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The compound Na,ShTe, has been synthesized from the elements
and characterized by single crystal X-ray diffraction. Na,SbTe; is
cubic, crystallizing in the cP28 structure type (isomorphous with
Na,AsS,); space group P2,3 (No. 198); a = 9.6114(9) 4; Z = 4;
R1 = 0.0324; wR2 = 0.0561 (I = 20(I)). The structure consists
of isolated sodium cations and trigonal pyramidal [SbTe,]~? anions
with a Sb-Te bond length of 2.787(1) A and a Te-Sb-Te bond
angle of 100.0(1)°. The structure is related to both the LiyBi and
K;AsS,-type structures. Both lattice energy and semiempirical elec-
tronic structure calculations are utilized to evaluate various local
and long-range structural aspects of this Zintl phase. © 1994 Academic

Press, Inc,

Ternary alkali metal pnictide—chalcogenides have been
investigated extensively in the past 20 years (1, 2, and
references therein). Among them, the structural details
of alkali metal pnictide—sulfides as well as some of the
puictide—selenides are now well established, but there are
only a few examples known for the pnictide-tellurides
(3-10). In transition metal compounds, tellurides often
exhibit different structural characteristics from sulfide and
selenide analogs (11, 12). For this reason, we are inter-
ested in extending the structural chemistry of ternary
pnictide~tellurides to probe their differences and similari-
ties to the corresponding sulfides and selenides.

Ternary pnictide—chalcogenides often adopt structures
that follow the Zintl-Klemm-Busmann scheme (13),
which accounts for the connectivity among the ¢lectro-
negalive main group atoms by using a modified 8-N rule
1o assign valence electrons. In these compounds, the envi-
ronment of the pnicogen element is usually either three
or four-bonded to chalcogen, i.e., *““Pn” or “‘Pn'**" using
the Zintl-Kiemm-Busmann concept. On the other hand,
formal charges evaluated from an ionic viewpoint adopt
values of either Pn**, with a lone pair of electrons, or
Pn**, Due to small electronegativity differences between
elements in these two columns of the periodic table {(14),

! To whom correspondence should be addressed.

the true electronic distribution is probably at some point
between these two extreme electron counting schemes.
In particular, the classes of compounds A;PrX, and
AsPnX, (A = alkali metal; Pn = pnicogen element; X =
chalcogen element) provide a means of examining the
stereochemical effect of a lone pair of electrons.

A large number of A,PnS, (Pn = As, Sb) compounds
have been reported, such as Na;AsS;, K;AsS,, Na,;SbS;,
and K,Sb§; (15). All of these compounds contain isolated
alkali metal A* cations and [PnS,]~* anions with a trigonal
pyramidal geometry. Among these compounds, only
Na,AsS; has been characterized by single crystal X-ray
diffraction, while the others were identified only by X-
ray powder diffraction. The corresponding telluride phase
Na,;SbTe, has been meationed by Lazarev et al. (16) dur-
ing an investigation of the phase diagram of the ternary
Na-Sb-Te system, but they did not show any character-
ization of this compound, nor did they provide data from
X-ray powder diffraction. Recently, Eisenmann and co-
workers, as well as Jung ef al., have independently re-
ported the single crystal structures of K;SbTe; (3, 7) and
K;BiTe, (4). During attempts to synthesize new com-
pounds based upon the three-dimensional network of
AgTe, (17), we isolated the compound Na,;SbTe;. In this
paper, we report its crystal structure, which we have also
characterized by a single crystal X-ray diffraction study,
and examine both classical and quantum mechanical
forces that influence its geometry.

EXPERIMENTAL

Synthesis. Na,SbTe, is reported to be a stable solid
phase below 703 K, but decomposes into Na,Te and
NaSbTe, above 703 K, before the onset of melting (16).
Therefore, in order to grow single crystals suitable for
single crystal X-ray diffraction, we employed excess anti-
mony in the reaction. The reaction, which started from
the elements in a Na: Sb: Te molar ratio of 1:2: 1, was
carried out in a sealed evacuated tantalum ampule at 1070
K for 24 hr, and subsequently cooled to room temperature
after 24 hr. The product, which was identified by X-ray-
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TABLE 1

Structure Determination Summary for Na,;SbTe;

Space group

Unit cell dimenions
Volume

z

Density (calc.)
Crystal size (mm)
Absorption coefficient
Radiation
Temperature (K}
26 Range

Scan range{w)

Scan speed

Index ranges

Reflections collected
Independent reflections
Observed reflections
Min./Max. transmission
Absolute structure
Extinction correction
Weighting scheme

Parmaeters refined
Final R indices {I = 2a(1)]
R indices (all data)
GooF, all data

observed data
Data-to-parameter ratio
Largest difference peak
Largest difference hole

P2;3 (No. 198) _
a = 9.6170(10) A
889 4(2) A3

4

4.283 Mg/m’

6.15 x 0.10 x 0.1

12.794 mm™!

MoKa (A = 0.71073 &)

300(1)

2.0 to 50.0°

0.70°

Variable; 5.00 to 30.00°/min in w

—“l=h=13 -1=k=13
~13<i=<13

2199

527 (Ry, = 0.0862)

443 (I = 20(1))

0.596/0.974

—0.34(16)

0.0003(2)

w = 1/[c¥F}) + ©.0116P)]
where P = (F} + 2 Fiis

23

R1 = 0.0324, wR2 = 0.0561

R1 = 0.0460, wR2 = 0.0601

1.042

1.013

28.4:1

0.721 /A3

—0.729 e/A?

powder diffraction, was a mixture of gray-colored
Na;8bTe, and elemental antimony. They can be separated
mechanically, Na,SbTe, is moderately stable in air, and
shows some decomposition over several hours as moni-
tored by X-ray powder diffraction.

Structure determination, The X-ray powder diffrac-
tion pattern, taken with an Enraf-Nonius Guinier camera
using monochromatized CuKe, radiation, with silicon
powder as an internal standard, was successfully indexed
with a cubic unit cell (g = 9.6114(9) A} using 23 reflections
in a 28 range between 16° and 80°. Additional lines present
on the powder pattern were identified and assigned to
the rhombohedral structure of elemental antimony . Single
crystals suitable for X-ray diffraction were selected in an
argon-filled glove box and then sealed in glass capillaries.
The cell parameters of a single crystal were determined
by a least-squares analysis of 25 reflections with 20° =
26 = 35° centered on a Siemens P4 diffractometer (a =
9.6170(10)). Further relevant crystatlographic data are
summarized in Table 1.

The systematic absences of the reflections 700, £ =
2n, indicate that both P2,3 and P4,32 are possible space
groups. Upon checking the Laue symmetry as well as
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TABLE 2
Positional Coordinates and Equivalent Isotropic Displacement
Cocfficients for Na;SbTe;

Atom  Site x y z Ug

5b 4a - 0.0373(1) —0.0373(1) —0.0373(1) 0.021(1)
Te 12b 0.2378(1) 0.8313(1) 0.0030(1) 0.025(1)
Nafl) 4a 0.1842(7) 0.1842(7) 0.1842(7)  0.033(1)
Na(2) 4a —0.3277(7) —-0.3277(7) —0.3277(7)  0.03%¢1)
Na(3) da 0.41347) 0.4134(7) 0.4134(7) 0.048(2)

Note. All site occupation factors are 1.0

finding a possible isostructural compound in Na,SbTe;
(15), we selected space group P2,3. The structure was
subsequently solved using direct methods (SHELXTL-
PLUS (18)). The refinement utilized 443 reflections (/ =
2o(I)) for 23 parameters, and yielded the residuals R =
0.032, wR = 0.056, GooF = 1.04 (SHELXL.-93 (19)).
The difference Fourier map did not show any additional
significant chemical features. Furthermore, comparison
between the calculated and observed X-ray powder pat-
terns showed excellent agreement of intensities, with the
largest deviation of a 28 value of 0.07°. Table 2 lists the
positional and displacement parameters and Table 3 con-
tains some selected bond lengths and bond angles for
Na,SbTe;. Atomic scattering factors and anomalous dis-
persion corrections were taken from the International
Tables for X-Ray Crystallography (20).

Magnetic measurements. The magnetic susceptibility
of Na,SbTe; was measured using a Quantum Designs
SQUID magnetometer operated at 2 T between 4 and 350
K. Na,SbTe; shows temperature-independent diamagne-
tism, which is in accord with its closed shell electronic
configuration.

DISCUSSION

Na;5bTe; is isostructural with Na;AsS; (15) and
K.SbTe; (3). As illustrated in Fig. 1, the structure con-
tains isolated Na cations and trigonal pyramidal [SbTe;]*
anions. The geometiry of these [SbTe,}* anions
(d(Sb-Te) = 2.787 A; /Te-Sb-Te = 100.0°) strongly

resembles  the trigonal pyramidal anions in
K SbTe (d(Sb-Te) = 2.783 A; ~£Te-Sb-Te = 101.9°).
TABLE 3
Selected Bond Distances (A) and Angles(®) in Na;SbTe;
Sb-Te  2.787(1), 3x Te-Sb-Te  100.04(4), 3%
Nal-Te  3.224(5), 3% Nal-Te 3.427(7), 3%
Na2-Te  3.216(5), 3 Na2--Te 3.392(6), 3%
Na3-Te  3.308(6), 3% Na3-Te 3.453(7), 3%
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FIG. 1. (100) Perspective view of the unit cell of Na,SbTe;. Na,
small dark circles; Sb, large open circles; Te, intermediate open circles.

Closer inspectiton of the coerdination around each anti-
mony atom, see Fig. 2a, reveals three additional Te atoms
at a distance of 3.966(1) A to form an extremely distorted
Te coordination octahedron. This distortion from regular
octahedral coordination is due to the presence of a lone
pair of electrons at each Sb(3+) site. This lone pair, as
predicted from either valence bond or molecular orbital
theories, is directed along a threefold axis of the Na,SbTe,
structure. Andersson and co-workers (21, 22) have noted

FIG. 2. Cation coordination in Na,SbTe,. (a) Sb, (b) Nal, (c) Na2,
and (d) Na3. Dark circles indicate the coordinated cation.
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that when the anions are larger than oxide or fluoride
ions, the lone pair is often found at the center of the
relatively large anion polyhedron. In Na;SbTe,, if we as-
sume the “‘distance’” between the Sb nucleus and the lone
pair to be about 1.0 A, as proposed by Galy er al. (21),
the lone pair would be nearly at the center of the octahe-
dron with the distance between the lone pair and coordi-
nating Te atoms of ca. 3.3 A. Similar coordination polyhe-
dra have been observed in other Sb(Iil} compounds such
as Sbl, (23). Another effect of the lone pair is that the
Te~Sb—Te bond angle (100.0°) within each [SbTe,;] ™ unit
is significantly smaller than the regular tetrahedral angle
(109.5%) due to the repulsion between the lone pair and
the bonding pair. However, this angle is also greater than
90°, which would be predicted for largely p orbital bonding
between Sb and its ligands. We address this point later
in the article.

Each Na ion is surrounded by six Te atoms at distances
ranging between 3.216 and 3.453 A which form distorted
trigonal antiprisms. The differences among these cation
sites become apparent when the [SbTe;]~* anions are con-
sidered to be the coordinating anions, see Figs. 2b-2d. For
Nal, three close Te contacts arise from a single [SbTe;]1?
pyramid, which also provides a relatively short Na-Sb
distance of 3.679 A. Three and six [SbTe,]~? groups, re-
spectively, form the coordination polyhedra for Na2 and
Na3. These two environments are related to possible Na
coordinations found in NaSbTe, (9). This compound
adapts the rocksalt structure with Na and Sb randomly
arranged on one of the sites in NaCl. In the rocksalt
geometry, (Na, Sb) sites interact with cach other either
by sharing edges or vertices of coordinating Te octahedra.
The first and second nearest neighbor environment for
Na2 in Na,SbTe, (six Te atoms and three Sb atoms via
edge-sharing) would occur for ca. 5% of the Na atoms in
NaSbTe,, while the analogous surroundings for Na3 (six
Te atoms and six Sb atoms via vertex-sharing) would
occur for only 2% of the Na atoms. Finally, the Nal
coordination geometry is not possible in a rocksalt
framework.

The arrangement of the cations in the structure of
Na,SbTe, is related to the Li,Bi structure type (15, 24).
In Li,Bi, Bi atoms form a cubic closest packing (ccp} with
all of the octahedral and tetrahedral holes occupied by
lithium atoms. If we assume all atoms in ““Li;Bi’" to be
identical, then the entire Li;Bi structure is simply a body-
centered cubic packing (bee) of atoms. In Na;SbTe,, at
first sight, the Sb atoms form the ccp and the Na atoms
occupy all octahedral (Na3)and tetrahedral (Nal and Na2)
interstices. To understand the arrangement of Te atoms
in the Na,;SbTe; structure, we now adopt the viewpoint
of a bce packing of Na and Sb atoms. In bee packing
there are three rectangular bipyramidal (‘“‘octahedral’’)
holes per atom. In the Na,SbTe, structure, one-fourth of
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these are occupied by Te atoms in an ordered way such
that each Sb atom is surrounded by three Te atoms. In
addition, displacements of both the Na and Te atoms from
ideal sites give a coordination at each Te position by six
Na atoms and one Sb atom.

Interestingly, the structure of K;AsS, (25) can also be
described in the same way as Na,SbTe;. In K;AsS,, how
ever, one-third of the rectangular bipyramidal holes in the
cation packing arrangements are filled, rather than one-
fourth as in Na,;SbTe,.

What factors control the observed arrangement of
[SbTe;]? groups in Na,;SbTe,? To answer this question
requires enumeration of all possibilities followed by the
evaluation of the structural energy according to some
prescription, whether it involves classical or quantum me-
chanical methods (26, 27). Structure enumeration in-
volves setting some constraints under which the various
possibilities may arise. In the case of alternatives to
Na,SbTe,, we have adopted the following criteria: (i) the
observed unit cell metrics were chosen in order to main-
tain four formula units per unit cell; (i) the Na and Sb
positions are ideally set to the Li and Bi positions in the
LiyBi structure (space group Fm3m), and (iii) the three
Te atoms of each [SbTe,]  unit occupy confacial sites of
a regular octahedron surrounding each Sb atom. Different
patterns emerge because there are four Sb atoms per unit
cell, each with eight orientations of the three Te ligands
(there are eight faces of an octahedron). With this treat-

ment, we are treating each [SbTe,]* fragment essentially.

as a molecular dipole. If we would allow rotations of
these pyramids about their threefold axes at this point,
an infinite number of orientations exist.

Under this set of constraints, we generate 8° = 4096
possibilities (8 orientations, 4 sites}, but the actual number
will be much less because any one structure is equivalent
to others obtained by some symmetry operation of the
space group Fm3m of the Li,Bi parent structure. In other
words, the group Fm3m divides the set of 4096 structures
into equivalence classes called orbits, and to enumerate
the distinct structures, we must count these orbits. The
counting procedure involves Burnside’s lemma (28),
which states that the number, (), of orbits is given by

Q=|G|" gcd)(g), [1]

where |G| is the order of the group G, g is a symmetry
operation in G, and ®(g) = [{s € §: gs = s}| is the number
of operations s that are fixed by the operation g of G.
In this problem, G is the space group Fm3m and §
is the set of 4096 arrangements of Te atoms. To apply
Burnside’s lemma, we must replace the infinite group
Fm3m with a finite group of permutations of the set S.
Such a group is the quotient group, Fm3m/P1, since every
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TABLE 4
Application of Burnside’s Lemma to
Evaluate Possible A;PnX, Structures

Number

g of g D(g)

1 1 4096
3n 8 16
21 3 64
4100 6 g
My 6 128
1 1 0
31 8 0
21 3 64
w0 1L 6 8
g - 1 6 0
Mo 3 4
ém T Mg 24 0
ﬂmo )] 6 8
450" Mo 12 8
2“]0 M 3 64
2100 Moy 6 64
myy Wy 12 0
"5 Mgy 6 0
A 3 0
ERTRESN 24 32
40" 210 6 8
400" 200 12 8
210@ N 21m 3 64
2]00 * 20[0 6 64
LT 21m 12 L]
Mg 2o 6 64
Total 192 8064

translation of Fm3m corresponds to the identity permuta-
tion on §. This group has order 192. Since the Te atoms
are linked to each of the four Sb atoms, which themselves
form a tetrahedron within the unit cell, the operations of
this quotient group may be derived as the product of the
point group 43m (of the point (1, 1, 1) in the Fm3m cell;
{1, 3411, 41005 2100, My 1p}) and the set of rotations and reflec-
tions {1, 21005 2010- 2001 L P10 Mo10» Mopy }- Table 4 summa-
rizes the application of Burnside's lemma to this problem
by listing the value of ®(g) for every g € Fm3m/Pl.
The total number of orbits divided by the 192 symmetry
operations in the quotient group gives 42 structural alter-
natives.

Next, we need to assess the energetics for each of
the 42 inequivalent structures. The simplest ideas would
immediately conclude that covalent forces control bond-
ing within [SbTe;] ™3 groups, and these interact with each
other and the Na ions via ionic forces. Since each
[SbTe,}* fragment may be treated as a molecular dipole
anion, we have utilized lattice energy calculations that
take into account Madelung, Born~Mayer repulsion, and
van der Waals attraction terms (29). Details of these calcu-
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lations are outlined in the Appendix. Under the set of
constraints listed previously, the minimum energy struc-
ture (highest lattice energy, Uy 1) for Na;SbTe, has all
{SbTe,])~* fragments identically oriented. This arrange-
ment also has the highest (most negative) Madelung term.
The resulting structure is thombohedral, R3m, Z = 1, and
represents a structure type that is related to TI,SbS, (30)
and TI;AsS; (31). However, the [PnS,]~* ions adopt bec
rather than ccp packing (o = 105° for both compounds).
This arrangement of trigonal pyramidal anions also occurs
in alkali metal chlorates, bromates, and jodates (32), and
has recently been reported for the series CsGeX; (X =
Cl, Br, I) (33), which is related to the cubic perovskite
structure. Since the Te-Sb-Te angle in each [SbTe;}?
group is 90° for these model calculations, what happens
as we adjust the Te atom positions away from this angle
constraint but maintain the threefold axis of symmetry?

The results of extended Hiickel calculations (34) on
isolated [SbTe,;]™* units are shown in Fig. 3, in which
various parameters are plotted as a function of the
Te-Sb-Te angle. The total energies of two scenarios are
depicted in Fig. 3a: (i) all orbital overlaps; (ii) only Sb-Te
orbital overlaps are included. The results clearly show
that Te-Te interactions crucially affect the observed ge-
ometry of the [SbTe;]) * group; the minimum energy is
found when the Te-Sb-Te angle is slightly above 99° in
case (i), but drops to near 70° in case (ii). To understand
this conclusion in terms of orbital interactions, we have
also evaluated trends in Sb—Te overlap population as well

LIN AND MILLER

SCHEME 1

as Sb 5s and 5p, orbital occupations with this angle. Both
provide clues to the electronic influence on the local geom-
etry, After examining the nature of the HOMO we find
not only nonbonded repulsions between Te atoms, but
also subtle effects on the Sb-Te interactions. Near the
trigonal planar geometry, the sp hybridization at Te along
the Sb-Te bond is directed towards Sb in the HOMO,
but significant 7#* Sb-Te overlap that mixes into the
HOMO for angles slightly away from 120° drives pyrami-
dalization via a second order Jahn-Teller effect (35). As
the angle narrows and Te-Te distances decrease, Te-Te
orbital interactions force the sp hybridization away from
Sb. Thus, we find an angle of 100° due not only to Te-Te
repulsions, but also to subtle changes in Sb-Te o orbital
overlaps as a function of angle.

Within our set of 42 Na,SbTe, possibilities, we can
adjust the Te atom positions about each Sb atom to give
a Te—Sb-Te angle close to 100° by taking a linear combina-
tion of the two orthogonal rotations depicted in Scheme
1. Each independent rotation causes the Te atoms to shift
away from an octahedral and toward a tetrahedral hole
in the bee packing of cations. Generally, we found that the
most energetically favorable shift of each trigonal pyramid
for a particular arrangement was ore of the two rotations
in Scheme 1. With this additional degree of freedom, the
structure giving the greatest lattice energy turned out to

15,
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FI1G. 4. Variations in lattice energy (U .7, solid), Madelung energy
{Uyap, dashed), Born—-Mayer repulsion (L, dashed), and van der
Waals energy (Uypw. dashed) in the P2,3 structure of Na;8bTe; as a
function of y(Te). The observed y(Te) is nearly (.88.
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TABLE 5

Space Group Symmetries for the 42 Different Arrangements for Na,SbTe,

Space  ~Upar Space  —Upar Space Uy 2
No. group feV)y Z No. group (eV) Z No. group (eV)

I P23 0.00 4 15 C2 506 2 29  Cm 637 2
2 Peay 2.27 4 16 Pl 5.10 4 30 Cm 6.41 2
3 P2/ 2.41 4 17 Pl 5.12 4 3! Pl 6.58 4
4 Pna?, 211 4 18 P2/c 5.13 4 32 Cm 6.72 2
5 Pl 2.75 4 19 F1 5.14 4 33 Pl 6.75 4
6 Pl 3.84 4 20 Cm 5.16 2 34 Cm 6.76 2
7 R3 3.87 4 21 Pl 5.30 4 35 Cmn 7.00 2
8 Pl 3.39 4 22 Pmn2, 5.35 4 36 ]3m 7.00 1
9 Pl 4.04 4 23 Pl 5.43 4 37 Cm 7.34 2
10 Pl 4.07 4 24 Cm 5.52 4 38 R3m 7.67 4
11 Pmnl, 4.54 2 25 Pl - 5.65 4 39 P2iim 789 2
12 Pl 4.92 4 26 P42\m 5.74 4 40 P43m 8.17 4
13 Pec? 4,93 4 27 Pin 5.86 4 41 R3m 8.71 4
14 Ce 5.05 2 28 Cm 6.15 2 42 Pdynm B89 4

Norte, The different structures are listed according to decreasing lattice energy; the most stable

structure is first. Z = Number of formula units.

be the observed structure of Na,SbTe,, which was ap-
proximately 2.3 eV (220 kJ/mole) more stable than the
second best case. Not only does this structure provide
the highest Madelung contribution to the lattice energy,
but also the lowest Born—Mayer repulsion term. Table 5
summarizes the results of these calculations by listing the
space groups for the 42 possible structrues, their relative
energies, and the number of formula units per primitive
cell.

Within the space group P2,3, we have also searched
for the greatest lattice energy as a function of Te atom
positions. Crystallographically, Te occupies a general po-
sition, but x(Te) = (.25 and z(Te) = 0. Therefore, Fig. 4
shows a plot of the lattice energy and various contribu-
tions to the lattice energy vs y(Te). The lattice energy
maximum occurs around y(Te) = 0.88, in excellent
agreement with observation, and results as an optimiza-
tion in both the Madelung term as well as the Born-Mayer
repulsion term. )

Thus, the structure of Na,SbTe; and its analogs are
controlled by both covalent as well as ionic forces. Cova-
lent interactions within each [SbTe;] ™ anion greatly in-
fluence its observed local geometry, while long-range
Coulomb and short-range Born-Mayer repulsions dictate
the arrangement of these anions in the cation matrix.

AFPENDIX

Extended Hiickel calculations. Calculations on the trigonal pyrami-
dal [SbTe;] > fragments were carried out for d(Sb-Te) = 2.787 A, both
as isolated anions as well as packed in the P2,3 space group. Atomic
orbital parameters for Sb and Te valence orbitals are listed in Table 6.

Lattice energy calculations,
be approximately expressed as

The lattice energy Uy 47 of a crystal can

TABLE 6
Atomic Parameters for Lattice Energy and
Extended Hiickel calculations on Na;SbTe;

Na Sb Te
i +1 +3 =2
A0 (&) 0.93 0.93 1.93
a (AY 0.181 1.25 9.22
z (eV) 35.50 33.20 5.90
P 8.00 2.00 4.00
Ls, — 2.32 2.51
H,, (eV) — ~18.80 —20.80
Ls, — 2.00 2.16
H,, (eV) — ~11.70 —14.80

Note. See the Appendix for brief descriptions of
these variables.

Urar = Upap + Uy + Uypw, 21
where Upp is the Madelung energy (Coulomb interactions), Uy is the
Born—-Mayer repulsion energy, and Uypy is the van der Waals energy.
We have not included a zero-point energy term (29). Each term is
expressed as follows:

Upap= 14.40 Z' gl [3]
i

Upm = b 2 (1 + gir® + g/ r®) exp(—r;ip), [4]
if

— : (] 8
Uyvpw = 2 eyl + dylr,

iy

(5]

where
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e = LIaayleig;l(e; + 5] (€V - A%) (6}

d; = 0.156 clieyed ) + (eyeip)] (eV - A (71

Table 6 lists the various atomic parameters utilized in these equations.

In

Egs. [3]-[5], the summations are carried out over all pairs of atoms

{if} except when i = j. The ¥ values are the so-called **basic radii’ for
ions as used by Bevan and Morris (36). Here, « represents polarizabilit-
ies, which are evaluated from the gas phase refraction indices for cations
after Pauling (37) and estimated from experimental refraction data on
ionic crystals for the anions (38). The characteristic energies ¢ and the
effective number of outer electrons p follow Mayer’s recommendations
(39). Also, p = 0.345 A. The scaling constant b in Eq. [4] was evaluated

by

using the equilibrium condition, i.e.,

d ULAT) _
( dr =0,
r=r,

[8]

for the observed Na,SbTe, structured and r, = minimum cation-anion
distance in the compound (2.787 A). Then, b = 0.71 eV - A. The Made-
lung energy, Uyap, is evaluated using the Ewald method (40).
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