
HAL Id: hal-02507469
https://univ-rennes.hal.science/hal-02507469

Submitted on 12 May 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Disorder-driven glasslike thermal conductivity in
colusite Cu26V2Sn6S32 investigated by Mössbauer

spectroscopy and inelastic neutron scattering
Christophe Candolfi, Gabin Guélou, Cédric Bourgès, Andrew Supka, Rabih Al
Rahal Al Orabi, Marco Fornari, Bernard Malaman, Gérard Le Caër, Pierric

Lemoine, Vincent Hardy, et al.

To cite this version:
Christophe Candolfi, Gabin Guélou, Cédric Bourgès, Andrew Supka, Rabih Al Rahal Al Orabi, et al..
Disorder-driven glasslike thermal conductivity in colusite Cu26V2Sn6S32 investigated by Mössbauer
spectroscopy and inelastic neutron scattering. Physical Review Materials, 2020, 4 (2), pp.025404.
�10.1103/PhysRevMaterials.4.025404�. �hal-02507469�

https://univ-rennes.hal.science/hal-02507469
https://hal.archives-ouvertes.fr


1 

Disorder-driven glass-like thermal conductivity in colusite Cu26V2Sn6S32 investigated by 

Mössbauer spectroscopy and inelastic neutron scattering  

Christophe Candolfi,1,* Gabin Guélou,2 Cédric Bourgès,2 A. R. Supka,3 Rabih Al Rahal Al 

Orabi,3,4 M. Fornari,3 Bernard Malaman,1 Gérard Le Caër,5 Pierric Lemoine,6 Vincent Hardy,2 

Jean-Marc Zanotti,7 Raju Chetty,8 Michihiro Ohta,8 Koichiro Suekuni,9 Emmanuel 

Guilmeau2,* 

1 Institut Jean Lamour, UMR 7198 CNRS – Université de Lorraine, 2 allée André Guinier-

Campus ARTEM, BP 50840, 54011 Nancy Cedex, France 

2 Laboratoire CRISMAT, UMR 6508, CNRS, ENSICAEN, 6 Boulevard du Maréchal Juin, 

14050 Caen Cedex 04, France 

3 Department of Physics and Science of Advanced Materials Program, Central Michigan 

University, Mt. Pleasant, Michigan 48859, United States 

4 Solvay, Design and Development of Functional Materials Department, AXEL’ ONE 

Collaborative Platform −  Innovative Materials, 87 Rue des Freres Perret −  BP62, 69192 

Saint Fons Cedex, France 

5 Institut de Physique de Rennes, UMR UR1-CNRS 6251, Université de Rennes I, Campus de 

Beaulieu, 35042 Rennes Cedex, France 

6 Université de Rennes, CNRS, ISCR – UMR 6226, F-35000 Rennes, France 

7 Laboratoire Léon Brillouin, CNRS-CEA (UMR 12), CNRS, Université Paris-Saclay, CEA 

Saclay, 91191 Gif-sur-Yvette Cedex, France 

8 Research Institute for Energy Conservation, National Institute of Advanced Industrial 

Science and Technology (AIST), Tsukuba, Ibaraki 305-8568, Japan 

9 Department of Applied Science for Electronics and Materials, Interdisciplinary 

Graduate School of Engineering Sciences, Kyushu University, Kasuga, Fukuoka 

816-8580, Japan 

Acc
ep

ted
 M

an
us

cri
pt



 2 

*Contact authors: emmanuel.guilmeau@ensicaen.fr; christophe.candolfi@univ-lorraine.fr 

 

Abstract 

 

 The influence of structural disorder on the thermal transport in the colusite 

Cu26V2Sn6S32 has been investigated by means of low-temperature thermal conductivity and 

specific heat measurements (2 – 300 K), 119Sn Mössbauer spectroscopy and temperature-

dependent powder inelastic neutron scattering (INS). Variations in the high-temperature 

synthesis conditions act as a key parameter for tuning the degree of disorder in colusite 

compounds. Intriguingly, we find that even samples previously thought to be fully ordered are 

in fact weakly disordered. Mössbauer data clearly evidence that Sn atoms do not solely 

occupy the 6c site of the crystal lattice but are present on possibly both the Cu and V sites, 

leading to a random distribution of these three cations within the unit cell. Increasing the 

disorder in these materials tends to lead to a smearing out of the main features in the phonon 

density of states measured by INS. Although the evolution of the inelastic signal upon 

warming is well described by a quasi-harmonic approximation, elastic properties calculations 

indicate large average Grüneisen parameters, consistent with those determined experimentally 

from thermodynamic data. Intriguingly, increasing the level of disorder results in a decreased 

average Grüneisen parameter suggesting that the lowered lattice thermal conductivity is not 

driven by enhanced anharmonicity. These results provide experimental evidence to support 

that the remarkable changeover in the lattice thermal conductivity from crystalline to glass-

like is solely driven by enhanced disorder accompanied by local lattice distortions.  
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I. Introduction 

  

 The structural disorder observed in various complex materials have important 

implications on the heat propagation. Introducing additional disorder through substitutions, 

formation of solid solutions or nanostructuration provides a simple, yet powerful strategy to 

lower the phonon transport and thus, to design well-crystallized materials with very low 

lattice thermal conductivity 𝜅𝜅𝐿𝐿 for thermal barrier coatings or thermoelectric applications.1-3 

The mass fluctuations and local distortions induced by some of these approaches act as 

scattering centers for acoustic phonons. In addition to enhanced point-defect scattering, 

interstitial atoms can also have a dramatic influence on 𝜅𝜅𝐿𝐿. One prominent example is 

provided by the fluoride compound BaF2 in which the substitution La for Ba requires a 

concomitant increase in the F content in order to preserve charge balance.4,5 The short range 

order and strong local distortions induced by these additional F atoms on interstitial sites 

result in a transition from crystalline-like to glass-like thermal transport with 𝜅𝜅𝐿𝐿 values 

decreasing by nearly two orders of magnitude at 300 K.4,5 

 Colusites, a class of sulfur-based minerals, are another example of compounds where 

disorder can be used to control their electronic and thermal transport properties.6-16 

Remarkably, increasing the temperature at which the powders are consolidated results in 

dramatic changes in 𝜅𝜅𝐿𝐿 that undergoes a nearly fourfold decrease from 1.4 to 0.4 W m-1 K-1 at 

300 K.13 These lower 𝜅𝜅𝐿𝐿 values are the key characteristic that yields a spectacular 

improvement of their thermoelectric performances at high temperatures.13 The modification in 

the thermal transport is believed to be tied to a concomitant increase in the unit cell disorder 

due to a mixed distribution of the Cu, V and Sn atoms, possibly accompanied by Cu 

interstitials.13 The presence of these antisite defects are supported by defect formation energy 

calculations indicating that Cu/Sn and V/Sn antisite defects are the most probable.13 
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Experimentally, the random distribution of these aforementioned atoms has been evidenced 

by transmission electron microcopy experiments.10 However, the exact role of this enhanced 

chemical disorder on the microscopic mechanisms governing 𝜅𝜅𝐿𝐿 is yet to be fully understood.  

 Here, we explore in more detail the nature and the influence of this inherent disorder on 

the lattice dynamics of colusites Cu26V2Sn6S32 prepared following two distinct synthesis 

routes, by means of 119Sn Mössbauer spectroscopy, temperature-dependent powder inelastic 

neutron scattering (INS), low-temperature specific heat (𝐶𝐶𝑝𝑝) and thermal conductivity (𝜅𝜅) 

measurements (2 – 300 K). Mössbauer spectroscopy, used as a sensitive probe of the chemical 

environment of the Sn atoms, evidences that both samples show some degree of disorder, 

even in the sample previously thought of as being perfectly ordered. Varying the high-

temperature conditions of the consolidation process acts as an external parameter that tunes 

the degree of disorder which ultimately determines the character of the thermal transport. The 

temperature variations of the generalized vibrational density of states (GVDOS) is well 

captured by a quasi-harmonic model, further indicating that the significant decrease in 𝜅𝜅𝐿𝐿 is 

not driven by enhanced anharmonicity. These findings rather suggest that the higher degree of 

disorder achieved in some samples, and related to a mixed distribution of Cu, V and Sn atoms 

on several sites of the crystal structure accompanied by local lattice distortions, act as an 

efficient source of phonon diffusion.  

 

II. Experimental methods 

 

A. Sample preparation, structural and chemical characterizations 

 

 The two polycrystalline samples of chemical composition Cu26V2Sn6S32 were prepared 

by ball milling following the synthetic route described in detail in a prior study.13 The phase-
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purity of the ball-milled powders were subsequently checked by powder X-ray diffraction 

(PXRD). The PXRD patterns were found to be consistent with the 𝑃𝑃4�3𝑛𝑛 space group of 

colusites.6,7 The powders were consolidated using two distinct sets of temperature and 

pressure conditions. The first ingot was consolidated by spark plasma sintering at 873 K 

during 45 min. under a uniaxial pressure of 64 MPa with heating and cooling rates of 50 K 

min-1. The second ingot was obtained by hot pressing at 1023 K for 1 h under a uniaxial 

pressure of 70 MPa with heating and cooling rates of 10 and 20 K min-1, respectively. 

Hereafter, these two samples will be labeled as L and H, as in the prior study,13 which refers 

to the low and high sintering temperatures used.  

 PXRD measurements were performed on the two obtained samples by grinding small 

pieces into fine powders. The data were collected at 300 K using a D8 Advance 

diffractometer (CuKα radiation with Ge(111) monochromator). The lattice parameter a of 

both samples, inferred from Rietveld refinements against the PXRD data, are consistent with 

those determined in Ref. 13 (Figure 1). 

 Bar-shaped samples for transport property measurements were cut from the 

consolidated pellets with a diamond-wire saw. Thermal conductivity 𝜅𝜅 was measured in the 

temperature range 2 – 300 K using the thermal transport option of a physical property 

measurement system (PPMS, Quantum Design). Electrical and thermal contacts on samples 

were realized by attaching copper bars with a small amount of conducting silver epoxy. 

Specific heat measurements were carried out in the same temperature range on small bulk 

pieces (~ 20 mg) using a relaxation method implemented on the He4 specific heat option of 

the PPMS. The lattice contribution to the thermal conductivity 𝜅𝜅𝐿𝐿 has been obtained by 

subtracting the electronic contribution 𝜅𝜅𝑒𝑒 = 𝐿𝐿𝐿𝐿/𝜌𝜌 (where 𝐿𝐿 is the Lorenz number and 𝜌𝜌 is the 

electrical resistivity) from the total thermal conductivity. As a first approximation, the 
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temperature dependence of 𝐿𝐿 between 5 and 300 K has been calculated by a single-parabolic 

band model with acoustic phonon scattering. 

 119Sn Mössbauer spectra were measured at 5 K in transmission geometry and constant-

acceleration mode. The isomer shifts (IS) are referred to BaSnO3 at 300 K. The spectra were 

fitted by a least-squares method assuming Lorentzian peak shapes. Further analyses of these 

spectra were realized by a sharpening procedure to simulate the peaks with a linewidth 

corresponding to the natural emission line.17 This procedure enables better disentangling 

overlapping contributions from Sn atoms located on distinct crystallographic sites.  

 

B. Lattice dynamics calculations 

 

 Elastic properties calculations were performed by using density function theory (DFT) 

as implemented in the CASTEP code.18 During the geometry optimizations, a convergence 

threshold of 0.02 eV Å−1 was used for the residual forces with 0.1 kbar for the pressure. The 

calculations were performed using a set of norm-conserving pseudopotentials with the PBEsol 

exchange-correlation functional.19 The cutoff energy for plane-waves was set to 600 eV. A 

16×16×16 k-point mesh was used to sample the Brillouin zone. 

 

C. Inelastic neutron scattering experiments 

 

 INS experiments (Ref. 20) were performed at the cold neutron time-of-flight 

spectrometer IN6-SHARP, operated by the Laboratoire Léon Brillouin (LLB), at the Institut 

Laue Langevin (Grenoble, France). All measurements were carried out in cryostats under 

helium atmosphere with an incident neutron wavelength of 4.14 Å.  
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The powdered samples, of about 15g each, were placed in a niobium cylinder can and 

measured at T ≈ 100, 300 and 500 K. The data collected were corrected for empty sample 

holder scattering, for absorption, for frame overlap and self-attenuation and for different 

detector efficiencies of the multidetector bank.20 Because of the difference in scattering 

powers between the Cu, Sn, V and S atoms (0.126, 0.0412, 0.100 and 0.0320 barns/amu for 

Cu, Sn, V and S atoms, respectively),21 the present INS measurements are more sensitive to 

the Cu and V atoms.  

The dynamic structure factors 𝑆𝑆(𝑄𝑄,𝜔𝜔) were calculated as an average signal over the 

scattering angle. The generalized vibrational density of states 𝐺𝐺(𝜔𝜔) was derived within the 

incoherent approximation formalism.22-25 All the spectra were normalized so that the integral 

of 𝐺𝐺(𝜔𝜔) is equal to the total number of phonon modes, that is, 198 modes for both samples. 

The positions of the peaks observed in 𝐺𝐺(𝜔𝜔) were approximated by Gaussian least-squares 

fits. For the inelastic signal, only the anti-Stokes line was analyzed due to the limited energy 

range accessed by IN6 at the Stokes line.  

 

III. Results  

 

A. Mössbauer spectroscopy 

 

 Figure 2 presents the Mössbauer spectra collected at 5 K on the L and H samples. Both 

spectra show a single peak centered near 1.6 mm s-1. The spectrum measured for the H sample 

is qualitatively similar to those collected on the Zn-substituted colusites Cu26-xZnxV2Sn6S32.10 

In this series, the refinements, performed considering a single doublet centered at 1.53(3) mm 

s-1 with a refined quadrupole splitting (QS) of 0.43(5) mm s-1, are consistent with the presence 

of only Sn atoms with a +IV oxidation state located in a slightly distorted environment. The 
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comparison of the two spectra, shown in Figure 2, reveals that the peak for the H sample is 

significantly broader than that of the L sample, strongly suggesting the presence of higher 

structural disordering and possibly more than one contribution to the signal. In order to further 

explore this latter possibility, both spectra have been treated with the sharpening procedure 

yielding Mössbauer spectra of higher resolutions (lower panels of Figure 2). The sharpened 

spectrum of the H sample allows to confirm the presence of at least two contributions 

suggesting the presence of Sn atoms on more than one crystallographic site. Interestingly, for 

the L sample, the sharpened spectrum evidences shoulders on either side of the main peak, 

also suggesting the presence of an additional contribution. Assuming two contributions, their 

respective area fractions strongly depend on the synthesis conditions used, with the amplitude 

of the second contribution being significantly higher in the H sample than in the L sample. 

Indeed, the measured Mössbauer spectra can be least-square fitted by considering a singlet 

and a doublet yielding respective area fractions of 82% and 18% for the L sample, and 35% 

and 65% for the H sample. The isomer shift of ~ 1.5 mm s-1, refined for both the singlet and 

the doublet, is consistent with typical values obtained for a +IV oxidation state of Sn atoms. 

The refined QS of ~ 1.0 mm s-1
 of the doublet indicates the presence of Sn atoms on another 

site of the crystal structure exhibiting a slightly distorted environment. Hence, these results 

indicate that in the L sample, a large majority of Sn atoms (82%) are located on high 

symmetry site, which is consistent with its expected localization on the 6c crystallographic 

site of local symmetry 4�, with the remaining atoms (18%) being in a slightly distorted 

environment. Of note, because the 6d crystallographic site, where Cu atoms reside, is also 

characterized by a local symmetry 4�, a possible localization of Sn atoms on this site cannot be 

distinguished by Mössbauer spectroscopy. In contrast, in the H sample, only 35% of Sn atoms 

are located on high symmetry site (i.e. 6c or 6d with the 6d site in principle solely occupied 

by Cu atoms) with the majority of Sn atoms (65%) being on site(s) of lower symmetry (i.e. 8e 
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and/or 12f sites occupied by Cu atoms of local symmetry 3 or 2, respectively, or interstitial 

site). These results confirm the +IV oxidation state of Sn atoms in colusite and show that 

these atoms are not solely located on the 6c site but are distributed over at least two distinct 

crystallographic sites in both samples supporting the presence of antisite defects. Thus, 

increasing the sintering temperature dramatically alters the distribution of Sn atoms in the 

crystal structure.  

 

B. Lattice thermal conductivity and specific heat  

 

 The main and most remarkable consequence of the higher degree of disorder achieved 

in the H sample is the significant difference in the temperature dependence of the lattice 

thermal conductivity 𝜅𝜅𝐿𝐿 shown in Figure 3. In addition to a strong decrease in the 𝜅𝜅𝐿𝐿 values, 

the low-temperature maximum observed for the L sample disappears leaving a temperature 

dependence that mirrors that of glassy systems. Upon cooling, none of the samples experience 

a phase transition in contrast to their cousin sulfides tetrahedrites, of general chemical formula 

Cu12Sb4S13, where structural distortions or exsolution process (i.e. a phase separation into two 

isostructural phases of distinct chemical compositions) have been evidenced below 300 K.26-31 

 Further thermodynamic evidence of the role of the disorder on the thermal transport is 

provided by the specific heat measurements shown in Figure 4. The low-temperature data are 

well described up to about 5 K by the conventional Fermi-liquid relation 𝐶𝐶𝑝𝑝/𝑇𝑇 = 𝛾𝛾 + 𝛽𝛽𝑇𝑇2 

where 𝛾𝛾 is the Sommerfeld coefficient and 𝛽𝛽𝑇𝑇2 is the phonon contribution with 𝛽𝛽 being 

related to the Debye temperature 𝜃𝜃𝐷𝐷 = (12𝜋𝜋4𝑅𝑅𝑅𝑅/5𝛽𝛽)1/3. In this relation, 𝑅𝑅 is the gas 

constant and 𝑁𝑁 is the number of atoms per formula unit. While both samples exhibit similar 

large 𝛾𝛾 values of around 55 mJ mol-1 K-2, 𝜃𝜃𝐷𝐷 decreases from 280 K in the L sample to 235 K 

in the H sample. These values are consistent with those derived for the Zn-substituted colusite 
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Cu23Zn3V2Sn6S32 (Ref. 32) and with those inferred from the measured sound velocities.13 

Furthermore, the lower 𝜃𝜃𝐷𝐷 value of the H sample compared to the L sample is coherent with 

the lower sound velocities measured in this sample (4260 m s-1 and 2120 m s-1 for the 

longitudinal and transverse sound velocities, respectively, for the L sample compared to 3620 

m s-1 and 1830 m s-1 for the longitudinal and transverse sound velocities, respectively, for the 

H sample) indicating defect-induced modifications around the acoustic region of the 

vibrational spectrum.  

 After subtracting the electronic contribution, the lattice specific heat 𝐶𝐶𝑝𝑝ℎ, plotted as 

𝐶𝐶𝑝𝑝ℎ/𝑇𝑇3 versus 𝑇𝑇 to more clearly emphasize the low-energy features, show the presence of 

specific heat in excess of the Debye contribution for both compounds that peaks near 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 

15 and 17 K for the H and L samples, respectively. Such an excess has also been observed in 

tetrahedrites and is often found in cage-like systems for which the low-energy dynamics of 

the entrapped atoms dominates 𝐶𝐶𝑝𝑝ℎ at low temperatures.33-42 The amplitude of the peak and 

the temperature at which it occurs are, however, not strictly equivalent in both compounds 

with a higher amplitude reached at a lower temperature for the H sample. The temperature of 

the peak can be related to the characteristic temperature 𝜃𝜃𝐸𝐸  of low-energy optical modes in the 

GVDOS usually modelled by Einstein-like contributions. A rough estimate of 𝜃𝜃𝐸𝐸  can be 

obtained using the empirical relation suggested to hold in skutterudites and clathrates 

𝜃𝜃𝐸𝐸 ≈ 5𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,43 yielding 𝜃𝜃𝐸𝐸 ≈ 75 and 80 K that correspond to features in the GVDOS at ≈ 6.5 

and 6.9 meV for the H and L samples, respectively. Both peaks show similar width suggesting 

that the modes contributing to this excess have similar distribution of energies despite the 

higher disorder level characterizing the H sample. This finding is coherent with the well-

crystallized character of both compounds.  

 

C. Generalized phonon density of states  
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 A comparison of the generalized vibrational density of states 𝐺𝐺(𝜔𝜔) measured at 300 K 

for the L and H samples is shown in Figure 5a. The corresponding Debye plot 𝐺𝐺(𝜔𝜔)/𝜔𝜔2 to 

stress the low-energy region is presented in Figure 5b. The inelastic signal of the L sample is 

characterized by three main blocks of modes that extend between 5 and 12 meV, 12 and 22 

meV and beyond 30 meV up to the energy cutoff of around 40 meV. The overall shape of 

𝐺𝐺(𝜔𝜔) is consistent with calculations of the phonon density of states (PDOS) indicating the 

presence of low-lying optic modes near 7 meV.13 The lowest peak near 7 meV mainly 

originates from Cu(12f)-weighed modes that dominates the low-energy part of the PDOS. 

Between 7 and 12 meV, the broad peak observed in 𝐺𝐺(𝜔𝜔) mostly results from the contribution 

of the Cu(6d) atoms in addition to lower, but nearly equivalent contributions from the Cu(8e), 

Cu(12f), S(8e) and Sn(6c) atoms. Above 30 meV, the PDOS is mainly dominated by the 

contribution of the S1 atoms with small admixture of the other elements. While the inelastic 

spectrum of the H sample shows an overall similar profile, the higher disorder level has two 

main consequences. First, the entire spectrum, and more specifically the first block near 8 

meV, is shifted towards lower energies. Second, the above-mentioned main features are 

smeared out with a concomitant decrease in their intensity. 

 The temperature dependence of 𝐺𝐺(𝜔𝜔), shown in Figures 6a to 6d for both compounds, 

does not evidence any significant temperature effect upon warming beyond a mere shift of the 

entire spectrum indicative of quasi-harmonic behavior. The agreement with a quasi-harmonic 

approximation is further supported by the comparison of the measured temperature 

dependence of the lowest peak near 7 meV with that predicted by a quasi-harmonic model of 

phonon softening. Within this approximation, the temperature dependence of both the phonon 

frequencies and interatomic force constants is determined through the change in the unit cell 
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volume due to the thermal expansion. The dependence on volume 𝑉𝑉 of the average phonon 

energy 〈𝐸𝐸〉 is captured by the average Grüneisen parameter 𝛾𝛾𝐺𝐺��� via the relation44 

 

𝛾𝛾𝐺𝐺��� = −
𝜕𝜕𝜕𝜕𝜕𝜕〈𝐸𝐸〉
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

 (1) 

 

which can be equivalently rewritten as 

 

Δ𝐸𝐸
𝐸𝐸0

= −𝛾𝛾𝐺𝐺���
Δ𝑉𝑉
𝑉𝑉0

 (2) 

 

𝛾𝛾𝐺𝐺��� can be expressed in terms of thermodynamic quantities by the relation 

 

𝛾𝛾𝐺𝐺��� =
𝛼𝛼𝑉𝑉𝑚𝑚𝐵𝐵𝑆𝑆
𝐶𝐶𝑝𝑝

 (3) 

 

where 𝛼𝛼 is the linear thermal expansion coefficient, 𝑉𝑉𝑚𝑚 is the molar volume, 𝐵𝐵𝑆𝑆 is the 

isentropic bulk modulus and 𝐶𝐶𝑝𝑝 is the specific heat at constant pressure. 𝛾𝛾𝐺𝐺��� has been estimated 

at 300 K using the measured 𝐶𝐶𝑝𝑝 value, an estimate of 𝐵𝐵𝑆𝑆 obtained from the longitudinal and 

transverse sound velocities measured by a pulse-echo method and 𝛼𝛼 determined from the 

temperature dependence of the lattice parameter measured by powder X-ray diffraction. 

Except from 𝛼𝛼 which was found to be nearly identical in both samples with a value of 

17.5×10-6 K-1, these parameters are not strictly equivalent with respective values of 1174 and 

1234 cm3 mol-1, 152 and 104 GPa and 1592 and 1548 J mol-1 K-1 for 𝑉𝑉𝑚𝑚, 𝐵𝐵𝑆𝑆 and 𝐶𝐶𝑝𝑝 for the L 

and H samples, respectively. Using these values yields thermodynamic average Grüneisen 

parameters of  𝛾𝛾𝐺𝐺��� ≈ 1.96 and 1.45 for the L and H sample, respectively. As shown in Figure 
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7, the quasi-harmonic prediction, shown as solid lines, agrees well with the temperature 

dependence observed experimentally. This conventional temperature dependence contrasts 

with those observed in tetrahedrites, pyrochlores or in the Einstein solids MV2Al20 (M = Sc, 

Al, Ga) where the lowest-energy optical modes significantly shift towards higher energies 

upon heating, indicative of a high degree of anharmonicity that gives rise to very low lattice 

thermal conductivity.20,33,36,37  

 Despite the absence of low-energy, strongly anharmonic optical mode, the high values 

of 𝛾𝛾𝐺𝐺��� calculated for both samples indicate that some bonding anharmonicity exists in these 

compounds. These values are consistent with the average Grüneisen parameter of the acoustic 

modes of 2.18 calculated by density functional theory elastic properties calculations (Table 1) 

and with the average 𝛾𝛾𝑎𝑎𝑎𝑎���� value of 2.05 calculated for the acoustic modes from the phonon 

calculations shown in a previous study.13 Furthermore, these values are similar to those 

observed in AgSbTe2 (𝛾𝛾𝐺𝐺��� ≈ 2.05),45 Cu2GeSe3 (𝛾𝛾𝐺𝐺��� ≈ 1.7),46 AgBi3S5 (𝛾𝛾𝑎𝑎𝑎𝑎���� ≈ 3.6, averaged 

only over the acoustic dispersions along the a, b and c crystallographic axes of the crystal 

structure; Ref. 47) or CsAg5Te3 (𝛾𝛾𝑎𝑎𝑎𝑎���� ≈ 4.2, averaged only over the acoustic dispersions along 

the a, b and c crystallographic axes of the crystal structure; Ref. 48), which all exhibit very 

low lattice thermal conductivity. Because the Umklapp phonon scattering rate scales as 𝛾𝛾𝐺𝐺2, 

large values are indicative of strong phonon-phonon scattering that helps achieving low 𝜅𝜅𝐿𝐿 

values. More intriguing is the fact that the H sample shows a lower 𝛾𝛾𝐺𝐺��� value of 1.45 with 

respect to the L sample despite exhibiting significantly lower 𝜅𝜅𝐿𝐿 values. The fact that the 

estimation of  𝛾𝛾𝐺𝐺��� does not capture the contrast between both samples might indicate that 

enhanced anharmonicity is not the main driving force in lowering 𝜅𝜅𝐿𝐿, suggesting that the high 

degree of disorder achieved in the H sample is the key property.  

 

IV. Discussion 
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 One of the most important aspects revealed by Mössbauer analysis is the presence of 

disorder in the L sample, the crystal structure of which had been previously considered as 

fully-ordered.10 While the Mössbauer spectra clearly indicate the presence of Sn atoms on 

other sites of the crystal structure regardless of the synthesis conditions, their exact 

distribution within the unit cell is however difficult to firmly establish. Based on energy 

defect calculations, it seems nevertheless clear that antisite defects involving Cu, Sn and V 

atoms are the main type of defects with indications that CuSn, CuSn and VCu on the 6d, 8e and 

12f, respectively, have the lowest formation energies (19, 21 and 25 meV, respectively).13 The 

possible scenarios regarding the degree of mixed occupancy on these sites is severely 

constrained by the PXRD data. The fact that the relative intensities of the observed reflections 

at low angles hardly evolve upon increasing the degree of disorder suggests that the fraction 

of mixed occupancies should be low enough to leave unchanged these relative intensities but 

sufficiently high to induce sizeable effects on the lattice parameter and transport properties. 

We note that the possibility of the presence of two intertwined phases, disordered and 

ordered, on a macroscopic scale, as evoked for the series of colusites Cu26-xNb2Sn6+xS32-x (x = 

- 0.3, 0, 0.6 and 1.2) for x = 1.2, can be ruled out in the present case.49 Additional high-

resolution synchrotron powder diffraction collected on our samples have not provided any 

signatures of peak splitting within the experimental resolution of these measurements (not 

shown). However, these data show that the H sample exhibits broader diffraction peaks 

compared to the L sample, which supports the higher structural disorder in the former. Further 

attempts at simulating the PXRD patterns considering various models of Cu, Sn and V 

distribution did not provide unambiguous information on their positions within the unit cell. 

For instance, placing Sn atoms on the Cu 8e site yields an equivalent structure model 

demonstrating that the presence of mixed occupancies on these two sites cannot be 
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distinguished by diffraction data. Moreover, the presence of a well-defined quadrupole 

splitting indicate that Sn atoms reside in a slightly-distorted tetrahedral environment. 

However, this distortion is not evidenced by X-ray diffraction which only provides an average 

view of the atomic environments. Further diffraction experiments probing local environments 

will be necessary to get more insights into the distribution of these atoms in the H sample.   

 Increasing the degree of disorder dramatically influences the thermal properties of the 

samples which acquire several traits that bring them closer to glassy systems, that is, very low 

lattice thermal conductivity with no Umklapp peak and a smearing out of the GVDOS 

features. While these two properties are direct consequences of enhanced disorder, the slight 

but noticeable increase in the low-temperature excess specific heat as well as its shift to lower 

temperatures may be attributed to the lower density of the sample (4.66 and 4.54 g cm-3 for 

the L and H sample, respectively) rather than reflecting the disorder itself. Recent inelastic X-

ray scattering measurements of the PDOS of glasses and their crystalline counterpart have 

indeed revealed that similar densities of states at low energies and hence, similar excess 

specific heats emerge when they exhibit similar densities.50 

 Finally, the INS data reveal that the overall temperature evolution of the PDOS can be 

well described by the quasi-harmonic approximation. The glass-like temperature dependence 

of 𝜅𝜅𝐿𝐿 observed in the H sample is thus solely driven by disorder. The lattice distortions 

induced by the mixed occupation of Cu, Sn and V, and possibly by Cu interstitials, likely 

strongly lower the acoustic phonon lifetimes via a broadening of the energy width of the 

acoustic excitations. The similarities between these colusites and the Ba1-xLaxF2+x system,4,5 

where a strong influence of disorder on the thermal transport has also been evidenced, raises 

interesting questions as to whether the characteristics of the disorder in the latter also applies 

to colusites. In particular, neutron diffuse scattering on single crystals have revealed that 
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defects tend to cluster leading to short range ordering,5 a possibility suggested in these 

colusites by transmission electron miscroscopy.13 

 

 

IV. Summary and conclusion 

 

 In summary, we employed a combination of spectroscopic probes and low-temperature 

transport and thermodynamic property measurements to get deeper insights into the role 

played by disorder on the thermal transport of a series of colusites prepared under varying 

high-temperature conditions. As a sensitive probe of the chemical environment of the Sn 

atoms, Mössbauer spectroscopy revealed that these atoms are not solely distributed on the 6c 

sites of the colusite crystal structure. This finding supports defect calculations predicting that 

antisite defects involving Sn atoms have the lowest formation energies. Rather than inducing 

disorder in the unit cell, increasing the sintering temperature modifies the distribution of the 

Cu/V/Sn atoms and tends to tip the balance toward a higher concentration of antisite defects. 

This tunable disorder drives the thermal properties of these compounds closer to those 

observed in amorphous systems. Regardless of the possible presence of additional interstitial 

atoms or vacancies, the enhanced disorder does not yield anharmonicity beyond that 

associated with the thermal expansion of the unit cell. INS data further show the noticeable 

smearing out of the main features of the PDOS upon disordering, conforming to the evolution 

of the thermal transport toward a glass-like behavior. These findings suggest that the 

variations in the thermal properties are solely driven by disorder which strongly shortens 

acoustic phonon lifetimes. In contrast to tetrahedrites where the glass-like lattice thermal 

conductivity originates from strongly-anharmonic behavior induced by a peculiarity of the 

crystal structure, colusites provide an interesting counterexample where a similar behavior 
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emerges from disorder. The fact that the thermal transport can be easily controlled by varying 

the sintering parameters may be equally applicable in other sulfur-based compounds, thereby 

offering a promising strategy for optimizing their thermoelectric performances.  
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Tables 

 

Table 1. Calculated longitudinal (vl), transverse (vt), and average (vm) sound velocities, 

Poisson ratio (νp), Young’s modulus (E), Grüneisen parameter (γ) and Debye temperature (θD) 

for the colusite Cu26V2Sn6S32. The bulk modulus and shear modulus are 82 and 26 GPa, 

respectively.  

 

 

 

 

 

 

 

 

 vl 

(m s−1) 

vt 

(m s−1) 

vm 

(m s−1) 

νp 

 

E 

(GPa) 

γ θD (K) 

Cu26V2Sn6S32 4867 2436 2592 0.36 71 2.18 293 
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Figure Captions 

 

Figure 1. Rietveld refinements of the PXRD data collected at 300 K of the L and H samples. 

All the reflections can be indexed to the cubic crystal structure of colusites described in the 

𝑃𝑃4�3𝑛𝑛 space group. Inset: Perspective view of the crystal structure of the colusite 

Cu26V2Sn6S32. The Cu atoms on the 8e, 6d and 12f sites are shown in dark green, light green 

and light blue, respectively. The Sn atoms on the 6c site are in dark blue while the S atoms on 

the 8e and 24i sites are shown in yellow and brown, respectively. The V atoms on the 2a site 

are shown in red.   

 

Figure 2. (Upper panels) 119Sn Mössbauer spectra collected at T = 4.2 K of the L and H 

samples sintered at 873 and 1023 K, respectively. (Lower panels) Spectra obtained by the 

thinning procedure highlighting the presence of the two contributions to the Mössbauer signal 

in both samples.  
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Figure 3. Temperature dependence of the lattice thermal conductivity 𝜅𝜅𝐿𝐿 of the L and H 

samples.  

 

Figure 4. Lattice contribution to the specific heat 𝐶𝐶𝑝𝑝ℎ plotted as 𝐶𝐶𝑝𝑝ℎ/𝑇𝑇3 versus temperature 

on a logarithmic scale for the L and H samples.  

 

Figure 5. (a) Generalized vibrational density of states 𝐺𝐺(𝜔𝜔) of the L and H samples 

determined from INS measurements at 300 K. For both compounds, the spectra were 

normalized so that the integral of 𝐺𝐺(𝜔𝜔) corresponds to 198 phonon modes. (b) Debye plots 

𝐺𝐺(𝜔𝜔)/𝜔𝜔2 for both samples that stress the low-energy region of the 𝐺𝐺(𝜔𝜔) spectra. The color-

coded symbols are similar in both panels.  

Figure 6. Temperature dependence of the generalized vibrational density of states 𝐺𝐺(𝜔𝜔) of 

the a) L and b) H samples. The corresponding Debye plots 𝐺𝐺(𝜔𝜔)/𝜔𝜔2 are shown in panels c) 

and d) for the L and H samples, respectively. The temperature- and color-coded symbols are 

reported in the figures. 

 

Figure 7. Temperature dependence of the characteristic energy (filled circle symbols) of the 

low-energy peak at 7 meV obtained from fits to the 𝐺𝐺(𝜔𝜔)/𝜔𝜔2 data with Gaussian functions. 

The solid lines correspond to the quasi-harmonic prediction of the temperature dependence of 

the low-energy peak using thermodynamic average Grüneisen parameters of 1.96 and 1.45 for 

the L and H sample, respectively.  
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