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Lattice dynamics and thermal transport of PbTe under high pressure
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Understanding the high-pressure lattice dynamics is crucial to modulate the thermal transport in thermoelectric
materials beyond the ambient environment. Herein, using molecular dynamics simulations in combination
with an accurate machine-learning interatomic potential, we find the well-known double-peak feature of the
transverse-optical (TO) mode in PbTe gradually vanishes when pressure is enhanced. An anomalous non-
monotonic pressure dependence of the frequency of the transverse-acoustic phonon in PbTe is computationally
reproduced. The longitudinal-acoustic, longitudinal-optical, and TO phonons harden as expected when pressure
increases. The theoretical results are compared with inelastic neutron scattering experimental data. We have also
calculated the pressure-dependent lattice thermal conductivity and revealed the phonon transport mechanisms.
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I. INTRODUCTION

Thermoelectric materials (TEs) pave a feasible way to
convert low-grade heat into electricity, and have attracted
great attention [1—4]. The energy conversion efficiency of
TEs is evaluated by the dimensionless figure of merit ZT =
O'SZT/(Ke + k), where o, S, k., and k; correspond to the
electrical conductivity, Seebeck coefficient, and electronic and
lattice thermal conductivity at a specific temperature (7),
respectively. While electrical properties (i.e., o and §) are
important to determine the performance of TEs and can be
optimized through band engineering [5-9], lattice thermal
conductivity (k) is also critical. Thus, a deeper understanding
of the lattice dynamics is conducive to better regulating the «;,
of TEs.

Lead telluride (PbTe), a NaCl-structure TE, has a low
kL (~2.0 Wm~'K~! at room temperature [10,11]) and its
lattice dynamics have been extensively studied [12-27]. A
first-principles study attributes the low «; of PbTe as well
as other IV-VI compounds to the softening of optical phonon
modes, strong anharmonic scattering, and large phase space of
three-phonon scattering processes caused by resonant bonds
[17]. Another study reveals that the low thermal conductiv-
ity of PbTe originates from three-phonon scattering through
the transverse-optical (TO) phonon modes with large wave
vectors around the Brillouin zone center [18]. Also, recent
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research demonstrates that the four-phonon scattering pro-
cesses lead to a significant reduction of x; [19]. On the
other hand, the inelastic neutron scattering (INS) experi-
ments show an anomalous double-peak TO phonon mode at
zone center in PbTe [20-22]. The origin of this double-peak
TO mode was also attributed to the strong phonon-phonon
scattering, as revealed by theoretical studies [23,24]. Our
recent work shows that the proximity to the incipient fer-
roelectric transition plays an important role in the origin of
the double peak [25]. In addition, the strong anharmonic
coupling between this ferroelectric TO and the longitudi-
nal acoustic (LA) phonon modes in PbTe was also reported
to contribute to its low thermal conductivity [14,15,26,27].
Despite the fact that many investigations have revealed the
lattice dynamical properties of PbTe, these studies are based
on ambient pressure and high-pressure lattice dynamics are
not yet fully revealed due to the challenges of relevant INS
experiments.

Herein, we systematically investigate the pressure-
dependent lattice dynamics of PbTe under hydrostatic
pressures up to 6 GPa using molecular dynamics (MD)
simulations combined with machine-learning interatomic po-
tential, which naturally involves full anharmonicity up to
any arbitrary order [28]. With increasing pressure, our sim-
ulations show that the double-peak feature of the TO mode
gradually disappears and the transverse-acoustic (TA) modes
exhibit a softening trend. We also perform INS measure-
ments that provide further experimental evidence. Moreover,
the pressure-dependent «; is calculated to reveal the thermal
transport mechanisms and provide a pressure dimension for
regulating the «;, of PbTe.

©2023 American Physical Society
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FIG. 1. (a) The rocksalt crystal structure of PbTe, and its reciprocal lattice space with high-symmetry points I', X, W, K, L, and U
visualized using AFLOW [29]. (b) Harmonic phonon dispersions of PbTe under hydrostatic pressures from O to 6 GPa calculated through the
finite-displacement method with our machine-learning NEP. (c) Frequency changes of selected TA modes under hydrostatic pressures along

the I'-X and K-I" high-symmetry paths.

II. COMPUTATIONAL DETAILS

All the structural relaxation calculations were performed
using the Vienna Ab initio Simulation Package (VASP) [30]
within the framework of density functional theory (DFT)
with a ['-centering 13 x 13 x 13 k-point mesh and a ki-
netic energy cutoff of 500 eV. The projector-augmented wave
(PAW) method [31] was used in conjunction with the Perdew-
Burke-Ernzerhof (PBE) generalized gradient approximation
(GGA) for the exchange-correlation functional [32]. The
force and energy convergence thresholds were set to 10~
eV/A and 1078 eV, respectively. Phonon dispersions of PbTe
under different pressures were calculated by extracting the
harmonic interatomic force constants (IFCs) based on the
finite-displacement approach using 4 x 4 x 4 supercells (128
atoms).

The power spectra [Gy(w)] of the mass-weighted atomic
velocities were extracted from the MD trajectory using the
normal-mode-decomposition technique as implemented in
DYNAPHOPY [33,34]. The obtained G,,(w) were fitted to the
Lorentzian function to extract the phonon frequencies and the
corresponding anharmonic shifts. We used a 15 x 15 x 15
supercell (6750 atoms) to perform MD simulations, which
were firstly equilibrated in a Nosé-Hoover NVT ensemble for
100 ps, followed by NVE simulations of 1.2 ns to collect
atomic trajectories with a time interval of 20 fs. All MD
simulations based on our machine-learning neuroevolution
potential (NEP) were performed using the graphics processing
units molecular dynamics (GPUMD) package [35,36] with a
time step of 1 fs.

III. EXPERIMENTS

The measurements reported here were performed at the
2T1 and INS8 [37,38] triple-axis spectrometers at the Labo-
ratoire Léon Brillouin (LLB, Saclay) and the Institut Laue
Langevin (ILL, Grenoble), respectively. Both are high-flux
instruments located close to the reactor core (reactor hall) and
are equipped with a focusing monochromator and analyzer

crystals. They are connected to thermal moderators. Most
measurements were performed by constant-Q scans with a
fixed final energy of 14.7 meV. The energy transfer is varied
by scanning the energy of the incident neutrons. Both incident
and scattered beams were constrained by two cadmium cones
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FIG. 2. Power spectra of the TO mode of PbTe at zone center
under different hydrostatic pressures as calculated from MD simula-
tions using the normal-mode-decomposition technique.
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to minimize the background scattering from the pressure cell
surrounding the sample. Single crystals of PbTe were pre-
aligned in the 110-001 scattering plane to within 0.5° to avoid
the need to tilt the pressure cell.

The single crystals in the LLB experiments were disks with
a diameter of 4 mm and a thickness of 2 mm and were imbed-
ded in lead which acts as a pressure transmitting medium.
Tungsten carbide anvils with a toroidal profile and CuBe gas-
kets were used to compress the sample-gasket assembly. The
required force of ~60 tonnes was provided by a four-column
V3-type Paris-Edinburgh hydraulic press available at LLB.
Details of this setup are given in Refs. [39,40]. The ILL exper-
iment used a more recent and improved setup which allowed
compression under strictly hydrostatic conditions using the
4:1 deuterated methanol-ethanol mixture which is known to
stay fluid up to 10 GPa [39]. For this purpose, several PbTe
samples were cut into disks with a 4 mm diameter and a
1.2 mm thickness and loaded in an encapsulating TiZr gasket
[39] together with the pressure transmitting fluid. The samples
were cut from one piece of single crystals which we already
used in our recent study of PbTe phonons at ambient pressure
[25]. The toroidal anvils in these measurements were made
of zirconia-toughened alumina from Ceramtec (Plochingen,
Germany) which ensures a significantly higher neutron trans-
parency than tungsten carbide [41]. The gasket-anvil assembly
was compressed with a two-column VX5 Paris-Edinburgh
press available at ILL. The measurements [37,38] were per-
formed with a flat monochromator and analyzer and 40’
collimations to improve the momentum resolution.

IV. RESULTS AND DISCUSSION

A. Lattice dynamics from simulation

The crystal structure of PbTe is shown in Fig. 1(a). Fig-
ure 1(b) shows the harmonic phonon dispersions of PbTe
under hydrostatic pressures from 0 to 6 GPa calculated using
the finite-displacement method with machine-learning NEP
(see Appendix A and Figs. 6-8 for more details of machine-
learning NEP). When pressure increases from O to 6 GPa,
the high-frequency optical phonon modes exhibit significant
hardening along all of the high-symmetry paths. Similarly,
the LA phonon modes also generally represent hardening fea-
tures, except for the LA modes at the Brillouin zone boundary
near the X point. Although the TA, modes show the expected
hardening behavior along the I'-L and I'-K high-symmetry
paths, the TA; phonon modes show an anomalous softening
trend along the I'-X and I'-K high-symmetry paths [Figs. 1(b)
and 1(c)].

One of the widely studied phonon features of PbTe is the
double-peak power spectrum of the zone-center TO mode.
Figure 2 shows the power spectra under different pressures
calculated through MD simulations. The double-peak feature
of the TO mode is observed at room temperature and 0 GPa,
in agreement with previous calculations [21,23,25]. When the
temperature is raised to 600 K, the intensity of the lower-
energy peak is weakened. On the contrary, the intensity of the
higher-energy peak is enhanced and it moves towards a higher
frequency, and the overall spectral range is widened. At the
same temperature, the spectra are incrementally dominated by
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FIG. 3. (a) Assembled encapsulating metallic gasket containing
the sample and the alcohol mixture. (b) Disassembled gasket (4)
with the sample (++) in the center. Profile of the energy scans at
zone center Q = (1, 1, 3) at (c) 0 GPa, (d) 1.3 GPa, and (e) 4 GPa.
The red solid line in (e) is the five points average smooth line,
and the blue dashed line is the projected density of states (PDOS)
of the gasket. (f) Profile of the energy scans for the TA; mode at
0 = (0.4, 0.4, 4) under ambient pressure and 4 GPa. The red dashed
lines are Gaussian fits to the data.

a higher frequency weight with elevated pressure, indicating
that the TO phonon in the center of the Brillouin zone shows
a strong hardening feature. With the increase of pressure, the
asymmetric spectral weight distribution gradually vanishes in
PbTe at both 300 and 600 K, and the spectrum is dominated
by a sharp feature when the pressure is above 3 GPa.
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FIG. 4. Pressure-dependent phonon frequencies of the TA and LA modes at different ¢ points along the (a),(b) I'-K and (c) I'-X
high-symmetry paths, as obtained from inelastic neutron scattering (INS) experiments (hollow symbols) and from molecular dynamics (MD)
simulations (solid symbols) with machine-learning NEP at 300 K through the normal-mode-decomposition technique. Part of the experimental
data at 0 and 5 GPa are taken from Ref. [13]. Error bars of the INS results are shown but may be smaller than the symbol size. The lines are a

guide to the eye.

B. Experimental observations

Phonon measurements were carried out through INS exper-
iments under high pressures at room temperature. Figures 3(a)
and 3(b) illustrate the experimental setup and the general
predicament of such high-pressure experiments, respectively.
The samples are limited to, for INS standards, rather small
sizes whereas the neutron beam impinges not only on the
sample but on a large amount of surrounding material, too.
This yields a small signal, a large background, and an overall
small signal-to-noise ratio. This is obvious in our data taken
for the loaded but unpressurized cell [Fig. 3(c)] and in the data
taken at small pressures [Fig. 3(d)]. The zone-center TO mode
is known to have a room-temperature frequency of about 1
THz and it sharply disperses upwards going away from the
zone center. Therefore, we performed energy scans away from
the zone center [red data in Figs. 3(c) and 3(d)] in order to
separate the background scattering from the phonon signal.
However, it seems that the phonon signal is too small to be
detected outside the statistical error bar of the background
scattering. At higher pressures, the background decreases by
a factor of up to 4 in the frequency range below 3 THz
[Fig. 3(e)] [42]. The origin of this strong reduction of the
intensity is currently not understood and the subject of fur-
ther investigations. The reduced background allows a coarse
analysis. By estimating an experimental background based on
the phonon density of state of TiZr [43], the gasket material,
the data show an increase above the background [blue dashed
line in Fig. 3(e)] around a frequency of ~2 THz. Thus, our
data indicate that the zone-center TO mode hardens to at least
2 THz at a pressure of 4 GPa, which is in agreement with our
calculations (Fig. 2). However, the low data quality does not
allow for an assessment of the peak shape.

On the other hand, scattering by acoustic phonons typically
has a larger intensity, and thus can be detected more easily
even on a large background. Furthermore, the measurements
can be performed well away from the Bragg peak positions

[Fig. 3(f)]. Typically, we expect phonons to harden under pres-
sure since lattice constants shrink and force constants between
atoms increase. Indeed, we find this for several cases and
discuss some of them in more detail below. Here, we highlight
an unusual softening under pressure of the TA; mode propa-
gating in the [110] direction [Fig. 3(f)]. This is in contrast to
measurements of the corresponding elastic constants reporting
a hardening but only up to 0.15 GPa [12].

C. Pressure dependence of phonon modes

Herein, our experimental results reveal an anomalous soft-
ening of the TA; mode under elevated pressure in PbTe
[Fig. 3(f)]. In contrast, the TO [Figs. 3(c)-3(e)] and LA
[Fig. 4(c)] modes harden when pressure increases. This soft-
ening trend of the TA mode was first reported by Klotz
[13], who found that the TA mode showed a lower phonon
frequency under pressure (below 5 GPa). Anderson and
Liebermann pointed out that this softening behavior is gen-
erally in ionic compounds with NaCl structure and is related
to the repulsive part of the interatomic potential [44].

The experimental and theoretical results show a consistent
trend, i.e., the TA; modes along the I'-K [Fig. 4(a)] and
the degenerate TA modes along the I'-X [Fig. 4(c)] high-
symmetry paths soften with the increase of pressure, while the
high-frequency TA, modes [Figs. 4(b) and 9(a)], LA modes
[Fig. 4(c)], and the TA modes along the I'-L [Fig. 9(b)]
high-symmetry path harden with the increase of pressure.
Although the theoretical phonon frequency is generally lower
than the experimental value, the pressure dependencies are
consistent. In our high-pressure experimental setup, the g res-
olution might become coarse, especially for smaller g vectors,
leading to a notable phonon frequency difference between
experiments and calculations. It is noted that the pressure
dependence of TA; is generally stronger than that of TA;.

An early study based on ultrasonic experiments reported
that the elastic constant Cyy, related to one of the two TA
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FIG. 5. (a) Lattice thermal conductivity of bulk PbTe as a function of pressure at 300 and 600 K, and the spectral lattice thermal conductivity
(b),(c) calculated from HNEMD simulations with NEP. The experimental lattice thermal conductivities at 300 and 600 K [10,11] are also shown

in (a) for comparisons.

phonons propagating along the [110] scattering plane as well
as the TA mode along the [100] scattering plane, hardens
under pressure [12]. However, the minimum pressure applied
in our experiment (~2 GPa) is far greater than the maximum
pressure (0.15 GPa) reported in Ref. [12]. Thus, a direct
comparison of the experimental results cannot be made. On
the other hand, the calculated harmonic phonons through the
finite-displacement method show that when the pressure is
lower than 1 GPa, the frequency of the related TA modes
increases under pressure [Fig. 1(c)], which is consistent with
the results reported in the literature [12,45].

D. Lattice thermal conductivity

Given that phonon properties directly dominate heat trans-
fer in PbTe, we further computationally study the effect of
pressure on the lattice thermal conductivity (k). To obtain
the x; of PbTe under various pressures, we carry out ho-
mogeneous nonequilibrium molecular dynamics (HNEMD)
simulations [46-48] (see Appendix B and Fig. 11 for more
details). Figure 5(a) shows the calculated «; of PbTe at 300
and 600 K under 0—6 GPa. We see that the «; under 0 GPa
is consistent with ambient experimental data [10,11]. We find
that with the increase of pressure, the «; of PbTe at 300 K
monotonically increases from 1.9 W m~! K~! under 0 GPa to
6.8 Wm~! K~! under 6 GPa. The monotonically increasing
trend is also observed at 600 K, although the pressure depen-
dence becomes weaker. This is mainly due to the enhanced
phonon scatterings at high temperatures. We also note that
in the framework of unified thermal transport theory [49],
particlelike propagation dominates the thermal transport of
PbTe, while the contribution of wavelike tunneling is found
to be negligible as demonstrated by Zeng et al. [28].

The increasing trend of «; under pressure can be further
understood based on the spectrum of thermal conductivity
[« (w)] as shown in Figs. 5(b) and 5(c). It is seen that phonons
with frequency in the range from 0.5 to 2 THz contribute
most to the thermal transport; within this range, the « (w) also
increases significantly as pressure rises. Although the softened
TA modes result in lower group velocities below 1.0 THz, the
k(w) in this range still features an increasing trend. On the
other hand, the avoided LA-TO crossing [Fig. 1(b)] caused
by the rapid hardening of TO phonons under pressure and

the disappearance of the double peaks of the TO mode (see
Fig. 2) suggest the weakening of phonon-phonon scatterings,
which is conducive to the lattice heat transfer, thus leading to
an increased value of «;. This is also evidenced by the rapid
increase of « (w) between 1.0 and 2.0 THz, which dominates
the overall enhancement of the lattice thermal conductivity
under pressure.

V. CONCLUSION

In this work, the high-pressure lattice dynamics and ther-
mal transport property of PbTe are thoroughly investigated.
We find the double-peak feature of the TO mode at zone center
gradually vanishes when pressure increases. The anomalous
softening of the TA phonon modes under pressure is revealed
by both MD simulations and INS measurements. We further
demonstrate that the softening of the TA phonon modes does
not suppress the phonon heat transfer, while the disappear-
ance of the double peaks in the TO mode and the avoided
LA-TO crossing likely play a more important role in the
enhanced «; of PbTe under pressure. This work unveils the
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g = (0.8, 0.8, 0) and the (b) TA mode at g = (0.2, 0.2, 0.2).

pressure-dependent lattice dynamics of PbTe and provides
an additional pressure dimension for regulating the thermal
transport.
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APPENDIX A: CONSTRUCTION OF A
NEUROEVOLUTION MACHINE-LEARNING POTENTIAL

To train a machine-learning NEP [50,51], a 4 x 4 x 4
supercell (128 atoms) was used to carry out ab initio molec-
ular dynamics (AIMD) simulations to generate randomly
displaced configurations at different temperatures (200, 300,
400, 500, 600, and 700 K) with triaxial strains ranging from
—3% to 1%. The AIMD time step was set to 2 fs, and
3000 steps were conducted under each condition. The en-
ergy convergence threshold was set to 107 eV. We also
included 25 configurations with randomly drawn displace-
ments, as generated by the HIPHIVE package [52], to sample
the low-temperature phase space of PbTe. There are totally
635 configurations obtained: 510 configurations for the train-
ing set and 125 configurations for the testing set. Accurate
DFT calculations with a I'-centering 3 x 3 x 3 k-point mesh
and a total energy tolerance of 108 eV were performed to
extract energies, forces, and stresses. The radial and angular
cutoffs of the NEP were chosen to be 9 and 7 A, respectively.
We applied 200 000 generations to achieve the converged
results (Fig. 6).

The cross-validation results are shown in Fig. 7. The
root-mean-square errors (RMSEs) of energies, forces, and
virials for the training set are, respectively, 0.34 meV /atom,
22.8 meV/A, and 6.59 meV/atom. The RMSEs of energies,
forces, and virials for the testing set are 0.35 meV /atom, 22.7
meV/A, and 6.92 meV/atom, respectively. The harmonic
phonon dispersions along the high-symmetry paths calculated
with our machine-learning NEP are comparable to that calcu-
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FIG. 10. Comparison of the experimental and DFT lattice con-
stants of PbTe under different pressures.

lated from DFT (Fig. 8), suggesting high accuracy of our NEP.
Figure 9 shows pressure-dependent phonon frequencies of the
TA modes at g points of (0.8, 0.8, 0) and (0.2, 0.2, 0.2).

The measured and calculated lattice constants of PbTe
under different pressures are shown in Fig. 10. It is seen
that the calculated lattice constants slightly overestimate the
experimental results.

APPENDIX B: HOMOGENEOUS NONEQUILIBRIUM
MOLECULAR DYNAMICS

We used the HNEMD [46,47], as implemented in graphics
processing units molecular dynamics (GPUMD) [35,36], to
calculate the lattice thermal conductivity with a time step of 1
fs. To minimize the finite-size effect, we adopted 15 x 15 x
15 conventional cells (27 000 atoms), which were firstly equi-
librated in an NVT ensemble for 100 ps. HNEMD simulations
were then performed in the NVT ensemble for 2.0 ns to extract
the heat current. The targeted temperature was controlled by

(@) 4 _ kave, 500k ogra) (b)) 2[ Kave, 600 K 0 GPa
2 1
=
0 0
6 1GPal % 1GPa
g !
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FIG. 11. Running average thermal conductivity of PbTe as a
function of production time at (a) 300 K and (b) 600 K under different
pressures. The light-gray lines represent 15 independent HNEMD
simulations with different initial velocities. The black horizontal
dashed lines are used to guide the eyes.
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a Nosé-Hoover thermostat [53] and the coupling constant was
set to 0.1 ps. The data were averaged over every 1000 steps
before being recorded, and the driving force parameter was
10~* A~'. The spectral heat current data were sampled every
10 steps and the correlation time was 5 ps. Fifteen independent
HNEMD simulations were carried out for each condition to

obtain the average lattice thermal conductivity and the re-
lated statistical error [Figs. 5(a) and 11]. The non-equilibrium
heat flow obtained from the HNEMD simulation can be
spectrally decomposed through the spectral heat current
(SHC) method [46] without additional lattice dynamics
calculations.
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