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A B S T R A C T   

New material developments are of paramount importance from the perspective of developing a fundamental 
understanding of material properties as well as transitioning from materials to devices. Among the different 
classes of materials of interest, mixed valence Sn compositions have been known to display technologically 
important properties and are of interest for the design and synthesis of novel compositions for targeted appli-
cations. Herein, we report on electronic, optical and thermal properties of the previously unexplored mixed 
valence composition Ba4Sn4Se9, a material with a direct optical band gap of 2.36 eV. As revealed by single crystal 
synchrotron X-ray diffraction, Ba4Sn4Se9 crystallizes in the orthorhombic space group Pnma with a large unit cell 
comprised of 58 atoms. Heat capacity data reveals a low Debye temperature with many low frequency optic 
modes. Our low temperature thermal conductivity data and analyses show that thermal diffusion dominates 
thermal transport above 80 K. Furthermore, high lattice anharmonicity contributes to the very low thermal 
conductivity. Our results and analyses will motivate further investigations of this as well as other compositions in 
the Ba-Sn-Se system, as well as other mixed valence chalcogenides for technological applications.   

1. Introduction 

Discovering and identifying material systems with potential for 
specific applications of interest is complex. Developing a basic under-
standing of the physical properties, as well as scattering mechanisms 
limiting the electronic, thermal, or optical properties of such material 
systems is of paramount importance. Fundamental investigations have 
shown that multinary chalcogenides possess properties that have great 
potential for applications such as thermoelectrics [1–5], thermal barrier 
coatings [6–9], photovoltaics [10–14] and non-linear optics [15–18], 
while advances in computational capabilities have greatly increased our 
ability to search for new materials [19,20]. Despite these extensive 
studies and achievements, the search for new materials for different 
applications of interest continues to intensify. In this regard, the 
exploration, discovery and processing of new classes of materials con-
tinues as very few new materials discoveries transition to device 
development [21,22]. 

Compositions with mixed valence have long been explored for 
various important applications of interest [23]. For example, 

photoluminescence has been observed in compounds with both Eu2+

and Eu3+ [24,25]. Furthermore, the mixed valence state of Sn has been 
of particular interest as such compositions result in important material 
properties [26–28] as well as dopants to induce targeted properties [29]. 
In addition, lone pair electrons introduced by the mixed valence cations 
have been reported to result in low thermal conductivity [30–33]. 

The Ba-Sn-Se ternary system accommodates many different compo-
sitions and has been explored experimentally and theoretically [34–38] 
for compositions such as Ba7Sn3Se13 [38], Ba2SnSe4 [39] and Ba2SnSe5 
[35] in the search for mixed valence compositions. As reported by Li 
et al. [34], the Ba-Sn-Se ternary phase stability diagram indicates po-
tential formation of new compositions with possible mixed valency, and 
thermodynamic stability analyses identified a stable region for forma-
tion of potential ternary compositions with a Ba to Sn stoichiometric 
ratio of 1:1. Moreover, the interactions of lone pair electrons containing 
p states of Sn with the p states of Se are of interest for thermoelectric and 
optoelectronic applications [40]. In this work, we report on the crystal 
growth and physical properties of a new, previously unexplored poly-
morph in the Ba-Sn-Se system of compounds with mixed Sn valence. 
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Ba4Sn4Se9 crystallizes in the orthorhombic space group Pnma and pos-
sesses a large unit cell with Sn2+ and Sn4+ leading to heterogeneous 
bonding around the barium atoms. Temperature dependent electronic 
and thermal properties, as well as optical spectroscopy studies, indicate 
that Ba4Sn4Se9 is a wide band gap and low thermal conductivity, κ, 
material. Our analyses of the thermal properties reveal evidence of 
thermal diffusion dominating the thermal transport in this material. Our 
findings reaffirm the interest and potential technological importance for 
investigating the Ba-Sn-Se ternary material system, with many potential 
compositions yet to be explored, and will also motivate investigations 
into the design and processing of other novel mixed valence composi-
tions for targeted technological applications. 

2. Experimental procedures 

2.1. Sample preparation 

The new ternary chalcogenide in the Ba-Sn-Se material system was 
first observed as a secondary phase in an attempt to grow crystals of 
BaSnSe2. The synthesis method was then optimized to obtain crystals of 
Ba4Sn4Se9 utilizing direct reaction of appropriate binaries. All synthesis 
attempts using direct reaction of elements, and metal flux growth, failed 
to produce crystals of Ba4Sn4Se9. To prepare BaSe, a 1:1 stoichiometric 
mixture of Ba pieces (99.2 %, Alfa Aesar) and Se powder (Alfa Aesar, 
99.999 %) was sealed in a silica ampoule under vacuum and heated up 
to 1073 K at 30 K/h, at which point the heating rate was lowered to 5 K/ 
h and further heated up to 1213 K. After the ampoule with the elemental 
mixture was at this temperature for 72 h, the furnace was turned off. The 
synthesized BaSe and commercially available SnSe (Alfa Aesar, 99.999 
%) binaries were combined in a 1:1 stoichiometric ratio and ball milled 
in a planetary ball mill to obtain a homogeneous mixture. The stainless- 
steel milling jars were assembled inside a glovebox with a nitrogen at-
mosphere with stainless-steel milling balls to powder mass ratio of 40 to 
1. Ball milling was carried out using a gear drive 4-station planetary ball 
mill (Acros International, model no. PQ-N2) at 425 rpm for 10 min. The 
powder was then inserted into a silica ampoule and placed in a quartz 
tube. The quartz tube was sealed under vacuum before being placed in a 
resistive furnace. It was then heated to 1273 K at a rate of 20 K/h and 
held at this temperature for 48 h at which point it was slowly cooled to 
673 K at 4 K/h. The cooling rate was then increased to 10 K/h to bring 
the reaction mixture to ambient temperature. Small grey crystals with 
facet dimensions of less than 1 mm were obtained and used for structure 
characterization, optical properties measurements and temperature 
dependent electrical and thermal properties measurements. 

2.2. Single crystal synchrotron X-ray diffraction and structure refinement 

Single crystal synchrotron X-ray diffraction (XRD) measurements 
were carried out at NSF’s ChemMatCARS, Sector 15 of the Advanced 
Photon Source, Argonne National Laboratory. Data were collected using 
a Huber 3-circle diffractometer equipped with a Pilatus3 × 2 M detector 
at 100 K using an Oxford Cryojet.1 The ω-angle was set at −180◦, κ-angle 
was set at 0◦ and 30◦, with ϕ-angle scanned over the range of 360◦ using 
the shutterless mode of the detector. Data integration was performed 
with Bruker APEX 3 suite software [41,42]. The reduction of data was 
conducted with SAINT v.8.38A and SADABS v.2016 programs included 
in the APEX suite. The structure was solved by direct methods and 
refined by the full-matrix least-squares [41,42]. 

2.3. Energy dispersive spectroscopy 

Energy dispersive spectroscopy (EDS) was performed on several 
crystals with an Oxford INCA X-Sight 7582 M (INCA software) equipped 
with a scanning electron microscope (JEOL JSM-6390LV). The empirical 
formula obtained for the material using EDS results corroborated our 
structure refinement results. 

2.4. Electron localization function calculations 

Structural data from our refinement results were used for electron 
localization function (ELF) calculations performed using the Quantum 
Espresso package [43] based on self-consistent Kohn-Sham orbitals. 
Self-consistent field (SCF) calculations were based on the Per-
dew–Burke-Ernzerhof (PBE) approximation [44,45] with Ba 5s25p66s2, 
Sn 4d105s25p2 and Se 4s24p4 valence configurations considered for 
projector-augmented waves (PAW) pseudopotentials [46]. A 2 × 2 × 2 k 
mesh, kinetic energy cut- off of 640 eV and energy convergence 
threshold of 10−6 eV was used. Analyses and visualization of the ELF 
distribution were performed using the Vesta software [47]. 

2.5. Temperature dependent electrical and thermal property 
measurements 

One of the larger crystals of Ba4Sn4Se9 was used for low temperature 
electrical and thermal properties measurements. Measurement of low 
temperature transport properties of small crystals of mm scale is a 
challenging task. A custom-built radiation-shielded vacuum probe [48, 
49] was used for the measurement and the techniques for mounting the 
crystals has been previously demonstrated [50–53]. An approximately 
0.5 × 1.5 × 1.5 mm3 crystal was used for measurement of the electrical 
and thermal properties from 300 K to 20 K with a maximum experi-
mental uncertainty of ±20 % associated with determination of the 
geometrical dimensions of the crystal. Low-temperature heat capacity, 
Cp, was measured using the heat capacity option on a commercial 
Quantum Design Physical Property Measurement System using the 
thermal N-grease accompanied by appropriate addenda. The maximum 
experimental uncertainty in the entire temperature range was estimated 
to be ± 3 %. 

2.6. Optical property measurements 

Backscattered reflection spectroscopy was performed on a mounted 
Ba4Sn4Se9 single crystal using a Photon IMA hyperspectral microscope 
equipped with a broadband halogen lamp and CMOS detector (Hama-
matsu C13440). The collection efficiency was calibrated with a reflec-
tance standard (Spectralon, Edmund Optics). The band gap was 
determined by a Tauc plot of the Kubelka-Munk transform. Photo-
luminescence spectra were collected using a Renishaw InVia Microscope 
with 514.5 nm Ar+ laser excitation and emission detection on a 1″ CCD 
spread off a 1200 lines/mm grating. 

3. Results and discussion 

3.1. Crystal structure 

Ba4Sn4Se9 forms in a new, orthorhombic polychalcogenide. Table 1 
shows the crystallographic data from synchrotron single-crystal XRD 
structure refinement. Table 2 provides the atomic coordinates and 
isotropic atomic displacement parameters, Ueq. Table 3 contains the 
anisotropic displacement parameters, Uij, and Tables S1 and S2 in the 
Supplementary Information provide the selected bond distances and bond 
angles, respectively. 

The crystal structure of Ba4Sn4Se9 consists of discrete Sn4Se9 units 
that are connected to each other via Ba atoms forming a 3D network, as 
shown in Fig. 1(a) and (b). Within each Sn4Se9 unit, the Sn atoms have 

1 Certain trade names and company products are mentioned in the text or 
identified in illustrations in order to adequately specify the experimental pro-
cedures and equipment used. In no case does such identification imply 
recommendation or endorsement by the National Institute of Standards and 
Technology. 
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two types of coordination, the 3-fold SnSe3 (trigonal pyramidal geom-
etry) and the 4-fold SnSe4 (distorted tetrahedral environment). The 
shortest Sn-Se bond is the tetrahedral bond whereas the Sn-Se bond 
distances in the trigonal pyramidal geometry are longer, with Sn non- 
bonding orbitals projecting away from the triangular Se planes as seen 
in the ELF distribution on the (011) lattice plane (Fig. 2). The Sn4Se9 
motifs form 2-dimensional layers parallel to the a-c plane. There are two 
independent Ba sites (Ba(1) and Ba(2)) in the structure, both have a 7- 
coordination environment to Se as distorted monocapped triangular 
prisms. Ba (1) has a longer distance to Se (7), 3.7764(3) Å, therefore it 
can also be viewed as a distorted bicapped triangular prism environment 
(7 + 1 coordination environment). These coordination environments 
were also observed in other chalcogenides containing Ba2+ cations. 
Specifically, the Ba-Se distances are similar to those reported for the 
other compositions, for example in Ba2SnSe5 [35], BaGa4Se7 [54], 
Ba7Sn3Se13 [38], Ba6Sn6Se13 [36] and Ba2SnSe4 [39]. As shown in Fig. 3, 
the SEM/EDS analyses of several crystals were performed and an 
empirical formula of Ba23.1(2)Sn23.3(2)Se51.2(4) was obtained, corrobo-
rating the molecular formula shown in Table 1. 

3.2. Heat capacity 

The unit cell of the Ba4Sn4Se9 crystal structure has 58 atoms. Due to 
the complexity of the structure arising from the heterogeneous bonding 

due to mixed valence Sn, low frequency optic modes may exist that can 
directly affect the thermal properties of Ba4Sn4Se9, as observed in other 
polychalcogenides [55–57]. Moreover, the lattice optic modes may be a 
significant aspect of the thermal properties due to the complexity of the 
crystal structure. Hence, to investigate the thermal properties of this 
material, we first measured the low temperature Cp. As shown in Fig. 4, 
the Dulong-Petit limit is achieved near 200 K indicating that the ma-
jority of acoustic and optic mode frequencies are excited above this 
temperature. The solid line in the inset of Fig. 4 is a low temperature 
linear fit to the data of the form, Cp = γT+ βT3, where the first and 
second terms represent the Sommerfeld coefficient and the lattice 
contribution, respectively [58]. Using the lattice contribution from the 
data fit, β = 1.8 mJ mol−1K−4, the Debye temperature, θD, was deter-
mined from the low temperature Cp data using the relation θD =

(12π4Rna/5β)1/3, where na is the number of atoms per formula unit and 
R is the universal gas constant. A value of 263 K was thus obtained for 
θD. The density of states at the Fermi level, N(EF), can be estimated from 
the relation [58], 

γ =
π2

3
k2

BN(EF)
(

1+ λe−ph

)

, (1)  

where γ = 3.5 mJ mol−1K−2 from our data fit and λe−ph is the electron- 
phonon coupling constant, assumed to be zero as a first approxima-
tion. The resulting N(EF) = 1.5 eV−1 per formula unit indicates poor 
electrical conductivity, as expected given the band gap and analyses of 
the photoluminescence spectrum described below. We further 
confirmed this by measuring the electrical resistivity, ρ. As shown in 
Fig. 6, a value of 0.1 Ω m at room temperature was obtained from our 
four-probe resistivity measurements with an exponential temperature 
dependence with decreasing temperature, in line with the behavior ex-
pected for the band gap of this material. As shown in Fig. 5, the Cp/T3 vs. 
T for Ba4Sn4Se9 shows deviation from Debye behavior. For a crystalline 
material such a boson peak typically occurs due to excitation of optic 
phonons [59]. The peak at 11 K was used to estimate the Einstein 
temperature, θE, of optic modes at 5Tmax to be 55 K. The relatively low 
value of θE obtained points to low-lying optic bands above which low 
velocity phonons may dominate the thermal transport. Typically, such 

Table 1 
Crystal data and structure refinement.  

Empirical formula Ba4Sn4Se9 
Formula weight 433.69 
Temperature/K 100(2) 
Crystal system Orthorhombic 
Space group Pnma (No. 62) 
a/Å 12.4751(3) 
b/Å 9.2631(2) 
c/Å 18.1189(4) 
Volume/Å3 2093.79(8) 
Z 4 
ρcalc/g cm−3 5.503 
μ/mm-1 11.468 
F(000) 2920 
Crystal size/mm3 0.025 × 0.015 × 0.01 
2Θ range for data collection/◦ 2.304 to 40.284 
Index ranges −20≤ h ≤ 20, -15 ≤ k ≤ 15, -30 ≤ l ≤ 30 
Reflections collected 118,607 
Independent reflections 5315 [Rint = 0.0611, Rsigma = 0.0196] 
Data/restraints/parameters 5315/0/93 
Goodness-of-fit on F2 1.231 
Final R indeces [I > 2σ (I)] R1 = 0.0181, wR2 = 0.0436 
R indices (all data) R1 = 0.0203, wR2 = 0.0440 
Largest diff. peak/hole / e Å−3 1.91/−1.51  

Table 2 
Atomic coordinates and equivalent isotropic displacement parameters (Å2) for 
Ba4Sn4Se9. Ueq is defined as one third of the trace of the orthogonalized Uij 
tensor.   

x y z Ueq 

Ba(1) 0.81935(2) 0.50040(2) 0.05732(2) 0.00525(3) 
Ba(2) 0.83473(2) 0.49683(1) 0.31188(2) 0.00623(3) 
Sn(1) 0.58829(2) 0.75 0.38893(2) 0.00461(4) 
Sn(2) 0.47782(2) 0.25 0.00524(2) 0.00569(4) 
Sn(3) 0.59101(2) 0.25 0.19669(2) 0.00583(4) 
Sn(4) 0.56885(2) 0.75 0.19348(2) 0.01029(5) 
Se(1) 0.78101(3) 0.75 0.43403(2) 0.00526(6) 
Se(2) 0.48904(3) 0.75 0.50882(2) 0.00542(6) 
Se(3) 0.56210(2) 0.46771(3) 0.09671(2) 0.00558(4) 
Se(4) 0.28407(3) 0.25 0.06359(2) 0.00560(6) 
Se(5) 0.80039(3) 0.25 0.18776(2) 0.00583(6) 
Se(6) 0.77655(3) 0.75 0.18729(2) 0.00524(6) 
Se(7) 0.55612(2) 0.97545(3) 0.31343(2) 0.00655(4)  

Table 3 
Anisotropic displacement parameters (Å2). The anisotropic displacement factor 
exponent takes the form: −2p2[h2a*2U11 + … + 2 h k a* b* U12].   

U11 U22 U33 U23 U13 U12 

Ba 
(1) 

5.49(6) 4.33(6) 5.92(6) −0.17 
(5) 

0.72(4) −0.12 
(4) 

Ba 
(2) 

7.92(6) 5.20(6) 5.59(6) −0.30 
(5) 

−0.83(4) 1.17(5) 

Sn 
(1) 

4.35(9) 5.01(9) 4.47(9) 0 −0.01(7) 0 

Sn 
(2) 

5.00(9) 7.55(10) 5.12 
(10) 

0 0.10(8) 0 

Sn 
(3) 

5.71 
(10) 

5.42(10) 6.36 
(10) 

0 0.75(8) 0 

Sn 
(4) 

5.01 
(10) 

18.29 
(13) 

7.57 
(11) 

0 −0.77(8) 0 

Se(1) 4.76 
(13) 

5.85(13) 5.18 
(13) 

0 −0.34 
(10) 

0 

Se(2) 4.31 
(13) 

6.55(13) 5.39 
(13) 

0 0.39(10) 0 

Se(3) 5.00(9) 5.19(9) 6.56(9) 0.04(8) −0.23(7) −0.21 
(7) 

Se(4) 4.60 
(13) 

5.99(13) 6.21 
(13) 

0 −0.43 
(10) 

0 

Se(5) 6.41 
(13) 

5.04(13) 6.04 
(14) 

0 −0.74 
(11) 

0 

Se(6) 5.31 
(13) 

5.04(13) 5.38 
(13) 

0 −0.1(1) 0 

Se(7) 6.38(9) 5.91(9) 7.35 
(10) 

1.47(8) −0.87(8) 0.02(8)  
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Einstein-like soft modes are observed in materials with atoms possessing 
high displacement parameters [49,60–62], however they have also been 
identified in complex crystal lattices with many atom unit cells [63,64]. 

3.3. Optical properties 

To investigate the optical properties of this previously unascertained 
material, we performed spectroscopic measurements. From the reflec-
tance spectrum, as shown in Fig. 7, a Tauc plot was constructed (inset to 

Fig. 7) using the Kubelka-Munk transform of the reflectance and plotting 
the Kubelka-Munk function, (F(R)hν)2, as a function of photon energy, 
hν. A good linear fit was obtained with the square of the Kubelka-Munk 
function for our data, indicating a direct gap of 2.36 eV. The direct 
photonic electron transition was confirmed using photoluminescence 
spectroscopy. Broad emission was detected when excited with a 514.5 
nm laser, as shown in Fig. 8, with peak emission detected at 611 nm. 
This wavelength correlates to 2.03 eV, revealing a relatively large Stokes 
shift of 0.33 eV for optical excitation-induced emission of Ba4Sn4Se9. 
The broadness of the emission suggests multiple weaker underlying 
transitions due to mid-gap states or more complicated photophysical 
processes. Notably, negligible photoluminescence was detected when 
excited with a 532 nm solid state laser, verifying that the optical band 
gap of 2.36 eV is greater than the energy of these photons (2.03 eV). 

3.4. Thermal conductivity 

The complex crystal structure of Ba4Sn4Se9 may affect the thermal 
transport of the material due to high lattice anharmonicity. However, as 
shown in Fig. 9, the very low κ values above 100 K are temperature 
independent suggesting the existence of another mechanism for heat 
propagation in addition to phonon transport involving the scattering 
mechanisms described in a typical phonon-gas model. Compositions 
with complex crystal structures are known to display diffusion-like 
transport [65,66]. Furthermore, recent reports on the thermal proper-
ties of certain crystalline solids show that diffusion-like thermal trans-
port results in κ values that are relatively temperature independent at 
higher temperatures [67,68]. In order to investigate the different 

Fig. 1. (a) Crystal structure of Ba4Sn4Se9 and (b) Sn4Se9 motifs.  

Fig. 2. The ELF distribution of Sn sites on the (011) lattice plane exhibiting 
lone pair electrons on the Sn2, Sn3 and Sn4 sites. 

Fig. 3. (a) SEM image of a representative crystal of Ba4Sn4Se9 mounted on adhesive carbon tape with conductive copper tape. (b) Representative EDS spectrum 
obtained for Ba4Sn4Se9. Several peaks have been labeled with their corresponding elements. 
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phonon scattering mechanisms as well as potential contribution to κ 

from diffusion thermal transport, we utilized a combined phenomeno-
logical model that consists of the Debye-Callaway model [69], for lattice 
thermal conductivity, κL, and a diffusion transport model [70], κdiff . 

Ba4Sn4Se9 possesses relatively low κ over the entire measured tem-
perature range, as shown in Fig. 9. The electronic contribution to κ was 
deemed to be negligible due to very high ρ values for this wide band gap 
material, as shown in Fig. 6. In Fig. 9, the solid line is a theoretical fit to 
the model [69,70]: 
κ = κL + κdiff (2)  

where, 

κdiff = D

(

n−2/3kB

2π2v3

)(

kBT

ℏ

)4 ∫

f θD/T

0

x5ex

(ex − 1)2
dx (3)  

and 

κL =
kB

2π2v

(

kBT

ℏ

)3 ∫

θD/T

0

x4ex

τC
−1(ex − 1)2

dx (4) 

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, 

τC
−1 =

(

υ

L
+AT4x4 +BT3exp

(

−θD

3T

)

x2

)

(5)  

where the three terms represent grain boundary scattering, point defect 
scattering and Umklapp scattering respectively. A, B, D and f are fitting 
parameters related to the different phonon scattering processes. 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 τC−1 as well as the expression for κdiff were 
required. As shown in Fig. 9, the model fits the data very well over the 
entire measured temperature range yielding fitting parameters of A =
1.3 × 10−40 s3, B = 2.9 × 10−16 s/K, υ = 1650 m/s, L = 1 μm, D = 2.0 and 
f = 1. With increasing temperature, κdiff starts to dominate the thermal 
transport. Notably, even though Cp data suggests the existence of low 
frequency optic modes (Fig. 5), resonance scattering was not deemed to 
be a major contributor to τC from our analyses. The very good fit ob-
tained for the data using only grain boundary scattering, point defect 
scattering and Umklapp scattering suggests that above 80 K κdiff domi-
nates. Utilizing the B parameter from the theoretical fit to the 
phenomenological model, the Gruneisen parameter, γ, was estimated to 

Fig. 4. Low temperature Cp data normalized to the Dulong-Petit limit. The inset 
shows the Cp/T vs T2 dependence. The solid line represents a linear fit to the 
relation Cp = γT + βT3. 

Fig. 5. Cp/T3 vs T illustrating the deviation from the Debye model.  

Fig. 6. Temperature dependent ρ data. The ρ was too high to be measured 
below 200 K. 

Fig. 7. UV–vis-NIR reflectance spectrum with corresponding Tauc plot of the 
Kubelka-Munk function indicating a direct band gap of 2.36 eV. 
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be 1.8 using the expression B ≅ ℏγ2/Mv2θD [71,72]. This relatively high 
γ value indicates high lattice anharmonicity, the mixed valency also 
contributing to anharmonicity in Ba4Sn4Se9. These findings are 
corroborated by the low κ values observed for the entire measured 
temperature range. 

4. Conclusions 

The crystal structure and physical properties of single crystal 
Ba4Sn4Se9, a new mixed valence composition in the Ba-Sn-Se material 
system, were investigated. The mixed valency of Sn leads to heteroge-
neous bonding that, together with a complex crystal structure, directly 
affects the physical properties. The material possesses a direct band gap 
of 2.36 eV with very high measured ρ values. Analyses of the tempera-
ture dependent κ data using phenomenological models revealed thermal 
diffusion dominating the thermal transport. A θD value of 263 K was 
obtained using low temperature Cp data. The temperature dependence 
of Cp/T3 show deviation from Debye model suggesting the existence of 
low velocity optic modes corresponding to θE of 55 K. The mixed Sn2+

and Sn4+ cations contribute to the lattice anharmonicity as indicated by 
a relatively large Gruneisen parameter corroborating the intrinsically 
low κ for Ba4Sn4Se9. Our results and analyses should motivate further 
investigations into this as well as other compositions in the Ba-Sn-Se 

system. 
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