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Abstract: Currently, the efforts to find materials with
high k anisotropy ratios mainly focus on layered
materials, however, the limited quantity and lower
workability comparing to non-layered ones boost the
exploration of non-layered materials with high k aniso-
tropy ratios. Here, taking PbSnS3, a typical non-layered
orthorhombic compound, as an example, we propose
that maldistribution of chemical bond strength can lead
to large anisotropy of k in non-layered materials. Our
result reveals that the maldistribution of Pb� S bonds
lead to obvious collective vibrations of dioctahedron
chain units, resulting in an anisotropy ratio up to 7.1 at
200 K and 5.5 at 300 K, respectively, which is one of the
highest ever reported in non-layered materials and even
surpasses many classical layered materials such as Bi2Te3
and SnSe. Our findings can not only broaden the
horizon for exploring high anisotropic k materials but
also provide new opportunities for the application of
thermal management.

Introduction

As one important characteristic attribute of matter, aniso-
tropy is the focus of condensed matter physics, solid
chemistry, crystallography, and materials science. The aniso-
tropy of material should unexpectedly endow it novel
physical properties, which brings a revolutionary not only in
science and technology but also in our daily life, such as

magnetocrystalline anisotropy,[1–4] two-dimensional
superconductivity,[5] two-dimensional electron/hole gas,[6–8]

anisotropic magneto-Peltier effect,[9] anisotropic Gilbert
damping,[10] anisotropic spin fluctuations,[11] anisotropic
excitons,[12] anisotropy-boosted transverse
thermoelectricity,[13] and anisotropic van der Waals (vdW)
thermal conductors.[14] Therefore, the ability to design and
control the anisotropy of physical properties becomes key
prerequisite for many modern functional materials.

The most effective approach of realizing macroscopic
anisotropy is to design chemical bonds strategically, as
chemical bonds are the primary drivers of material proper-
ties. The directionality as well as the strength distribution of
chemical bonds can play a critical role in determining the
anisotropic behavior of materials. For instance, materials
that have covalent bonding tend to have highly directional
bonds, which can lead to strong anisotropy in their physical
properties, while materials with metallic bonding tend to
have more delocalized electrons, which can result in weaker
anisotropy. Similarly, in polymers, the orientation of the
polymer chains and the distribution of hydrogen bonds can
lead to anisotropic stiffness when stretched along or
perpendicular to the direction of the polymer chains.

In crystalline materials, layered materials exhibit distinct
inter- and intra-layer forces that create a spatially non-
uniform distribution of chemical bond strength. These
forces, which can include electrostatic or hydrogen bonding
in addition to weak van der Waals interactions, result in a
significant anisotropy in the material’s properties. As a
result, layered materials are often used as prototypes to
study large anisotropic behaviors such as electricity, magnet-
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ism, optics, and mechanics and have played an important
role in the modern information society. However, unfortu-
nately, the industrial processing of large-scale layered
materials is not as mature as that of non-layered materials,
posing challenges along the road to commercialization.
Meanwhile, materials with layered characteristics only
account for about a twentieth of all bulk materials in the
crystal database, which means much more materials with
potential performance have crystal structures in three rather
than two dimensions. Therefore, quite sensibly, non-layered
materials provide more opportunities to observe excellent
characteristics and there will be a lot of prospects if we can
explore high anisotropy beyond the consequence of vdW
interactions.

The thermal conductivity (k) is a key parameter in
thermal management field[15] such as thermoelectric energy
conversion,[16] silica glass for everyday thermal insulation
and thermal barrier coatings of metal components in gas-
turbine or diesel engines.[17] For example, anisotropic
thermal conductors, in which heat flows faster in one
direction than in the other, can rapidly remove heat from
local overheating hotspots in the directions with high k and
simultaneously provide thermal insulation along the slow
thermal diffusion axis,[14,18] is an indispensable cooling mode
in densified integrated circuits.[19–21] The fibers with aniso-
tropic k can be shaped into flexible and inexpensive polymer
sheets for textile clothing with the integrated abilities of
ventilation and insulation.[22–25] Therefore, considering the
wide outlook of processing industry and commerce, the
study of functional materials with high k anisotropy ratios
can provide important guidance on special thermal manage-
ment situation. In fact, the technological progress of
developing large anisotropic thermal conductivity is evolving
continuously with a large worldwide effort in human and
monetary capital. Recently, J. Park et al. reported a method
to prepare large area anisotropic thermal conductors by
using random rotation between crystal layers with extremely
thermal anisotropy ratio in vdW compound.[14] However, so
far, the anisotropy ratio of thermal conductivity in non-
layered materials is almost rarely large than 2. Therefore,
there will be a lot of prospects if we can explore high
thermal anisotropy in non-layered materials beyond the
consequence of vdW gap in layered materials.

In order to obtain large anisotropic k in non-layered
materials, we trace to the differences between layered
materials and non-layered materials. In the layered materi-
als, each layer is connected by ionic/covalent bonds and
separated by weak vdW forces, so that the separated
independent layer can be treated as a whole rigid ball with
two distinct phonon modes of collective vibration—the shear
and breathing modes—which usually does not occur in non-
layered materials due to the absence of the vdW gaps.[26,27]

These two types of collective vibrations are usually accom-
panied by the anisotropy of sound velocity, inducing obvious
anisotropic k. Consequently, it provides perspective insight
if we can introduce a separated vibration entirety similar to
layered compounds without destroying the structure of non-
layered materials, it should be hopeful to obtain a large
anisotropy k ratio in non-layered materials. Inspired by this,

some non-layered materials with maldistribution of chemical
bond strength attracted our attention where atoms con-
nected by strong bonds form integral units, and these units
connect with each other by weaker bonds, similar to the slab
in layered compounds. Therefore, it is reasonable to believe
that this maldistribution of chemical bond strength provides
a good platform for us to obtain large anisotropic k in non-
layered compounds.

Herein, we take non-layered PbSnS3, which crystalizes as
orthorhombic structures and belongs to Pnma space
group,[28,29] as an example to explore the large anisotropy
induced by maldistribution of chemical bond strength. We
discovered an anisotropy ratio of k up to 7.1 at 200 K (and
5.5 at 300 K) which is extremely large among non-layered
materials and can even surpasses some classical layered
materials with vdW gaps such as Bi2Te3 and SnSe. Due to
the 6 s lone pair electrons of Pb atoms, there is a kind of
intermediate strength Pb� S bonds in PbSnS3 of which the
interaction is weaker than ordinary covalent bond/ionic
bonds but stronger than vdW force. The maldistribution of
Pb� S bonds strength splits PbSnS3 into quasi-independent
dioctahedron chains, leading to the collective vibration and
anisotropic sound velocity, which endows PbSnS3 with large
anisotropic k. The maldistribution of chemical bond strength
can shed light on exploring the high thermal anisotropic
materials and provide worthy experience for applications of
thermal management.[30]

Results and Discussion

The single crystals PbSnS3 were synthesized by solid
sintering (photograph of single crystals in Figure S1, elemen-
tal analysis in Figure S2, the single-crystal crystallographic
data and refinement details in Table S1 and S2). In PbSnS3,
the Sn atoms bonds with the S atoms to form [SnS6]
octahedra (lilac in Figure 1a), while the Pb atoms form
trigonal pyramidal coordination with S atoms due to lone
pair 6 s electrons of Pb atoms, which are located at the
bottom of the second occupied valence subband (Figure S3),
pointed to the depth of void formed by sulfur atoms in
adjacent chains (Figure 1b) and repel the angle of intra-unit
S� Pb� S being less than 109°48’ (Figure S4). Two Pb-capped
[SnS6] octahedra form a unit through edge-sharing, which
infinitely grow along b axis to form a dioctahedron chain. In
this dioctahedron chain, the length of Pb� S and Sn� S bonds
is about 2.7–2.9 Å and 2.5–2.6 Å respectively, which belong
to typical hybrid of covalent bonds and ionic bonds (Fig-
ure 1c). While between two adjacent dioctahedron chain,
the distance between Pb and the nearest S atom in the
adjacent chain is �3.1 Å, which is farther apart than the
covalent bonds inside the double octahedron chain but
shorter than the sum of Pb and S vdW radii �3.8 Å.
Furthermore, the evaluation of Crystal Orbital Hamilton
Populations (COHP) proves that the strength of intra-unit
Pb� S bonds are much stronger than that of inter-unit bonds
due to the relatively larger bonding contributions of valence
electrons over anti-bonding contributions, although the
integrated COHP (ICOHP) of inter-unit Pb� S interactions
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are also negative (Figure S5). The COHP is a tool used for
analyzing the bonding between two atoms in a solid, which
is calculated by multiplying the density of states (DOS) with
the Hamiltonian matrix element of the interaction between
the orbitals of neighboring atoms. It reflects the contribu-
tions of the bonding term (which lowers the total energy)
and the antibonding term (which raises the total energy) to
the energy of the band structure. Meanwhile, the ICOHP
method is used to analyze the total bonding between two
atoms in a solid, which is achieved by integrating the part of
the COHP below the Fermi level, and can be used to
evaluate the strength of covalent bonds in the crystal. In
PbSnS3, the ICOHP for the Pb� S bonds between chain unit
is significantly smaller than that within a chain unit. These
results show that the lone pair 6 s electrons of Pb atoms
endow PbSnS3 with a very unique structural feature of
maldistributed chemical bond strength, i.e., there is a strong
covalent/ionic bond connection inside the dioctahedron
chains, while the interaction between the dioctahedron is
relatively weak, similar to the contrast of the interaction
strength between the intra-layers and the inter-layers in
layered compounds, which lays a foundation for us to obtain
the anisotropic k of non-layered materials.

The high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) also proves this
unique structural feature (Figure 1d). The measured lattice
constants by electron diffraction are a=0.875 nm,
c=1.402 nm (Figure S6), which is consistent with our results
of single-crystal diffraction data (Table S1). Because of the
light atomic mass of S atoms which are not sensitive for
STEM method, only Pb and Sn atoms are clearly observed,
however, we unambiguously identify the atomic arrange-

ment of the cross section along b axis. As illustrated by
dotted rectangle in Figure S7, two dioctahedron chain
PbSnS3 units with an angle about 60° arrange serially and
form a zigzag shape connected at the end and tail.

We investigated the k of PbSnS3 single crystal by time-
domain thermoreflectance (TDTR) along its three principal
axes from 200 K to 400 K (Figure 2a). In TDTR, ultrafast
laser was separated to two beams, the pump beam, and the
probe beam. The pump beam was modulated by certain
frequency and heat the sample periodically, and the time-
delayed probe beam was used to detect the temperature
change at sample surface by the change of reflectance (so
called thermoreflectance).[31] By fitting the temperature
decay curve to a corresponding thermal model,[32] we obtain
the k of PbSnS3 single crystal along the a direction. The k
along b and c directions were measured using beam-offset
TDTR method. We offset pump and probe beams, and the
measured full-width half-maximum (FWHM) of out-of-
phase signal contain the information of heat diffusion along
the offset direction. By fitting the FWHM using beam-offset
thermal model, we obtain the k along b and c axes.[46–49]

Details of the thermal model fitting and uncertainty analysis
are explained in the Supporting Information.

We note that PbSnS3 is a highly insulating material, and
its electrical behavior cannot be accurately measured with a
nanovoltmeter. The data we obtained in the TDTR meas-
urements represent the total thermal conductivity, with
electronic thermal conductivity making almost no contribu-
tion to it. As shown in Figure 2a, PbSnS3 single crystal

Figure 1. The maldistribution of chemical bond strength in PbSnS3.
a) Schematic of the coordination structure. b) The electron localization
function. The localized Pb 6s lone pairs (brown) spatially point to the
depth of void formed by sulfur atoms in adjacent chains. c) The length
of Pb� S bonds inside the dioctahedron-chain unit and three nearest
distances between neighbored units. d) The HAADF-STEM image of ac
plane. 2×2 cells atomic model arrangement is inserted.

Figure 2. The anisotropic k of PbSnS3 crystals. a) The temperature-
dependent anisotropic k of PbSnS3 single crystal along different axis by
TDTR. b) The k anisotropy ratios extracted from (a). c) The anisotropic
k ratios of classical thermal functional materials at room temperature.
β-InSe33, γ-InSe34, PbBi4Te7

35, Bi2Te3
36, GeTe37, SnSe38, CsBi4Te6

39, α-
Ag2S

40, NaCoO2
41, BiCuSeO42, ZnO43, Mg3Sb2

44, CuInTe2
45. Data of γ-

InSe, BiCuSeO, GeTe, α-Ag2S, Mg3Sb2 and CuInTe2 come from
calculated results, while others derive from single crystal samples.
d) The calculated phonon dispersions and the corresponding phonon
density of states.
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possesses a relatively lower k as 0.77 Wm� 1K� 1 at room
temperature along a axis compared with those along other
directions, which shows obvious anisotropy with the ratio kb/
ka up to 7.10 at 200 K and 5.45 at 300 K, indicating a higher
ability of heat transmitting along b axis (Figure 2b). We
compared the anisotropic k ratio of PbSnS3 with those of
other classical thermal functional materials at room temper-
ature (Figure 2c). As a non-layered material, PbSnS3 has a
large anisotropy ratio of k up to 5.45 at room temperature,
which surpasses quasi-layered or even some classical layered
thermoelectric materials such as BiCuSeO, SnSe, Bi2Te3 and
GeTe.

In order to explore the origin of the anisotropic k, we
calculated the phonon dispersion of PbSnS3. As seen in
Figure 2d, we observe a strong coupling of acoustic branches
and the three lowest-frequency optical branches (0.4–
1.1 THz). According to the result of phonon density of states
(PDOS), those low-frequency phonons dominating heat
transport are mainly related to the vibrations of Pb atoms
(Figure 2d), calling attention to the influence of the chemical
bonds between the Pb and their surrounding atoms. To be
specific, three lowest optical branches behave as collective
vibrational modes that can be identified as two shear modes
and one breathing mode separately (Figure 3a). The two
shear modes can correspond to the relative movement of the
above-mentioned dioctahedron chain along b axis (Fig-
ure 3b) and a axis (Figure 3c) respectively. The breathing
mode (Figure 3d) corresponds to the vibration of these units
along c direction.

The feature of collective vibrations of a group of atoms
frequently arises in layered structure where the vdW gaps
break the continuity of chemical bonds. While in PbSnS3,
the similar vibration modes come from the maldistribution
of chemical bond strength between Pb and S in ac plane.
The distance between Pb and S atom in the nearest neighbor

dioctahedron chain unit is about 3.1 Å, which weakens the
bonding force of Pb� S among different units. The Pb atoms
in dioctahedron chain units coordinates with S atoms to
form a trigonal pyramidal, leaving a bunch of lone pair
electrons locating at the void sites,[29] which can be viewed as
isolated weak bonds with neighboring dioctahedron chain
units. We analyzed the ELF projected onto the (101) plane
at 1=4 and 3=4 b lattice constant where Pb locate (Figure S8).
In general, the lone pairs on Pb are toward the void with
half to the negative a-axis (slice at 1=4 b) and half to the
positive a-axis (slice at 3=4 b). It is evident that the linear
density of the lone pairs is highest along the crystal’s a-axis.
These nonlinear repulsive electrostatic forces among the
lone pair electrons can reduce the lattice symmetry and
hinder phonon transport. This stereo-unstable state can
result in a larger atomic deformation during vibrating
compared to the rigid bonds in b direction, thus exhibit
anharmonicity which is responsible to the reduced k in a
direction. It is worth mentioning that the lowest k is along
the direction of shear mode (a axis), which is not the
common case in layered materials where the lowest k is
along the direction of breathing mode (cross plane). This
may arise from that the linear density of the lone pairs is
higher along the crystal’s a-axis than c-axis, emphasizing the
influence of the directionality of the maldistribution of
chemical bond strength on the anisotropic k.

In order to explain the superior anisotropy of PbSnS3,
we evaluated the distinction of bond strength intra and inter
the separated units with the -ICOHP of some classical
layered materials. As presented by Table S3, in PbSnS3, the
-ICOHP of Sn� S bonds in the separated units are much
larger than those between the metal and chalcogenide atoms
in layered materials, such as Bi� Te, Sn� Se, Ge� Te bonds,
where the capped-Pb atoms as electron donors enhance the
polarity of the Sn� S bonds and finally lead to the huge
distinction of bond strength intra and inter the separated
units. Furthermore, it is generally accepted that after hot-
pressing the grains of layered materials will be restacked
along the (00L) base plane, producing obvious preferred
orientation, and maintaining most of the anisotropy. How-
ever, this texture should not arise in non-layered PbSnS3 due
to the relatively stronger inter-chain Pb� S bond that resist
the reorientation under pressure compared with vdW forces.
Thus, the absence of the anisotropy of PbSnS3 is reasonable
after hot pressing, which is consistent with our experimental
results of hot-pressed polycrystalline samples (Figure S9)
and prove the non-layered feature of PbSnS3 as well.

We further account for the anisotropic thermal proper-
ties by discussing the parameters of phonon transport.
Within the framework of the Boltzmann transport equation,
we calculated the weighted phase space of three-phonon
process in PbSnS3, which is a direct judgment of the number
of allowed scattering processes that depends on the phonon
dispersions.[50] Apparently, low frequency phonons can
provide more momentum and energy-conserving three-
phonon scattering channels that affect the k (Figure S10).
Meanwhile, we calculated the relationship between the
group velocity and phonon frequency which also exhibit
anisotropy (Figure 4a). In the low-frequency region where

Figure 3. The shear and breathing modes of PbSnS3. a) The low-
frequency phonon dispersion spectrum of PbSnS3. b)–d) The Eigen
vector of the three lowest-frequency optical phonon modes at Γ point.
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most of heat travels, the group velocity of phonon in b axis
direction (the red points in Figure 4a) obviously dominates,
corresponding to the significantly larger k in b axis
compared with the other two directions. The TDEP code is
also used to calculate the phonon dispersions and group
velocity at 400 K (Figure S11 and S12).[51,52] We found that
the main temperature-related changes are optical phonons,
which have little effect on lattice thermal conductivity.

According to the analysis of Eigen vectors, the lowest-
lying optical branch arises from the collective vibration of
the dioctahedron chain unit. As the energy increases,
vibrations occur between the [SnS6] octahedron and Pb
atoms, as well as between S and Sn atoms. The gap between
4.3–4.8 THz in phonon dispersion is related to the difference
in mass between the light S and heavy Pb/Sn atoms,
indicating the chemical bond status between the heavy Pb
atoms and the neighboring light S atoms in the same chain.
Figure 4b presents the calculated lattice differential k of
different directions as a function of phonon frequency, in
which the area between the curves and the horizontal axis
represents the weight of k. The peak of differential k is
around 0.5 THz where the coupling of acoustic and optical
phonons and the collective vibration occurs. It can also be
seen that heat conduction along b-direction is predominated
comparing to other directions, especially when the phonon
frequency above 1 THz.

Conclusion

Based on the above experimental results as well as the
calculations of bond strength and phonon behaviors, we
unambiguously propose that the maldistribution of chemical
bond strength accounts for the large anisotropic k in PbSnS3.
The lone pair electrons of Pb atoms point to the depth of
void formed by sulfur atoms in adjacent dioctahedron chains
and weaken the bonding forces among these entireties,
resulting in a huge contrast of interaction strength between
the intra Sn� S and inter Pb� S atoms which can be even
larger than those in some classical layered materials. The
maldistribution of chemical bond strength induces the
collective vibrations. Besides, due to the tendentious
direction of lone pair to the a-axes in PbSnS3, the highest
sound velocity is along the closely linked b axis while the
lowest k is along the direction of shear mode (a axis), which
is not the common case in layered materials where the
lowest k is along the direction of breathing mode (cross
plane). In this mechanism, the maldistribution of chemical
bond strength not only maintains the non-layered structure
by relatively stronger inter-chain forces than vdW gaps, but
also produces separated entireties that hinder the thermal
transport among their voids, synergistically causing the high
anisotropy ratio of k in single crystal PbSnS3. As a result,
PbSnS3 shows the highest k anisotropy ratio ever reported in
non-layered materials, achieving 7.1 at 200 K and 5.5 at
300 K, respectively.

In summary, we reported a highest anisotropy ratio of k
in non-layered materials up to now, which even surpasses
many classical layered materials. Our results show that

building maldistribution of chemical bond strength, which
originates from the lone pair electrons of low-valence-state
p-block elements when they present stereochemically active
that repel the closely linked covalent/ionic bonds and hinder
the electron sharing in the direction they point to, is an
effective and generalizable strategy for obtaining large
anisotropic thermal conductivity. The maldistribution of
chemical bond strength leads to the collective vibration
modes and anisotropic group velocity, which can be
combined with advanced structures, such as quantum wells,
superlattices, and heterostructures to further improve the
anisotropy k ratios. Additionally, it should be equally
effective to both non-layered and layered compounds if
maldistribution of chemical bond strength can be introduced
into the interior slabs of layered compounds. Therefore, the
original concept of maldistribution of chemical bond
strength presented in this work not only deepens our
understanding of anisotropic thermal properties but also
broadens the horizons in design of new materials with large
anisotropy k ratios for application of thermal management.
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Figure 4. The thermal transport properties of PbSnS3. a) The aniso-
tropic group velocity along b axis (the red points) is obviously
dominated. b) The calculated k contributed by different phonon
frequency. The contribution along b direction is predominated compar-
ing to other directions when the phonon frequency above 1 THz.
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