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a b s t r a c t

Crystalline materials with ultralow thermal conductivity are highly desirable for thermoelectric appli-
cations. Many known crystalline materials with low thermal conductivity, including PbTe and Bi2Te3,
possess a special kind of chemical bond called ‘resonant bond’. Resonant bonds consist of superposition of
degenerate bonding configurations that leads to structural instability, anomalous long-range interatomic
interaction, and soft optical phonons. These factors contribute to large lattice anharmonicity and strong
phonon-phonon scattering, which result in low thermal conductivity. In this work, we use first principles
simulation to investigate the effect of resonant bonding in two dimensions (2D), where resonant bonds
are in proximity to the surface. We find that the long-range interatomic interaction due to resonant
bonding becomes more prominent in 2D because of reduced screening of the atomic displacement
einduced charge density distortion. To demonstrate this effect, we analyze the phonon properties of
quasi-2D Bi2PbTe4 with an ultralow thermal conductivity of 0.74 W/mK at 300 K. By comparing the
interatomic force constants of quasi-2D Bi2PbTe4 and its bulk counterpart and the properties of resonant
bonds near the surface and in the bulk, we conclude that resonant bonds are significantly enhanced in
reduced dimensions and are more effective in reducing the lattice thermal conductivity. Our results will
provide new clues to search for thermal insulators in low-dimensional materials.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Crystalline materials with intrinsic low thermal conductivity are
promising candidates for thermoelectric applications, as their elec-
trical transport properties are less compromised by defects and
disorders. Phonons, or quantized lattice vibrations, are the major
heat carriers in crystalline semiconductors and insulators, and the
thermal conductivity of thesematerials is determined by the specific
heat, group velocity, and scattering time of the phonon modes [1].
Intuitively, materials with heavy elements andweak bond strengths
tend to have a lower thermal conductivity because of the reduced
phonon group velocity [2,3]. It is less straightforward, however, to
gain an intuition of the phonon-phonon scattering properties
directly from the chemical composition and crystal structure of a
material. A prominent example is boron arsenide, which, despite the
heavy element arsenic, exhibits one of the highest thermal con-
ductivities in inorganicmaterials originated from itsuniquephonon-
phonon scattering properties [4e7]. Therefore, direct connections
between the chemical environment of constituent atoms and the
phonon-phonon scattering properties of materials are valuable
knowledge that can guide the search for materials with unusual
thermal transport and thermoelectric properties [3].

One of such connections was recognized by Lee et al. [8] when
they identified a type of chemical bonds, called ‘resonant bonds’,
shared by a group of known materials with low thermal conduc-
tivity [9], including IV-VI semiconducting compounds [10], Bi2Te3,
and elemental Bi and Sb [11,12]. Resonant bonds form when
equivalent configurations of chemical bonds exist, given a specific
crystal structure and number of bonding valence electrons [8,13].
The degeneracy, or ‘resonance’, of the equivalent configurations
results in a superposition of these configurations as the eventual
bonding structure [13]. A simple one-dimensional example is
illustrated in Fig. 1. If each atom possesses one valence electron in a
one-dimensional atomic chain, there are two equivalent configu-
rations for covalent bonds to form (configurations 1 and 2 in
Fig. 1a). The resulting bonding structure is a superposition of the
two configurations (Fig. 1b). This atomic chain is intrinsically
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Fig. 1. Schematic for resonant bonds in a one-dimensional atomic chain. (A) The two
equivalent bonding configurations. (B) The effective bonding configuration as a su-
perposition of the two equivalent configurations. (C) Atomic displacement breaks the
degeneracy of the two equivalent configurations. (D) The spatial charge density
disturbance caused by atomic displacement propagates along the chain after partial
screening.
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unstable; an atomic displacement (Fig. 1c) will break the de-
generacy, and one bonding configuration will be preferred over the
other, leading to a large distortion of the electronic charge density
around the displaced atom (Fig. 1d). This distortion, partially elec-
trostatically screened, will alter the electrostatic force field around
neighboring atoms, break the bond degeneracy, and cause propa-
gation of the large charge density distortion. This ‘domino’ effect
leads to unusual long-range interactions between atoms along the
resonant-bonded direction and destabilizes the one-dimensional
chain. This electronic degeneracy-induced instability is often
referred to as Peierls instability [14] in condensed matter physics
and Jahn-Teller effect in molecular and solid state chemistry [15].
Specifically, in IVeVI compounds such as PbTe, the valence p-
electrons form highly directed networks of resonant bonds that
lead to long-range interatomic interactions along particular di-
rections, which in turn causes softened transverse optical (TO)
phonons [8,16] and large phonon anharmonicity [17], both
contributing to a low thermal conductivity.

Since the propagation of large charge density distortion in a
resonant-bonded network is limited by dielectric screening, it is
expected that stronger long-range interactions will result from
reduced screening in materials with resonant bonds. It is well
known that dielectric screening in lower-dimensional materials is
much weaker than that in three dimensions due to the geometric
confinement of the induced charges responsible for screening [18].
For example, the electrostatic potential of a screened point charge
in three dimensions decays exponentially in the form of Yukawa
potential e�r=r0

r (r is the distance from the charge and r0 is the
screening length), whereas the electrostatic potential of a screened
point charge in two dimensions decays logarithmically near the
charge and asymptotes to the Coulomb form 1

r faraway from the
charge [18]. In this light, we hypothesize that resonant-bonded
networks in reduced dimensions will give rise to a longer-ranged
interatomic interaction than their 3D counterparts and thus
lower thermal conductivity.

To verify this hypothesis, we use first-principles simulation to
study phonon properties and thermal transport in quasi-2D
Bi2PbTe4, whose crystal structure is presented in Fig. 2. The bulk
form of this material (Fig. 2b) is predicted to be stable by the Ma-
terials Project [19]. The bulk material comprises hexagonal close
packing (hcp) septuple layers separated by van der Waals gaps,
analogous to the quintuple-layer structure of Bi2Te3 [20]. Each
septuple layer includes four layers of Te, two layers of Bi, and one
central layer of Pb. In this work, we investigate the phonon prop-
erties of one isolated septuple layer (Fig. 2a) and demonstrate that
the surface-enhanced resonant bonding due to reduced screening
leads to an ultralow thermal conductivity (0.76 W/mK at 300 K)
compared with the bulk value of 1.44 W/mK at the same temper-
ature. We reach this conclusion by detailed analysis of the distance
dependence of the interatomic force constants (IFCs) and compar-
ison of the resonant bonds near the surface and in the bulk.

2. Results and discussions

The details of the first-principles calculations are given in
Methods section. The calculated in-plane (isotropic within the x-y
plane shown in Fig. 2a) thermal conductivity of both the bulk and
quasi-2D Bi2PbTe4 within the temperature range of 200 Ke400 K is
plotted in Fig. 3a. The thermal conductivity of the quasi-2D
Bi2PbTe4 is significantly lower than that of the bulk. At 300 K, the
thermal conductivity of the quasi-2D Bi2PbTe4 is 0.74 W/mK
(compared with 1.44 W/mK of the bulk), which is much lower than
other known 2D materials [21,22]. The significant difference be-
tween the quasi-2D and the bulk Bi2PbTe4 is unexpected, given the
identical internal crystal structure.We further compare the phonon
dispersion relations of the bulk and the quasi-2D Bi2PbTe4 in Fig. 3b
and c. Whereas the acoustic modes and high-frequency optical
modes of the two systems are nearly identical, the soft transverse
optical phonons (TO1 and TO2) have lower frequencies in the quasi-
2D case. Furthermore, TO1 and TO2 modes in quasi-2D Bi2PbTe4 are
significantly more anharmonic than those in bulk Bi2PbTe4, as re-
flected from the mode Grüneisen parameters shown in Fig. 3 (d)
and (e). These low-frequency TO phonons are one feature of
resonant-bonded materials and responsible for reduced thermal
conductivity due to enlarged scattering phase space of acoustic
phonons [8]. The lower frequency and higher anharmonicity of the
TO modes in quasi-2D Bi2PbTe4 imply a more prominent effect of
the resonant bonds in the quasi-2D system.

To further understand the origin of the discrepancy between the
thermal conductivities of the bulk and the quasi-2D Bi2PbTe4, we
calculate the second order IFCs as a function of the distance be-
tween the corresponding atoms, as shown in Fig. 4 (the traces of the
second order IFC tensors are normalized to those of the self-
interacting IFC tensors and plotted here, as similarly carried out
by Lee et al. [8]. In addition to the traces of the IFC tensors, we also
calculated the 2-norms of the IFC tensors, which exhibited the same
trend as the traces). In both the bulk (Fig. 4a) and the quasi-2D
(Fig. 4b) Bi2PbTe4, we observe an anomalous non-monotonic
trend of the IFCs; in contrast to the monotonic decay of interac-
tion strength versus distance as expected for conventional covalent
or ionic bonds, large long-range interactions are present at specific
neighboring shells, e.g., the fourth nearest neighbor. These large
long-range IFCs are the consequences of directed resonant-bonded
networks (Fig. 1). The fourth neighbor atom happens to be on the
path of the resonant-bonded network, whereas the second and
third neighbor atoms are not. This results in a much larger IFC
between the fourth neighbor atom and the origin atom, despite its
longer distance from the origin atom than from the second and
third neighbor atoms. The unusual long-ranged interaction caused
by resonant bonding also emerges for other neighbor shells, even
inducing positive IFCs (‘negative springs’), e.g., in 6th and 8th
neighbor shells. To further confirm the existence of the resonant-



Fig. 2. Crystal structures of the quasi-2D and bulk Bi2PbTe4. (A) The crystal structure of a septuple layer of Bi2PbTe4. Each septuple layer has a hexagonal close packing (hcp)
structure, consisting of four Te layers, two Bi layers, and one Pb layer. (B) The crystal structure, primitive cell, and conventional cell of the bulk Bi2PbTe4.
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bonded network in Bi2PbTe4 and differentiate it from alternative
theoretical explanations, such as the ‘lone pair theory’ [23], we
calculated the energy gap between s and p bands in Bi2PbTe4 to be
roughly 5 eV, indicating a weak s-p hybridization, which is a pre-
requisite for forming resonant bonds [8]. Fig. 4cee shows the
charge density distortion caused by a small displacement of a
central atom and felt by another atom, corresponding to the
4thnearest neighbor pairs labeled in Fig. 4b. These large charge
density distortions caused by the breaking of degenerate bonding
configurations (Fig. 1) lead to the strong long-ranged interatomic
interactions along the bonding directions. More importantly,
comparing Fig. 4a and b, we find that the strong resonant
bondeinduced interactions decay slower and persist for a longer
distance in the quasi-2D Bi2PbTe4 than those in the bulk.We further
calculated the phonon-phonon scattering rates in both bulk and
quasi-2D Bi2PbTe4, as shown in Fig. 5. It is clearly seen, as labeled by
the red dashed ellipse in Fig. 5, that the phonon scattering rates are
enhanced in quasi-2D Bi2PbTe4 near 1 THz, which is the frequency
range of the low-lying TO modes. As the soft TO phonons are direct
consequences of the anomalous long-range force constants [8], this
indicates that the reduced dimensionality has a significant impact
on the effective range of the resonant bondeinduced interatomic
interaction, which, we hypothesize, can be explained by the
different dielectric screening strengths in 3D and 2D.

To validate our hypothesis, we directly compare two Te layers in
quasi-2D Bi2PbTe4 on the surface and inside the septuple layer, as
illustrated in Fig. 6a and b. To contrast the strength and the range of
the resonant bonds formed by Te atoms within the two layers, we
first calculate the charge density distribution at equilibrium and
compare the degree of electron delocalization in the two layers, as
shown in Fig. 6c and d. Resonant bonds are known to create high
charge density at the atomic intervals, i.e., a large degree of electron
delocalization [8,24]. From Fig. 6c and d, it is clear that the electron
density of the Te atoms on the surface is more delocalized,
spreading more into the intervals among Te atoms, in comparison
to that of the Te atoms inside the septuple layer, supporting our
hypothesis that the resonant bonds formed near the surface are
enhanced due to reduced screening. We further compare the
charge density distortion caused by displacements of a Te atom in
the two layers, as shown in Fig. 6e and f. The stronger- and longer-
ranged charge density distortions on the surface (Fig. 6e) as
compared to those inside the septuple layer (Fig. 6f) provide direct
evidence of surface-enhanced resonant bonds.

To quantify the different dielectric screening behaviors in the
bulk and the quasi-2D Bi2PbTe4, we select the normalized traces of
IFC tensors along resonant-bonded paths with the same Te atom
chosen as the origin in both systems. The absolute values of these
selected resonant bondeenhanced IFCs are plotted as a function of
interatomic distance in Fig. 7. To extract the effective screening
lengths in the two cases, weuse the Yukawa potential (e

�r=r0

r ) to fit the
decaying trends, also shown in Fig. 7. We note here that Yukawa
potential is associated with a screened point charge, as opposed to
the delocalized charge density distortion in this case. Nevertheless,
the Yukawa potential should agree well with the long-range data
and provides a convenient measure, i.e., the screening length, to
quantify the different screening strengths. The red and the blue solid
lines are the best fits for the IFCs in the bulk and the quasi-2D
Bi2PbTe4, respectively, and the yellow and the blue areas represent
the ranges corresponding to ±30% change of the fitted screening
length. From the fitting, we obtained that the average screening
length of the large charge density distortion caused by resonant
bonding inquasi-2DBi2PbTe4 is 2.6 times longer than that in thebulk



Fig. 3. Calculated lattice thermal conductivity, phonon dispersions, and Grüneisen parameters of the bulk and quasi-2D Bi2PbTe4. The lattice thermal conductivities of the bulk and
quasi-2D Bi2PbTe4 in (a) are both along the in-plane direction. The phonon dispersion relations of the two systems shown in (c) and (d) indicate lower frequencies of the TO modes
in the quasi-2D system. The Grüneisen parameters shown in (d) and (e) reveal that the TO modes in quasi-2D Bi2PbTe4 are significantly more anharmonic than those in bulk
Bi2PbTe4.
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Bi2PbTe4. This result provides ameasure of the surface enhancement
of the resonant bondeinduced long-range interactions, which in
turn lead to the significantly reduced thermal conductivity of the
quasi-2D Bi2PbTe4 as compared to that of the bulk Bi2PbTe4.

3. Conclusion

In summary, we used first principles calculation of a model
material system (Bi2PbTe4) to investigate the effect of resonant
bonds on thermal transport in reduced dimensions. We found
that the thermal conductivity of quasi-2D Bi2PbTe4, i.e., one sep-
tuple layer of the material, is significantly lower than its bulk
counterpart. By detailed analysis of the IFCs, charge density
delocalization, and the atomic displacementeinduced charge
density distortion, we attributed the origin of the ultralow ther-
mal conductivity of the quasi-2D Bi2PbTe4 to the surface
enhancement of resonant bonds because of reduced dielectric
screening. We further quantified the enhancement by fitting the
interatomic distance dependent IFCs using the Yukawa potential,
and we found the effective screening length in the quasi-2D



Fig. 4. Normalized traces of IFC tensors versus atomic distances and charge density disturbance of selected atom pairs in the quasi-2D Bi2PbTe4. Normalized traces of IFCs of (a) bulk
Bi2PbTe4 and (b) quasi-2D Bi2PbTe4, where different colors denote IFCs with a specific element chosen as the origin atom, as indicated in the legend. (c-e) the charge density
distortion in space because of the displacement of the origin atoms, corresponding to the selected atomic pairs labeled in (b). The color bar denotes the electron density disturbance
with a unit of electron charge per Å3. IFC, interatomic force constant.
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Bi2PbTe4 is about 2.6 times longer than that in the bulk. The
surface-enhanced resonant bonds lead to stronger and longer-
range interatomic interactions and lower-frequency and more
anharmonic TO phonon modes, which in turn contribute to the
ultralow thermal conductivity. As the weakened dielectric
screening is a general property of low dimensional materials, we
envision that our finding of the surface-enhanced resonant bonds
will serve as a general guiding principle to search for low
dimensional materials with ultralow thermal conductivity.

4. Methods

We used the Vienna ab-initio simulation package (VASP)
[25,26] for the density functional theory (DFT) calculation in this
Fig. 5. Calculated phonon-phonon scattering rates of the bulk and quasi-2D Bi2PbTe4.
The black line is a u2 fit to the phonon scattering rate of the bulk Bi2PbTe4. The red
dashed ellipse indicates the frequency range of the low-frequency TO modes, where an
enhanced phonon scattering rate is observed in the quasi-2D Bi2PbTe4.
work. The PerdeweBurkeeErnzerhof generalized gradient
approximation [27] exchange-correlation functionals were used
for the calculation. The pseudopotentials based on the projector
augmented wave [28] method were adopted. The cutoff of kinetic
energy for wave functions was set at 820 eV (60 Ry) [8], and the
energy convergence threshold was set as 10�8 eV. For the bulk
and quasi-2D Bi2PbTe4, the Monkhorst-Pack [29] k-meshes of
6 � 6 � 6 and 6 � 6 � 1 were used to sample the Brillouin Zone.
The convergence was checked here for the cutoff energy of the
plane wave basis and the k-grid density. The vacuum spacing for
the quasi-2D Bi2PbTe4 is larger than 20 Å to prohibit the atomic
interaction across the van der Waals gap arising from the periodic
boundary condition. The lattice parameters of both bulk and
quasi-2D Bi2PbTe4 were optimized with the HellmanneFeynman
force tolerance 10�6 eV Å�1. In addition, for the elements Bi, Te,
and Pb, the spin polarization calculations were included. The van
der Waals Density Functional (vdW-DF) functionals were applied
in the VASP [30,31] for the bulk Bi2PbTe4 calculation to properly
treat the interlayer van der Waals interactions.

4.1. Lattice dynamics calculation

We applied the density functional perturbation theory method
[32] to calculate the lattice dynamics of the bulk and quasi-2D
Bi2PbTe4. The harmonic second-order IFC tensors were calculated
by the VASP combined with the PHONOPY package [33]. The IFC
tensor is defined as:

v2E
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¼

2
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Fig. 6. Comparison of electron density distribution and displacement-induced charge density distortion on the surface and inside the septuple layer of quasi-2D Bi2PbTe4. (a) and (b)
indicate the Te layers on the surface and within the septuple layer that were investigated. (c) and (d) present the equilibrium electron density distribution of the surface and the
internal Te atom layers, respectively. The color bar denotes the electron charge density in space in the unit of electron charge per Å3. The black circles in (c) and (d) point to the
interatomic region where a significant difference of the electron delocalization was observed between the surface and the internal layers. (e) and (f) compare the charge density
distortion induced by the displacement of the Te atoms on the surface and within the septuple layer. The color bar denotes the electron density disturbance with a unit of electron
charge per Å3.
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where E and Ra are the potential energy and atomic displacement
along a direction, respectively. The trace of the IFC tensor reflects the
bond stiffness. To compare the IFCs in bulk and quasi-2D Bi2PbTe4
while excluding the impact of different bond stiffness, we normal-
ized the traces of IFC tensors between one atom chosen as the origin
andanother atomby the trace of the self-interaction IFC tensor of the
origin atom, following the procedure by Lee et al. [8]:

Normalized Trace of IFC ¼
v2E

vR0;xvRn;x
þ v2E
vR0;yvRn;y

þ v2E
vR0;zvRn;z

v2E
vR0;xvR0;x

þ v2E
vR0;yvR0;y

þ v2E
vR0;zvR0;z

;

(2)

where R0 denotes the displacement of the origin atom and Rn the
displacement of the nth neighbor atom. The normalized traces of
Fig. 7. Absolute values of the normalized traces of IFCs along resonant-bonded paths in
the bulk and quasi-2D Bi2PbTe4 versus the interatomic distance. The same Te atoms are
chosen as the origin atom in both cases. The decaying trends of the IFCs are fitted with
the Yukawa potential with different effective screening lengths. The red and the blue
solid lines are the best fits for the two cases, whereas the yellow and the blue areas
correspond to ±30% change of the screening length from the best-fit values. IFC,
interatomic force constant.
IFC for each atom in the bulk and quasi-2D Bi2PbTe4 are presented
in Fig. 4a and b.

4.2. Charge density distortion

By applying the DFT calculations, we calculated the charge
density distribution and its distortion as a response to small atomic
displacements of the origin atoms for the quasi-2D Bi2PbTe4, which
are presented in Fig. 4(cee) and Fig. 6(cef). Fig. 4cee and 6(e, f) are
the electron density distortion with the small atomic displacement,
and Fig. 6c, d are the equilibrium charge density distribution. The
atomic displacement length is 2% of the distance between the center
atom and the fourth neighbor atoms [8]. Because of the period-
icboundary conditions, the resulting charge density distortion also
has contributions from the periodic images of the central atom. To
avoid this effect, we adopted the 2� 2� 1 supercell (including 28
atoms) of the quasi-2D Bi2PbTe4 for the calculations. We obtained
the charge density distortion by taking the difference between the
electron density of the original and the displaced atom cases [8].

4.3. Lattice thermal conductivity

Based on the harmonic IFC from the lattice dynamic calculations
above, we obtained the phonon dispersion relations for the bulk
and the quasi-2D Bi2PbTe4 via the PHONOPY package [33], which
are shown in Fig. 3 (b) and (c). In addition, using the changing
volume method within the PHONOPY package [33], we also
calculated the mode Grüneisen parameters using the definition g ¼
� ðVduÞ=ðudVÞ of the bulk and the quasi-2D Bi2PbTe4, which are
exhibited in Fig. 3d and (e). With this definition, the Grüneisen
parameter ðg) evaluates the change of the frequency of phonon
modes as a response to the material volume change, and thus,
larger gmeans higher anharmonicity of the corresponding phonon
modes [34]. As the long-range interaction is significant in resonant-
bonded materials, we adopted fine q-grid meshes to capture the
long-range interaction in the bulk (12� 12� 12) and the quasi-2D
Bi2PbTe4 (12� 12� 1).

To evaluate the lattice thermal conductivity, we also calculated
the third-order (anharmonic) IFCs using a supercell frozen-phonon
approach. 3� 3� 2 and 4� 4� 1 supercells were used here for the
bulk and the quasi-2D Bi2PbTe4 calculations, respectively. Here, we
note that a sufficiently large supercell is required to capture the
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quadratic dispersion of the flexural phonon mode in quasi-2D
Bi2PbTe4. Then the intrinsic lattice thermal conductivity (kL) was
obtained by solving the phonon Boltzmann transport equation
(BTE) iteratively as implemented in the ShengBTE package [35]. To
include the long-range interactions, given our computing re-
sources, the cutoff radius (rcutoff ) was taken as 7:5 Å, which means
that the interatomic interactions were considered up to the 6th
nearest neighbors. In Fig. 4a and b, we see that the largest inter-
atomic interactions are within 6th nearest neighbors for both bulk
and quasi-2D Bi2PbTe4. In addition, we note that in the quasi-2D
Bi2PbTe4, the 7th and 8th neighbor interactions are also signifi-
cant as compared with the 6th neighbor interaction, implying that
if we include all the long-range interactions in the quasi-2D
Bi2PbTe4, the calculated thermal conductivity should be even
smaller than the value 0.74 W/mK we reported here. The Born
effective charges together with the dielectric tensor were also
calculated and added to account for the long-range electrostatic
interactions. For the quasi-2D Bi2PbTe4 thermal conductivity
calculation, the material thickness (13:48 Å) used was taken as the
sum of the thickness of the real atomic layers and the van derWaals
radii of the surface Te atoms [36].We checked the convergence of kL
with the q-grid mesh size. For the bulk and the quasi-2D Bi2PbTe4,
we adopted the q-grid meshes 12� 12� 12 and 30� 30� 1,
respectively.

Author contributions

S.-Y.Y. and B.L. conceived this project, analyzed the data, and
wrote the article. S.-Y.Y. and T.X. carried out the first-principle
calculations and contributed equally to this work.

Acknowledgements

This work is based on research supported by the U.S. Depart-
ment of Energy, Office of Basic Energy Sciences, Division of Mate-
rials Science and Engineering through the Early Career Research
Program under the award number DE-SC0019244. B.L. acknowl-
edges the support provided by the Regents' Junior Faculty Fellow-
ship and the Academic Senate Faculty Research Grant from the
University of California, Santa Barbara (UCSB). The authors
acknowledge computational resource support from the Center for
Scientific Computing from the UCSB California NanoSystems Insti-
tute, the UCSB Materials Research Laboratory, an U.S. National
Science Foundation (NSF) Materials Research Science and Engi-
neering Center under the award number DMR-1720256 and the
NSF award CNS-1725797. This work also used the Extreme Science
and Engineering Discovery Environment (XSEDE) [37] Stampede
2 at the Texas Advanced Computing Center (TACC) through allo-
cation TG-DMR180044. XSEDE is supported by NSF grant number
ACI-1548562.

References

[1] J.M. Ziman, Electrons and Phonons: the Theory of Transport Phenomena in
Solids, Oxford University Press, Oxford, New York, 2001.

[2] S. Mukhopadhyay, D.S. Parker, B.C. Sales, A.A. Puretzky, M.A. McGuire,
L. Lindsay, Two-channel model for ultralow thermal conductivity of crystalline
Tl3VSe4, Science 360 (6396) (2018) 1455e1458.

[3] W.G. Zeier, A. Zevalkink, Z.M. Gibbs, G. Hautier, M.G. Kanatzidis, G.J. Snyder,
Thinking like a chemist: intuition in thermoelectric materials, Angew. Chem.
Int. Ed. 55 (24) (2016) 6826e6841.

[4] L. Lindsay, D.A. Broido, T.L. Reinecke, First-principles determination of ultra-
high thermal conductivity of boron arsenide: a competitor for diamond? Phys.
Rev. Lett. 111 (2) (2013) 025901.

[5] F. Tian, B. Song, X. Chen, N.K. Ravichandran, Y. Lv, K. Chen, S. Sullivan, J. Kim,
Y. Zhou, T.-H. Liu, et al., Unusual high thermal conductivity in boron arsenide
bulk crystals, Science (2018), https://doi.org/10.1126/science.aat7932
eaat7932.
[6] S. Li, Q. Zheng, Y. Lv, X. Liu, X. Wang, P.Y. Huang, D.G. Cahill, B. Lv, High
thermal conductivity in cubic boron arsenide crystals, Science (2018), https://
doi.org/10.1126/science.aat8982 eaat8982.

[7] J.S. Kang, M. Li, H. Wu, H. Nguyen, Y. Hu, Experimental observation of high
thermal conductivity in boron arsenide, Science (2018), https://doi.org/
10.1126/science.aat5522 eaat5522.

[8] S. Lee, K. Esfarjani, T. Luo, J. Zhou, Z. Tian, G. Chen, Resonant bonding leads to
low lattice thermal conductivity, Nat. Commun. 5 (2014) 3525.

[9] D.P. Spitzer, Lattice thermal conductivity of semiconductors: a chemical bond
approach, J. Phys. Chem. Solid. 31 (1) (1970) 19e40.

[10] C.W. Li, J. Hong, A.F. May, D. Bansal, S. Chi, T. Hong, G. Ehlers, O. Delaire,
Orbitally driven giant phonon anharmonicity in SnSe, Nat. Phys. 11 (12)
(2015) 1063e1069.

[11] Y. Pei, X. Shi, A. LaLonde, H. Wang, L. Chen, G.J. Snyder, Convergence of
electronic bands for high performance bulk thermoelectrics, Nature 473
(7345) (2011) 66e69.

[12] K. Biswas, J. He, I.D. Blum, C.-I. Wu, T.P. Hogan, D.N. Seidman, V.P. Dravid,
M.G. Kanatzidis, High-performance bulk thermoelectrics with all-scale hier-
archical architectures, Nature 489 (7416) (2012) 414e418.

[13] K. Shportko, S. Kremers, M. Woda, D. Lencer, J. Robertson, M. Wuttig, Resonant
bonding in crystalline phase-change materials, Nat. Mater. 7 (8) (2008)
653e658.

[14] J.-S. Rhyee, K.H. Lee, S.M. Lee, E. Cho, S.I. Kim, E. Lee, Y.S. Kwon, J.H. Shim,
G. Kotliar, Peierls distortion as a route to high thermoelectric performance in
In4Se3-d crystals, Nature 459 (7249) (2009) 965e968.

[15] I. Bersuker, The Jahn-teller Effect and Vibronic Interactions in Modern
Chemistry, first ed., Plenum Press, New York, 1984.

[16] M.P. Jiang, M. Trigo, I. Savi�c, S. Fahy, �E.D. Murray, C. Bray, J. Clark, T. Henighan,
M. Kozina, M. Chollet, et al., The origin of incipient ferroelectricity in lead
telluride, Nat. Commun. 7 (2016) 12291.

[17] S. Ju, T. Shiga, L. Feng, J. Shiomi, Revisiting PbTe to identify how thermal
conductivity is really limited, Phys. Rev. B 97 (18) (2018) 184305.

[18] P. Cudazzo, I.V. Tokatly, A. Rubio, Dielectric screening in two-dimensional
insulators: implications for excitonic and impurity states in graphane, Phys.
Rev. B 84 (8) (2011) 085406.

[19] A. Jain, S.P. Ong, G. Hautier, W. Chen, W.D. Richards, S. Dacek, S. Cholia,
D. Gunter, D. Skinner, G. Ceder, et al., Commentary: the materials project: a
materials genome approach to accelerating materials innovation, Apl. Mater. 1
(1) (2013) 011002.

[20] O. Hellman, D.A. Broido, Phonon thermal transport in Bi2Te3 from first prin-
ciples, Phys. Rev. B 90 (13) (2014) 134309.

[21] J.H. Seol, I. Jo, A.L. Moore, L. Lindsay, Z.H. Aitken, M.T. Pettes, X. Li, Z. Yao,
R. Huang, D. Broido, et al., Two-dimensional phonon transport in supported
graphene, Science 328 (5975) (2010) 213e216.

[22] W. Li, J. Carrete, N. Mingo, Thermal conductivity and phonon linewidths of
monolayer MoS2 from first principles, Appl. Phys. Lett. 103 (25) (2013)
253103.

[23] M.D. Nielsen, V. Ozolins, J.P. Heremans, Lone pair electrons minimize lattice
thermal conductivity, Energy Environ. Sci. 6 (2) (2013) 570e578.

[24] Y. Zhang, X. Ke, P.R.C. Kent, J. Yang, C. Chen, Anomalous lattice dynamics near
the ferroelectric instability in PbTe, Phys. Rev. Lett. 107 (17) (2011) 175503.

[25] G. Kresse, J. Furthmüller, Efficiency of ab-initio total energy calculations for
metals and semiconductors using a plane-wave basis set, Comput. Mater. Sci.
6 (1) (1996) 15e50.

[26] G. Kresse, J. Furthmüller, Efficient iterative schemes for ab initio total-energy
calculations using a plane-wave basis set, Phys. Rev. B 54 (16) (1996)
11169e11186.

[27] J.P. Perdew, K. Burke, M. Ernzerhof, Generalized gradient approximation made
simple, Phys. Rev. Lett. 77 (18) (1996) 3865e3868.

[28] G. Kresse, D. Joubert, From ultrasoft pseudopotentials to the projector
augmented-wave method, Phys. Rev. B 59 (3) (1999) 1758e1775.

[29] H.J. Monkhorst, J.D. Pack, Special points for brillouin-zone integrations, Phys.
Rev. B 13 (12) (1976) 5188e5192.

[30] T. Thonhauser, V.R. Cooper, S. Li, A. Puzder, P. Hyldgaard, D.C. Langreth, Van
der Waals density functional: self-consistent potential and the nature of the
van Der Waals bond, Phys. Rev. B 76 (12) (2007) 125112.

[31] J. Klime�s, D.R. Bowler, A. Michaelides, Van der Waals density functionals
applied to solids, Phys. Rev. B 83 (19) (2011) 195131.

[32] S. Baroni, S. de Gironcoli, A. Dal Corso, P. Giannozzi, Phonons and related
crystal properties from density-functional perturbation theory, Rev. Mod.
Phys. 73 (2) (2001) 515e562.

[33] A. Togo, F. Oba, I. Tanaka, First-principles calculations of the ferroelastic
transition between rutile-type and CaCl2-type SiO2 at high pressures, Phys.
Rev. B 78 (13) (2008) 134106.

[34] Z. Gao, F. Tao, J. Ren, Unusually low thermal conductivity of atomically thin 2D
tellurium, Nanoscale 10 (27) (2018) 12997e13003.

[35] W. Li, J. Carrete, N.A. Katcho, N. Mingo, ShengBTE: a solver of the Boltzmann
transport equation for phonons, Comput. Phys. Commun. 185 (6) (2014)
1747e1758.

[36] X.Wu, V. Varshney, J. Lee, Y. Pang, A.K. Roy, T. Luo, How to characterize thermal
transport capability of 2D materials fairly? e sheet thermal conductance and
the choice of thickness, Chem. Phys. Lett. 669 (2017) 233e237.

[37] J. Towns, T. Cockerill, M. Dahan, I. Foster, K. Gaither, A. Grimshaw,
V. Hazlewood, S. Lathrop, D. Lifka, G.D. Peterson, et al., XSEDE: accelerating
scientific Discovery, Comput. Sci. Eng. 16 (5) (2014) 62e74.

http://refhub.elsevier.com/S2542-5293(18)30131-7/sref1
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref1
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref2
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref2
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref2
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref2
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref2
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref2
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref3
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref3
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref3
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref3
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref4
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref4
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref4
https://doi.org/10.1126/science.aat7932
https://doi.org/10.1126/science.aat8982
https://doi.org/10.1126/science.aat8982
https://doi.org/10.1126/science.aat5522
https://doi.org/10.1126/science.aat5522
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref8
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref8
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref9
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref9
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref9
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref10
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref10
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref10
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref10
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref11
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref11
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref11
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref11
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref12
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref12
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref12
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref12
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref13
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref13
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref13
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref13
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref14
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref14
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref14
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref14
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref14
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref14
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref15
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref15
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref16
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref16
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref16
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref16
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref16
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref17
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref17
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref18
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref18
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref18
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref19
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref19
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref19
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref19
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref20
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref20
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref20
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref20
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref21
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref21
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref21
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref21
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref22
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref22
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref22
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref22
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref23
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref23
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref23
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref24
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref24
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref25
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref25
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref25
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref25
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref26
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref26
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref26
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref26
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref27
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref27
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref27
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref28
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref28
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref28
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref29
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref29
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref29
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref30
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref30
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref30
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref31
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref31
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref31
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref32
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref32
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref32
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref32
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref33
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref33
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref33
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref33
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref33
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref34
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref34
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref34
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref35
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref35
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref35
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref35
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref36
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref36
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref36
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref36
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref36
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref37
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref37
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref37
http://refhub.elsevier.com/S2542-5293(18)30131-7/sref37

	Ultralow thermal conductivity in a two-dimensional material due to surface-enhanced resonant bonding
	1. Introduction
	2. Results and discussions
	3. Conclusion
	4. Methods
	4.1. Lattice dynamics calculation
	4.2. Charge density distortion
	4.3. Lattice thermal conductivity

	Author contributions
	Acknowledgements
	References


