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A fundamental challenge in thermoelectric (TE) material research is meeting the simultaneous re-
quirements of high carrier mobility and low thermal conductivity. Simple crystal structures are ideal
for maintaining high carrier mobility, but they usually have high thermal conductivity. Here we show
by first-principles lattice dynamics and Boltzmann transport calculations that weakly ionic rocksalt
(RS) structures exhibit strong lattice anharmonicity and low acoustic-phonon group velocity, which
combine to produce intrinsic low thermal conductivity. We unveil microscopic mechanisms that
explain experimental observations and provide insights for new TE material design and discovery.
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Thermoelectric (TE) materials hold great promise for
clean energy applications [1, 2], but they present a fun-
damental challenge in simultaneously requiring high elec-
trical but low thermal conduction. Most recent work fo-
cused on reducing lattice thermal conductivity (κL) via
phonon scattering by complex microstructural features,
such as superlattice interfaces, grain boundaries, caged
dopants, etc. [3–8]. Semiconductors in simple crystal
structures are best suited to maintain high carrier mo-
bility, but they usually exhibit high κL. There are, how-
ever, exceptions, most notably the IV-VI (PbTe, PbSe,
PbS) compounds in rocksalt (RS) structure with κL be-
low 2.5 W/mK at room temperature, which is compara-
ble to that of complex TE materials [6]. This unusual be-
havior has been attributed to giant anharmonic phonon
coupling [9], ferroelectric instability [10, 11], lone-pair
electrons [12], or spontaneous nanostructuring [13]. Nev-
ertheless, an understanding of the fundamental mecha-
nisms still requires a thorough examination of the under-
lying lattice dynamics and phonon scattering processes,
which has been the focus of recent efforts, including the
development of codes like the ShengBTE package [14].

In crystalline materials, heat is mostly carried by long-
lifetime acoustic phonon. At a microscopic level, κL

depends on phonon group velocity vg and lifetime τ .
Weak acoustic phonon dispersions produce low κL in
superlattice and Van der Waals systems [15, 16]. Sim-
ple cubic structures are inherently unstable because the
nearest-neighbor interactions do not contribute to C44

shear modulus, whereas the next-nearest neighbors may
contribute negatively [17]. This tendency of structural in-
stability strongly impacts acoustic phonon dispersion and
vg. In this work, we show that low acoustic-phonon vg
and strong anharmonicity in select weakly ionic RS com-
pounds combine to produce extremely low κL. Our re-
sults explain intriguing low thermal conduction observed
in several RS structure TE materials. Since many semi-

conductor compounds, solid solutions, and nanocompos-
ites adopt RS structure, our work may open a promising
new avenue for discovery of low κL TE materials.
We performed first-principles calculations using the

VASP code [18] within the generalized gradient approxi-
mation (GGA-PBE) [19] and the projector augmented
wave (PAW) [20] method with a cutoff energy of 400
eV. Scalar relativistic effects and spin-orbit interaction
(SOI) were included as needed. We calculated lattice
thermal conductivity based on the relaxation time ap-
proximation of the phonon gas using the formula κL =
1
3

∑
qs Cqsv

2
qsτqs, where Cqs, vg,qs, and τqs are specific

heat, group velocity, and lifetime of phonon mode with
momentum q and polarization index i, respectively. We
performed harmonic lattice dynamics calculations using
fropho [21] and our own codes to derive heat capacity
and group velocity. Phonon lifetime τ is inversely pro-
portional to phonon scattering rate Γqs given by

Γqs =
∑
s′s′′

h̄π

16

∫
BZ

|Aqq
′
q
′′

ss′s′′ |2∆qq′q′′ ×

[(nq′s′ + nq′′s′′ + 1)δ(ωqs − ωq′s′ − ωq′′s′′)

+ 2(nq′s′ − nq′′s′′)δ(ωqs − ωq′s′ + ωq′′s′′ )]dqdq
′′.

(1)

Here nqs is the phonon occupation number in the Bose-
Einstein distribution, ∆qq′q′′ ensures the momentum
conservation q + q′ + q′′ = G and the delta functions
ensure energy conservation. The three-phonon matrix
elements are obtained from

Aqq
′
q
′′

ss′s′′ =
∑
ijk

∑
αβγ

ǫqsαiǫ
q
′s′

βj ǫq
′′s′′

γk√
mimjmk

√
ωqsωq′s′ωq′′s′′

×

Ψαβγ
ijk ei(q·r1+q

′
·r2+q

′′
·r3), (2)

where mi is the atomic mass, and ǫqs is the phonon po-
larization vector. The third order interatomic force con-
stants (IFCs) Ψ are calculated by taking the derivative of



2

0 200 400 600 800
T (K)

1

10

100

1000
T

he
rm

al
 C

on
du

ct
iv

ity
 κ

L
 (

W
/m

K
) MgO

NaCl
NaI
PbTe

FIG. 1: (Color Online) Calculated lattice thermal conductiv-
ity versus temperature for MgO, NaCl, NaI, and PbTe. Solid
and dashed lines are results of first-principles calculations and
Slack’s model [Eq. (3)] [25], respectively. Also shown are ex-
perimental κL for MgO (cross) [26, 27], NaCl (up-triangle)
[28], NaI (down-triangle) [29], and PbTe (square) [30].

the second-order IFCs using the finite difference method;
because all the major third-order IFCs are between the
first- and second-nearest-neighbors, pair interactions be-
yond the second-nearest neighbors are set to zero. This
procedure treats the lattice anharmonicity, allowing its
incorporation into the computational codes [14, 22, 23].
Translational invariance of the third-order IFCs is im-
posed using a χ2 minimization technique [24].
Using the first-principles approach we have calculated

intrinsic lattice thermal conductivity of MgO, NaCl, NaI,
and PbTe. The results (Fig. 1) agree well with experi-
mental data. These compounds exhibit remarkable dis-
parity in κL at room temperature (300 K): NaI has a κL

of only 1.64 W/mK, an extremely low value for a ma-
terial in a simple crystal structure; PbTe has a slightly
higher κL of 2.36 W/mK despite its much larger atomic
mass; NaCl and MgO, which are much lighter than PbTe,
exhibit considerably higher κL of 7.12 and 67.6 W/mK,
respectively. To analyze factors that influence κL, we use
Slack’s model [25], which gives

κL = A
M̄θ3Dδ

γ2n2/3T
, (3)

where n is the number of atoms in the primitive cell, δ3 is
the volume per atom, θD is the Debye temperature, M̄ is
the average atomic mass, γ is the high temperature limit
of the acoustic phonon Grüneisen parameter, and A rep-
resents a collection of physical constants that depends on
γ. From the average frequency change of acoustic modes
with respect to volume change we obtained large γ val-
ues of 1.552, 1.314, and 1.315 for MgO, NaCl, and NaI,
respectively. The SOI has a strong effect on the value

FIG. 2: (Color Online) (a-c) Frequency-dependent phonon ve-
locity vg, (d-f) lifetime τ , and (g-i) thermal conductivity κL

for MgO, NaCl, and NaI. Open circles in red, black, and green
in (a)-(f) represent TA, LA, and optic phonon data, respec-
tively. Red, black, and green lines in (g)-(i) are normalized
phonon density of states of the TA, LA, and optic phonon
modes in arbitrary units. The yellow semi-log histogram plots
in (g)-(i) are averaged mode κL at different frequencies with
the interval of 0.9, 0.3, and 0.2 THz for MgO, NaCl, and NaI,
respectively.

of γ for PbTe. Our SOI calculations for PbTe produced
γ = 1.584, which is significantly smaller than γ = 2.066
from non-SOI calculations and is consistent with previ-
ously reported data [25]. We have also examined other
RS structure compounds, such as AgCl, BaO, BrI, and
CdO, and the obtained γ values consistently fall between
1.3 to 1.6 despite large differences in charge, volume, and
mass density. These γ values are well above the 0.5-1.0
range for typical thermoelectric materials [25], and they
show a general trend of strong lattice anharmonicity in
this class of materials in RS structure, which may be re-
lated to the central force nature of ionic interactions [31].
The strong anharmonicity, however, has little effect on
the large disparity of κL since the γ values of these ma-
terials all fall into a narrow range. We then evaluated the
Debye temperature by fitting the low-temperature heat
capacity to the Debye model, and obtained θD of 973,
277, 120, and 108 K for MgO, NaCl, NaI, and PbTe,
respectively. Low Debye temperature is known to be re-
lated to short phonon lifetime [32]. This large variation
of Debye temperature is mainly responsible for the large
κL disparity since θD contributes cubically to κL. It is
noted (see Fig. 1) that the κL values for NaCl, NaI,
and PbTe obtained from Eq. (3) are in good agreement
with the results of our three-phonon scattering calcula-
tions and experimental data, but for MgO, which has a
much higher θD, the high-temperature Slack model is less
accurate in the temperature range studied here.

To unveil microscopic phonon transport mechanisms,
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we calculated the frequency dependent phonon mode vg.
The results for of MgO, NaCl, and NaI are shown in
Fig. 2. In harmonic lattice dynamics, low vg shares the
same origin that produces low θD, such as heavy average
atomic mass and weak interatomic bonding. The ionic
bond in MgO by its formal charge state is four times as
strong as that in NaCl and NaI at the same bond length.
The stronger Coulomb attraction further reduces the in-
teratomic distance and enhances the bonding strength in
MgO. As a result, the vg for MgO is substantially larger
than those for NaCl and NaI. NaI has the same ionic
charge as NaCl, but it is three times heavier than NaCl
and its calculated lattice parameter is 15% larger. Thus,
the vg of NaI is lower than that of NaCl. The same RS
structure of these compounds leads to similar frequency
dependence of their acoustic phonon vg and τ . The LA
phonon vg peaks at the Brillouin zone center and de-
creases to zero at the zone boundary. The TA phonon
follows the same trend but the vg is much lower. For
NaI, the long-wave TA vg along Γ−L [001] is 1485 m/s,
which is comparable to the sound velocity in solid ar-
gon [16]. Meanwhile, the TA vg for MgO and NaCl are
6562 and 2868 m/s, respectively. The τ values for acous-
tic phonon are in general an order of magnitude larger
than those of optic phonon, which is consistent with the
frequency dependence of κL. This shows that the low
frequency acoustic phonon is the dominant heat carrier.
The much lower vg of NaI produces its frequency depen-
dent κL that is nearly two orders of magnitude smaller
than that of MgO. It shows that the weak ionic charge
in NaI has a significant effect on reducing its acoustic
phonon vg, leading to the extremely low κL.

In many octet semiconductors, the covalent fourfold
coordinated zinc-blend structure competes with the ionic
sixfold coordinated RS structure. For weakly ionic crys-
tals, covalent bonding character dominates the nearest-
neighbor interactions. However, as illustrated in Fig.
3(a), the RS structure tends to develop a shear-type
transversal acoustic (TA) softening along Γ −X , which
is an intrinsic incipient instability. To evaluate such TA
softening and the associated vg change, we employ the
rigid ion model for partially ionic RS structures where the
long-range interactions that stabilize the RS structure de-
pend on the effective ionic charge (Z), which can be sig-
nificantly smaller than the nominal charge in weakly ionic
crystals [33]. We treat the second-order bond stretching
force constants between nearest neighbors as constant
for different Z, since they are dominated by the direc-
tional covalent interactions. For simplicity, we adopt the
atomic mass ratio 2:1 and set the lattice constant and
unit atomic mass to unity. The dispersion and vg of the
lower TA (TA1) branch is shown in Fig. 3(b). As Z
decreases from 1.5 to 0.5, there is a broad softening of
the TA1 branch along high symmetry k-lines except the
Γ − L [111], where phonon vibration is associated with
bond compression and stretching that are dominated by
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FIG. 3: (Color Online) (a) Illustration of incipient shear insta-
bility in RS structure. (b) Simulated TA phonon dispersion
and vg for ionic RS structures with different effective ionic
charge Z. The RS structure is unstable when Z=0 in the ab-
sence of Coulomb interaction. (c) Frequency dependent vg of
TA (red), LA (green), and optic (black) phonon at different
Z. (d) The distribution of the low-frequency low-vg data from
the region marked by the blue square in (c) at Z = 1 in the
first Brillouin zone.

the covalent bonding character. As a result, the vg of
the TA1 branch decreases with decreasing Z when the
phonon dispersion becomes flat. The higher TA branch
(TA2) coincides with the TA1 branch along the [001] and
[111] directions. In other k-lines, the vg of TA2 also de-
creases with decreasing Z but at a slower rate. Fig. 3(c)
shows the frequency dependent vg. We are primarily
interested in the low frequency acoustic phonon modes
since they have the longest τ . The TA vg diverges signif-
icantly with decreasing Z below ω = 2, leading to more
TA phonon modes in the low vg region, which substan-
tially impedes the heat conduction ability of TA phonon
near the Γ−X line (TA1 and TA2) and the plane between
Γ−X and Γ−K lines (TA1) [see Fig. 3(d)].

Recent studies show that, despite its nominal ionic
charge of 2.0, PbTe is only weakly ionic with an effective
ionic charge of 0.72 [11, 34]. This is consistent with the
observation that the TA phonon of PbTe shows signifi-
cantly diverging vg at low frequencies [Fig. 4(a)], which
corresponds to the low-Z case of the model calculations
[Fig. 3(c)]. We select two representative directions, [001]
and [111], to illustrate the different frequency and vg
behavior of the TA phonon relative to that of the LA
phonon [see Fig. 4(b-g)]. The TA branch is very soft
compared to the LA branch in the [001] direction. The
LA phonon frequency is 3.3-3.5 times as large as that of
TA phonon near the zone center. In comparison, the LA-
to-TA frequency ratio is smaller than 2 for MgO, NaCl,
and NaI. The weak TA phonon dispersion of PbTe leads
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FIG. 4: (Color Online) (a) Frequency dependent vg of PbTe. The TA (solid lines) and LA (dash lines) branches along Γ−X

[001] and Γ − L [111] are in yellow and blue, respectively. (b)-(g) The dispersion and frequency and vg ratio of the LA to
TA phonon branch of PbTe along the [001] and [111] directions compared with data for MgO, NaCl, and NaI. (h)-(j) The
distribution of the long-lifetime TA1 (lower TA), TA2 (higher TA), and LA phonon branches of PbTe with τ greater than 10,
10, and 4 ps, respectively. (k)-(r) The linewidths (2Γ = τ

−1) of the TA (black) and LA (red) phonon along the [001] and [111]
directions for PbTe, MgO, NaCl, and NaI.

to a vg of 1064 m/s at the long-wave limit, which is even
lower than the corresponding TA vg of NaI. We also ob-
tain a large vg(LA)/vg(TA) ratio of 3.42 for PbTe in the
long-wave limit, compared to 1.41, 1.81, 1.96 for MgO,
NaCl, and NaI, respectively. In the [111] direction, the
TA vibrations are associated with both bond stretching
and torsion. As a result, the TA branch is elevated by the
covalent character of the Pb-Te bond, and the frequency
and vg disparity between the LA and TA branches is
smaller than that in highly ionic RS systems.

To probe the correlation between the acoustic phonon
vg profile and κL, we examine the distribution of long-
lifetime acoustic phonon in the k-space (first Brillouin
zone). As shown in Fig. 4(h-i), the longest lifetime (τ >
10 ps) TA phonon has considerable overlap with the low
vg TA phonon [see Fig. 3(d)] around the [001] direction,
indicating that low vg of the [001] TA phonon is a major
limiting factor of the TA thermal conductivity in PbTe.
The LA phonon is not significantly affected by the weak
ionic charge of PbTe. Instead, they maintain high vg in
the zone center and the neighboring low frequency re-
gion. The low LA thermal conductivity of PbTe can be
attributed to the τ of the LA phonon, which is in gen-
eral shorter than that of the TA phonon. As shown in
Fig. 4(j), the LA phonon with τ > 2 ps is distributed
around the zone center and the X point. Previous studies
show that the τ of the [001] LA phonon is short due to

the strong coupling between the LA and transverse optic
phonon in PbTe [9, 35]. This finding is in agreement with
the calculated LA phonon linewidth shown in Fig. 4(k).
Interestingly, we obtain even larger [001] peak linewidths
for LA phonon in MgO, NaCl, and NaI [see Fig.4 (l-n)],
which suggests a similar origin of strong [001] LA phonon
scattering in these materials. In the [111] direction, the
LA phonon of PbTe has larger linewidths than those of
MgO, NaCl, and NaI, which again suggests low LA ther-
mal conductivity in PbTe.

In summary, we have examined lattice thermal conduc-
tivity of materials in RS structure using first-principles
lattice dynamics and Boltzmann transport calculations.
We identify effective ionic charge as a critical parameter
that influences heat transport in these materials. Weakly
ionic RS structures exhibit strong lattice anharmonic-
ity and low acoustic phonon group velocity, leading to
extremely low lattice thermal conductivity in select RS
crystals like PbTe and NaI. The present work offers new
insights into the anharmonic phonon scattering and heat
transport at a microscopic level, which improve the fun-
damental understanding of experimentally observed in-
trinsic low thermal conductivity in RS crystals. More
important, they also suggest a new design strategy of
tuning the ionicity of RS crystals to reduce lattice ther-
mal conduction, which may open new opportunities for
discovery of advanced thermoelectric materials.
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