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Semiconductors with very low lattice thermal conductivities are highly desired for applications relevant to thermal energy conversion
and management, such as thermoelectrics and thermal barrier coatings. Although the crystal structure and chemical bonding are
known to play vital roles in shaping heat transfer behavior, material design approaches of lowering lattice thermal conductivity using
chemical bonding principles are uncommon. In this work, we present an effective strategy of weakening interatomic interactions and
therefore suppressing lattice thermal conductivity based on chemical bonding principles and develop a high-efficiency approach of
discovering low κL materials by screening the local coordination environments of crystalline compounds. The followed first-principles
calculations uncover 30 hitherto unexplored compounds with (ultra)low lattice thermal conductivities from thirteen prototype crystal
structures contained in the inorganic crystal structure database. Furthermore, we demonstrate an approach of rationally designing
high-performance thermoelectrics by additionally incorporating cations with stereochemically active lone-pair electrons. Our results not
only provide atomic-level insights into the physical origin of the low lattice thermal conductivity in a large family of copper/silver-based
compounds but also offer an efficient approach to discovery and design materials with targeted thermal transport properties.

1 Introduction

Crystalline solids with very low lattice thermal conductivities (κL) are both fundamentally interesting and
technologically important in generating, converting, and managing thermal energy[1, 2, 3]. In the simple
kinetic theory[4], κL = 1

3
Cv2gτ , where C, vg, and τ are heat capacity, phonon group velocity (vg), and

phonon relaxation time (τ), respectively. Therefore, materials with low vg, short τ , or small C usually
have low κL. Decades studies on thermoelectric materials have explored many strategies of designing and
discovering new materials with low κL, as well as minimizing κL of the well-studied materials[5, 6, 7]. The
widely-used approaches that can effectively shorten τ are based on introducing defects[6], nano-structure
precipitates[8, 9, 10, 11], lone-pair electrons ions[12, 13], rattling phonon modes[14, 15, 16, 17, 18], and

ferroelectric instability-induced phonon softening[19, 20]. Since vg is proportional to
√
k/M , where k

and M are respectively the bond stiffness (or bond strength) and the atomic mass[4], low vg are also
expected in materials with weak chemical bonds and large atomic mass. Taking advantage of the large
atomic mass is straightforward and has been utilized to screen new thermoelectric materials with low
κL recently[21]. However, bond strength is more complicated and correlated to the electronegativities of
constituent atoms and local coordination of a crystal structure. Generally, the bond in the environment
with a higher coordination number (CN) is weaker than that in a lower CN one due to the longer bond
length between cation and anion in the high CN case, reflecting Pauling’s second rule[22]. For example,
the bond length in rock-salt structure (octahedral coordination, CN=6) is usually longer than that in the
zinc blende structure (tetrahedral coordination, CN=4). As a consequent, the rock-salt compounds (e.g.,
NaCl: 7.1 Wm−1K−1, RbCl: 2.8 Wm−1K−1 at 300 K [23]) usually have much lower κL than the zinc blende
ones (e.g., GaAs: 45 Wm−1K−1, ZnSe: 19 Wm−1K−1 at 300 K)[24, 25, 26]. On the other hand, since the
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wurtzite-type structure has the same local coordination with the zinc blende (the only difference is the
stacking ordering), wurtzite compounds have very similar κL as zinc blende[27, 26].

Surprisingly, a few copper and silver-based compounds with the zinc blende structure and small average
atomic masses (M = 49 ∼ 95) show unexpected low κL. For instance, the κL of CuCl, CuBr, and CuI
are 0.84, 1.25, 1.68 Wm−1K−1 at 300 K, respectively[28, 29], which are even lower than the heavier (M
= 167), rock-salt, and strongly anharmonic compound PbTe[30, 19]. Compared to the conventional zinc
blende compounds, these compounds display unique lattice dynamics properties, featuring low-frequency
dispersions and soft optical modes, which have been attributed to the large ionic radius mismatch between
Cu+ and Cl− ions[31]. Meanwhile, experiments have shown a large thermal displacement parameter of
Cu in CuCl[32], indicating a weak Cu-Cl bond and corroborating the existence of low-frequency phonons.
Another set of interesting compounds include β-BaCu2S2, which crystallizes in the ThCr2Si2-type structure
and possesses an ultralow κL of 0.68 Wm−1K−1 at 300 K[33] and BiCuSeO, which adopts the ZrCuSiAs-type
structure and has a κL of 1.0 Wm−1K−1 at 300 K[34]. The common feature of these two structures is the
presence of the edge-sharing CuX4 (X=S and Se) tetrahedron. It is interesting to note that all the listed
compounds contain Cu, which, akin to Ag, generally forms superionic conductors at high temperatures
due to the weak chemical bond between Cu+/Ag+ and anions[32, 35]. Considering the facts that (i) Cu
is an abundant earth element and the synthesis of Cu-based compounds is relatively easy, and (ii) Cu-
based thermoelectric materials have a long research history back to 1827, and many of them have good
thermoelectric performance[36, 37, 34, 38, 39, 40, 41, 42, 43], it is intriguing to ask what makes the thermal
transport behaviors of these compounds so anomalous?

These observations motivate us to investigate the origin of low κL and its relation to the distinctive
chemical bonds in Cu/Ag-based compounds and to ultimately search for new materials with very low κL by
exploiting the underlying mechanisms. We find that the intrinsically low κL of these compounds is mainly
attributable to the weak bonds between Cu/Ag and anions, originating from the antibonding interactions
between Cu/Ag-d orbitals and anion-p orbitals through an unusual p-d coupling[44, 45]. Moreover, we
demonstrate that the antibonding interaction can be further weakened by introducing edge-sharing and
face-sharing polyhedra centered at Cu+/Ag+, in the spirit of Pauling’s third rule[22]. Based on these
findings, we then perform a comprehensive screening for compounds exhibiting these local coordination
environments within the inorganic crystal structure database (ICSD). We discovered 30 hitherto unex-
plored compounds that potentially exhibit very low κL, as evidenced by our first-principles anharmonic
lattice dynamics simulations. To make these compounds suitable for thermoelectric applications, we fur-
ther propose a general strategy of improving electrical transport properties by incorporating cations with
stereochemically active lone-pair electrons. The materials design philosophy based on the crystal and
structural chemistry unveiled by this study is extendable to a more broad materials systems, and hence
should aid the rational design of thermal management materials and thermoelectric materials.

2 Results

2.1 Design strategy I: antibonding from p-d hybridization

To understand the unusually low κL identified in the copper-based compounds from chemical bonding,
we compare and analyze the electronic structures of three representative zinc blende compounds, namely
CuBr, ZnSe, and GaAs, which show drastically different κL with values of 1.25, 19, and 45 Wm−1K−1 at
300 K, respectively. One particular reason of choosing these three compounds is that they have nearly
the same M (≈ 72 amu.), thus ensuring that the vastly different κL is not simply due to atomic mass. In
Figure1, we show their orbital-projected band structures, the crystal orbital Hamilton population (COHP),
and the corresponding molecular orbital diagrams, respectively. These three compounds have similar band
structures, where the three-fold degenerate valence band maximum (VBM) is located at the Γ point.
However, the characters of these bands are very different: the VBM of CuBr has more d-orbital contribution
than ZnSe and GaAs has no d-orbitals at all. This can be explained by the p-d hybridization discovered by
Jaffe et al. [44] and Wei et al.[45], which states that the filled 3d orbitals of Zn2+ and Cu+ (d10 configuration)
can participate in bonding with the 4p orbitals of Se and Br in the zinc blende ZnSe and CuBr, due to
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2.1 Design strategy I: antibonding from p-d hybridization

the inversion-symmetry breaking of ZnSe4 tetrahedron (or in general MX4 tetrahedron, where M and
X are cation and anion, respectively). In contrast, the p-d coupling is prohibited in the case of MX6

octahedron as in the rock-salt structure because the odd (d) and even (p) angular momentum can’t mix
in the presence of inversion symmetry[44, 45]. The hybridization between the filled M -d and X-p orbitals
forms p-d bonding and p-d∗ antibonding states just below the Fermi level. Importantly, the occupation
of the p-d∗ antibonding states would naturally destabilize the M -X bond strength, due to the decrease
of the bond order. They further show that the overlap (strength of hybridization) between M -d and X-p
orbitals depends on the energy difference of the constituent ions’ orbitals, provided that the p-d coupling
is allowed by symmetry.

Based on these findings, we examine the trend of chemical bonding from CuBr to ZnSe and GaAs,
wherein the energy difference between M -3d and X-4p orbitals increases. As we can see from the orbital
mixing in Figure 1, the hybridization between M -d and X-p orbitals in these compounds decreases rapidly
from CuBr to GaAs. Such a trend can be understood as follows: (i) in these three compounds, the M -3d
orbitals split into t2g and eg levels under the tetrahedral crystal field; (ii) for the cases of CuBr and ZnSe,
the t2g orbitals hybridize with X-4p and form bonding and antibonding states below the Fermi level, while
the eg orbitals hardly interact with X-4p and form non-bonding states, see Figure 1a and b; (iii) since
Cu-3d orbitals are higher in energy than Br-4p, the p-d antibonding states in CuBr are dominated by the
Cu-3d orbitals and the bonding states are mainly from Br-4p, see Figure 1a. In contrast, Se-4p orbitals
have a larger contribution to the p-d antibonding states than Zn-3d in ZnSe, see Figure 1b, due to the lower
energy level of Zn-3d than Se-4p; and (iv) in the case of GaAs, the Ga-3d is too deep to interact with As-4p
and therefore, there is almost no hybridization between Ga-3d and As-4p orbitals, and the valence bands
consist of the hybridization between Ga-4s and As-4p orbitals only, see Figure 1c. The filled antibonding
states can be explicitly seen in the COHP analysis as shown in Figure 1. The projected COHP (pCOHP)
between cation M and anion X of CuBr displays a much larger antibonding peak below the Fermi level
than ZnSe, while GaAs has no antibonding peak in the valence band range at all. It is worth noting that
the presence of Cu-X antibonding states have been reported in other compounds with CuX4 tetrahedral
coordination as well, for instance, Cu2Se[46] and Cu2S[47], where the effects of the antibonding states on
electronic structures are pronounced.

Interestingly, we find that the strong p-d coupling between the filled Cu/Ag-d and anion p-orbitals exists
in other polyhedra with different coordination numbers as well, such as MX6 octahedron, MX3 planar
triangle, MX2 linear chain, etc. This is because the symmetry restriction of p-d mixing[44, 45] only holds
for certain K-points of the first Brillouin zone. For example, the p-d mixing in rock-salt AgBr is only
strictly prohibited at the Γ and X points where the AgBr6 octahedron preserve inversion symmetry, see
Figure 1d. In contrast, we can see strong p-d mixing at other K-points of the Brillouin-zone, especially
along the Γ-K and Γ-L-U lines. Similar to the zinc blende CuBr, the p-d∗ antibonding states are at the top
of the valence bands of AgBr. Unlike CuBr, however, the valence band maximum is shifted away from the
Γ point, increasing valley degeneracy. Meanwhile, since the M -X bond length of rock-salt is much longer
than that of zinc blende, both the bonding and antibonding peaks of rock-salt are smaller than those of
zinc blende, as evidenced by -pCOHP in Figure 1d. The trigonal planar and linear coordination examples
are presented in Figure S1. What makes Cu and Ag significantly different from other transition metal
elements such as Zn and Ga is their relatively high energy of the d orbitals, which essentially determines
the p-d coupling strength since the orbitals with similar energies are more likely to interact[44, 45, 47].

The occupation of the d-p∗ antibonding states is expected to weaken the M -X bond strength, which can
be quantitatively evaluated by the second-order (or harmonic) interatomic force constants (2ndIFC). Our
DFT calculations show that the 2ndIFC decreases from 17.1 eV/Å2 in GaAs to 12.4 eV/Å2 in ZnSe, and to
7.2 eV/Å2 in CuBr. This trend is concomitant with the dramatic decrease of the mean sound velocity (vm,
GaAs: 3.24 Km/s; ZnSe: 2.50 Km/s; CuCl: 1.90 Km/s), which is an approximation of sound group velocity
(vg)[7]. As we pointed out earlier, these compounds have nearly the same M , and therefore, the only reason
causing a large variation in vm is the M -X bond strength (k). Presumably, this is one of the main reasons
that the κL of these compounds decreases significantly from GaAs to CuBr since κL is proportional to
v3m[5, 25]. As shown in Figure 2, in addition to the overall phonon softening (reduced phonon frequency)
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2.1 Design strategy I: antibonding from p-d hybridization
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Figure 1: Orbital-projected band structures, -pCOHP, and molecular orbital diagrams of representative binary compounds.
a zinc blende CuBr, b zinc blende ZnSe, c zinc blende GaAs, d rock-salt AgBr. Color indicates the contribution from anion
p and cation d orbitals. Positive and negative -pCOHP indicate the bonding and antibonding interactions between cation
and anion, respectively.
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2.1 Design strategy I: antibonding from p-d hybridization
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Figure 2: Phonon dispersions, phonon density of states (PDOS), and weighted phase space WP of three-phonon scattering
for representative binary compounds. a zinc blende CuBr, b zinc blende ZnSe, c zinc blende GaAs, and d rock-salt AgBr.
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