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Recent report of highly unusual ferroelectric fluctuations in PbTe [Science 330, 1660 (2010)] raises
fundamental questions about the nature of underlying lattice dynamics. We show by first-principles
calculations that the reported results can be attributed to abnormally large-amplitude thermal
vibrations that stem from a delicate competition of dual ionicity and covalency, which puts PbTe near
ferroelectric instability. It produces anomalous properties such as partially localized low-frequency
phonon modes, a soft transverse optical phonon mode, and a positive temperature coefficient for
the band gap. These results account for experimental findings and resolve the underlying atomistic
mechanisms, which have broad implications for materials near dynamic instabilities.

PACS numbers: 63.20.-¢, 72.15.Jf, 71.20.-b

Knowledge of lattice dynamics is essential to under-
standing fundamental physics of solids [1]; it reveals the
nature of atomic bonding and electron-phonon interac-
tion that determine material properties. A recent neu-
tron diffraction experiment [2] unveiled a striking ten-
dency toward stronger ferroelectric fluctuations in PbTe
on heating, which is highly unusual since rising temper-
ature normally drives materials away from ferroelectric
instability. Another recent experiment [3] reported giant
anharmonic phonon scattering in PbTe. These intriguing
phenomena raise fundamental questions about the un-
derlying lattice dynamics and its role in determining the
phonon and electronic properties of lead chalcogenides.
Past studies [4-11] have unveiled interesting physics con-
cerning PbTe and its nanocomposites. However, previous
standard phonon calculations were unable to capture the
anomalies seen in the latest experiments [2, 3]. It under-
scores the urgency of establishing a microscopic under-
standing of these new phenomena.

In this Letter, we report on a theoretical study
aimed at unraveling the atomistic mechanisms under-
lying the anomalous properties of PbTe. We show
by first-principles molecular dynamics (MD) simulations
that the experimentally observed broadening and non-
Gaussian deviation of pair distribution function (PDF)
peaks on heating [2] can be attributed to abnormally
large-amplitude thermal vibrations; our results demon-
strate that the system does not contain any stabilized
local dipole moment despite its proximity to ferroelectric
instability. Our phonon calculations identify partially lo-
calized low-frequency phonon modes and a soft transverse
optical phonon mode, which result form unusually shal-
low or highly anharmonic potential wells. These anoma-
lies stem from the competing ionicity and covalency that
put PbTe in close vicinity of a dynamic (ferroelectric) in-
stability. Our first-principles electronic structure calcu-
lations show considerable band-gap variations associated
with individual phonon modes, which account for experi-

mentally observed positive temperature coefficient of the
band gap. These results offer insights into the intriguing
properties of lead chalcogenides and broaden our under-
standing of the general topic of phonon and electronic
properties of materials near dynamic instabilities.

We first study the PDF spectrum by MD simulations
using the VASP package [12] and a cubic supercell con-
taining 216 atoms with dimensions of (19.67 A)%. A
canonical NVT ensemble is simulated using the Nosé al-
gorithm [13]. A preliminary equilibrating simulation is
first performed for 8 ps with a time step of 2 fs. The
simulation is then performed for 12 ps. The PDF spec-
trum for each time step is collected, and the results are
then averaged to obtain the overall PDF as shown in Fig.
1. Our simulations reproduce all the major experimen-
tal findings reported in Ref. [2]. First, the PDF peaks
broaden considerably while their peak maxima drop sig-
nificantly with rising temperature [Fig. 1(a)]. In par-
ticular, the nearest-neighbor (NN) PDF peak broadens
and its maximum drops as rapidly as those of the higher-
neighbor peaks. This striking result indicates unusually
large atomic displacements in PbTe. Secondly, all the
PDF peaks deviate from Gaussian distribution at high
temperatures. Fig. 1(c) shows the NN peak at 500 K
with a non-Gaussian deviation and an intensity increase
on the high-r side; these anomalies are absent at low
temperatures [50 K result shown in Fig. 1(b)]. Further-
more, PDF's constructed from static displacement calcu-
lations show that the [001]-PbO distorted structure [2]
induces the most peak broadening (compared to those of
the structures with [000], [001], or [111] distortion), thus
providing the best fit to the MD (and experimental) re-
sults. The critical issue now is to identify the atomistic
mechanism for these novel phenomena.

It has been suggested [2] that the anomalous PDF re-
sults may indicate stable local dipole formation in PbTe
at elevated temperatures. To resolve this issue, we eval-
uate the atomic displacements in the supercell, and the
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FIG. 1: (Color) (a) The calculated pair distribution functions
(PDF) of PbTe. (b,c) The nearest-neighbor PDF peaks at 50
and 500 K with Gaussian fittings. (d) Average displacements
of all atoms in the supercell during the simulation (12 ps).

results are negligibly small at all temperatures [Fig. 1(d)
shows data at 300 K]. It demonstrates that PbTe does not
harbor stable local dipole formation; instead, the atoms
undergo large-amplitude thermal vibrations. Our re-
sults show pronounced root-mean-square displacements
of 0.159 and 0.122 A at 300 K for Pb and Te, respectively,
which are comparable to that of weakly bonded “rat-
tling” atoms in skutterudites [14]. Such large thermal
displacements, increasing with rising temperature, per-
turb the interatomic distances significantly, thus broad-
ening the PDF peaks. Here, the crystal structure remains
undistorted on average; as an atom vibrates around its
original position, its average pair distance to neighbor-
ing atoms is increased due to the reduced crystal sym-
metry, leading to an increase of the high-r part of the
PDF peaks. This increase is negligible in most materials
with normal vibrational amplitudes. In PbTe, however,
the abnormally large-amplitude vibrations produce de-
tectable non-Gaussian PDF peaks on heating as observed
in experiment [2] and our MD simulations.

We calculated phonon dispersions of PbTe (using an
8-atom cubic cell) by the direct force-constant method
as implemented in PHONON software [15] (technical
details are described elsewhere [9]). The numerical sta-
bility has been verified by extensive convergence tests
on k-points, cutoff, and supercell size. Our calculated
phonon dispersions agree well with previous work using
linear response theory [8]. The unusually large thermal
displacements and heavy atomic mass generate anoma-
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FIG. 2: (Color) (a) Calculated phonon dispersion of PbTe.
Two partially localized low-frequency branches (L1 and L2)
and a soft transverse optical (TO) mode are labeled. The
red square denotes the experimental TO frequency at I" point
[16], which perfectly matches the calculated result. (b) Par-
tial phonon density of states. (c) The frequency variation
of the phonon modes at I" point versus atomic displacement
used in the phonon calculations. (d)-(f) Atomic displacements
(only Pb motions are shown for clarity) of L1, L2, and TO
modes at I" point. (g)-(i) Potential energy curves as a function
of phonon amplitude Qr,; defined as U;; = Qr,i/+/ M;e; ;,
where U, e, and M are the displacement vector, polarization
vector, and atomic mass, respectively. They are fitted by a
fourth order polynomial y:A2X2+A4X4.

lously low-frequency phonon modes in PbTe. Two nearly
localized optical phonon branches are identified between
B(0.5,0,0)-I" and I’-W(0.5,0.5,0) [Fig. 2(a)]; their fre-
quencies at I' point are only 0.652 and 0.881 THz. Never-
theless, dispersions are found along I'-L(0.5,0.5, 0.5), in-
dicating that these modes are partially localized. These
low-frequency and partially localized phonon modes are
responsible for the Pb-dominated peak at ~1 THz and
peak shoulders at lower frequencies in phonon density of
states [Fig.2(b)]. This is analogous to the behavior of
the “rattling mode” in a variety of filled cage compounds
[17, 18] and ZngSbs [19] that are known as “phonon-
glass” materials. As a result, strong phonon scattering



is expected from the interaction of the acoustic heat-
transporting phonons with the partially localized modes
that are low in energy to cross the acoustic branches. A
distinctive feature here is that the phonon modes in PbTe
are collective due to the high symmetry of PbTe struc-
ture, which is different from the localized atomic [17, 18]
or dumbbell-like [19] vibrations. The two-fold degener-
ate phonon branch of 0.548 THz at the I" point is a soft
transverse optical (TO) mode, which is closely related
to the incipient ferroelectricity of PbTe [20] and the gi-
ant anharmonic scattering with the longitudinal acoustic
(LA) mode [3]. The TO frequency at the I" point exhibits
strong dependence on the choice of atomic displacement
in phonon calculations [Fig.2(c)]. Therefore, an increase
of TO frequency is expected when the thermal amplitude
becomes larger, which qualitatively explains the origin of
the TO hardening on increasing temperature [21].

The partially localized vibrational modes at the T’
point are dominated by relative shear and compressive
motions of Pb atoms in two different (001) layers [Fig.
2(d,e)]. These modes are only weakly coupled with the
wave vector when the wave propagation direction is nor-
mal to the vibrational direction, causing the nearly k-
independent dispersion. Meanwhile, as shown in Fig. 2
(f), the soft TO mode corresponds to the motion of all
Pb atoms in one direction while the Te atoms are mov-
ing in the opposite direction. The independent potential
energy surfaces of the three phonon modes at I" as func-
tions of normal mode amplitude Qr,; are shown in Fig.
2 (g)-(i). These shallow potential wells are consistent
with previous calculations [22]; they are the underlying
cause of the large thermal vibrations and low-frequency
phonon modes. In particular, the interlayer interactions
for the shear mode are small, resulting in the shallow-
est potential well in Fig. 2(g). The potential well for
two partially localized modes are nearly parabolic and
are thus harmonic. However, the U-shaped potential
well for the TO mode is highly anharmonic, which fa-
vors the scattering between the TO and other phonon
modes and could be responsible for the large Griineisen
parameter and anomalous thermal expansion in PbTe [9].
The flat well bottom indicates that large-amplitude vi-
brations can be excited at low temperatures.

In lead chalcogenides and many AVB8~ octet semi-
conductors, it is a generic feature that covalency coexists
with ionicity, which dominates phonon properties (and
potential surfaces) [23] and causes instability of shear-
type localized phonon modes under compression [9]. Fig.
3 shows the results of a comparative study of the elec-
tron charge density of cubic PbTe, NaCl and GeTe at
equilibrium or when the ions are displaced in the TO-
mode manner along the <001> and <011> directions.
NaCl is purely ionic with all the charge accumulated on
Cl anions. For PbTe and GeTe, charge is present both
on ions and in the space between cation and anion. A
Bader charge analysis [24] obtains 3.28¢ and 6.72¢ for Pb
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FIG. 3: (Color) The charge density of cubic (a) PbTe, (b)
NaCl, and (c) GeTe in the (001) plane at equilibrium (top
row), with the jons displaced along the <001> (middle) and
<011> (bottom) directions by 0.2 A. (d, e) Energy surfaces
for the <001> and <011> displacements.

and Te in PbTe and 3.68e and 6.32e for Ge and Te in
GeTe, respectively. These are significant deviations from
the nominal 2¢ and 8e for 2+ cation and 2- anion, and
the actual bonding in both systems is partially covalent.
The six-fold coordinated cubic structure is stabilized by
the electrostatic Madelung energy; however, it is not fa-
vored by covalent characters which tend to form four-fold
coordinated structures [23]. As atomic displacement oc-
curs, more charge is accumulated in the compressed in-
teratomic space along bonding directions to form short
covalent bonds. This process competes with the elec-
trostatic restoration energy and leads to different energy
surfaces. No charge transfer is seen in distorted NaCl,
leading to a steep harmonic potential well and stable TO
mode. GeTe is dynamically unstable since the energy
minimum moves ~0.24 A away from Ar=0. Meanwhile,
PbTe is situated in between, being more covalent than
NaCl but less so than GeTe. It remains dynamically sta-
ble, but it is in close vicinity of ferroelectric instability
where shallow potential wells and large anharmonicities
take place. These results explain the incipient ferroelec-
tricity of PbTe [20] and rhombohedral phase transition
of GeTe [25] at low temperatures. We also estimated the
static dielectric permittivity of PbTe using our calculated
phonon dispersion and the Lyddane-Sachs-Teller relation
[26]; the obtained value of ¢y of around 1200 lies within
the typical range for incipient ferroelectrics [27].

One of the most striking properties of PbTe is the
anomalous positive temperature dependence of its fun-
damental band gap [5, 6]. Here we elucidate its con-
nection to the unusual lattice vibrations. We performed
electronic structure calculations using the generalized
gradient approximation [28] implemented in VASP [12]
and including the spin-orbit interaction. The projector-
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FIG. 4: (Color) Band gap variation with temperature for sev-
eral phonon modes at the I" point. The experimental data [30]
are shown for comparison.

augmented-wave method [29] is used with a cutoff energy
of 400 eV. We calculated band gaps associated with sev-
eral low-frequency phonon modes. The energy of each
phonon mode with frequency w; at temperature T is
given by F; = hwi(% + Wlqu) It is mapped onto
the potential energy curves [e.g., Fig. 2 (g-1)] to extract
the corresponding (average) atomic displacement. The
band gaps are then calculated with these atomic displace-
ments in the supercell, and the results (Fig. 4) all show
the same trend in agreement with experimental data [30];
the quantitative variations can be attributed to the dif-
ferent extent of repulsion between Te p and Pb s orbitals
[7] for different atomic displacements. The soft TO mode
has the largest zero-point amplitude, and it leads to the
largest dE;/dT of 0.86 meV/K below 100 K and grad-
ually decreases to 0.23 meV/K near 500 K, indicating
the stronger electron-phonon interaction at low temper-
atures. These results establish a close relation between
lattice dynamics and electronic band gap in PbTe. While
a more accurate description of the band gap requires a
denser sampling of the Brillouin zone, our results un-
veil a new mechanism for the unusual band-gap variation
driven by large atomic displacements.

In summary, we demonstrate by ab initio calculations
that the anomalous lattice dynamics in PbTe stem from
a delicate competition of ionicity and covalency that ex-
plains its incipient ferroelectricity. It leads to abnor-
mally large-amplitude thermal vibrations and produces
partially localized low-frequency phonon modes and a
soft TO mode which, in turn, induce strong electron-
phonon interaction and a positive temperature depen-
dence of the band gap. The atomistic mechanisms un-
veiled here provide insights for understanding peculiar
phonon and electronic properties of lead chalcogenides.
The present results highlight distinct material behaviors

and compel further exploration of new physical phenom-
ena near dynamic instabilities.
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