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We report the synthesis, structure, spectroscopic properties, charge and thermal transport, and electronic structure of
a new member of the Zintl family, YbsAl,Sbe. The compound crystallizes in the BasAl,Big structure type and requires
the addition of Ge or Siin the synthesis, which appears to act as a catalyst. YbsAl,Shg has an anisotropic structure with
infinite anionic double chains cross-linked by Yb®* ions. Polycrystalline ingots of YbsAl,Sbg prepared in the presence of
0.5 mol equiv of Ge showed room-temperature conductivity, thermopower, and thermal conductivity of ~1100 S/cm,
~20 uV/K, and ~3.8 W/m K, respectively. Investigations of other solid solutions of YbsAl,Sbg, doping effects, and
chemical modifications are discussed. Sr only partially replaces Yb in the structure leading to SrgsYbs 15AI2Sbe.
Electronic structure calculations performed using a highly precise full-potential linearized augmented plane wave
method within the density functional theory scheme show the presence of a negative band gap and suggestincomplete
electron transfer and a metallic character to the compound.

Introduction

Zintl compounds are made of very electropositive alkali,
alkaline-, or rare-earth metals and electronegative p-block
metals.' 7 Because of the large difference in electronegativity
of their constituents, these compounds are often viewed as
salts resulting from complete electron transfer from the more
to the less electronegative element. The degree of complexity
in these compounds strongly depends on the level of reduc-
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tion of the post-transition element.*”'* Thus, the structures
span from three-dimensional networks to lower-level forma-
tions such as layers, chains, clusters, and single-atom anions
as the degree of reduction rises. In recent years, there has been
considerable focus on polar intermetallic compounds, for
example, Zintl phases, to identify new thermoelectric materi-
als candidates."* ' Specifically, from a thermoelectric point
of view, Zintl compounds can possess attractive properties
such as thermal stability at very high temperatures, a fairly
small band gap, and complex anionic frameworks stabilized
by weakly bonded electropositive cations, which result in low
lattice thermal conductivity.*>* A major drawback of this
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class of compounds is that most of them are air- and
moisture-sensitive, primarily because of the highly electro-
positive elements such as alkali or alkaline-earth metals,
which are easily attacked by moisture and expose the reduced
Zint] framework to oxidation. However, substitution of the
electropositive elements in a particular system of interest with
proper rare-earth metals can result in substantially more
covalent bonds with the Zintl framework that drastically
improve the stability of the compounds.®> Recently, in
attempts to find new thermoelectric materials, several
air-stable Zintl phases including BagGess,2® BayIngSbye,’
Yb,;GaSbo,”® BagAl 4Sis,>> MgsSb,,?! and BaGa,Sb,»
were reported. Moreover, the most promising example from
this class of compounds, Yb;sMnSb; 1,>V has demonstrated a
thermoelectric figure of merit ZT of ~1.0 at 1223 K. This
finding confirms earlier suggestions that the Zintl class of
compounds could be a good source of thermoelectric materi-
als.?’ Here, we describe YbsAl,Sbe, a member of the Zintl
family. The compound crystallizes in the BasAl,Big structure
type and is isostructural and isoelectronic to YbsIn,Sbe.*°
The circumstances of the synthetic chemistry of YbsAl,Sbg
are very unusual and intriguing because they require the
addition of Ge in the reactions, even though this element is
not incorporated into the structure. Investigations of phase
formation, chemical modifications, doping effects, and pre-
liminary charge and thermal transport properties on this
compound are reported. In addition, electronic structure
calculations done on YbsAl,Sbe show that the compound
is in fact metallic, owing to incomplete electron transfer from
Yb atoms to Sb atoms.

Experimental Section

Synthesis. Initially, YbsAl,Sbys was found as a minor phase
from reaction with a nominal composition of YbAISbGe. After
the stoichiometry of the compound was elucidated from
its structure determination, we attempted to synthesize
YbsAl,Sbg as a single phase. In order to obtain the compound
in high yields according to the following procedures, small
amounts of Ge are required in the reaction (see the Results
and Discussion). The compound was synthesized in high yields
by two methods: direct combination in a Nb ampule and arc
melting under argon.

In a typical direct combination reaction, the elements, Yb
(3.32 mmol), Al (1.33 mmol), Sb (4.00 mmol), and Ge (0.333
mmol), were mixed in a niobium ampule that is sealed by arc-
welding under argon. Yb (Treibacher Industrie, pieces, 99.9%),
and Al (Alfa Aesar, powder, 99.97%) were used as received,
while Sb (Cerac, ingot, 99.999%) and Ge (Plasma Materials,
pieces, 99.999%) were ground into powder. The niobium am-
pule was then placed in a fused-silica tube and flame-sealed
under a vacuum. The assembly was heated at 950 °C for 2 days
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and cooled to room temperature at a rate of 1 °C/min. The
obtained product was in the form of loose crystals.

Arc melting under an argon atmosphere is another
method used to produce this phase in the form of an ingot by
using YbSb (2.5 mmol), Sb (0.5 mmol), Al (1 mmol), and Ge
(0.5 mmol). YbSb prepared by direct combination in a niobium
ampule was used, instead of pure elements, in order to minimize
the Yb evaporation at high temperatures. The sample prepara-
tion for property measurements was performed by this
method because it gives large ingots that can be easily cut and
polished.

Elemental Analysis. The semiquantitative microprobe ana-
lysis of the compound was performed with a Hitachi S-2700
Scanning Electron Microscope using a Noran System Six En-
ergy Dispersive Spectroscope (EDS) equipped with a thin
window detector. Data were acquired by applying 20 kV of
accelerating voltage. The results reported are an average of
multiple quantifications on several single crystals. The EDS
analysis on visibly clean surfaces of YbsAl,Sbg crystals gave an
atomic composition of 34.27% Yb, 40.62% Sb, and 25.12% Al.
No Ge was found by EDS in any of the crystals we examined.
The high error in Al concentration is caused by the Al-base stub
used as a sample holder.

Charge Transport Measurements. For Seebeck coefficient
and electrical conductivity measurements, arc-melted samples
were cut into a rectangular shape and measured on the ULVAC
ZEM-3 instrument. The thermal diffusivity and heat capacity of
YbsAl,Sbg were measured by laser flash techniques with a
Netzsch LFA 457 system in a He atmosphere using a pyroceram
standard for heat capacity measurements. The thermal conduc-
tivity was calculated from the experimental density, the heat
capacity, and measured thermal diffusivity.

Differential Thermal Analysis. Differential thermal analy-
sis (DTA) measurements were carried out with a Shimadzu
DTA-50 thermal analyzer. The ground sample (80.0 mg total
mass) was sealed in a quartz ampule under a vacuum. A silica
ampule containing alumina of equal mass was sealed and placed
as a reference. The sample was heated to 1100 at 10 °C/min,
followed by cooling at the same rate to 50 °C. The stability and
reproducibility of the sample was monitored by running multi-
ple heating and cooling cycles.

Electronic Band Structure Calculations. The electronic
structure calculations were performed using the full-potential
linearized augmented plane wave (FLAPW) method®? within
the density functional scheme. The experimental lattice para-
meters and atomic coordinates were employed for the calcula-
tions. The core states and the valence states were treated fully
relativistically and scalar relativistically, respectively. The spin—
orbit interaction was also included self-consistently by a second
variational method.** The muffin-tin radii of Yb, Al, and Sb are
chosen to be 3.1, 2.3, and 2.7, respectively. The plane-wave
cutoff is |k + G| < 3.5, and the star-function cutoff is 8.1. All
units are in atomic units. The Brillouin zone integration is
replaced by the special k-point summation on the 1 x 5 x 3
Monkhorst—Pack mesh, corresponding to the experimental
lattice constants of a; = 23.118 A, a, = 4.4497 A, and a3 =
7.3313 A. Experimentally, the YbsAl,Sbs compound shows
poor metallic conductivity. The possibility of YbsAl,Sbg being
a small gap semiconductor was checked by comparing the
calculations using both LDA and screened exchange LDA (sx-
LDA) separately as the exchange-correlation potential. The
spin—orbit coupling effect is also included in our sx-LDA
calculations by the second variational method.* Convergence
of our results has been tested by repeating the LDA calculations
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Table 1. Selected Data Collection and Refinement Parameters for YbsAl,Sbg and

Sro.85Yby.15A1,Sbg

empirical formula
fw

temp

wavelength

cryst syst

space group

unit cell dimensions

vol

V4

density (calcd)
abs coeff (calcd)
F(000)

cryst size

reflns collected/unique
data/restraints/params

goodness-of-fit on F*
ﬁna17R indices

[Fo > 20 (F3))*
R indices (F§ > 0)

YbsAlSbg

1649.66

2932) K,

0.71073 A
orthorhombic
Pbam .

a = 17.2971(15) A

b = 22.780(5) A

¢ =4411509) A
733.3(3) A3

2

7.471 Mg/m®
42.459 mm™!

1364

03 x 003 x 0018 mm
8105/1401
1401/0/42

1.139
Ry/wR>=2.99/7.00%

Ry/wR,=3.31/7.10%

Sr.85Y b4 15A1Sbg
1572.78

2932 K,

0.71073 A
orthorhombic

Pbam R

a = 7.3313(15) A

b = 23.118(5) A
c=4.449709) A
754.2(3) A3

2

6.926 Mg/m®

38.922 mm !

1306

0.3 x 0.09 x 0.05 mm
9843/1617

1617/0/43

1.094
Ri/wR,=3.42/8.84%

Ry/wRy=3.69/8.99%

“Ry = [l Fol = [F/X Fol. wRa = {12 w( Fol = [Felo /[ wEo) 12

w = Op

Table 2. Atomic Coordinates (x 10%) and Equivalent Isotropic Displacement
Parameters (A2 X 103) for YbsAl,Sbg

X y z Uleq)”
Yb(1) 5484(1) 888(1) 0 11(1)
Yb(2) 10000 0 0 12(1)
Yb(3) 7332(1) 2524(1) 0 9(1)
Sb(4) 9744(1) 1357(1) 0 9(1)
Sb(5) 4868(1) 1883(1) 5000 9(1)
Sb(6) 2994(1) 51(1) 5000 10(1)
Al(1) 1839(4) 1218(1) 5000 11(1)

“Note, U(eq) is defined as one-third of the trace of the orthogonalized
U" tensor.

Table 3. Anisotropic Displacement Parameters (Az x 10%) for YbsALSbg"

Ull U22 U33 U23 U13 U12
Yb(1) 14(1) 8(1) 11(1) 0 0 1(1)
Yb(2) 10(1) 10(1) 16(1) 0 0 1(1)
Yb(3) 6(1) 8(1) 13(1) 0 0 0(1)
Sb(4) 7(1) 7(1) 13(1) 0 0 —1(1)
Sb(5) 8(1) 9(1) 8(1) 0 0 —1(1)
Sb(6) 9(1) 10(1) 10(1) 0 0 2(1)
Al(1) 10(1) 11(1) 13(1) 0 0 —2(1)

“Note, the anisotropic displacement factor exponent takes the form
=2[Pa**U" + ..+ 2hka*b* U ).

with increased plane-wave and star function cutoffs and
doubled special k-point mesh. We found no obvious change in
the final LDA band structure, which proved that our chosen
computational parameters are indeed appropriate.

Structure Determination. For X-ray crystallographic stu-
dies, a black bar-shaped crystal was mounted on a glass fiber.
For this crystal, with dimensions of 0.3 x 0.03 x 0.018 mm®, a
half-sphere of reciprocal space up to 63.68° in 26 was collected
on a STOE image plate diffractometer using graphite mono-
cromatized Mo Ko radiation. The individual frames were
measured with a @ rotation of 1° and exposure time of 1 min.
No crystal decay was detected. The observed Laue symmetry
and systematic extinctions were indicative of the space groups
Pbam and Pba?2. The centrosymmetric Pham space group was

Todorov et al.

Table 4. Bond Lengths [f\] and Angles [deg] for YbsALSbg

SbI—All x 2 2.7027(17)  Ybl—All x 2 3.536(2)
Sb2—All 2.680(3) Yb2—Sbl x 2 3.0966(8)
Sb3—All 2.787(3) Yb2-Sb3 x 4 3.1066(6)
Sb3—Sb3 2.9375(1) Yb3—Sbl 3.1719(8)
Yb1—Sb2 x 2 3.1957(7) Yb3—Sb2 x 2 3.1796(6)
Yb1—Sb3 x 2 3.2671(6) Yb3—Sbl 3.1893(8)
Yb1—Sbl 3.2868(9) Yb3—Sb2 x 2 3.1987(6)
Yb1—Sb3 x 2 3.4346(7) Yb3—All x 2 3.634(2)
Ybl—Yb2 3.8661(7) Ybl—Ybl 4.1050(11)
Ybl—Yb3 3.9651(9) Yb3—Yb3 3.6503(8)
All-SbI—AIl  109.40(10) SbI—AII—-Sbl  109.40(10)
All-Sb3—Sb3  112.16(6) Sb2—All—Sb3  106.86(10)
Sb2—AIl—-Sbl  113.60(7) SbI—AII—-Sb3  106.42(7)

assumed, and subsequent refinements confirmed the correct
choice of this space group. The initial positions of all atoms
were obtained by direct methods. The structure was refined by
full-matrix least-squares techniques with the SHELXTL* pack-
age of crystallographic programs. Once all atoms were located,
the occupancies of successive atoms were allowed to vary, but
refinements did not lead to any significant change in the
occupation factor. After anisotropic refinement of all atoms, a
difference electron density Fourier map calculated with phases
based on the final parameters showed maximum and minimum
peaks of +3.034 and —3.192 ¢/A3, respectively. The complete
data collection parameters, details of structure solution, and
refinement results are given in Table 1. Final atomic positions,
displacements parameters, and anisotropic displacement para-
meters are given in Tables 2 and 3. Selected bond distances and
angles are listed in Table 4.

Results and Discussion

Synthesis and Characterization. The most interesting
aspect of the synthesis of YbsAl,Sbg is the necessity of
having Ge in the reaction. All products obtained from
reactions without the addition of Ge showed Yb;;Sb;q as
amajor phase, and the new phase YbsAl,Sbs could not be
detected even as a minor phase by powder X-ray diffrac-
tion (PXRD). Single crystals of YbsAl,Sbg could only be
obtained by adding Ge in the reaction. The phase was
obtained in very high yield (95% based on YD) if the
molar equivalent of Ge per formula unit was between 0.25
and 0.5. Below 0.25 equiv of Ge, other phases such as
YbSb and Yb;;Sb;o were observed in the PXRD pattern.
Crystals of YbsAl,Sbg did not contain any Ge in their
structure, as determined by microprobe elemental ana-
lyses and by the X-ray single-crystal structure refinement.
Later, it was found that Si plays a similar role in the
formation process of the new phase, but only when arc-
melting was used for the preparation of the compound.
Direct combination reactions with Si instead of Ge did
not produce YbsAl,Sbs. Presumably, this difference is
due to the higher melting point of Si compared to Ge and
implies that these two elements have to be molten for the
successful synthesis of YbsAl,Sbg.

The role of Ge and Si in the reaction to produce
YbsAl,Sbg phase in high yield is not fully understood.
One could speculate that Ge and Si act as catalysts or that
Al, Ge (or Si), and Sb form a low-temperature eutectic
that probably prevents the formation of the more thermo-
dynamically stable binary Yb/Sb phases. It should be noted
that there are no reported experimental or theoretical

(34) In SHELXTL, 5th ed.; Siemens Analytical X-ray Systems, Inc.:
Madison, WI, 1994,
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ternary Al/Ge/Sb phase diagrams. The samples examined
here are denoted as YbsAl,Sbys/xGe, where x is the equiva-
lent of Ge applied in the synthesis as a reaction agent.

Thermal and Spectroscopic Analysis. YbsAl,Sbg ap-
pears stable in the air and at room temperature. Crystals
exposed to ambient air for a week did not show signs of
decomposition, as judged by X-ray diffraction. The com-
pound however reacts with water and decomposes to
YbSb,, YbO, Yb,Al5s0,, and other amorphous phases
which we could not identify. The DTA analysis of sam-
ples of YbsAlSbg up to 1100 °C did not show any
melting/crystallization peaks. An energy band gap was
observed in the form of a broad absorption in the mid-IR
region in the range of 0.3—0.4 eV, suggesting that the
material is probably a narrow gap semiconductor. Elec-
tronic structure calculations, however, and charge trans-
port measurements, to be presented below, show that the
compound is in fact metallic. Therefore, the observed
feature at 0.3 eV is likely from a higher-level excitation.

Crystal Structure. YbsAl,Sbe crystallizes in the
BasAlBig>> % structure type. The structure consists of
1[(A1,Sbg)'] double chains. The double chains form
from the condensation of interconnected AlSb, tetrahe-
dra bridged by Sb—Sb bonds, Figures 1 and 2. Neighbor-
ing infinite double chains are -crystallographically
equivalent and related by h-glide and a-glide symmetry
operations perpendicular to the @ and b directions and are
separated by Yb cations.

The tetrahedral units PnSby (Pn = Al, Ga) are very
stable, which results in a relatively large number of
ternary compounds. For example, such tetrahedra have
been found in Yb,;GaSby>® and its isostructural analogs,
while in the A;MPnj family, they form oligomeric and
polymeric entities. The use of cations with different sizes,
Ba or Ca, results in the formation of two distinct units: (1)
dimeric anion [Al,Sbg]'?~ formed from two tetrahedrons
sharing a common edge found in Ba;AlSbs*>*¢ and (2)
polymeric chain L[AISb ] made of two corner-sharing
tetrahedra found in Ca;AlISb;.*° YbsAl,Sbg also can be
viewed as a derivative of BasAlISb; (BagAl,Sbg). Upon
virtual removal of one Ba cation, the anions [Al,Sbe]'*~
oxidatively couple via Sb—Sb bridges to form L[AL,Sb’ ]
infinite double chains found in the title compound. The
Sb—Sb distance in YbsAl,Sbs of 2.937(1) A (Figure 2) is
comparable to that in YbsIn,Sbg but is longer compared
to the Sb—Sb distance (2.906 A) in alkaline-earth iso-
structural compound CasAl,Sbg.

The Yb atoms occupy three crystallographically unique
positions in the structure. The Yb—Sb distances are in the
range of 3.0966(8)—3.7346(7) A, with the longest being
observed for Yb(1)—Sb(3). Yb(2) and Yb(3) are in dis-
torted octahedral coordination, while Yb(1) is seven-
coordinated in a capped trigonal prismatic geometry
(Figure 3). The coordination environment of the Yb
atoms is similar to that of the Ca atoms in CasAl,Sbg,
which crystallizes in a different structure type, that is,

(35) Cordier, G.; Savelsberg, G.; Schaefer, H. Z. Naturforsch., B: Chem.
Sci. 1982, 37, 975-980.

(36) Cordier, G.; Schaefer, H.; Stelter, M. Z. Naturforsch., B: Chem. Sci.
1984, 39, 727-732.

(37) Cordier, G.; Schaefer, H.; Stelter, M. Z. Naturforsch., B: Chem. Sci.
1985, 40, 5-8.

(38) Cordier, G.; Schaefer, H.; Stelter, M. Z. Naturforsch. 1985, B40.
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Figure 2. The ladder-type structure of one double chain of tetrahedra
bridged by Sb—Sb bonds.

CasGa,Asg. The major difference between these two
structure types, BasAl,Big and CasGa,Asg, lies in the
coordination environment of Yb(3) and Ca(3) atoms in
this case. Ca(3) is in ideal octahedral geometry and is
surrounded by only two Sb(3) atoms. On the other hand,
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Sh2 Yb3
Sh2

Sb2

6 Sh1

Figure 3. The immediate coordination environment (up to 3.6 A) of the
three Yb atoms.

Yb(3)’s position in the new compound is in a distorted
octahedral geometry and surrounded by four Sb(3)
atoms. Electronic structure calculations done on mem-
bers from both structure types suggest that the structure
difference arises from different orbital mixing interac-
tions, between the cation and anionic frameworks.?>*
Therefore, compounds crystallizing in the BasAl,Big
structure type are more covalent and have narrower
band gaps compared to those of CasGa,Asg-type com-
pounds.

YbsAlSbg contains cationic and anionic substructures
and is therefore a polar intermetallic. The formula can be
easily rationalized according to the Zintl—Klemm con-
cept. Assuming complete electron transfer, the resulting
10 electrons from Yb are distributed over the repeating
unit, Al,Sbg. The formal charge of tetrahedral Al is —1,
while one- and two-bonded Sb atoms carry a charge of —2
and —1, respectively. Thus, in the Zintl convention, the

(39) Lam, R.; Mar, A. Inorg. Chem. 1996, 35, 6959-6963.
(40) Lam, R.; Zhang, J.; Mar, A. J. Solid State Chem. 2000, 150, 371-376.
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formula can be rewritten as (Yb3 )[2(Al7)-4(Sb)-2
(Sb*7)]. An alternative, more intuitive, and preferable
electron counting scheme based on cations and anions is
(YH?")s[(AIF 7)y(Sb37)(Sb*)y].

Charge Transport and Thermal Transport Properties of
YbsAl,Shg. The electrical conductivity and thermopower
of arc-melted ingots of YbsAl,Sbs synthesized with
different mixtures of Ge and Si were measured as a
function of the temperature. These samples were an-
nealed at 600 °C before the property measurements in
order to release any physical stress created by arc-melting.
Measurements performed before and after annealing
showed significant effects on the electrical conductivity
but not the thermopower. For samples of YbsAl,Sbg
prepared with 0.5Ge, the conductivity at room tempera-
ture was ~1100 S/cm and decreased slowly with increas-
ing temperature, Figure 4a. This can be attributed to the
decrease in carrier mobility with rising temperature, as
expected for metals or heavily doped semiconductors.
This apparent metallic dependence is supported by the
electronic structure calculations presented below. The
corresponding value of thermoelectric power was ~20
uV/K at room temperature and increased almost linearly
with increasing temperature. The positive thermopower
values indicate that the material YbsAl,Sbg is a p-type
(hole) conductor.

The room-temperature thermal conductivity of
YbsAl,Sbg was measured at 3.8 W/m-K. The thermal
conductivity is composed of the electronic component,
which depends only on the electrical conductivity o,
according to the Wiedemann—Franz law L = kqoT
(the Lorenz number L = 2.45 x 10 * W Q K™?), and
the lattice component strongly depends on lattice vibra-
tions (phonons). The lattice contribution of YbsAl,Sbg/
0.5Ge at ~3 W/m K is approximately 80% of the total
thermal conductivity at room temperature (Figure 4b).
The thermal conductivity is relatively low for a metal but
somewhat higher than those of good thermoelectric ma-
terials.*!

The investigation of this phase with various combina-
tions of different reaction agents added as potential
dopants including Te and SiGe alloys as well as Ge and
Si did not show significant changes in the thermopower
(Figure 5a), but apparent changes in the electrical con-
ductivity were observed (Figure 5b). The highest room-
temperature value (2839 S/cm) was observed for
YbsAlSbg prepared with 0.5Ge0.5Te, while the lowest
(623 S/cm) was observed for YbsAl,Sbg/0.5Si.

As a Zintl phase, YbsAl,Sbg is susceptible to chemical
modifications because of its saltlike nature. In gen-
eral, the anionic part of the structure L[(Al,Sbe)'7]
is responsible for the carrier mobilities; therefore, struc-
tural changes in the anionic framework are expected
to affect the conductivity and thermopower. On the other
hand, the cationic part is very prone to doping and
site disorder. This causes little to no change in the anio-
nic part of the structure, thus keeping the conductivity
and Seebeck coefficient relatively constant. Therefore,
increased phonon scattering by mass fluctuation in
the cation sites may lower the lattice thermal conductivity

(41) Chan, J. Y.; Olmstead, M. M.; Kauzlarich, S. M.; Webb, D. J. Chem.
Mater. 1998, 10.
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Figure 4. Variable-temperature (a) conductivity and thermopower and
(b) total (koa), lattice (kpp), and electronic (k) thermal conductivities for
YbSAlzsbf,/OSGC

and subsequently increase the figure of merit, ZT.
A recent example representing the idea that the tran-
sport property of the Zintl phase can be finely tuned
by substitution with a slightly more electropositive -
cation is Ca,Yb;_.Zn,Sb,.** The produced disorder by
changing the Yb/Ca ratio indeed was reported to lower
the lattice thermal conductivity, while the conduct-
ing anion substructure remains unchanged. This is evi-
denced by the relatively unchanged band gap and carrier
mobility.

We have applied a similar approach here. In the case of
YbsAl,Sbg, however, substitution with Ca was unsuccess-
ful, and with Sr, only partially successful. Multiple synth-
eses designed for different Sr contents were attempted
with 1:1 to 1:4 Yb/Sr ratios. Single crystals obtained from
these different Sr/Yb ratios were analyzed with X-ray
diffraction, Table 1 (tables of the atomic coordinates and
anisotropic displacement parameters are provided as
Supporting Information). Interestingly, the substitution
was found successful only up to a Sr content of 17% and
occurred preferably at the Yb(1) position. This is attrib-
uted to the fact that the atoms at this position are weakly
coordinated and show the longest Sb- - - Yb contacts.

(42) Gascoin, F.; Ottensmann, S.; Stark, D.; Haile, S. M.; Snyder, J. Adv.
Funct. Mater. 2005, 15, 1860—1864.
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Figure 5. (a) Electrical conductivity and (b) thermopower for
YbsAlSbg prepared with different reaction agents (i.e., Ge and Si) and
dopants.

The room-temperature total thermal conductivity
drops significantly from ~3.8 W/m-K for YbsAl,Sbg
to ~2.5 W/m-K for Sryg5Ybs 15sAlSbg prepared with
0.5Ge (Figure S1, see Supporting Information). The
lattice component of the thermal conductivity of the
Sr/Yb mixed compound is lower than that of parent
Yb-only compound, presumably because of the increased
phonon scattering induced by the Sr/Yb mass fluctuation
in the cation sites. On the basis of the room-temperature
electrical conductivity of SrggsYby15A1LSbs of ~550
S/cm, we estimate a lattice thermal conductivity value
of ~2 W/m-K.

Electronic Structure Calculations. The electronic struc-
ture of YbsAl,Sbg was calculated by the highly precise
FLAPW method. The LDA and sx-LDA band struct-
ures of YbsAl,Sbg are shown in Figure 6 for comparison.
It is clear that using the more sophisticated nonlocal
exchange-correlation potential of sx-LDA does not
bring about substantial changes in the band structure.
The results suggest that the material is a metal or
semimetal because the bottom of the conduction band
reaches below the top of the valence band. The conduc-
tion and valence bands however do not cross, which
means there is a negative band gap in the material,
Figure 6b. This explains the metallic-like transport prop-
erties described above. The —9.5~12.0 eV bands
derive predominantly from the Sb 5s. Al 3s bands appear
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Figure 7. The projected density of states (pDOS) of YbsAl,Sbg by sx-LDA including spin—orbit coupling.

at about —5.0 e¢V. Bands from —4.5 eV up to the
Ey are mainly Sb 5p, which constitute most of the valence
spectra. The conduction bands are mostly Yb 5d states.
Moderate hybridization between Sb 5p and Yb 5d states
is found in both the valence and the conduction bands
close to Ey, as this is also clearly seen in the projected
density of states in Figure 7.

One of the major effects of sx-LDA is that the valence
bands are shifted downward in energy. This is due to the
partial cancelation of the self-interaction error. Usually,
the self-interaction correction is most significant for
localized states. In the present case, the downward shift
of the bands is not very obvious. This is because the
valence window, which mainly consists of Sb 5s, Al 3s,
and Sb 5p, does not contain strongly localized states.
Another difference of the LDA and the sx-LDA band
structures is found near I': by LDA, the conduction and
valence bands are connected, while by sx-LDA, they are
separated. Consequently, a pseudogap of 0.35 eV appears
at I' in the sx-LDA DOS close to Eg. Experimentally, a

dip of about 0.3 eV close to Ef is found in the optical
absorption spectra and could originate from this pseudo-
gap in the DOS.

Between the high symmetry points Z and T, and R
and U, four bands cross the Er . We name them the SYS
bands after their Sb—Yb—Sb characters, which we
will illustrate in the following, see arrows in Figure 6.
The four SYS bands are divided into two groups, each
group being 2-fold degenerate. The splitting to the two
groups is due to spin—orbit coupling, while the 2-fold
degeneracy within each group comes from the equiva-
lence of the two types of double chains, which have
different orientations.

Compared to the majority of the valence bands, the
SYS bands are obviously different concerning their unu-
sual dispersions and their being much higher in energy.
To understand why the SYS bands are well-separated
from the majority of the valence bands, we plot in Figure 8
two wave functions: both wave functions are taken from
the T point, with the first from the top of the valence
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(a) the valence top state at T=(0.0,0.5,0.5)

Inorg. Chem., Vol. 48, No. 11, 2009 4775
(b} one ofﬂ-le SYS states at T=(0.0,0.5,0.5)
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Figure 8. Plot of the two wave functions at 7' = (0.0, 0.5, 0.5). Left panel: Wave function from the top of the valence band, which is intradouble-chain in
character. Right panel: Wave function from one of the SYS bands, which is interdouble-chain in character. The Sb(c)—Yb—Sb(c) bonding provides a

coupling between neighboring double chains.

(a) the Al-Sb plane

(b) the Yb-Sb plane

Figure 9. Charge redistribution in YbsAl,Sbs. Upper panel: Plot of the Al—Sb plane. Lower panel: Plot of the Yb—Sb plane. Charge transfer from the
Al/Yb atoms to the Sb atoms in the YbsAl,Sbs compound. Both the altitude and the color show the change of the electron density between the superposition
of individual atomic densities and the total density of YbsAl,Sbg. Purple color shows electron accumulation, and green color shows electron depletion.
(a) Plot on the Al—Sb plane, which illustrates the charge transfer from Al to Sb, and (b) plot on the Yb—Sb plane, which illustrates the charge transfer from

Yb to Sb.

bands and the second from one of the SYS bands. It is
clear that the first wave function (i.e., the one from the top
of the valence bands) comes from the Sb(2) atoms. This
wave function is mainly restricted within the one double
chain and extends along the orientation of the chain.
Therefore, this state is essentially one-dimensional.
On the other hand, the second wave function (i.e., the
one from the SYS bands) mainly comes from the
Sb(3) atoms. These Sb(3) atoms are connected, not only
within each double chain but also between neighboring
double chains through the Sb(3)—Yb—Sb(3) bonding.
This inter-double-chain character of the SYS bands
explains why they are separated from the majority of
the valence bands, which are mainly intra-double-chain in
character.

It is hard to judge the chemical valence of each atom
in YbsAl,Sbe, as the Al n = 3 shell is not completely
empty and the Sb 5p subshell not completely full.
To study the charge redistribution in YbsAl,Sbg, we plot
the charge density difference between the YbsAl,Sbg
compound and the superposition of the individual at-
oms. In Figure 9, the plots of the AI—Sb plane and the
Yb—Sb plane clearly show that charge accumulates at the

Sbn = 5shell, and that they are depleted from the regions
close to the Al and the Yb atoms. This is consistent with
the Zintl-type nature of the compound.

Concluding Remarks

The new compound, YbsAl,Sbe, forms from high-tem-
perature reactions only when elemental Ge or Si is also
present. In the absence of these elements, a different set of
products forms. To our knowledge, this is the first example of
a Zintl compound being stabilized in synthesis by another
element (called here a reaction agent) even though this
element is not incorporated in the structure. Although fluxes
are known to stabilize metastable or kinetically stable com-
pounds, they are usually present in excess.**~** Besides, in the
case of YbsAl,Sbs, we have no indication that it is a
metastable compound. The charge transport properties of

(43) Chondroudis, K.; McCarthy, T. J.; Kanatzidis, M. G. Inorg. Chem.
1996, 35, 840-844.

(44) Kanatzidis, M. G.; Pottgen, R.; Jeitschko, W. Angew. Chem., Int. Ed.
2005, 44, 6996-7023.

(45) McCarthy, T. J.; Kanatzidis, M. G. Inorg. Chem. 1995, 34, 1257—
1267.
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YbsALSbg indeed are those of a semimetal, and this is
supported by the results of DFT electronic structure calcula-
tions. This suggests that, despite the convenient description
of the compound as a Zintl phase, the electron transfer from
the electropositive to the electronegative atoms is incomplete.
This is common in this class of compounds, and it is the
reason behind the metallic properties encountered in many of
them.**>! The lattice thermal conductivity of YbsAl,Sby

(46) Alemany, P.; Llunell, M.; Canadell, E. J. Comput. Chem. 2008, 29,
2144-2153.

(47) Ge, M. H.; Corbett, J. D. Inorg. Chem. 2007, 46, 4138-4144.

(48) Li, B.; Corbett, J. D. J. Cluster Sci. 2008, 331-340.

(49) Pan, D. C.; Sun, Z. M.; Mao, J. G. J. Solid State Chem. 2006, 179,
1016-1021.

(50) Petri, D.; Rohr, C. Z. Anorg. Allg. Chem. 2008, 634, 1724-1728.

(51) Zelinska, O. Y.; Mar, A. Inorg. Chem. 2008, 47, 297-305.
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is ~3 W/m K at room temperature, but substitution of
only ~17% of the Yb with Sr cations in the isostructural
Srpg5Y by 15A1LSbg lowers substantially the thermal con-
ductivity.
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