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The thermal properties of Ba;Cu,Sn;Se;, were investigated by measurement of the thermal conductivity and heat capacity.
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The chemical bonding in this diamagnetic material was investigated using structural data from Rietveld refinement and

calculated electron localization. This quaternary chalcogenide is monoclinic (P2,/c), has a large unit cell with 72 atoms in the

primitive cell, and a high local coordination environment. The Debye temperature (162 K) and average speed of sound (1666

m/s) are relatively low with a very small electronic contribution to the heat capacity. Ultralow thermal conductivity (0.46

Wm-K* at room temperature) is attributed to the relatively weak chemical bonding and intrinsic anharmonicity, in addition

to a large unit cell. This work is part of the continuing effort to explore quaternary chalcogenides with intrinsically low

thermal conductivity and identify the features that result in a low thermal conductivity.

Introduction

Quaternary chalcogenides continue to be investigated because
of the diverse physical properties that are associated with their
crystal structures. Different quaternary chalcogenides are of
interest for applications in nonlinear optics 14, photovoltaics >~
8, thermoelectrics °13, and as thermal barrier coating materials
91415 Moreover, applications where heat
dissipation or low thermal conductivity are of interest requires
an understanding of their thermal properties. Quaternary
chalcogenides possess very different physical properties
depending on their stoichiometry and crystal structure;
therefore, the potential applications for these materials are
directly related to their structural features. In particular, the
thermal properties of these materials have been shown to be
directly related to their specific structural features 16720

One aspect that motivates the interest in these materials is their
bonding and structural arrangement, in particular the
coordination preferences of the metal and chalcogen atoms
that comprise complex structural features that can result in
anharmonicity. Many atoms per unit cell result in a large
number of optic modes that typically have lower group
velocities than the acoustic modes that often dominate thermal
transport 21723, In the case of Ba3;Cu,Sn3Se;q, there are 72 atoms
in the primitive unit cell. The complex crystal structure of this
quaternary chalcogenide has been previously reported, as well
as the calculated band structure which shows a large 1.2 eV

materials for
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bandgap 24. Motivated by our continued interest in quaternary
chalcogenides, and in particular the effect of complex
structures, bonding, and disorder on the thermal properties, we
investigate the temperature-dependent thermal properties of
monoclinic (P2:/c) BazCu,SnsSeqs. Rietveld refinement and
calculated electron localization are also employed in
determining the origins of the thermal properties.

Experimental

Phase pure BasCu,SnsSe; o was prepared by mechanical alloying
of the starting binaries in a planetary ball mill, followed by solid-
state annealing. The binary Cu,Se (99.5%, Alfa Aesar) was of
commercial grade while the phase pure BaSe and SnSe, binary
materials were synthesized by direct reaction of the constituent
elements. BaSe was prepared by stoichiometric reaction of Ba
pieces (99.2%, Alfa Aesar) and Se powder (99.999%, Alfa Aesar)
at 1213 K for 3 days, and SnSe, was prepared by stoichiometric
reaction of Sn powder (99.85%, Alfa Aesar) and Se mesh powder
(99.999%, Alfa Aesar) at 1273 K for 12 h. Subsequently, BaSe,
Cu,Se, and SnSe, were weighed in a 3:1:3 ratio and placed into
a stainless-steel milling jar together with stainless-steel balls in
a ball-to-powder ratio of 40:1. The milling jar was evacuated and
back-filled with Argon before sealing, and subsequently ball-
milled at 425 rpm for 10 minutes. The powder product obtained
from ball milling was cold pressed and placed in a resistive
furnace at 773 K for 72 h. Phase pure microcrystalline
BasCu,Sn3Se ;g was obtained as indicated from powder X-ray
diffraction (XRD) measurements and Rietveld structure
refinement. The short ball-milling duration (10 min) allows for
homogeneous mixing followed by formation of the desired
phase by reaction at moderate temperatures. This synthetic
approach allowed for the formation of microcrystalline phase-
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pure powders in large quantities that were subsequently
densified in order to perform the thermal property
measurements described below. Hot pressing was used to
densify the finely ground and sieved (325 mesh; 45 pm)
powders. The powders were loaded into a custom-designed
graphite punch-die assembly and densified at 150 MPa and 673
K for 2 h under high purity N, gas flow resulting in a dense
polycrystalline material of 95 % of theoretical density.

Powder X-ray diffraction data was collected using a Bruker-AXS
D8 Focus diffractometer in the Bragg Brentano geometry with a
Cu anode and graphite monochromator (A = 1.5406 A).
Structural refinements were carried out using GSAS Il software
25, The background was described by the Chebyshev-1 function
containing ten terms, profile parameters were refined to fit the
peak shapes of the XRD spectra, and a pseudo-Voigt profile
function was employed for the refinement. Differential thermal
analysis (DTA) and thermogravimetric analysis (TGA)
measurements were performed from 300 K to 1073 K with a
heating rate of 10 K/min on 20 mg powder under high purity N,
gas flow using a TA Instruments Q600. Isobaric heat capacity, Cp
, measurements in the 2 K to 300 K temperature range was
performed using a commercial Quantum Design Physical
Property Measurement System (PPMS), with a maximum
estimated uncertainty of 5 % for the entire temperature range.
DC magnetic susceptibility was measured from 10 K to 300 K
using the VSM module of the Quantum Design PPMS equipped
with a brass paddle in a magnetic field of 10000 Oe. Thermal
diffusivity, a, was measured using a NETZSCH LFA457 system
under Ar flow that employs the laser flash diffusivity method.
The experimental uncertainty in o measurements was
estimated to be + 5%. The equation k¥ = DaC), was used to
compute the thermal conductivity, K, where D is the measured
density of the densified polycrystalline material and Cp is
specific heat capacity.

Electron localization function (ELF) calculations were carried out
based on self-consistent Kohn-Sham orbitals as implemented in
the Quantum Espresso package 2° employing the structural data
from our refinement results. Self-consistent field (SCF)
calculations were based on the Perdew—Burke-Ernzerhof (PBE)
approximation 2728 with projector-augmented waves (PAW)
pseudopotentials 2°. For the pseudopotentials, Ba 5s25p®6s?,
Cu3d94s?, Sn 4d105s25p2 and Se 4s24p* valence configurations
were considered. A 2 x 2 x 1 k mesh, kinetic energy cut- off of
816 eV and energy convergence threshold of 108 eV was used.
Vesta software 30 was utilized for the analyses and visualization
of the ELF distribution.

Results & Discussion

Figure 1 shows the profile fit and difference from Rietveld
structure refinement of the powder XRD of BasCu,SnsSe;,. The
results of our structure refinements are summarized in Table 1
and the atomic coordinates are given in Table 2. These results
are in agreement with previously reported single crystal
analyses?*. Ba;Cu,Sn3Se;q is monoclinic, P2,/c space group, with
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Figure 1. XRD data for BasCu,SnsSey, including the profile fit and profile difference
from Rietveld structure refinement. The inset shows XRD data after ball milling
indicating that the quaternary chalcogenide was not obtained at this stage.

four formula units per unit cell and with three crystallographic
Ba sites, two Cu sites, three Sn sites and ten Se sites. The crystal
structure (Figure 2) can be understood as consisting of a
network of interconnected polyhedra, two with eight Se atoms
in a square antiprismatic arrangement with Bal and Ba2 at their
center, Ba3 surrounded by 7 Se atoms in a monocapped trigonal
prismatic geometry, slightly distorted tetrahedra with Sn1, Sn2
and Sn3 at their centers, and distorted trigonal pyramids
surrounding Cul and Cu2. With the exception of Cul and Sn1,
the cation-centered polyhedra are interconnected with at least
one edge-sharing Se atoms and Cul and Snl polyhedra each
share corners in the complex crystal structure. The larger
isotropic displacement parameters, U, for the Cu atoms
suggest relatively weak bonding to Se. The distances from
cation to the neighboring Se atoms vary significantly in this
guaternary chalcogenide, as shown in Table 3, and range from
2.341(13) A for Cul-Sel to 3.6915 (4) A for Ba3-Se6. The
associated bond angles are also given in Table 3. To understand
the bonding behavior of the atomic structure, including the
localization of electrons, we calculated the ELF for
BasCu,Sn3Se;, on different lattice planes, as shown in Figure 3.
The highly localized electron density for Cul and Cu2
correspond to the filled d orbitals. Barium and Cu atoms couple
with adjacent Se atoms in a primarily ionic bond while Sn-Se
covalently share electrons in the structure with a mixed

Table 1. Crystallographic information and structure refinement
results for BasCu,SnsSe .

Space group P21/c (#14)

a(A) 6.6276(6)

b (R) 13.6010(10)

c(A) 23.490(4)

a=y () 90

8(°) 101.6385(26)

v (A3) 2073.9(5)

Radiation Graphite monochromated
Cu Kat (1.54056 A)

D, (g/cm3) 5.3959

20 range (deg.) 20-100

wR,, R, 0.04032, 0.03225

GOF 1.063

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. (a) C
illustrating the local coordination environment around Ba, Sn and Cu.
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stal structure of BasCu,SnsSesy, (b) the structure showing corner sharing and edge sharing polyhedra with cations at their centers, and (c) schematic
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Figure 3. Topological surfaces from calculated ELF along different planes.
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ionic/covalent character, as shown in Figure 3. In certain Cu-
based crystalline materials, for example those consisting of
CuSe; trigonal environment, strong p-d coupling exist and the
large U, for Cu have been correlated to the anti-bonding
interactions between filled Cu d orbitals and Se p orbitals that
leads to weaker bonds 16243132, The ELF maps (Figure 3) also
show such a bonding interaction for the short Cu2-Cu2 distance
(2.64 (3) A) that is consistent with this interpretation 24,

Figure 4 shows DTA data for BasCu,SnsSe;p indicating
decomposition into Cu,SnSe; and BaSe at 823 K. Thermal
diffusivity was therefore measured well below this
temperature. Figure 5 shows the temperature dependence of
magnetic susceptibility (x) and indicates diamagnetic behavior.
At temperatures below 30 K, the positive and increasing
susceptibility can be attributed to trace magnetic impurities in
the elements used for synthesis.

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. DTA data for BasCu,SnsSe;.
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Table 2. Atomic coordinates and equivalent atomic displacement Ba3-Se8 3.3450(5) Se8-Sn1-Se2 112.77(9)
parameters of BazCu,SnsSeo. Ba3-Sel0  3.3810(3) Se5-Sn1-Se6 116.79(9)
o site ” . . Ul Ba3-Se8  3.3807(2) Se8-Snl-Se6  110.18(9)
Bal 4e 067907(11) 0.35884(6) 0.22344(29) 0.023 Snl-5e5  2.54642(18) Se2-Snl-Se6  98.26(9)
Ba2  4e 0.12646(12) 0.53433(4) 0.10267(3)  0.023 Snl-Se§  2.5474(3) Se9-Sn2-Se2  112.59(9)
Ba3  4e  0.0576(10) 0.14893(5) 0.08726(31)  0.024 Snl-5e2  2.55974(16) Se9-Sn2-5e10  107.39(9)
Snl  de 0.36574(13) 033777(5) 0.40422(3)  0.013 Snl-5e6  2.52537(18) Se2-$n2-5e10  99.06(9)
Sn2  de  0.49824(10) 0.33458(6) 0.0427(29)  0.015 Sn2-5e9  2.5015(3) Se9-Sn2-Se7  108.03(9)
Sn3  de  0.21046(10) 0.18682(5) 0.25937(29)  0.018 Sn2-Se10  2.5371(3) Se2-Sn2-Se7  121.66(9)
Cul  4e  0.6603(19 0.0506(10)  0.2099(5)  0.052 Sn2-Se2  2.5311(3) Sel0-Sn2-Se7  106.79(9)
Cu2  4e  05125(19) 0.0537(9)  0.0474(5)  0.046 Sn2-5e7  2.52379(17) Se4-Sn3-Se3  110.63(9)
Sel  4e  0.5863(15) 0.14789(8) 0.28532(5)  0.019 Sn3-Se4  2.50188(15) Se5-Sn3-Se3  103.79(9)
Se2  4e 0.34519(16) 0.72943(8) 0.03985(5)  0.017 Sn3-Se5  2.5772(4) Sed-Sn3-Sel  108.34(9)
Se3  4e 0.16148(18) 0.33059(9) 0.18786(5)  0.025 Sn3-5e3  2.5555(3) Se5-Sn3-Sel  114.67(9)
Sed  4e  0024(17) 0.03765(8) 02137(5)  0.020 Sn3-Sel  2.4983(3) Se3-Sn3-Sel  108.10(9)
Se5  4e  0.05447(14) 0.24982(7) 0.34456(5)  0.017 Cul-Se6  2.405(13) Sed-Cul-Se6  121.109(13)
Se6  4e  0.57893(17) 0.44023(8) 0.34877(5)  0.017 Cul-Sel  2.341(13) Sed-Cul-Sel  112.10(13)
Se7  4e 0.63565(21) 0.48634(7) 0.09931(6)  0.019 Cul-Se4  2.401(13) Se6-Cul-Sel ~ 124.90(13)
Se8  4e  0.20278(18) 0.44695(8) 0.47068(5)  0.013 Cu2-Sel0  2.379(13) Se8-Cu2-Se8  115.20(13)
Se9  4de 0.11457(17) 0.34927(9) 0.01546(5)  0.022 Cu2-Se8  2.484(14) Se8-Cu2-Sel0  120.90(13)
Sel0 4e 0.57938(19) 0.1901(7)  0.11185(5)  0.017 Cu2-Se8  2.443(12) Se8-Cu2-Sel0  119.50(13)
Table 3. Selected atomic bond lengths and bond angles of
BazCu,Sn3Seq,. 0.003 T T : : .
Bond lengths (A) Bond angles (°) 0.002 : i
Bal-Se3  3.3848(4) Se3-BalSel  75.09(7) o c
Bal-Se6  3.3349(5) Se4-Bal-Sel 126.03(7) _,E 0.001+ § 1
Bal-Sel0  3.4461(4) Sed-Bal-Se3  132.87(7) é;
Bal-Sel  3.3292(3) Sed-Bal-Se6  64.24(7) 5 00001 |
Bal-Se7  3.3546(5) Se3-Bal-Se6  83.30(7) ™ 0001 | )
Bal-Se4  3.28561(19) Se4-Bal-Sel0  147.18(7)
Bal-Se3  3.4852(3) Se3-Bal-Sel0  72.98(7) -0.002 ‘ ‘ ‘ ‘ ‘
Bal-Se5  3.6915(4) Se6-Bal-Sel0  148.30(7) 0 0 100 ;‘(5}2) 2000 20 %00
Ba2-5e9 3.2362(3) Se6-Bal-sel 79-25(7) Figure 5. Molar susceptibility (x) versus temperature for BasCu,SnsSe; in a magnetic field
Ba2-Se7  3.4537(4) Se4-Ba3-Se9  149.55(7) it
Ba2-Sel  3.3033(4) sed-Ba3-5e3 75.77(7) Figure 6(a) shows C, versus T data for BasCu,SnsSes,. The C, data
Ba2-Se2  3.4905(3) Se9-Ba3-Se3 73.96(7) approaches the Dulong-Petit limit at high temperatures, as
Ba2-Se3  3.3985(3) Se4-Ba3-Se8 82.60(7) shown in the figure, indicating that all the acoustic and optical
Ba2-Se5 3.4877(3) Se9-Ba3-Se8 124.95(7) phonon modes are fully excited at room temperature. The inset
Ba2-se9  3.3121(4) Se3-Ba3-sel0  73.03(7) shows a fit using the relation C, = aT + BT3, with the first and
Ba2-Se7 3.3030(3) Se8.823.5010 127.95(7) secon'd t_erms representing'the electronic f'md' the Iattic.e
contributions to Cp, respectively 33. From this fit we obtain
Ba3-Se4d  3.3806(5) Se8-Ba3-Sel0  75.83(7) a= 2mJmol 'K~2 agnd B =8mJ mol 'K~*_ The @ value is
Ba3-Sel0  3.4351(4) Sel0-Ba3-Sel0  152.98(7) small, as expected for this relatively large band gap material 24,
Ba3-Se3 3.3921(3) Se5-Sn1-Se8 102.39(9) The Debye temlperature, Op, can be determined using 8p =
BazSeo  3.2663(3) Se5-Sn1-5e2 116.83(9) (12m*Rn,/5p8) , where R is the molar gas constant and Nq is

4| J. Name., 2012, 00, 1-3

the number atoms per formula unit 33, resulting in a 8p value of

This journal is © The Royal Society of Chemistry 20xx
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162 K. The average sound velocity, U, estimated to be 1666
m/s, can be obtai using the relation 6p= v(
h/kB)(gnaNad/él-nMW;le/g, where R is Planck’s constant, kg is
the Boltzmann constant, N is the Avogadro’s constant, d is the
density, and My, is the molecular weight. The relatively weak
chemical bonding described above can lead to low sound
velocities since U is proportional to/6/M , where & is a constant
characterizing the bond strength, or stiffness, and m is the
atomic mass, consequently suppressing K 6, Figure 6(b) shows
a maximum in Cp/T® versus T indicating deviation from Debye-
like behavior that is related to the optic modes with an Einstein
temperature, 9g, of 43 K, the peak found at approximately 1/5
of OE.

Figure 7 show temperature dependent Kdata for
BazCu,Sn3Seq,. This quaternary chalcogenide displays ultralow
K values with < 0.5 W mK! in the entire temperature range.
For a large bandgap semiconductor, these Kk values are
associated with the lattice with negligible electronic
contribution to K. The lattice thefmal conductivity, Ki, was
shown by Slack to be k= BMV 303 /n "3y°T, where B =
2.43 - 10_8/(1 —0.514/y 4 0-228/y2), M is the average mass

ARTICLE

at low temperatures with a solid line fit to the relation Co/T = a+ f”Tz. (b) ColT? versus

T data showing deviation from the Debye model.
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Figure 7. Temperature dependent K data for Ba;Cu,Sn;Sey,.
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Figure 6. (a) Heat capacity, Cp» data for BasCu,Sn;Sey,. The data are normalized such that
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a value of unity represents the Dulong—Petit limit. The inset shows ColT versus T* data

This journal is © The Royal Society of Chemistry 20xx

of an atom in the crystal (amu), Vis the unit cell, nis the number
of atoms per primitive cell, ¥ is the Griineisen parameter and T
is absolute temperature 34736, The resulting room temperature
Y value is 1.3, a relatively large value indicating relatively large
anharmonicity for BazCu,SnsSe .

Conclusions

The origins of the ultralow kK values of BasCu,SnsSe;q were
identified via structural characterization and analyses of the
thermal properties. BazCu,SnsSe;o forms in monoclinic crystal
structure with 72 atoms per unit cell consisting of high local
coordination of cation-centered polyhedra formed by selenium
atoms. Cu atoms have relatively large Ui, as compared to the
other constituent atoms, indicating relatively weak Cu-Se
bonding. The presence of bonding between Cu2 atoms is
reflected in the ELF analyses. The very low K for this material
originates from low sound velocity, low-frequency Einstein
optical modes, and intrinsic lattice anharmonicity in addition to
a large unit cell.
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