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Thermal Properties of Cubic NaSbS2: Diffusion Dominant Thermal 
Transport Above the Debye Temperature
Wilarachchige D. C. B. Gunatilleke,a Oluwagbemiga P. Ojo a and George S. Nolas *a

We elucidate the thermal properties of superionic conductors, 
which are of intense current interest for solid-state battery 
applications.  The temperature-dependent thermal properties 
of superionic NaSbS2 were investigated by analyses of 
appropriate models revealing that a predominant 
contribution to thermal transport above the Debye 
temperature is from thermal diffusion. 

Chalcogenides have been at the forefront of current materials 
research due to their physical properties and the numerous 
avenues for developing novel compositions of interest, as well 
as the ability to tune the material properties for targeted 
technological applications. A fundamental understanding of 
thermal transport of a material is crucial for  any application of 
interest and essential for thermoelectrics, thermal barrier 
coatings 1–10, phase change materials11,12 and photovoltaics 13–

19. The thermal properties of novel multinary chalcogenides of 
diverse structure types have been investigated for these 
applications20–26. Most recently, understanding the thermal 
properties of solid-state electrolytes has intensified for the 
development of materials for use in place of liquid electrolytes 
in Li-ion batteries. This is due to the importance of  thermal 
management in the design and safety of solid-state batteries 27–

30. Among the chalcogenide compositions that are reported as 
promising solid-state electrolytes, many display superionic 
conduction as well as low lattice thermal conductivity, κL 31–33. 
In fact, certain superionic chalcogenide compositions are of 
interest for thermoelectric applications 34–37. 

The relationship between superionic conduction  and κL has 
been investigated using the phonon liquid electron crystal 
(PLEC) concept 36,38,39 as well as diffusion mediated thermal 

transport 40,41. Many such investigations involve spectroscopic 
analyses; however, there are scarce reports on the  thermal 
properties of superionic chalcogenide compositions and the 
origin of anomalous thermal transport in these materials 
28,40,42,43. The challenge in obtaining dense specimens that are 
not affected by high humidity may be a reason for the lack of 
their experimental thermal transport data27. Herein, we report 
on temperature dependent thermal properties of cubic NaSbS2, 
a material that displays superionic conduction under ambient 
conditions44. This material belongs to a group of polymorphs, of 
which the monoclinic  phase has been investigated as a possible 
solar absorber material45–48. We synthesized phase-pure cubic 
NaSbS2 ( ) allowing for temperature-dependent thermal 𝑭𝒎𝟑𝒎
conductivity, κ, and isobaric heat capacity, Cp, measurements. 
Our investigation of the low temperature κ data revealed a 
direct correlation between the temperature dependent κ and 
lattice anharmonicity due to thermal diffusion arising from the 
ion transport in the material. Thermal diffusion dominates the 
phonon dynamics above the Debye temperature leading to 
relatively temperature-independent κ near room temperature. 
Our investigations will aid in the fundamental understanding of 
thermal transport in this and other related compositions that 
display superionic conduction.

Phase-pure microcrystalline cubic NaSbS2 was obtained by ball 
milling a mixture of Na2S.9H2O (98+%, Acros Organics), after 
heating under a dynamic vacuum, and Sb2S3 powder (98%, 
Acros Organics) combined in a 1:1 stoichiometric ratio. The 
densification of the obtained microcrystalline powder was 
performed by Spark Plasma Sintering. Rietveld structure 
refinement of X-ray diffraction (XRD) measurements was 
employed to analyze the crystal structure of cubic NaSbS2. 
Differential thermal analysis (DTA) and thermogravimetric 
analysis (TGA) under nitrogen gas flow for the as-synthesized 
powders were performed using a TA Instruments Q600 
apparatus. A custom designed radiation shielded vacuum probe 
was used to measure κ from 30 K to 300 K with 8% maximum 
experimental uncertainty49,50. Room temperature four-point 
probe resistivity and Cp measurements were performed 
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employing the Physical Property Measurements System from 
Quantum Design. The details on the specific measurements as 
well as the crystal structure are provided in the Supplementary 
Information (SI). 

The crystal structure of cubic NaSbS2 is shown in Figure 1(a). It 
can be thought of as an ideal face-centered cubic (fcc) crystal 
lattice where Na and Sb occupy the 4a octahedral Wyckoff 
position equally, with all Na/Sb-S bond lengths equal to 2.884 
Å. Figure 1(b) shows the experimental, calculated and 
difference diffraction patterns obtained from Rietveld 
refinement and the refinement results are provided in Tables S1 
and S2. We note Bera et al.51 reported local distortion of the 
crystal lattice for LiAsSe2 that resulted in determination of the 
crystallographic space group for the structure to be triclinic P  𝟏
for their NaCl-like structure due to unit-cell averaging effects 
derived from single crystal XRD structure refinement.  Hence, 
we investigated the possibility that local lattice distortions may 
exist for cubic NaSbS2. However, from our structural analyses it 
was apparent that the cubic phase is the only probable phase. 
We also note that first principles investigations by Hua et al.52  
show that the most stable phase of NaSbS2 below room 
temperature to be the non-distorted  structure. 𝑭𝒎𝟑𝒎

Thermal stability of NaSbS2 was investigated using DTA and TGA. 
Upon heating, a phase transition from cubic to monoclinic 
began at approximately 530 K, with only the monoclinic phase 
observed above 543 K from analyses of the product by XRD. 
These observations corroborate the studies done by Xia et al.53 
on monoclinic NaSbS2. The densified NaSbS2 was also exposed 
to ambient conditions for several weeks. No degradation was 
observed in the material in that time. Hence, the material was 
deemed an excellent candidate to investigate the thermal 
properties of a superionic conductor.  

Measurement and investigation of heat capacity can help 
elucidate disorder of the crystal structure that may arise due to 
the reported superionic conduction for this material, which may 
also lead to lattice anharmonicity. Low temperature Cp data are 
shown in Figure 3. Near room temperature, the data approach 
the Dulong-Petit limit indicating that the majority of acoustic 
and optic mode frequencies are excited above this 
temperature. The solid line in the inset of Figure 3 is a low 

Figure 1 a) The crystal structure of cubic NaSbS2 with Na (red), 
Sb (black) and S (yellow) forming the face-centered cubic crystal 
lattice. b) Powder XRD data for NaSbS2, including the profile fit 
and profile difference from Rietveld refinement.

Figure 2. Temperature dependent Cp with the inset showing 
Cp/T vs T2 at low temperatures, where the solid line is a fit of the 
form Cp/T = γ + βT2.  

temperature linear fit to the data of the form , 𝑪𝒑 =  𝜶𝑻 + 𝜷𝑻𝟑

where the first and second terms represent the Sommerfeld  
coefficient and the lattice contribution, respectively54. The low 
value of the Sommerfeld coefficient, , 𝜶 = 𝟏.𝟒𝟓 𝐦𝐉 𝐦𝐨𝐥 ―𝟏𝐊 ―𝟐

indicates a low density of states at the Fermi level, in agreement 
with the  relatively high band gap of 1.3 eV reported for this 
material44. Using the relation ,   can 𝜽𝑫 =  (𝟏𝟐𝝅𝟒𝑹𝒏𝒂/𝟓𝜷)𝟏/𝟑 𝜽𝑫
be determined from the low temperature Cp data, where  is 𝒏𝒂
number of atoms per formula unit, and R is the universal gas 
constant.  A value of 204 K for  was thus obtained. 𝜽𝑫

The cubic ordered nature of the crystal structure suggests the 
material should possess high κ; however, the disorder occurring 
across the crystal lattice due to mixed occupancy on the 4a site 
by both Na and Sb would result in low κ values. Moreover, we 
posit that Na+ ion  transport, reported for cubic NaSbS2

44, would 
presumably result in thermal diffusion. We therefore utilized a 
phenomenological model in order to understand the different 
phonon scattering mechanisms affecting thermal transport in 
this material, where the measured κ was modeled using the 
Debye-Callaway model, κL, combined with the diffusion 
transport model, κdiff 55,56. 

Temperature dependent κ data were utilized for the 
investigation of the phenomenological model. As shown in 
Figure 3, NaSbS2 possesses relatively low κ over the entire 
measured temperature range. The electronic contribution to κ 
was deemed to be negligible due to very high electrical 
resistivity values observed for this wide band gap material, with 
a value of 4.0 kΩ m from our room temperature four-point 
probe resistivity measurements. Hence, in our model κ is 
comprised of two terms, 

, where                                                                                       (1)𝜿 = 𝜿𝑳 + 𝜿𝒅𝒊𝒇𝒇
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Figure 3. Temperature dependent κ data. The solid line is a fit 
to the model described in the text with A = 2.4 x 10-40 s3, B = 7.6 
x 10-17 s/K, υ = 1600 m/s, L = 1 μm, D = 1.0 and f = 1.0. The 
contributions from thermal diffusion (red dashed line) as well as 
the lattice (black dashed line) are also shown separately.

 and                                      (2)                                                                                                         𝜿𝑳 =
𝒌𝑩

𝟐𝝅𝟐𝒗  (𝒌𝑩𝑻
ħ )𝟑

 ∫𝜽𝑫/T
𝟎

𝒙𝟒𝒆𝒙

𝝉𝑪
―𝟏(𝒆𝒙 ― 𝟏)𝟐𝒅𝒙

.                                   (3)                                                         𝜿𝒅𝒊𝒇𝒇 = (𝒏 ―𝟐/𝟑𝒌𝑩

𝟐𝝅𝟐𝒗𝟑 )(𝒌𝑩𝑻
ħ )𝟒

 ∫𝒇𝜽𝑫/T
𝟎

𝒙𝟓𝒆𝒙

(𝒆𝒙 ― 𝟏)𝟐𝒅𝒙

The solid line in Figure 3 represents a theoretical fit to the 
model. Here x = ħω/kBT, ω is the phonon frequency, ℏ is the 
reduced Planck’s constant, υ is the average velocity of sound 
and n is the number of atoms in the unit cell per unit cell 
volume. The phonon scattering relaxation time, τC

-1, is given by

,                                 (4)𝝉𝑪
―𝟏 = (𝝊

𝑳 + 𝑨𝑻𝟒𝒙𝟒 + 𝑩𝑻𝟑𝐞𝐱𝐩( ― 𝜽𝑫

𝟑𝑻 )𝒙
𝟐)

where the three terms represent grain boundary scattering, 
point defect scattering and Umklapp scattering respectively. A 
and B are fitting parameters related to the different phonon 
scattering processes, and f is a fitting parameter that was 
originally used by Agne et al.55 in the diffusion transport model 
for amorphous Si to achieve agreement with the experimental 
data. The fitting parameters were uniquely defined using 
minimization of the best sequence fit function, as compared to 
the data. To achieve the best data fit, all three terms related to 

 as well as the expression for κdiff were required. As shown 𝝉𝑪
―𝟏

in Figure 3, the model fits the data very well over the entire 
measured temperature range, with a coefficient of 
determination, R2, of 0.96.  With increasing temperature, both 
Umklapp scattering and thermal diffusion contribute to the 
thermal transport; however, at approximately 200 K thermal 
diffusion dominates leading to a near temperature independent 
κ as the temperature approaches room temperature.  The 
relatively low average speed of sound of 1600 m/s obtained 
from the data fit may be associated with softening of the lattice 
due to superionic conduction. Softened sheer modes compared 
to transverse modes resulting in low average speed of sound 

has been observed in other cubic superionic conductors, for 
example Cu2Se57 and Cu7PSe6

58
. 

To examine the lattice anharmonicity that occurs due to the 
aforementioned phonon scattering phenomena, the Gruneisen 
parameter, γ, was calculated. Utilizing the expression for 
Umklapp scattering used above, specifically the B parameter 
from the theoretical fit to the phenomenological model, γ = 1.7 
was obtained using the expression, B   59. ≅ ℏ𝜸𝟐 𝑴𝒗𝟐𝜽𝑫
Anharmonic vibrations have been correlated with materials 
that exhibit ion transport34,35,60,61 and the relatively large value 
of γ is presumably associated with the superionic conduction for 
this material. 

In summary, we investigated the thermal properties of phase-
pure cubic NaSbS2 for the first time. Low temperature Cp 
measurements revealed a  value of 204 K with low density of 𝜽𝑫
states at the Fermi level for this relatively wide band gap 
material. Analyses of the temperature dependent κ data 
employing the Debye-Callaway and diffusion transport models 
indicate that κdiff dominates κ near room temperature. Thermal 
diffusion leads to lattice anharmonicity in this superionic 
material. These results will contribute to the fundamental 
understanding of the thermal properties of materials that 
display superionic conduction, and help with the development 
of this as well as other chalcogenides with superionic 
conduction for solid state battery and thermoelectric 
applications.
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