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ABSTRACT: Two new ternary Zintl phases, Sr5Sn2As6 and Eu5Sn2As6, have been synthesized, and their structures have been
accurately determined through single-crystal X-ray diffraction. Both compounds crystallize in orthorhombic space group Pbam
(No. 55, Z = 2) with cell parameters of a = 12.482(3)/12.281(5) Å, b = 14.137(3)/13.941(5) Å, and c = 4.2440(10)/4.2029(16)
Å for Sr5Sn2As6 (R1 = 0.0341; wR2 = 0.0628) and Eu5Sn2As6 (R1 = 0.0324; wR2 = 0.0766), respectively. Their structure belongs
to the Sr5Sn2P6 type, which can be closely related to the Ca5Ga2As6 type. Electronic band structure calculations based on the
density functional theory reveal an interesting electronic effect in the structure formation of these two types of Zintl phases,
which substantially affect their corresponding electronic band structure. Related studies on the thermal stability, magnetism, and
thermoelectric properties of Eu5Sn2As6 are presented as well.

■ INTRODUCTION
In the past decades, studies on the intermetallic compounds
and Zintl phases have always been at the forefront of scientific
research. The complex relationships between their crystal
structure, chemical bonding, electronic structure, and physical
properties are especially of interest to the solid-state chemists,
and extensive attention has been attracted concerning these
issues.1−7 For classical Zintl phases, the system resembles the
typical valence compounds, and a simple reasoning by treating
the cations as “electron donors” and the anions as “electron
acceptors” usually works satisfactorily in rationalizing the
electronic structure.8−10 Such a notion also suggests normally
that the electronic requirements should be the dominating
factor in governing the formation of Zintl phases.
More interestingly, complex Zintl phases can often lead to

unusual electronic structure and abundant physical properties.
Especially, exploration of new thermoelectric candidates within
the Zintl realm is of great interest. For example, high
thermoelectric efficiency has been demonstrated by a number
of Zintl phases such as Ca3AlSb3,

11 Ca5Al2Sb6,
12 Ba8Ga16Ge30,

13

YbZn2Sb2,
14 and Yb14MnSb11.

15 The excellent performance of
these new thermoelectric materials has been proven to benefit
from their complex crystal structure and unique electronic
structure, which can possess either high electronic mobility or

low lattice thermal conductivity.13−15 Among these materials,
Ca5Al2Sb6 has been considered as a new low-cost and highly
efficient thermoelectric candidate, and especially with its carrier
concentration optimized by blending Na or Zn, a high figure of
merit (zT > 0.6) can be achieved at 1000 K.12,16

In previous work, we have thoroughly explored the A−Cd−
Pn system (A = divalent alkaline-earth or rare-earth elements
such as Ca, Sr, Eu, and Ba; Pn = As, P) and reported a number
of new ternary Zintl phases that exhibit semiconducting
properties.17 The title compound Eu5Sn2As6 was serendip-
itously synthesized from an experiment aimed at optimizing the
crystal growth of Eu2CdAs2 in Sn flux. After its crystal structure
was accurately identified, the product was reproduced by
excluding Cd from the reaction. For the A−Sn−As system,
there have been rich structural types reported, which are
represented by several typical compounds such as SrSn2As2,

18,19

Ba3Sn4As6,
20 Ba3Sn2As6,

21 and Ca5Sn2As6.
22 Here we report the

synthesis, property, and crystal and electronic structure of two
new ternary Zintl phases, Sr5Sn2As6 and Eu5Sn2As6. The
structure of these two compounds belongs to the orthorhombic
Sr5Sn2P6 type.23 Although such a structure type has been
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discovered for more than 20 years, only two compounds,
Sr5Sn2P6

23 and Ca5Sn2As6,
22 have appeared in references, and

no properties have been reported on these phases so far. In this
paper, the close relationship between Sr5Sn2As6 and Ca5Ga2As6
about their crystal and electronic band structure is discussed by
incorporating density functional theory calculations. Studies on
related thermal stability, magnetism, and thermoelectric
properties are presented as well.

■ EXPERIMENTAL SECTION
Synthesis. All syntheses were performed inside an argon-filled

glovebox with oxygen and moisture levels below 0.1 ppm or under
vacuum. The starting materials were commercially purchased and used
as received: Eu (Alfa, rod, 99.9% metal basis), Sr (Alfa, granules, 99%
metal basis), Sn (Alfa, granules, 99.9% metal basis), and As (Alfa,
Lump, 99.999%). Single crystals of Eu5Sn2As6 and Sr5Sn2As6 can both
be grown by metal-flux reactions utilizing Sn as self-flux. The
optimized synthesis procedure can be described as follows: A (Eu or
Sr), Sn, and As in a molar ratio of A:Sn:As = 1:15:1 were loaded into
an alumina crucible, which was subsequently flame-sealed in an
evacuated fused silica jacket. The reaction mixture was first heated
from 100 to 900 °C at a rate of 200 °C/h, homogenized at this
temperature for 24 h, and then slowly cooled to 600 °C at a rate of 2
°C/h. At this temperature, the ampule was quickly taken out of the
furnace, inverted, and spun in a centrifuge to remove the excess of Sn.
The products are shiny, black, and needlelike crystals of the title
compounds with high purity. Compound Eu5Sn2As6 showed good
stability in air; however, the crystals of Sr5Sn2As6 decomposed quickly
when exposed to air or moisture.
Single-Crystal X-ray Diffraction and Structure Determina-

tion. In order to avoid possible decomposition of the title compounds
during the data collection, all crystals were picked in an argon-filled
glovebox and cut in Paratone N oil to the desired dimensions. The
data collections were carried out under the protection of an inert
atmosphere, achieved by using a nitrogen gas stream. Preliminary
lattice parameters and orientation matrices were obtained from three
sets of frames. Data reduction and integration, together with global
unit cell refinements, were done by the INTEGRATE program of the
APEX2 software.24 Semiempirical absorption corrections were applied
using the SCALE program for the area detector.24 The structures were
solved by direct methods and refined by full-matrix least-squares
methods on F2 using SHELX.25 In the last refinement cycles, the
atomic positions were standardized using the program STRUCTURE
TIDY.26,27 All structures were refined to convergence with anisotropic
displacement parameters.
Details of the data collection and structure refinement are provided

in Table 1. Positional and equivalent isotropic displacement
parameters and important bond distances are listed in Tables 2 and
3, respectively. Further information in the form of CIF has been
deposited with Fachinformationszentrum Karlsruhe, 76344 Eggen-
stein-Leopoldshafen, Germany [fax (49) 7247-808-666; e-mail
crysdata@fiz-karlsruhe.de] as depository CSD numbers 424070 for
Sr5Sn2As6 and 424071 for Eu5Sn2As6, respectively.
Powder X-ray Diffraction. For phase identification, powder X-ray

diffraction patterns were taken at room temperature by a Bruker AXS
X-ray powder diffractometer using Cu Kα radiation. Because of the air
sensitivity of Sr5Sn2As6, only Eu5Sn2As6 was chosen for study and the
data were recorded in a 2θ mode with a step size of 0.02° and a
counting time of 10 s. The measured and calculated patterns of
Eu5Sn2As6 were in good agreement on the positions of the Bragg
reflections, and their intensity difference indicates the existence of
preferred orientations of the powder sample (Supporting Informa-
tion).
Differential Thermal Analysis and Thermogravimetric

Analysis (DTA/TGA) Measurements. With consideration of a
possible thermoelectric application, the thermal stability of Eu5Sn2As6
was tested using a Mettler-Toledo TGA/DSC/1600HT instrument.
TGA and differential scanning calorimetry (DSC) experiments were
performed on a polycrystalline sample of Eu5Sn2As6 (26.58 mg), and

data were taken under the protection of high-purity argon gas. A
temperature range from 300 to 1400 K was applied with a heating rate
of 10 °C/min.

Magnetic Susceptibility. Field-cooled direct-current (dc) mag-
netization measurements on the polycrystalline sample of Eu5Sn2As6
(33.6 mg) were conducted in a Quantum Design MPMS SQUID
magnetometer. The applied magnetic field H was 1000 Oe, and the
temperature interval was 4−300 K. The raw data were corrected for
the holder’s diamagnetic contribution and converted to molar
susceptibility.

Sample Preparation for Thermoelectric Property Measure-
ments. Single crystals of Eu5Sn2As6 were prepared through Sn-flux
reactions as described above. The crystals with a mass of about 2.5 g
were ground into fine powder and then sintered through spark plasma
sintering (SPS 1050: Sumitomo Coal Mining Co., Ltd.) at 700 °C for
about 10 min with a uniaxial pressure of 30 MPa. The resulting pellets
(Ø 12.7 × 2.5 mm2) were carefully cleaned and polished in the
glovebox to avoid possible surface contamination. The densities
(calculated from measured dimensions and weight) were found to be

Table 1. Selected Crystal Data and Structure Refinement
Parameters for Sr5Sn2As6 and Eu5Sn2As6

formula Sr5Sn2As6 Eu5Sn2As6
fw/(g/mol) 1125.00 1446.70
T/°C −123 −123
radiation, wavelength Mo Kα, 0.71073 Å
space group, Z Pbam (No. 55), 2 Pbam (No. 55), 2
unit cell dimensions
a/Å 12.482(3) 12.281(5)
b/Å 14.137(3) 13.941(5)
c/Å 4.2440(10) 4.2029(16)
V/Å3 748.9(3) 719.6(5)
ρcalc/(g/cm

3) 4.989 6.677
μMo Kα/mm−1 34.061 38.503
final R indicesa [I > 2σ(I)] R1 = 0.0341,

wR2 = 0.0628
R1 = 0.0324,
wR2 = 0.0766

final R indicesa [all data] R1 = 0.0598,
wR2 = 0.0710

R1 = 0.0432,
wR2 = 0.0818

aR1 = ∑||Fo| − |Fc||/∑|Fo|; wR2 = [∑[w(Fo
2 − Fc

2)2]/
∑[w(Fo

2)2]]1/2, where w = 1/[σ2Fo
2 + (AP)2 + BP], with P = (Fo

2

+ 2Fc
2)/3; A and B are weight coefficients.

Table 2. Refined Atomic Coordinates and Isotropic
Displacement Parameters for Sr5Sn2As6 and Eu5Sn2As6

atom
Wyckoff
position x y z Ueq (Å

2)

Sr5Sn2As6
Sr1 4g 0.12106(9) 0.24155(8) 0 0.0127(3)
Sr2 4g 0.37091(10) 0.06835(8) 0 0.0130(3)
Sr3 2a 0 0 0 0.0119(4)
Sn1 4h 0.28548(7) 0.39549(6) 1/2 0.0112(2)

As1 4h 0.07675(10) 0.39704(10) 1/2 0.0129(3)

As2 4h 0.17039(11) 0.07710(8) 1/2 0.0116(3)

As3 4g 0.36831(10) 0.30433(9) 0 0.0116(3)
Eu5Sn2As6

Eu1 4g 0.12295(5) 0.24214(5) 0 0.0126(2)
Eu2 4g 0.37082(6) 0.06677(5) 0 0.0137(2)
Eu3 2a 0 0 0 0.0126(3)
Sn1 4h 0.28704(8) 0.39412(6) 1/2 0.0119(2)

As1 4h 0.07533(12) 0.39566(10) 1/2 0.0126(3)

As2 4h 0.17012(13) 0.07820(10) 1/2 0.0121(3)

As3 4g 0.37085(11) 0.30188(10) 0 0.0126(3)
aUeq is defined as one-third of the trace of the orthogonalized Uij

tensor.
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about 97% of the theoretical density. Powder X-ray diffraction
experiments on samples before and after SPS treatment proved to
show identical phases (Supporting Information).
Seebeck Coefficient and Resistivity Measurements. After the

thermal conductivity measurements were done, the sample pellets
were cut into bars with suitable dimensions (12.5 × 2.5 × 2.4 mm3)
for the Seebeck coefficient and electrical resistivity measurements.
These two parameters were measured simultaneously in a temperature
range from 300 to 780 K under a He atmosphere by using a ULVAC-
RIKO ZEM-3 instrument system.
Thermal Conductivity Measurements. The thermal conductiv-

ity was measured on a disk sample (Ø 12.7 × 2.01 mm2) of Eu5Sn2As6
in a flowing Ar atmosphere by using the NETZSCH LFA457
instrument. The measurements were performed in a temperature
range from room temperature to 720 K, and a pyroceram 9606 (Ø
12.7 × 1.98 mm2) standard sample was used as the reference.
Figure of Merit Calculations. The temperature dependences of

the resistivity and Seebeck coefficient data were fit using third- and
sixth-order polynomial curves, respectively. Calculations of the figure
of merit were carried out according to ref 28.
Computational Details. To better understand the structure

relationship between these new phases and their closely related
analogues, electronic band structure calculations were performed on
Sr5Sn2As6 and Ca5Ga2As6, respectively. The full-potential linearized
augmented plane-wave method (FP-LAPW)29,30 was applied with the
aid of the Wien2k code.31 In this method, the unit cell is divided into
nonoverlapping muffin-tin (MT) spheres and an interstitial region.
The wave functions in the interstitial regions are expanded in plane
waves up to RMT × Kmax = 7, where RMT is the smallest radius of all
MT spheres and Kmax the plane-wave cutoff. The valence wave
functions inside the MT spheres are expanded up to lmax = 10, while
the charge density was Fourier-expanded up to Gmax = 12 au−1. The
MT radii were chosen to be 2.5 bohr for both Ca and Sr atoms, 2.45
bohr for Sn atoms, and 2.33 bohr for both Ga and As atoms. The
exchange correlation potential was calculated using the Perdew−
Burke−Ernzerhof generalized gradient approximation.32 Self-consis-
tency was achieved using 1000 k points in the irreducible Brillouin
zone (BZ). The BZ integration was performed using the tetrahedron
method, and the self-consistent calculations were considered to have
converged if the total energy and charge of the system are stable within
10−4 Ryd and 10−4 e−, respectively.

Besides, various bonding interactions in both Ca5Ga2As6 and
Sr5Sn2As6 were calculated and compared. This was done by using the
linear muffin-tin orbital (LMTO) method,33−37 as implemented in the
program LMTO 4.7.38 In this case, exchange and correlation were
treated in a local density approximation,39 and all relativistic effects
except for spin−orbit coupling were taken into account by a scalar
relativistic approximation.40 To achieve the space filling, interstitial
spheres were inserted automatically.41 The basis set included 4s, 4p,
and 3d for Ca, 5s, 5p, and 4d for Sr, 4s, 4p, and 4d for Ga, 5s, 5p, and
5d for Sn, and 4s, 4p, and 4d for As. The Ca 4p, Sr 5p, Ga 4d, Sn 5d,
and As 4d orbitals were all treated with downfolding techniques.42 The
k-space integrations were performed by the tetrahedron method,43 and
a total of 1440 k points in the BZ were used. The Fermi level was
selected as the energy reference in all calculations.

■ RESULTS AND DISCUSSION

Structure Description. For compounds forming with the
nominal A5M2Pn6 formula (A = divalent alkaline-earth or rare-
earth metals; M = triels or tetrels; Pn = pnictogen elements),
there have been three structure types reported in the references,
which are represented by Ca5Ga2As6,

44 Ba5Al2Bi6
45,46 and

Sr5Sn2P6,
23 respectively. The former two structures highly

resemble each other except for the different coordination
geometries for one of the cations: for the Ca5Ga2As6 structure
type, the cation is in an ideal octahedral geometry, while for the
Ba5Al2Bi6 structure type, it is in a distorted octahedral
geometry. However, the structure of Sr5Sn2P6 is subtly different
from those of Ca5Ga2As6 or Ba5Al2Bi6 in the polyanionic chains.
The newly discovered compounds Sr5Sn2As6 and Eu5Sn2As6
both crystallize in the Sr5Sn2P6 structure type, and because this
structure has been reported in a previous reference, here we will
only choose Sr5Sn2As6 for a brief discussion, and the
description will be mainly focused on its relationship to the
Ca5Ga2As6 type.
The electron counting of Sr5Sn2As6 can be understood

through the Zintl−Klemm concept.8−10 With the formal
oxidation states assigned as Sr2+, Sn4+, and As3−, the compound
is typically a charge-balanced Zintl phase. A polyhedral
representation of the structure of Sr5Sn2As6 is provided in
Figure 1. The polyanionic structure of Sr5Sn2As6 features one-
dimensional chains running in the c direction, which are

Table 3. Important Interatomic Distances (Å) in Sr5Sn2As6
and Eu5Sn2As6

atom pair distance (Å) atom pair distance (Å)

Sr5Sn2As6
Sr1−As1×2 3.1049(14) Sr2−As1×2 3.2856(15)
As2×2 3.2073(13) As1×2 3.3681(15)
As3 3.2112(19) As2×2 3.2837(15)
As3 3.2208(19) As3 3.3362(19)
Sr3−As2×4 3.1959(11)
As3×2 3.2178(14)
Sn1−As1 2.6054(17)
As2 2.6259(16)
As3×2 2.6894(10)

Eu5Sn2As6
Eu1−As1×2 3.0560(14) Eu2−As1×2 3.2471(14)
As2×2 3.1584(14) As1×2 3.3165(15)
As3 3.1564(19) As2×2 3.2430(15)
As3 3.1565(19) As3 3.278(2)
Eu3−As2×4 3.1575(14)
As3×2 3.1851(17)
Sn1−As1 2.600(2)
As2 2.6198(19)
As3×2 2.6701(12)

Figure 1. Polyhedral and ball-and-stick representation of the structure
for Sr5Sn2As6. The Sn atoms at the centers of the translucent As
tetrahedra are drawn as light-blue spheres, and the As atoms are
plotted as red spheres. The Sr cations filling the cavities among the
[Sn2As6] chains are indicated as purple spheres. The structure is
projected along the c axis, and the unit cell is outlined.
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constructed of all corner-shared SnAs4 tetrahedra. A similar
chain structure has also been observed in other types of Zintl
phases, such as Ca3InP3

47 and Ba2MnS3.
48,49 There are in total

three crystallographically independent Sr2+ cations: one of
them, namely, Sr2, is coordinated to seven As3− anions, and the
other two are in a distorted octahedral geometry surrounded by
six As atoms. The bonding distances between Sr and As atoms
range from 3.1049(14) to 3.3681(15) Å, which are comparable
to those of previously reported strontium arsenides, such as
Sr2CdAs2,

17 SrCd2As2,
50 and so on. Details on various bonding

interactions of Sr5Sn2As6 and Eu5Sn2As6 are tabulated in Table
3.
One very interesting aspect about these phases worthy of

special discussion here is the close structural relationship
between the Ca5Ga2As6 and Sr5Sn2As6 types. A schematic
comparison on their polyanion structures are presented in
Figure 2. As seen from the graph, both types feature one-

dimensional chain structures based on corner-shared MAs6
tetrahedra (M = Ga or Sn). The major discrepancy lies in the
polyanion chains: For [Ga2As6]

10−, there exist As−As dimers
bridging two [GaAs3] single chains and thus a double-chain
structure forms, whereas for [Sn2As6]

10−, the polyanion can be
viewed as two discrete [SnAs3] chains and no evidential As−As
bonds can be identified in the structure. However, by
hypothetical linking of some specific As1 atoms in
[Sn2As6]

10−, as illustrated by black dashed lines in Figure 2,
the polyanion structures of these two different types exhibit
exactly identical topology. The above results are easily
understood just by applying a simple electron counting, and
the i r f o rmu l a s c an be s imp l y r a t i ona l i z ed a s
[Ca2+]5[Ga

3+]2[As
2−]2[As

3−]4 and [Sr2+]5[Sn
4+]2[As

3−]6.
Thus, the bond breaking and structure formation of the
Sr5Sn2As6 series are actually dominated by the electronic effect.
It is also interesting to compare the results above with the

previous studies on the A21Cd4Pn18 series (A = Sr, Eu, Ba; Pn =
Sb, Bi), for which similar structural variation has also been
reported.51 However, in the case of A21Cd4Pn18, the size effect
takes priority over the electronic effect; i.e., Sr21Cd4Bi18 and
Ba21Cd4Sb18 crystallize in different space groups because of
different polyanion structures: the former, with the structure
type of Sr21Mn4Sb18,

52 contains the anion cluster identified as
[Cd8Sb22]

48‑, whereas in the latter, if bigger cations Ba2+ are
used, a breakdown of the polyanion results in two isolated
[Cd4Sb12]

26− units and, unlike the A5M2Pn6 series, this bond
breaking is not associated with the pnictogen dimers.51 Such

considerations further raise a new question: Why does the bond
breaking in A5M2Pn6 take place through the pnictogen dimers?
Apparently, this question cannot be answered just by a simple
Zintl reasoning described above. Thus, it is necessary to
proceed to careful calculation on the A5M2Pn6 system. Two
compounds, Ca5Ga2As6 and Sr5Sn2As6, which typically
represent the two different structure types, are chosen for
such studies, and the results are presented as below.

Magnetic Susceptibility. As seen in Figure 3, compound
Eu5Sn2As6 exhibits paramagnetic behavior above 30 K and a fit

of this portion of data to the Curie−Weiss law χ(T) = C/(T −
θ), where χ means the molar susceptibility, C represents the
Curie constant (C = NAμeff

2/kB), and θ is the Weiss
temperature, yields an effective moment of 7.93 μB per Eu
atom, which perfectly matches the theoretical moment of the
divalent Eu2+ cation. The weak ferromagnetic coupling of Eu 4f
spins is suggested by a small positive Weiss temperature of ∼8
K, as indicated in the inset by the plot of inverse molar
susceptibility versus temperature. These results support the
above electron counting on the Sr5Sn2As6 system and are
consistent with previous reports on related europium arsenide
or phosphide Zintl analogues, such as Eu2CdAs2,

17 EuGa2P2,
52

and EuGa2As2.
53

Electronic Structure. The calculated band structures of
Ca5Ga2As6 and Sr5Sn2As6 are compared side-by-side in Figure
4. It is not unexpected that these two compounds show high
similarities in their band structures. Along the lines Γ →Z or Γ
→ R, all bands have relatively large dispersions; however, inside
the XY plane, their bandwidths become much narrower.
According to the theoretical estimation, both compounds
seem to be narrow-band-gap (about 0.2 eV) semiconductors.
These results are consistent with previous investigations on
Ca5Al2Sb6

12 and are also supported by the resistivity measure-
ments on Eu5Sn5As6 as below.
One very interesting aspect worthy of more discussion here

is that the positions of the Fermi level in the band structures are
subtly different in these two compounds. For Ca5Ga2As6, there
are two relatively narrow bands above the Fermi level, as
plotted in black and green lines in the graph. However, for
Eu5Sn2As6, these two bands are no longer empty and become
the top of the valence band. This phenomenon is not difficult
to understand. Each unit cell of Eu5Sn2As6 contains four more
valence electrons than that of Ca5Ga2As6, which means two

Figure 2. Structural relationship between the [Ga2As6] and [Sn2As6]
polyanion chains. For a better comparison, some specific As atoms
among the [Sn2As6] chains are linked on purpose by dashed lines. See
the text for details.

Figure 3. Temperature-dependent magnetic susceptibility measure-
ments for Eu5Sn2As6. The data were collected upon cooling from 300
to 4 K at a field of 1000 Oe, and the inverse susceptibility as a function
of the temperature and a linear fit to the Curie−Weiss law were also
indicated.
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more bands will be filled in order to accept these additional
electrons in Eu5Sn2As6. The calculated total and projected
density of states (DOS) can provide more information in
helping to understand these results. As indicated in Figure 5,
the DOS of Ca5Ga2As6 in the vicinity of the Fermi level are
mostly contributed by the As atoms, specifically by the p
orbitals of As1, which leads to a sharp peak above the Fermi
level and a small shoulder peak below the Fermi level. In the
case of Sr5Sn2As6, a similar situation is observed except that the

peaks corresponding to the p orbitals of As1 almost all locate
below the Fermi level (Figure 5).
To better understand the electronic effect and structural

relationship between the Ca5Ga2As6 and Sr5Sn2As6 types,
various interatomic interactions were calculated, and the results
are presented in Figure 6. For compound Ca5Ga2As6, the

crystal orbital Hamilton population (COHP) of the As−As
bond shows strong σ-bonding and σ*-antibonding interactions
in two energy regions, which are from −3.8 to −5.1 eV and
from 0.3 to 1.3 eV, respectively. The relatively weaker π-
bonding and π*-antibonding contributions both populate
below the Fermi level, confirming single-bond character of
the arsenic dimers. The Ga−As pairs of Ca5Ga2As6 show very
different COHP curves, in which both bonding and
antibonding interactions seem much more dispersive. These
results can provide an explanation of why the As−As bonds are
more fragile. When excessive electrons are introduced, they will
be filled into their strong antibonding orbitals. Similar
calculations on compound Sr5Sn2As6 can further illustrate this
point, and with the antibonding orbitals filled, the overall
contributions between the As atoms are basically nonbonding
with an almost zero integrated COHP (iCOHP) value of 0.026
Ry/cell, whereas the Sn and As atoms are still covalently
bonded and the corresponding average iCOHP value is −0.201
Ry/cell.

Thermal Stability. Compound Eu5Sn2As6 started to
decompose irreversibly above 1250 K, and no significant
melting or phase-transition processes were observed below the
decomposition temperature according to the DTA/DSC data
presented in Figure 7. Two small endothermic peaks, appearing
at around 505 and 1050 K in the DSC curve, respectively, can
be designated as thermal behavior related to some trace
impurities; the former is in exact agreement with the melting
point of Sn.

Thermoelectric Properties. The electrical resistivity and
Seebeck coefficient for Eu5Sn2As6 were measured simulta-
neously on a polycrystalline sample prepared through the SPS
technique described above, and the results are presented in
Figure 8. The room temperature resistivity of Eu5Sn5As6 is
about 280 mΩ·cm, and with increasing temperature, the
resistivity decreases dramatically and achieves 25 mΩ·cm at 725
K. This behavior indicates that compound Eu5Sn5As6 is a

Figure 4. Calculated electronic band structures for Ca5Ga2As6 and
Sr5Sn2As6, respectively. The Fermi level is chosen as the energy
reference at 0 eV.

Figure 5. Calculated total and projected DOS for Ca5Ga2As6 and
Sr5Sn2As6.

Figure 6. Calculated COHP of various interatomic interactions for
Ca5Ga2As6 (left) and Sr5Sn2As6 (right).
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semiconductor, which is supported by the theoretical
calculations discussed above. When the high-temperature data
(above 500 K) were fitted to an intrinsic semiconducting
behavior [ρ = ρ0 exp(Eg/2kBT)], a band gap of 0.45 eV for
Eu5Sn5As6 was obtained, which is a little smaller than that of
undoped Ca5Al2Sb6 (0.5 eV); the latter also showed relatively
poorer electrical conductivity.12 Generally, it is more reasonable

that the antimonide compound has a smaller band gap than its
arsenide analogue. However, if rare-earth metals are introduced,
the band gap can be reduced greatly. This has been well proved
in our previous work on the A2CdPn2 system (A = Ca, Sr, Eu;
Pn = P, As), in which the band gaps for Ca2CdAs2 and
Eu2CdAs2 are about 1.0 and 0.29 eV, respectively.17 The
Seebeck coefficient of Eu5Sn2As6 is positive at room temper-
ature; however, it changes to negative values at high
temperature (above 500 K). This possibly suggests that both
holes and electrons play an important role in governing the
electrical transport properties of Eu5Sn2As6. Such a behavior
has also been frequently observed in the intrinsic semi-
conductors as well as intermetallics.54−56 The Seebeck
coefficient of Eu5Sn2As6 is pretty large, about 100 μV/K at
room temperature and −150 μV/K at 600 K, which is within
the same magnitude as some known thermoelectric materials,
such as Ca5Al2Sb6,

12 Yb11InSb9, Yb11GaSb9,
57 and

Yb14MnSb11,
15 to name just a few.

The thermal conductivity of Eu5Sn2As6 is also very low,
which is not surprising because its crystal structure highly
resembles that of Ca5Al2Sb6.

12 The measured total thermal
conductivity κt is presented in Figure 9 (top), and the

electronic thermal conductivity κe was estimated using the
Wiedemann−Franz relationship (κe = LT/ρ). The results
demonstrated an overwhelming contribution from the lattice
thermal conductivity κl because κe was almost negligible in
contrast to κt. It is not surprising that Eu5Sn2As6 does not show
very satisfying thermoelectric performance because of the poor
electrical conductivity; the calculated zT values are less than 0.1
in the measured temperature range, as indicated in Figure 9
(bottom). However, the results are still promising, and the
figure of merit is comparable with that of undoped Ca5Al2Sb6.

12

In order to achieve higher zT, a doping strategy similar to that

Figure 7. TGA/DSC measurements on Eu5Sn2As6, performed under
the protection of an Ar gas stream in the temperature range from 300
to 1400 K. Decomposition takes place above 1250 K, and no melting
or phase-transition processes are observed. Below this temperature, a
small weight loss may be related to some trace amounts of impurity in
the sample.

Figure 8. Temperature-dependent electrical resistivity (top) and
Seebeck coefficient (bottom) data for Eu5Sn2As6 simultaneously in a
temperature range from 300 to 780 K under a He atmosphere.

Figure 9. Thermal conductivity data (top) and estimated figure of
merit (bottom) for Eu5Sn2As6. The electronic thermal conductivity κe
was also plotted on the same temperature scale for a comparison with
the total thermal conductivity κt.
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applied in the Ca5−xNaxAl2Sb6 series is necessary, which can
help tune the carrier concentration and improve the electrical
conductivity as well.

■ CONCLUSIONS
In conclusion, two new ternary Zintl phases, Sr5Sn2As6 and
Eu5Sn2As6, have been synthesized and characterized. The close
structural relationship between Eu5Sn2As6 and Ca5Al2Sb6 has
stimulated our interest in the thermoelectric properties of
Eu5Sn2As6, which proved to exhibit electrical and thermal
transport properties comparable to those of undoped
Ca5Al2Sb6. Theoretical calculations involving these two subtly
different structure types, here exemplified by Ca5Ga2As6 and
Sr5Sn2As6, suggest different electronic band structures and
electron occupation states of As p orbitals around the Fermi
level, which also help to understand the different behaviors of
the Seebeck coefficient related to Ca5Al2Sb6 and Eu5Sn2As6.
More work aimed at enhancing the thermoelectric performance
of this series of new materials by applying various doping
strategies is still in progress.
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