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ABSTRACT
Shear modulus is commonly lower than its elastic counterpart in solids, leading to our experience that 
in the elastic region, it is usually much easier to shear than to compress/stretch a solid. Scientifically, 
this implies an easier change in molecular bonding angle than bonding length, further corresponding 
to the normally observed phenomenon that the propagation of longitudinal lattice vibrations is faster 
than that of shear ones. Populating the easier vibrations of flapping bond angles fundamentally opens 
an opportunity to insulate heat conduction in solids, since this type of vibration ensures slow 

propagation and low energy/frequency, leading to a low thermal conductivity. Here we demonstrate 
that single-crystalline orthorhombic Cs2 ZnI4 , with two sets of extremely low-frequency flapping 
vibrations in the crystallographic planes of ac (0.4 THz) and bc (0.5 THz), respectively, exhibits 
extraordinarily low thermal conductivities of 0.11 W m−1 K−1 along the c direction and of 0.16 W 

m−1 K−1 along the b direction at room temperature, as compared to ∼0.2 W m−1 K−1 in existing heat 
insulators in the dense form. The strategy and material developed in this work are believed to enrich 

the advancements of heat insulation technology. 
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solids have a nearly identical heat capacity of 3 
kB /atom at temperatures above 300 K, known 

as the Dulong-Petit law, efforts on developing 
heat insulators are focused on materials either 
with heavy constituent elements [9 ] and weak 
chemical bonds [10 ] for a low phonon propa- 
gating velocity [11 ] or with bunches of various 
types of defects [12 ] and multiscale structures for 
strong phonon scattering [13 –18 ]. To date, these 
strategies have led to a successful realization of 
room-temperature thermal conductivity as low as 
0.2 W m−1 K−1 for dense solids [19 ]. 

Elastic properties enable a fundamental under- 
standing of lattice vibrations of solids [20 ,21 ]. For 
example, a usual increase in both strength and 
density from gas to liquid and then to solid leads to 
an increase in the velocity of sound waves travel- 
ing through these media [22 ]. Similarly, isotropic 
solids with a positive Poisson’s ratio are known to 
usually show a larger elastic modulus than shear 
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NTRODUCTION 

aterials with low thermal conductivity have
ong captured significant attention for heat man-
gement applications [1 ] in many fields including
lectronics [2 ], thermoelectrics [3 ], buildings [4 ],
nd aerospace [5 ]. Since heat can be carried by
arious excitations [6 ] inside the material to flow
rom the hot to the cold side, blocking the trans-
ort of primary heat carriers is the key to heat
nsulation. Due to the requirement of mechanical
trength for most application circumstances, solid
aterials play critical roles in heat insulation, in
hich electrons and phonons are the major heat
arriers. It is then clear that known heat insulators
re mostly electronic insulators [7 ] as well because
f the negligible heat transport of electrons. 
In a three-dimensional solid, the low-energy

coustic branches, one longitudinal (compress-
ng/stretching lattice) and two shear phonons,

rovide the main heat carriers [8 ]. Since most 

d by Oxford University Press on behalf of China Science Publishing & Media Ltd. This is an Open Access article distributed under the terms of the
License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided 
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odulus. This leads to the relative easiness to
hear than to compress/stretch a solid, which
urther chemically means an easier change in
olecular bonding angle than bonding length,
hich, essentially corresponds to a faster propa-
ation of longitudinal lattice vibrations than that
f shear ones. 
It is then clearly suggested that populating

hese easier-shear optical vibrations to produce
ond-angle fluctuations fundamentally opens
n opportunity for minimizing heat conduction
ecause these shearing vibrations lead to a low
ptical vibrational frequency for suppressing the
requency of acoustic branches [23 ,24 ]. Taking
ethylene as an example, the planar rocking

hows that the two hydrogen atoms undergo
igid-like libration around the central axis defined
y the C atom. During such planar rocking, the
-C-H bond angle within the molecule remains
early unchanged, resulting in a relatively low
ibration frequency of 21.6 THz [25 ] (compared
o scissoring vibrations of 43.9 THz, where the
ydrogen atoms move in opposite directions). It
s defined that the flapping vibrations in crystal
ystems are those vibration modes analogous to
he planar rocking of methylene. Note that the
ibrations in crystals are usually more complex
han those in molecular examples. For example,
he phase differences between vibrational units
such as polyhedra) within lattices must also be
onsidered when discussing the changes in bond
ngle and length. 

According to the theory of deformation, it can
e geometrically understood in a two-dimensional
pace that a deformation gradient can be decom-
osed into symmetric and antisymmetric parts,
nd the latter corresponds to a rotation [26 ].
nce considering the lattice dynamics in a solid
t finite temperatures, the trajectory of an optical
lanar-flapping mode analogously corresponds
o the circular shearing deformation fluctuations.
his type of vibration might lead to bond-angle
luctuations in chemistry, and might also reduce
he frequency of lattice vibrations in physics. 

Low bonding strength (i.e., a low force con-
tant) is the core factor underlying low sound
elocity, low shear modulus, and low optical
ode frequencies. Therefore, to facilitate the
ffect of flapping vibrations for minimizing heat
onduction, the material should then elastically
how a low shear modulus. This indicates a strong
ond anisotropy (at least locally), which can
sually be expected in a low symmetry structure.
urely, a strong bond anisotropy is also helpful
or a strong phonon scattering [27 ]. 
Page 2 of 9
It is motivated to focus on the low-symmetry 
orthorhombic Cs2 ZnI4 (space group no. 62, 
Pnma ), which has an average atomic mass as 
heavy as 120 g/mol, as a new heat insulator. It 
is revealed in single crystals an extremely low 

thermal conductivity of 0.11 W m−1 K−1 at 
room temperature, which is one of the lowest 
among known heat insulators. This low thermal 
conductivity stems from the distinct flapping vi- 
brations evident from synchrotron X-ray diffuse 
scattering, transmission electron microscopy, and 
Raman spectroscopy characterizations. This work 
illustrates the importance of flapping vibrations 
for insulating heat. 

RESULTS AND DISCUSSIONS 

Surveys of average atomic mass-dependent 
shear modulus ( G ), mean sound velocity ( vs ), 
thermal expansion coefficient ( β), and ther- 
mal conductivity ( κ) for nitrides/pnictides, 
oxides/chalcogenides, halides, and existing heat 
insulators are given in Figs 1 a–d and S1. Table S1
provides the specific elastic parameters of the 
single-crystalline Cs2 ZnI4 along the a -, b -, and 
c -directions. The mechanical properties exhibit 
significantly anisotropic characteristics in three 
directions, which correspond to the anisotropy 
of chemical bonds. At a given average atomic 
mass, the overall trend of increasing covalency 
from halides to oxides/chalcogenides and then to 
nitrides/pnictides drives a corresponding increase 
in vs and κ , yet induces an inverse response in β . 
Moreover, a low G usually leads to a reduced vs 
(Fig. 1 e), which is even lower in Cs2 ZnI4 than 

that along the out-of-plane direction in most two- 
dimensional materials ( Fig. S2). All these features 
are consistent with the common wisdom [11 ] of 
weakly-bonded heavy atoms for heat insulators, 
and this work illustrates in Cs2 ZnI4 that a small G 

is helpful for a low vs and κ but a high β (Fig. 1 f). 
The experimental details on sample synthesis, 

characterizations, and property measurements, as 
well as Density Functional Theory and ab initio 
molecular dynamics calculations, are provided in 

the Supplementary data. The unique properties 
of the Cs2 ZnI4 stem primarily from its crystal 
structure. Figure 2 a shows a typical photograph of 
the single crystal, which enables pellet samples to 
respectively show [100], [010], and [001] orienta- 
tions (Fig. 2 b). The (301) peak in the ( h 00) X-ray
diffraction (XRD) pattern likely arises either from 

surface scratches introduced during polishing, 
as the (301) plane has the highest theoretical 
intensity in random powder samples ( Table S2), 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag256#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag256#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag256#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag256#supplementary-data
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Figure 1. Physical properties. Surveys of average atomic-mass-dependent (a) shear modulus ( G ), (b) mean sound 
velocity ( vs ), (c) thermal conductivity ( κ), and (d) thermal expansion coefficient ( β), for nitrides/pnictides, ox- 
ides/chalcogenides, halides, and existing heat insulators (partially in the supplementary). (e) Dependency of G on 
the mean sound velocity and (f) crystallographic-direction-dependent G , vs , κ , and β. The detailed composition and 
references are given in the supplementary. 
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r from slight misalignment due to its small an-
ular deviation from ( h 00), making it detectable
hile other intense peaks at larger angles are
bsent ( Table S3). Single-crystal XRD analysis
onfirms its orthorhombic structure with a Pnma
pace group ( Fig. S3 and Table S4), showing three
rystallographic sites for iodine (labeled as I1 , I2 ,
nd I3 ) and two for cesium (Cs1 and Cs2 ) with
nisotropic vibrations. 

The origin of flapping vibrations in Cs2 ZnI4 
ainly arises from two aspects: for a Pnma space
roup, the I3 and I2 atoms occupy the 8d and 4c
ites, respectively. Through inversion and screw
ymmetry operations, eight equivalent I3 atoms
nd four equivalent I2 atoms can be formed.
ike the hydrogen atoms in methylene, one pair
f the adjacent equivalent iodine atoms form a
roup, with a certain axis (cesium atoms and zinc
toms) serving as the rotation center. This is the
tatic structural origin for flapping vibrations in
eal space. On the other hand, the anisotropy of
hemical bonds leads to a pronounced directional
reference to thermal vibrations, wherein thermal
ibrations along directions with weak chemical
onds are large, while those along directions with
trong chemical bonds are small. This ultimately
eads to significant anisotropies in the thermal vi-
ration ellipsoids of I3 and I2 , providing the lattice
ynamical origin for flapping vibrations. Notably,
he atomic displacement parameters (ADP, U11 ,
22 , and U33 ) demonstrate the anisotropy of lattice
ibrations, as visualized in the thermal ellipsoid
lot (Fig. 2 c). The room-temperature thermal
ibrational ellipsoid for each atom is detailed in
ig. S4, with its chemical bonding environments
entered in both cations and anions. 

The negative projected Crystal Orbital Hamil-
on Population (–pCOHP) for the Cs-I bonds
Fig. 2 d) and Zn-I bonds (Fig. 2 e) clearly reveal
he bonding and antibonding contributions for
arious atomic pairs. Notably, some bonds exhibit
 distinct antibonding state in the vicinity of the
ermi level. Occupation of these antibonding
tates increases the total energy of the system,
hich weakens the chemical bond and enhances

he lattice anharmonicity. Furthermore, the
n-I bond has an integrated COHP (ICOHP) of
1.1 eV, significantly more negative than those of
ther pairs (Fig. 2 f), confirming it as the strongest
ovalent chemical bond in Cs2 ZnI4 . This leads
o nearly isotropic atomic displacements for Zn
toms. On the other hand, the Cs-I bond yields an
COHP of −0.4 eV, indicating a relatively weak
hemical bond strength. 

To further visualize the chemical bonding
ature in Cs2 ZnI4 , we calculate the electron lo-
Page 4 of 9
calization function (ELF) which can describe the 
bond type between atoms, as shown in Fig. S5. 
The large ELF values ( > 0.5) correspond to cova- 
lent bonds and lone pair or inner shell electrons 
while the smaller ELF values ( < 0.5) correspond to 
ionic or metallic bonds. The weak electron local- 
ization between neighboring Cs-I suggests ionic 
interaction, while the relatively large electron 

localization between neighboring Zn-I implies a 
more covalent component of chemical bonds. 

The temperature-dependent powder XRD 

( Fig. S6a and b) reveals a positive thermal ex- 
pansion behavior. Combined analysis of the 
temperature-dependent XRD ( Fig. S6a) and 
differential scanning calorimetry ( Fig. S6c) data 
reliably demonstrates the material’s thermal sta- 
bility, with no detectable phase transitions or 
decomposition occurring below 500 K. The scan- 
ning electron microscopy observations equipped 
with an energy dispersive X-ray spectrometer 
attest to the good quality of the crystal ( Fig. S6d). 

Phonon spectrum calculations reveal that the 
planar-like flapping vibrational modes along both 

the b and c axes exhibit remarkably low-frequency 
characteristics [28 ,29 ]. Notably, the theoretical 
frequency of this vibrational mode shows an 

agreement with the characteristic peak observed 
at 0.4 THz in room-temperature Raman spec- 
troscopy (Fig. 3 a). According to the theoretical 
analysis, A1g , B1g , B2g , and B3g are the possible Ra- 
man active mode symmetries (space group Pnma , 
point group D2h ). The nice agreement ( Fig. S7) in 

the highest possible phonon frequency between 

Raman measurements and the first-principles 
calculations further ensures the measurement 
accuracy. 

In the calculated phonon spectrum with den- 
sity of state at 300 K (Fig. 3 b), two optical branches 
are marked in red and blue, respectively. At the 
� point, the former corresponds to the flapping 
vibrations of two I2 -Cs-I2 and two I3 -Cs-I3 units 
within the ac -plane (Fig. 3 c), while the latter 
corresponds to the flapping vibrations of four 
I2 -Zn-I3 units within the bc -plane (Fig. 3 d). Ac- 
cording to the COHP calculation data (Fig. 2 d–f), 
since the Cs-I bonds are weaker than the Zn-I 
bonds, the frequency of the Cs-I flapping mode is 
lower than that of the Zn-I flapping mode. 

Since there are neither coupling interactions 
nor mode hybridization between acoustic and 
optical phonons along the �-Y and �-Z direc- 
tions, their vibrational modes remain mutually 
independent, and thus the system does not exhibit 
the avoided crossing phenomenon. The flapping 
vibrations induced Raman peak at a characteristic 
frequency as low as 0.4 THz is observed, possibly 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag256#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag256#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag256#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag256#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag256#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag256#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag256#supplementary-data
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with a few other low-intensity peaks of higher 
frequencies within 1 THz. These measurement 
results nicely agree with the first-principles cal- 
culations on the phonon dispersion disclosing 
extremely low-frequency optical flapping modes 
(marked in red and blue in Fig. 3 b). The rapid in-
crease in density-of-states (DOS) around 0.4 THz 
originates from the contribution of flapping vi- 
brations. These modes largely contribute to the 
phonon DOS due to the intensive vibrations of Cs 
and I at around 0.5 THz. 

These flapping vibration-induced displace- 
ments of atoms are observed by the three- 
dimensional single crystal synchrotron X-ray 
diffuse scattering measurements. The reciprocal- 
space diffuse scattering data were collected at the 
QM2 beamline at the Cornell High Energy Syn- 
chrotron Source. More details of data processing 
are provided in supplementary data [30 ]. In X-ray 
single-crystal total scattering experiments, each 

bright spot observed in reciprocal space (Fig. 4 a) 
is a Bragg diffraction point, reflecting the long- 
range order of equilibrium positions of atoms. 
When those atoms deviate from their long-range 
periodic positions (e.g. due to lattice defects or 
optical phonons), it gives rise to so-called diffuse 
scattering signals across the reciprocal space (e.g. 
diffuse rods). If the atoms (or atomic clusters) 
deviating from their equilibrium positions form 

one-, two-, or three-dimensional short-range 
order in real space, the diffuse scattering sig- 
nals will correspondingly exhibit two-, one-, or 
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ero-dimensional geometric characteristics in
eciprocal space. 

In our experiments, the diffuse scattering sig-
als (left panel in Fig. 4 a, marked by black dashed
ines) reveal the characteristic diffuse rods along
ertain directions. For example, the [05 L ] direc-
ion in the reciprocal space is related to the large
22 of I2 atoms in real space due to the flapping
ibrations. The experimental observations can
e well reproduced by the large-scale molecular
ynamics (MD) simulation (right panel in Fig. 4 a),
hich confirms the intrinsic nature of thermal
iffuse scattering. Note that the Bragg diffraction
eaks are suppressed when H equals half-integer
alues (e.g. 0.5), at which the diffuse scattering
ignals become more pronounced. 

Similarly, diffuse signals can also be observed
long the [032] direction (Fig. 4 b, marked by black
ashed lines). We further employed selected-area
lectron diffraction (SAED) to cross-validate the
bserved diffuse scattering signals. The streak-
ike contrast between SAED spots indicates the
resence of diffuse scattering information (Fig. 4 c,
arked by the yellow dashed lines), whose ge-
metric features are consistent with the X-ray
cattering experimental results. It is worth noting
hat the sample is relatively sensitive to electron
eam irradiation. Although the diffraction data
ere acquired using as weak an electron beam and
s short an exposure time as possible, some subtle
hanges in the sample may still have occurred
uring acquisition (specifically manifested as an
ncomplete correspondence of extinction spots
etween the XRD and electron diffraction data).
evertheless, both experiments and simulations

ndicate that the diffuse scattering information is
ndeed consistently present. 

Given that the MD results well reproduce the
xperimental data at 300 K, we have calculated
iffuse scattering data at different temperatures
sing MD simulations (Fig. 4 d) to discuss the re-
ation between diffuse scattering, dynamical phe-
omenon, and the flapping. We argue that these
iffuse signals are dynamic and phonon-related,
ather than static defect structures. Figure 4 d
isplays the ( HKL )-dependent diffuse scattering
ntensity at different temperatures. It can be found
hat the diffuse scattering arising from short-range
rder exhibits a clear temperature dependence,
ndicating that it is primarily phonon-dominated. 

The calculated mode Gruneisen parameters
t 300 K ( Fig. S8a) are used to estimate the an-
armonicity parameter. Certain phonon modes
f ∼0.5 THz exhibit significantly negative mode
runeisen parameters, which are attributed to

he rotation motion of the flapping vibrations. In
Page 6 of 9
general, the frequency dependence of the phonon 

scattering rate approximately follows ω², indicat- 
ing that three-phonon scattering is the dominant 
scattering mechanism. It is worth noting that the 
phonon scattering rates are enhanced near the 
frequencies of the first and second flapping modes 
( Fig. S8b), due to the enhanced scattering phase 
space. 

The measured heat capacity at constant pres- 
sure ( Cp ) shows an agreement with that predicted 
according to the Dulong-Petit law at room tem- 
perature and above ( Fig. S9a). Therefore, to 
maintain consistency in the thermal conductivity 
estimation, the use of the Dulong-Petit limit in 

this work is reasonable and conservative in the 
temperature range of 200–425 K. The existence 
of extremely low-frequency flapping vibrations 
is therefore expected to largely contribute to Cp 
beyond that predicted by the Debye model, which 

is observed at temperatures much lower than 

the Debye temperature ( �D 

) of 94 K in Fig. S9b. 
Taking into account the significant increase in 

phonon DOS around the frequency of flapping 
modes, the increase in Cp can then be well repro- 
duced, indicating quite similar lattice dynamics 
for the low-temperature phase [31 ]. 

The calculated frequency-dependent group 
velocity ( Fig. S10), particularly for longitudinal 
acoustic branches along �-A direction, reveals 
a significant reduction once its frequency ap- 
proaches the characteristic one of flapping modes. 
As these flapping vibrations are deeply wedged 
into a low-frequency range, a significant resis- 
tance to heat conduction can be expected because 
of the large reduction in group velocity of acoustic 
phonons (the primary heat carriers). 

Furthermore, due to the strongly suppressed 
sound velocity, single-crystal Cs2 ZnI4 along 
the c -axis exhibits an extraordinarily low κ of 
0.11 W m−1 K−1 at 300 K (Fig. 5 a and b, and the
measurement setup and the raw data are given 

in Figs S11–S13). This value is extremely close 
to the theoretical minimum described by the 
Cahill model, indicating that its heat transport has 
approached the minimum limit. The measured 
thermal conductivity obtained by the guarded 
hot-plate method agrees with that from laser flash 

analysis within a relative deviation of less than 

5% ( Fig. S14 and Tables S5 and S6), confirming 
the reliability of the reported thermal conduc- 
tivity data. It can be seen from Table S1 that the 
anisotropy in thermal conductivity is consistent 
with that of sound velocity, both exhibiting a 
decreasing trend along the crystallographic axes 
from a to b then to c . This indicates that thermal
conductivity is predominantly dominated by the 
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Figure 5. Heat insulation performance. (a) Temperature-dependent thermal con- 
ductivity for Cs2 ZnI4 , and (b) a comparison to that of existing dense heat insula- 
tors [14 ,28 ,29 ,34 –39 ]. (c) A comparison in heat insulation between Cs2 ZnI4 and 
Cs3 Bi2 I9 [19 ] with the same-size cylinders placed on a heating stage monitored by 
optical and infrared cameras for different heating times. 
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ong-wavelength acoustic phonons. The sound
elocity in the a -direction is ∼1.3 times that in
he c -direction. According to the Slack model,
hermal conductivity is proportional to the cube
f the sound velocity. However, the thermal
onductivity in the a -direction is less than 1.33 

imes that in the c -direction. This suggests that
he rapid decrease in phonon group velocity along
he a -direction still contributes to the reduction
f thermal conductivity in that direction. 
The calculation of thermal conductivity indi-

ates that the thermal conductivity of Cs2 ZnI4 is
redominantly dominated by particle-like phonon
ransport at room temperature, while the contri-
ution from wave-like phonon transport is not
ignificant ( Table S7). This explains the experi-
entally observed decrease in thermal conduc-

ivity with increasing temperature below room
emperature. It is worth noting that the calculated
nisotropy of thermal conductivity is relatively
eak, which may be attributed to the possible

naccuracy in phonon renormalization. As shown
n Fig. S15, the anisotropy of sound velocity
fter phonon renormalization is also not as pro-
ounced as the experimentally measured values.
e recognize that these discrepancies likely arise

rom the limitations of the second-order effective
armonic model in fully capturing the higher-
Page 7 of 9
order anharmonic effects of certain phonon 

modes, particularly for systems with large mean 

momentum densities at elevated temperatures. 
The thermal conductivity measurements at 

low temperatures exhibit a distinct crystal peak, 
indicating that the sample possesses high crys- 
tallinity. Due to the rapid increase in heat capacity 
at low temperatures, the thermal conductivity be- 
low 5.5 K rises with increasing temperature and 
reaches a peak at 5.5 K, with the magnitude of the
peak determined by the grain size of the measured 
sample. When the temperature exceeds 5.5 K, the 
thermal conductivity decreases with increasing 
temperature, indicating that phonon scattering is 
dominated by three-phonon scattering processes. 
The strong ionicity and ionic insulation behavior 
(2 × 10−10 S/cm) as well as the large optical band 
gap (4.3 eV) shown in Fig. S16, ensure the absence 
of electrons contributing to heat conduction in 

Cs2 ZnI4 . 
The heat insulation performance of Cs2 ZnI4 is 

further compared to that of known Cs3 Bi2 I9 [19 ] 
(synthesized as well in this work) with a room- 
temperature κ of 0.20 W m−1 K−1 (Fig. 5 c) and 
Bi4 SeCl2 O4 [27 ,32 ,33 ] ( Fig. S17). The XRD data 
for the cylindrical samples are shown in Fig. S18. 
Both cylinders of the same size with cubes of an
InSbBi alloy (melting point Tm 

= 320 K) on the 
top are placed on a heating stage of 345 K, with
temperatures monitored by an infrared camera. 
Compared with the Cs3 Bi2 I9 cylinder, the upper 
surface temperature of the Cs2 ZnI4 cylinder is 
much lower, and the InSbBi alloy placed on top 
remains unmeted, indicating that this material 
exhibits better thermal insulation performance. 
Note that Cs3 Bi2 I9 exhibits higher emissivity 
compared to Cs2 ZnI4 , which could lead to under- 
estimation of actual temperature measurements. 
Nevertheless, experimental observations revealed 
that the alloy deposited on the top of the Cs3 Bi2 I9 
cylinder melted, whereas the alloy on the Cs2 ZnI4 
cylinder remained in a solid phase. These com- 
parative experimental results demonstrate that 
temperature measurement deviations caused by 
emissivity differences are not the critical factor 
influencing the observed melting phenomenon. 

CONCLUSION 

Inspired by the common wisdom that shearing 
is usually easier than stretching/compressing, 
this work chemically constructs building blocks 
of flapping vibrations and physically utilizes the 
low characteristic frequency feature for eventu- 
ally blocking phonon transport. It is illustrated 
that the low-symmetry Cs2 ZnI4 crystal of heavy 
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lements enables flapping vibrations that lead
o very low shear moduli, sound velocities, and
hermal conductivity. We hope the strategy
ere could broaden the pathway for advancing
hermally functional materials for both heat
reservation and energy conversion (such as
hermoelectrics) applications. 

ETHODS 

etailed methods can be found in the online sup-
lementary information. 

UPPLEMENTARY DATA 

upplementary data are available at NSR online. 
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