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a b s t r a c t

Rationalizing the underlying mechanism that correlates phonon transport with structural complexity is
crucial for the development of materials with ultralow thermal conductivity. Herein, we investigated the
abnormal thermal transport and lattice dynamics in Ag9FeS6-xTex argyrodite-type compounds via a
combination of properties characterization, model analysis, and theoretical calculations. Our results
show that the ordered a-phase and disordered b-phase of Ag9FeS6-xTex exhibit distinct temperature
dependency of lattice thermal conductivity kL. Specifically, the kL of ordered a-phase shows a crystalline
characteristic with a pronounced Umklapp peak observed at ~10 K, while the kL of disordered b-phase
monotonously increases in the whole temperature range without a peak or plateau. Such different
thermal transport behavior is a result of different contributions to the reduction of kL from the structural
disorder and the low-lying multi-Einstein oscillators, both of which are associated with the weakly
bonded Agþ ions. The knowledge depicted here provides fundamental insights into the extraordinary
thermal transports in materials with structural disorder and/or weak chemical bonds.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Thermal conductivity, one of the most fundamental properties,
refers to the ability of a material to transfer or conduct heat through
both phonons and electrons. Materials with low thermal conduc-
tivity have gained great attention in a great diversity of research
fields, such as thermal insulators, thermal barrier coatings, ther-
moelectric materials, and so on [1e5]. The total thermal conduc-
tivity (k) is generally composed of electronic thermal conductivity
(ke) and lattice thermal conductivity (kL). The former part, ke, is
proportional to the material’s electrical conductivity and thus is
high in metals but negligible in electrically insulating solids. The
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latter part, kL, can be described as kL ¼ 1/3Cv v l, where Cv, v, and l
stand for the specific heat at constant volume, the group velocity of
phonon, and the phonon mean free path, respectively. Theoreti-
cally, l can be shortened by various scattering events but Cv and v
are the intrinsic properties and difficult to alter. Thus, the common
strategy for reducing kL of a material is to reduce l by intensifying
phonon scattering, while only a few studies focus on the manipu-
lation of Cv or v. Over the past decades, a variety of approaches, such
as all-scale hierarchical structuring [6,7], entropy engineering [8,9],
liquid-like ions [10e13], and lattice strain engineering [14,15], have
been extensively developed to reduce the lattice thermal conduc-
tivity. Moreover, a lot of materials with intrinsically low kL have also
been explored, in which kL is closely related to the structural
complexity, chemical bonding nature, and bonding environments
[16e19]. For instance, compounds with lone pair electrons or hi-
erarchical chemical bonds usually have large lattice anharmonicity,
resulting in strong phonon-phonon interactions and hence lower kL
[20,21]. Besides, materials with soft chemical bonds generally have
a low sound velocity and a high Gruneisen parameter, which, in
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turn, give rise to an intrinsic ultralow kL [18,22e25]. Therefore,
exploring novel compounds with intrinsically low kL and rational-
izing the nature of their chemical bonding are crucial for the design
of efficient energy materials.

Recently, the mineral argyrodite-type compounds have drawn
great attention as a new family of promising thermoelectric ma-
terials. The argyrodites contain a large family of compounds with a

general chemical formula Aþ
12�y=xB

yþQ2�
6 (A ¼ Li, Cu, Ag; B ¼ Ga, Al,

Fe, Si, Ge, Sn, P, As; Q ¼ S, Se, Te) [11,18,23e31]. These compounds
typically show rich phase transition behavior. At high temperature,
they usually crystallize in high-symmetry disordered structures,
wherein Aþ ions are highly mobile and exhibit liquid-like charac-
teristic. At low temperature, they transform into ordered mono-
clinic, orthogonal, or hexagonal structures, depending on their
chemical compositions. The Aþ ions at these low temperature
phases display highly ordered distributions, which is in contrast to
the disordered Aþ at high temperature phases. Very low sound
velocity and cutoff frequency of acoustic phonons are found in
these argyrodite materials, stemming from their weakly bonded Aþ

and large unit cells [18,23,25,31]. More importantly, extremely low
kL values have been reported in most argyrodite-type compounds,
such as 0.23 W m�1 K�1 in Ag9GaSe6 [30], 0.25 W m�1 K�1 in
Cu7PSe6 [29], and 0.15Wm�1 K�1 in Ag8SnSe6 [25]. The ‘liquid-like’
behavior of disordered Aþ ions at high temperatures is believed the
main origin of the low kL in disordered phases [13]. However, the kL
is also very lowat low temperatures, at which all the ions are frozen
out, leading to very weak liquid-like behavior. The thermal trans-
port behavior is different from both crystalline and amorphous
compounds, which is quite abnormal and special. Moreover, the kL
for the ordered argyrodites is also quite low, but the mechanism is
rarely investigated.

Herein, we focus on an iron-containing argyrodite-type com-
pound, Ag9FeS6-xTex, which has an ordered a-phase and a disor-
dered b-phase that possess the same elements but very different
thermal transports. Both phases show intrinsically ultralow kL
values in the whole temperature range. In particular, the kL in
disordered b-phase monotonously increases from 0.03 W m�1 K�1

at 3 K to 0.3 Wm�1 K�1 at 300 K and maintains such low values up
to 800 K. In contrast, the kL in ordered a-phase shows a distinct
peak at around 10 K. Through both experimental measurements
and theoretical calculations, we reveal such difference is correlated
with the different contributions to the reduction of kL from the
structural disorder and the low energy multi-Einstein optic modes,
originating from theweakly bonded Ag. This work can shed light on
the origin of ultralow kL in other argyrodite-type compounds.
2. Experimental section

2.1. Synthesis

Polycrystalline samples of Ag9FeS6-xTex (x ¼ 0.3, 0.5, 1.0, 1.5, 2.0,
2.3) were prepared by a melting-quenching-annealing-sintering
process. High-purity elements of Ag (shots, 99.9999%, Alfa Aesar),
Fe (granules, 99.98%, Alfa Aesar), S (pieces, 99.9995%, Alfa Aesar),
and Te (powders, 99.999%, Alfa Aesar) were weighed in stoichio-
metric proportions and then sealed in silica tubes under vacuum.
The tubes were heated to 1273 K in 12 h and held at this temper-
ature for 12 h followed by a quenching process. In order to ensure
uniform distribution of the elements, the quenched tubes were
annealed at 773 K for 6 days. Finally, the obtained ingots were
handed ground into fine powders and then consolidated into dense
pellets by hot pressing at 873 K under a pressure of 65 MPa. The
density of resulting samples is higher than 97% of theoretical value.
2

2.2. Characterization

The phase purity and crystal structure of the synthesized
Ag9FeS6-xTex polycrystalline samples were examined by powder X-
ray diffraction (PXRD, Rint 2000, Rigaku, Japan) using Cu Ka radi-
ation (l ¼ 1.5405 Å) at room temperature. The phase transition
characters were analyzed by differential scanning calorimetric
(DSC, Netzsch 200 F3) and low temperature powder X-ray diffrac-
tion (l ¼ 1.5405 Å) measurements. The Rietveld refinements were
performed using FULLPROF program. The sample microstructure
and chemical composition were measured by scanning electron
microscopy (SEM, ZEISS Supra 55) equipped with energy dispersive
spectrometer (EDS, Oxford Horiba 250). The electron backscattered
diffraction (EBSD) analysis was performed on field emission scan-
ning electron microscope (FESEM, Verios G4). The details of
microstructure were further examined by transmission electron
microscope (TEM, JEM-2100F). Optical diffuse reflectance spectra of
powder samples were obtained at room temperature using U-4100
Spectrophotometer, with the collecting range from 250 to 2600 nm
at a scan rate of 600 nm/min. The thermal diffusivity (D) above
300 K was measured by laser flash method using Netzsch LFA 457
under continuous argon flow, and the samples were spray-coated
with a thin layer of graphite before the measurement to mini-
mize the reflectivity. The thermal conductivity (k) was calculated
via k ¼ D Cp r, where the density (r) was determined using the
Archimedes method, and the heat capacity (Cp) was estimated by
the Dulong Petit limit. Low-temperature (2.5e300 K) heat capacity
and thermal transport measurements were performed on Quantum
Design physical property measurement system (PPMS). The trans-
verse and longitudinal sound velocities of the samples were ob-
tained by the ultrasonic pulse method on Advanced Ultrasonic
Measurement System at room temperature.
2.3. Theoretical calculations

Lattice dynamics were investigated using Density Functional
theory (DFT) based on the modified low-temperature crystal
structure of Ag9FeS4Te2. Crystal structure and electronic structure
optimizationwere performed using the projector-augmented wave
(PAW) method, which is implemented in the Vienna ab initio
simulation package (VASP), choosing the Perdew-Burke-Ernzerhof
(PBE)-type generalized gradient approximation (GGA) as the
exchange-correlation functional [32]. The plane-wave energy cutoff
was set at 450 eV. In order to get the most stable structure in cal-
culations, all the atomic positions were relaxed until the calculated
Hellmann-Feynman force on each atom of the unit cell was less
than 10�6 eV/Å. Using the finite displacement method, the relaxed
crystal was used for static calculation with the package phonopy
[33]. We constructed a 2 � 2 � 2 supercell (including 224 atoms)
and set convergence criteria of electronic step as 10�8 eV/Å for
static calculation of displaced supercell in accurate precision. After
all displaced supercells had converged, sound velocity can be ac-
quired by averaging gamma points’ phonon group velocities along
different directions. This case has not considered the spin-orbit
coupling (SOC) effect.
3. Results and discussion

The crystal structure and phase transition of Ag9FeS4.1Te1.9 have
been investigated by Frank et al. [27]. As depicted in Fig. 1a, it
crystallizes in a cubic structure (b-phase) with space group of F43m
above 265 K. The Agþ ions in this structure are disorderly distrib-
uted and highly mobile, suggesting their weakly bonding with S/Te
anions. With temperature decreasing to below 265 K, the high-



Fig. 1. Visualization of the (a) low-temperature (P213) and (b) high-temperature (F43m) crystal structures for Ag9FeS4.1Te1.9. The partial site occupancy is indicated by partial
coloring of the atoms. (c) Room-temperature powder X-ray diffraction patterns for Ag9FeS6-xTex (x ¼ 0.3, 0.5, 1.0, 1.5, 2.0, 2.3) samples. The theoretical diffraction peaks of high-
temperature phase for Ag9FeS4.1Te1.9 are taken from Ref. 27. (d) Lattice parameters calculated by structural Rietveld refinements for Ag9FeS6-xTex samples at room temperature.
The lattice parameter of Ag9FeS4.1Te1.9 taken from Ref. 27 is included for comparison.
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temperature b-phase is converted to a low-temperature a-phase
with space group of P213. It should be noted that the anion
framework of a-phase is scarcely changed as compared with b-
phase. Besides, the lattice parameters and AgeS/Te bond length for
both low- and high-temperature phases are very close. Therefore, it
is believed that Agþ ions are also loosely bonded in the low-
temperature a-phase although the Agþ ions are located in an or-
dered fashion. Herein we synthesized a series of Ag9FeS6-xTex
samples with x ranging from 0.3 to 2.3. The measured powder XRD
patterns are shown in Fig. 1c and Fig. S1. When x is between 0.5 and
2.0, all diffraction peaks of Ag9FeS6-xTex samples arewell indexed to
the cubic b-phase described above. However, some additional
peaks belonging to either Ag2S or Ag2Te phases are observed when
x is 0.3 or 2.3. This suggests that Ag9FeS6-xTex is stable in a wide
composition range with x between 0.5 and 2.0. Beyond this range,
the structure is unstable and impurity phases will form. The lattice
parameters determined by Rietveld refinements are plotted in
Fig. 1d. As expected, with increasing Te content, the lattice pa-
rameters gradually increase since the ionic radius of Te2� (2.21 Å) is
much larger than that of S2� (1.84 Å). The lattice parameters almost
linearly increase with increasing x from 0.5 to 2.0, well obeying the
Vegard’s law. This implies that part Te atoms successfully enter the
S lattice sites or part S atoms enter the Te lattice sites. However, at a
lower (x¼ 0.3) or higher (x¼ 2.3) Te content, the lattice parameters
obviously deviate off the Vegard’s law. Our scanning electron mi-
croscopy, energy dispersive spectroscopy, and transmission elec-
tronmicroscopymeasurements also demonstrate the samples with
x ¼ 0.5, 1.0 and 1.5 are single phased without detectable impurity
phases (see Fig. S2). All the evidences corroborate that the Te sol-
ubility limit in Ag9FeS6-xTex is between x ¼ 0.5 and 2.0.

To investigate the influence of Te alloying on phase transition
characters, the differential scanning calorimetric (DSC), low-
temperature powder XRD measurements, and Rietveld refine-
ment analysis were performed on Ag9FeS6-xTex samples. As
3

depicted in Fig. 2a, an obvious endothermic peak is observed in the
DSC curve of Ag9FeS4Te2, corresponding to the phase transition
from ordered a-phase to disordered b-phase. The phase transition
temperature for Ag9FeS4Te2 is around 270 K, which is very close to
the value (265 K) reported by Frank et al. [27]. This is further
demonstrated by our low-temperature XRD and Rietveld refine-
ment results shown in Fig. 2b, Fig. S3 and Table S1. At 100 K and
200 K, nearly all the diffraction peaks can be well indexed to the
ordered a-phase, pointing to the structural transformation during
cooling. However, when the Te content is decreased to below
x ¼ 1.5, no phase transition peak but a weak hump is observed, as
illustrated in Fig. 2a and Fig. S4. This suggests the initial phase
transition character of Ag9FeS4Te2 is alteredwhen decreasing the Te
content. Nearly all the diffraction peaks can be still identified to the
b-phase when decreasing the temperature from 300 K to 100 K (see
Fig. 2c and Fig. S3). Therefore, we believe the crystal structure of
samples with x� 1.5 is only slightlymodified and theweak hump is
caused by the local rearrangement of Agþ ions. The retention of
disordered b-phase down to low temperature may be related to the
large atomic size difference between S and Te, which chemically
quenches the Agþ ions into an amorphous state [34].

Fig. 3a shows the lattice thermal conductivity kL above 300 K for
Ag9FeS6-xTex, in comparison with some typical thermoelectric
materials. The total thermal conductivity k is almost the same as kL
because the electrical conductivity of Ag9FeS6-xTex is quite low (＜
102 S m�1), resulting in negligible electronic thermal con-
ductivityke. All Ag9FeS6-xTex samples exhibit intrinsically ultralow
kL with values between 0.2e0.3 W m�1 K�1, which is even lower
than the theoretical minimum lattice thermal conductivity
(kL ~ 0.37 Wm�1 K�1) estimated by Cahill’s model. Such low values
are comparable to those observed in other argyrodite-type com-
pounds like Cu8GeSe6 [28] and Ag9GaSe6 [30], but much lower than
those of state-of-the-art thermoelectric materials such as Bi2Te3
[35], PbTe [36], Mg3Sb2 [37] and Cu2Se [12]. Particularly, kL of



Fig. 2. (a) Measured DSC curves for Ag9FeS6-xTex (x ¼ 0.5, 1.0, 1.5, 2.0) samples from 125 K to 330 K. Temperature dependent powder XRD patterns for (b) Ag9FeS4Te2 and (c)
Ag9FeS5Te1 at 100 K, 200 K, and 300 K.

Fig. 3. (a) The lattice thermal conductivity (kL) for Ag9FeS6-xTex (x ¼ 1.0, 1.5, 2.0) from 300 K to 800 K. The data of some typical thermoelectric materials (GeTe [54], PbTe [36],
Mg3Sb2 [37], Bi2Te3 [35], Cu2Se [12], Cu8GeSe6 [28], Ag9GaSe6 [30]) are included for comparison. (b) Low temperature (3.5e300 K) lattice thermal conductivity (kL) for Ag9FeS6-xTex
(x ¼ 1.0, 1.5, 2.0). Noteworthily, Ag9FeS5Te1 and Ag9FeS4.5Te1.5 crystalize in disordered b-phase while Ag9FeS4Te2 crystalizes in ordered a-phase below 200 K. The data of crystalline
SiO2 [55], Ir4NdGe3Sb9 [41], Cu2Se [56], amorphous a-Se [42] and a-SiO2 [57] are also plotted for comparison. The inset shows the estimated mean free path as a function of
temperature [42].

Table 1
Room temperature transverse (vt), longitudinal (vl) and average (vavg) sound ve-
locities, bulk module (B), shear module (G), Gruneisen parameter (g) and Debye
temperature (QD) for Ag9FeS5Te1, Ag9FeS4.5Te1.5 and Ag9FeS4Te2.

Samples vt (m/s) vl (m/s) vavg (m/s) B (GPa) G (GPa) g QD (K)

Ag9FeS5Te1 1100 2855 1247 43.9 8.1 2.8 136.1
Ag9FeS4.5Te1.5 1094 2851 1241 44.5 8.2 2.8 134.4
Ag9FeS4Te2 1082 2847 1227 45.5 8.1 2.8 132.2
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Ag9FeS6-xTex is nearly temperature independent, which is in stark
contrast to the T�1 dependence of normal crystalline compounds
with Umklapp scattering as the major scattering mechanism.
Considering its proper band gap (see Fig. S5), Ag9FeS6-xTex may be a
promising thermoelectric material if the electrical transport prop-
erties can be further optimized.

Fig. 3b shows the temperature dependent kL for Ag9FeS6-xTex at
low temperatures. The data of some crystalline and amorphous
materials are also plotted for comparison. Generally, a pronounced
Umklapp peak (i.e. dielectric maximum) is observed in the kL of
crystalline compounds, while a plateau emerges in the kL of
amorphous materials at around 10 K [38]. Intriguingly, x � 1.5 and
x ¼ 2 samples exhibit very different phonon transport behavior
(Fig. 3b), which might be attributed to their different crystal
structures below 200 K. Similar to most crystalline materials, the kL
of ordered Ag9FeS4Te2 shows a perceptible peak at around 10 K.
Nevertheless, the maximum value is merely 1.0 W m�1 K�1, which
is still among the lowest kL values in bulk TE materials. Note that
the kL of Ag9FeS4Te2 is slightly reduced at around 22 K, which may
be ascribed to the critical scattering of phonons during magnetic
transitions [27,39]. Differing from both crystalline and amorphous
materials, the kL of disordered Ag9FeS6-xTex (x ¼ 1.0 and 1.5)
monotonously increases during the entire temperature range
without a peak or plateau. Such abnormal kL behavior has been also
observed in Cu2S1/3Se1/3Te1/3 and Ir4NdGe3Sb9 [40,41]. The phonon
mean free path (l) is derived using kL ¼ 1/3Cv v l and the results are
shown in the inset of Fig. 3b. In the temperature range above 100 K,
the phonon mean free paths for both Ag9FeS5Te1 and Ag9FeS4Te2
are scarcely changed with a constant value of ~4.4 Å, which ap-
proaches the average interatomic separation (2.7 Å). Below 100 K,
4

the l of Ag9FeS4Te2 gradually increases, similar to the trend of
amorphous a-SiO2 and a-Se [42]. The l of Ag9FeS5Te1 also gradually
increases with decreasing temperature, but its temperature de-
pendency is in stark contrast to the much stronger temperature
dependency observed in Ag9FeS4Te2 and other crystalline or
amorphous materials.

The distinct thermal transport characteristics in the ordered a-
phase and disordered b-phase of Ag9FeS6-xTex are believed to be
caused by their different crystal structures, chemical bonding, and
lattice dynamics. In the b-phase, Agþ ions are randomly distributed
in the lattice sites, i.e., only part of the sites is occupied, resulting in
the structural disorder of Ag sublattice. This has been well
corroborated in the structural analysis. Combining the weak
chemical bonding between Ag and S/Te, extremely low thermal
conductivity is detected in the b-phase. In the a-phase, although all
the ions including Agþ are ordered, the weak chemical bonding still
exists due to the similar coordination environment and bond
lengths between the a-phase and b-phase. The presence of weak
chemical bonds can be ascertained by the ultralow speed of sound
(v), lowDebye temperature (QD), and high Gruneisen parameter (g)
in Ag9FeS6-xTex. As listed in Table 1, the transverse and longitudinal
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speeds of sound for Ag9FeS4.5Te1.5 are 1094 and 2851 m/s, respec-
tively, giving rise to an average v of 1241 m/s, which is among the
lowest values of all known solid materials. The Debye temperature,
calculated on the basis of the above sound velocities, is only 136.1 K
for Ag9FeS5Te1, 134.4 K for Ag9FeS4.5Te1.5 and 132.2 K for
Ag9FeS4Te2. These values are also lower than most of the state-of-
the-art thermoelectric materials. The Gruneisen parameter,
reflecting the lattice vibrational anharmonicity, is calculated as
high as 2.8 for Ag9FeS5Te1, Ag9FeS4.5Te1.5 and Ag9FeS4Te2. All of
these results are the important signatures of the weakly bonding of
Ag to its surrounding S/Te atoms [43,44].

Generally, weak chemical bonds signify large oscillation am-
plitudes and thus result in the presence of low-lying phonon
modes. To prove our conjecture, wemeasured the low-temperature
heat capacity for Ag9FeS4.5Te1.5 and Ag9FeS4Te2 (Fig. 4a). It is clear
that the Cp/T3 vs T curves for both compounds exhibit a strong
Boson peak, which is the signature of excess low-frequency vibra-
tional modes that usually observed in amorphous or disordered
materials [45]. Moreover, the maximum value of Boson peak is
much higher in Ag9FeS4.5Te1.5 than that in Ag9FeS4Te2, implying
more low-lying optical modes excited in the temperature range of
2e14 K. We fitted the experimental Cp data with the modified
Debye-Einstein model [46]:

Cp
�
T ¼fþbT2 þ

X
i

0
@Ai

�
QEi

�2
b
�
T2

��3
2
,

e
QEi
T

�
e
QEi
T � 1

�2
1
A

Here, the first term f, second term bT2, and the last summation
term denote the electronic contribution, Debye lattice contribution,
and Einstein oscillator contribution, respectively. Ai and QEi are the
prefactor and characteristic temperature for the ith Einstein oscil-
lator mode, respectively. The fitting curves are presented in Fig. 4
and Fig. S6, and related parameters are listed in Tables S2 and S3.
Clearly, the traditional Debye model alone can’t describe the
experimental data, while one Debye mode plus 3 Einstein modes is
required to best fit the experimental heat capacity for both
Fig. 4. (a) Measured heat capacity plotted as Cp/T3 versus T for Ag9FeS4.5Te1.5 and Ag9FeS4Te2
Ag9FeS4.5Te1.5 and (c) Ag9FeS4Te2. (d) Calculated phonon dispersion relations and phonon d

5

Ag9FeS4.5Te1.5 and Ag9FeS4Te2 (Fig. S6). These results well corrob-
orate the existence of low-energy optical modes originating from
weakly bonded Ag in Ag9FeS6-xTex. In comparison to the ordered
Ag9FeS4Te2 compound, the disordered Ag9FeS4.5Te1.5 possesses
lower Einstein temperature and thus lower phonon energy of
Einstein modes (see Tables S2 and S3).

To gain further insight and confidence in our experimental and
modelling results, we have performed theoretical calculations on
the phonon dispersion and phonon density of states (PDOS) of the
ordered a-phase. The theoretical calculation on the b-phase is un-
feasible at current stage due to its disordered nature. As shown in
Fig. 4d, the lowest optical phonon mode located at the X-M direc-
tion is only 2.2 meV, which is in reasonable agreement with our
fitting results fromheat capacity. The dispersionless optical phonon
modes above 2.2 meV contribute little to the phonon transport due
to their very low sound velocities. Besides, the low-frequency op-
tical modes overlap with the acoustic branches, rendering acoustic-
optical interactions. By projecting the PDOS of Ag9FeS4Te2 onto
different atomic species (see Fig. 4d), it is found that most of the
low-frequency phonon modes are contributed by the Ag atoms,
further confirming our argue that Ag atoms are weakly bonded. The
theoretical sound velocities calculated fromphonon dispersions are
1421, 1430, 3293 m/s for the two transverse and one longitudinal
acoustic phonons, respectively. These values are slightly higher
than our experimental results of b-phase at room temperature.
Overall, the weak chemical bonding between Ag and S/Te con-
tributes to low sound velocity, large Gruneisen parameter, and
especially the low-lying optical phonons, consequently resulting in
the unusual thermal transports.

Weak chemical bonds usually lead to low-lying phonons and
thus result in the phonon resonant scattering, while structural
disorder not only alter the scattering events but also change the
phonon group velocities. To better assess the contributions of
phonon resonant scattering and structural disorder scattering to kL,
we use the Debye-Callaway model to fit the low-temperature
experimental kL of disordered Ag9FeS4.5Te1.5 and ordered
Ag9FeS4Te2. This model can be written as [47,48]:
from 2.5 K to 20 K. Fitted curves by using one Debye mode and 3 Einstein modes for (b)
ensity of states for the ordered a-phase of Ag9FeS4Te2.
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kL ¼
kB

2p2vavg

�
kBT
ħ

�3 ðqD=T

0

x4ex

t�1
c ðex � 1Þ2

dx

where x¼ ħu/kBT, which is defined as reduced phonon frequency, u
is the phonon frequency, tc is the total relaxation time, kB is the
Boltzmann constant and ħ is the reduced Planck constant. Consid-
ering the phonon scattering from grain boundary (B), point defect
(PD), Umklapp process (U), structural disorder (D) [49] and phonon
resonance (RE), the overall tc can be expressed as [48]:

t�1
c ¼ vavg

L
þAu4 þBu2Te�qD=3T þ Eu2 þ

X Ciu2

�
u2
i � u2

�2

inwhich L stands for average grain size, ui (i¼ 1, 2, 3) is the phonon
resonance frequency, and A, B, E, Ci (i ¼ 1, 2, 3) are the fitting pa-
rameters of PD, U, D and RE, respectively. We adopted various
methods to constraint or fix most of the parameters to make the
fitting more reliable. For the B term, we determined the grain size L
by performing electron backscattered diffraction (EBSD) analysis on
our samples. As shown in Fig. S7, the grain size is between
0.8e20 mm. Therefore, we constraint the parameter L within the
range of 0.8e20 mm. For the PD term,we calculated the parameter A
through the formula A ¼ V0 (GMþGS)/(4pvs3), where V0 is the unit
cell volume, vs is the mean sound velocity, and GM and GS are
scattering parameters related to mass fluctuation and strain field
fluctuation, respectively [50]. The calculation details are shown in
the Supporting Information. For the D term, we estimated the value
range of parameter E from reported materials in literatures. Ac-
cording to the calculation of F. Bridges et al. [49], the structural
disorder scattering coefficient E for clathrates Eu8Ga16Ge30 and
Sr8Ga16Ge30 are 9.52 � 10�16 s and 1.70 � 10�16 s, respectively. The
degree of disorder for b-Ag9FeS4.5Te1.5 is obviously higher than that
of clathrates, whereas the degree of disorder for a-Ag9FeS4Te2 is
very low. Therefore, the parameter E for b-Ag9FeS4.5Te1.5 is set to be
larger than 9.52 � 10�16 s, while the E for a-Ag9FeS4Te2 is set to be
less than 1.70 � 10�16 s. For the RE term, we obtained the value of
phonon resonance frequency ui through the formula ħui ¼ kBQEi

and then fixed it for the modelling of kL. Based on the above anal-
ysis, we fitted the low-temperature experimental kL of disordered
Ag9FeS4.5Te1.5 and ordered Ag9FeS4Te2. The fitting results and
contributions of different scattering mechanisms to the kL reduc-
tion are plotted in Fig. 5a and b. Fitting parameters are listed in
Table S4. Obviously, the reduction of kL from grain boundary, point
defect, and Umklapp process are very close in both compounds,
whereas the main differences stem from the structural disorder
Fig. 5. Contributions of various phonon scattering mechanisms to the reduction of lattice the
the phononephonon Umklapp process, grain boundary scattering, point defect scattering, s
and blue areas highlight the contributions of structural disorder scattering and phonon res
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scattering and phonon resonant scattering.
As shown in Fig. 5, the reduction of kL attributed by structural

disorder scattering (purple area) is much larger in disordered
Ag9FeS4.5Te1.5 than that in ordered Ag9FeS4Te2. The highly struc-
tural disorder in Ag9FeS4.5Te1.5 arises from a random occupation of
the Ag sites, which breaks the lattice symmetry and periodicity and
thus alters the phonon dispersion relations. Locally, such disorder
not only substantially strengthens the phonon scattering but also
changes the phonon group velocity as the phonon wave passes
through the disordered atoms [49,51]. The disorder scattering term
was introduced by Ziman [51] and subsequently applied to ther-
moelectrics by several groups [10,13,52,53].

The lowest resonant frequency of Ag9FeS4.5Te1.5 is 2.5 THz,
which is much lower than that (3.0 THz) of Ag9FeS4Te2. The low-
energy phonon resonant modes imply the presence of low-lying
optical phonons, i.e., Einstein oscillators, which play a significant
role in depressing the Debye frequency and suppressing kL.
Meanwhile, the largest scattering coefficient Ci of Ag9FeS4.5Te1.5 is
6.7 � 1036 s�3, which is dramatically higher than that (1.1 � 1036

s�3) of Ag9FeS4Te2. The larger scattering coefficient Ci indicates
higher concentration of Einstein oscillators in Ag9FeS4.5Te1.5. These
two factors, i.e., low resonant frequency and high concentration of
oscillators lead to the large reduction of kL (blue area in Fig. 5) in
Ag9FeS4.5Te1.5.
4. Conclusion

In summary, a series of Ag9FeS6-xTex samples have been suc-
cessfully synthesized and their phase compositions, crystal struc-
tures and especially thermal transport properties have been
systematically investigated in this work. It is found that Ag9FeS6-
xTex has a wide chemical composition range with x from 0.5 to 2.0.
The Agþ ions are weakly bonded to the surrounding S/Te anions in
either ordered a-phase or disordered b-phase of Ag9FeS6-xTex. This
consequently gives rise to the low energy multi-Einstein oscillators
as collaborated by both experimental results and theoretical cal-
culations. Compared to the ordered a-phase, the disordered b-
phase possesses larger structural disorder, lower resonant fre-
quency and higher concentration of oscillators, which contribute
more to the reduction of kL. As a result, the kL of ordered a-phase
exhibits a crystalline Umklapp peak at around 10 K, while the kL of
disordered b-phase monotonously increases in the whole temper-
ature range. This work attests to the significant role of structural
disorder and weak chemical bonds in dominating ultralow kL of
solid materials and provides guidelines for the design of high-
performance thermoelectrics.:
rmal conductivity (kL) in (a) Ag9FeS4.5Te1.5 and (b) Ag9FeS4Te2. U, B, PD, D and RE denote
tructural disorder scattering and phonon resonant scattering, respectively. The purple
onant scattering to the reduction of kL, respectively.
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