an intermediate rise and
drops between 3 THz and 7 THz. From 7 to 13 THz, the
average phonon lifetime remains fairly constant at ~0.65 ps.
The distribution of phonon lifetimes reveals that the distorted
orthorhombic perovskite possesses low phonon lifetimes with
the highest phonon lifetime observed at ~3 ps compared to
PbTe which has a higher phonon lifetime of ~8 ps.”* Since
these phonons in BaZrS; have extremely short lifetimes, the
phonon—phonon scattering rates are significantly increased,
thereby reducing the LTC. The highest phonon lifetimes are
noted between 0 THz and 3 THz. The phonon groups are
centered between 1 and 2 THz, 3—7 THz, 9 THz, and 12.5
THz which agrees well with the phonon DOS discussed
earlier in Figure 2(b) (where the highest peaks occurring at
1-2, 3—7, 9, and 12.5 THz exactly coincides with the cluster
centroids in Figure 4). Due to the many phonon modes that
exists at these centroids (red or orange backgrounds), the
significant phonon—phonon scattering or Umklapp processes
occurring in these regions subsequently leads to phonon
annihilation.

The optical phonons that exists between frequencies of 8—
13 THz have short phonon lifetimes due to enhanced
phonon—phonon scattering and contribute to impeding the
phonon thermal transport with increasing temperatures as can
be seen from the constant profile of the phonon lifetimes
between 8 and 13 THz. Phonons in the lower portion of the
optical branches between 3 and 7 THz also possess low
phonon lifetimes, and there is only a marginal decrease in the
phonon lifetimes when shifting from 3 to 7 THz which leads
to lower contribution to the LTC as can be noted later from
Figure 7(a) (25% contribution to LTC). The phonon modes
that have relatively longer lifetimes and expected to
constructively influence the LTC are the acoustic modes
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(0—1 THz) and some lower optical modes (1—2 THz).
However, the phonon number density in the acoustic region
results in a reduced LTC. The acoustic—optical mode
coupling is reflected from the phonon lifetimes in Figure 4
as continuous black dots between 1 and 2 THz. The
calculated heat capacity at constant pressure (C,) at different
temperatures is shown in Figure 5. The Dulong—Petit limit
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Figure §. Heat capacity at constant pressure C, at different
temperatures for BaZrS; in the orthorhombic-distorted perovskite
phase.

for the heat capacity is observed around 400 K. We also
anticipate a somewhat higher Debye temperature of around
400 K for BaZrS; as compared to 142 K for SnSe, 164 K for
PbTe, 190 K for PbSe, and 213 K for PbS.**

The Debye temperatures for SnSe, PbSe, PbTe, and PbS are
calculated from the average speed of sound through the lattice

3N13

/
using the relation 6, = %[4’7}] v, where h is Planck’s
B

a’

constant, kg is the Boltzmann constant, N is the number of
atoms in a unit cell, V is the unit-cell volume, and v, is the
average sound velocity.”” The calculated LTC of BaZrS; at
different temperatures is shown in Figure 6. The kg value
decreases rapidly from 10 to 200 K and plateaus at around
600 K. Though the LTC is calculated using the single-mode
relaxation time approximation (RTA) method, it has been
found to give accurate results as the difference between the
RTA method and the iterative full solution is only noticeable
for high LTC materials.”> We predict that at 300 K x, = 1.2
Wm™" K™™' The calculated LTC for BaZrS, is slightly higher
than that calculated for SnSe (0.62 Wm™' K™*) but lower than
those for PbTe (2.30 Wm™ K™') and PbSe (2.64 Wm™' K™!).
As elaborated in the preceding discussions, this low LTC is
attributed to the low number of phonons with significant
phonon group velocities, strong anharmonicity, and low
phonon lifetimes due to strong phonon—phonon scattering
in BaZrS;. However, the anisotropic effect in the calculated i,
values is negligible across all temperatures. As presented in the
inset of Figure 6, the calculated LTC values are marginally
higher along the lattice Y-direction and lower along the Z-
direction though the difference is insignificant. The
description of the directions with regards to the crystallo-
graphic geometry are discussed in the Methods section below.

To analyze the contribution of different phonon modes to
k;, we calculate the accumulated LTC (x,) at different
frequencies of the phonon modes (Figure 7) as a function of
temperature. The variable x, is normalized by the correspond-
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Figure 6. Lattice thermal conductivity (LTC) of BaZrS; at different temperatures along the three different crystallographic axes. The inset, a
magnified section of the LTC, shows the lack of anisotropic effect for ki of BaZrS;. The vertical line in the inset is the LTC at 300 K (x; = 1.20

W/m K).
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Figure 7. Accumulated lattice thermal conductivity for BaZrS; at different temperatures as a function of (a) frequency and (b) phonon mean free

path.

ing x_ predictions. From Figure 7(a), the acoustic phonon
modes (0—1 THz) contribute ~30% to k,, while the optical
modes in the 1.5—6 THz range contribute ~70%. Effectively,
phonon modes with frequencies between 0 and 4 THz
contribute 83% to the LTC, while phonons with frequencies
of 4—6 THz account for ~17% to x;. From 300 to 600 K, k, is
reduced by 50%, while from 600 to 800 K the reduction is a
further ~50%.

In Figure 7(b), the distribution of k, against the logarithm
of the phonon mean free path (MFP) shows the dependence
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of the LTC on the size of the BaZrS; sample. k, attains its
highest value when the sample size is equal to or greater than
the largest phonon MFP. Thus, the calculated maximum
phonon MFP can aid in designing nanostructured materials
such that the LTC can be reduced to yield good thermo-
electric properties.”® > From Figure 7(b), it is apparent that
phonons with MFP less than 3 nm contribute to 50% of the
accumulated LTC. Moreover, about 85% of the accumulated
LTC is contributed by phonons with an average MFP of S nm
or less. The shorter MFP for the phonons leads to the lower
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LTC values calculated for BaZrS;. The calculated MFP of ~§
nm is comparable to the lattice parameter of BaZrS; (9.98
A)*° but much lower than the average MFP for SnSe (84
nm)”’ and PbTe (310 nm).*® This observation corroborates
the significantly lower LTC of BaZrS; compared to SnSe and
PbTe. As the lattice parameter of BaZrS; is not considerably
different from the calculated MFP, we assert that nano-
structuring will be ineffective to further reduce the LTC,
limiting the thermoelectric potential of BaZrS;.

3. SUMMARY AND CONCLUSION

We examine the lattice thermal transport through ortho-
rhombic perovskite BaZrS; by analyzing the phonon group
velocities, phonon lifetimes, and average Griineisen parameter.
We predict that strong anharmonicity, low phonon number
density in the acoustic region, and low phonon lifetimes all
contribute to a very low room temperature k; = 1.16 Wm™!
K™' for BaZrS;. The phonons with frequencies from 0 to 4
THz are the main contributors to the LTC; however, the
acoustic phonons contribute ~30%, while the lower frequency
optical phonons that are coupled to the acoustic modes
significantly impact the LTC of BaZrS;. Along the different
crystallographic directions, we note negligible anisotropy in
the LTC for this orthorhombic perovskite. The effect of the
phonon mean free path (MFP) to the LTC is examined, and
about 83% of the accumulated LTC is contributed by
phonons with MFP < § nm.

4. METHODS

The projector augmented wave method (PAW)” within the
framework of density functional theory (DFT) as implemented in
the VASP®' code is used for all first-principles calculations. The unit
cell and atomic positions are relaxed using the PBEsol*> functional
for solids, while the Methfessel—Paxton>> smearing scheme is utilized
with the gamma parameter set to 0.1 eV. An energy cutoff of 600 eV
is used for the planewaves expansion. A Monkhorst—Pack®® special
grid sampling of the k-points for integration of the Brillouin zone
yields 7 X 5 X 7 k-points representing 123 irreducible sampling
points for all bulk calculations. Resolution of the Kohn—Sham
equations is achieved by using the self-consistent field procedure and
setting energy changes for each cycle at 107* eV as the convergence
criterion between two successive iterations. The calculated lattice
parameters in the a, b, and ¢ directions are 7.066, 9.923, and 6.972 A,
respectively (Figure 1), in agreement with experimentally measured
values of 7.060, 9.980, and 7.030 A along the same directions.”’

In calculating the atomic forces, we minimized the total forces
until the energy convergence was less than 107 eV. The Born
effective charge tensors and the static dielectric constant tensors are
calculated using density functional perturbation theory as imple-
mented in the VASP code,*® and the tensors are symmetrized by
their space-group and point-group operations. The calculated
dielectric constants for the xx, yy, and zz components (corresponding
to those along the g, b, and ¢ directions) of the tensor are 10.372,
9.940, and 9.941, respectively, while the Born effective charges for
the independent species are as follows: Ba (2.722, 2.707, and 2.750),
Zr (8.158, 8.065, and 7.910), S; (—1.980, —6.406, and —2.242), and
S, (—4.450, —2.183, and —4.210). Lattice thermal conductivity is

calculated from &, = ﬁ > : Cove ® vgngR T2 where N is the number
0

)30

of unit cells in the crystal, Vj, is the volume of the unit cell, v; is the
group velocity, 7,"™* is the relaxation time of the phonon mode ¢,
and C; is the mode-dependent heat capacity.

The phonon dispersion, phonon group velocities, and Griineisen
parameters are calculated using the PHONOPY®” code with a g-
point sampling mesh of 21 X 21 X 21. The linearized phonon
Boltzmann transport equation is solved under the single-mode
relaxation time approximation (RTA) for calculating the LTC using
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the PHONO3PY>® code. Within the RTA approximation for
calculating the LTC, we tested the convergence of the g-point
sampling mesh (= g X q X q) with different g values and found that q
= 13 to yield converged results. The g-convergence test results are
provided in Figure S1 of the Supporting Information. The supercell
approach was used to calculate the second- and third-order force
constants by utilizing the finite displacement method; a 2 X 2 X 2
supercell (160 atoms) and a 2 X 1 X 2 supercell (80 atoms) of the
unit cell are used for the calculation of the second-order and third-
order force constants, respectively. Since computing the third-order
force constants is the most computationally intensive and a
consideration of all three-atom interactions results in tens of
thousands of calculations, we used an interaction cutoff to reduce
the number of force constant calculations. We used an interaction
distance of up to the fourth-nearest neighbors for the three-atom
interactions that reduces the number of force constant calculations to
1157. We apply a nonanalytical term correction to the dynamical
matrix that is needed to treat the long-range dipole—dipole
interactions.””~*" The average phonon group velocities are calculated
as the trace of the x, y, and z components of group velocity vector. In
calculating the average Griineisen parameter, three separate
calculations are used where one is calculated at the equilibrium
volume and the remaining two at slightly larger and smaller volumes
under the constraint of each volume. The average Griineisen
parameter is then estimated as the change in vibrational frequency
with volume using the quasi-harmonic approximation.
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