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The new Zintl phase EusIn,Sbg was obtained from a direct element combination reaction in a sealed graphite
tube at 870 °C and its structure was determined. It crystallizes in the orthorhombic space group Pbam(No. 55),
with a unit cell of @ = 12.510(3) A, b = 14.584(3) A, ¢ = 4.6243(9) A, and Z = 2. EusIn,Sbg shows the
CasGa,Asg-type structure and has a one-dimensional structure with infinite anionic double chains [Inzsbﬁ]lo_
separated by Eu?" ions. Each single chain is made of corner sharing InSby tetrahedra. Two such tetrahedral
chains are bridged by a Sb, group to form double chains. The compound satisfies the classical Zintl concept
and is a narrow band gap semiconductor. The substitution of Zn for In atoms in EusIn,Sbg resulted in an
increase in hole concentration and the material is more metallic. Polycrystalline ingots of EusIn,Sbs and
EusIn,_,Zn,Sbg showed electrical conductivity of ~36 S cm™ !, ~146 S cm ™! and Seebeck coefficient of

~76 uV K 'and ~51 pV K~! at room temperature, respectively.

Introduction

The structures of Zintl phases display a diversity of clusters,
chains, nets, rings, and other polyanionic frameworks."? In
Zintl phases, the electropositive atoms provide electrons to
electronegative atoms in order to achieve an octet in the valence
electron shell. Consequently, Zintl phases would be expected
to be electron precise and to show semiconducting behavior.
This electron transfer results in the formation of various
complicated covalent anionic frameworks, stabilized by weakly
bound electropositive cations. The great majority of Zintl
phases are reported to be air- and moisture sensitive because
of the highly electropositive alkali and alkaline earth element,
such as Na, Ca, and Sr. Recently in attempts to develop
thermoelectric materials, new air-stable heavy element analo-
gues of the Zintl phases such as BagGess,'® BayIngSby¢,'?
YbsIn,Sbe, > and BaGa,Sb,,?* were synthesized. All these
compounds are composed of heavier cations and have narrow
band-gaps, which is important for the thermoelectric proper-
ties. Among these compounds, YbsIn,Sbe” is the first example
of a rare earth analogue of CasAl,Big.

Here we describe another new rare earth analogue of the
AsM>Png (A = Ca, Sr, Ba; M = Al, Ga, In; Pn = As, Sb, Bi)
family, EusIn,Sbg, which is isoelectronic with YbsIn,Sbg but
not isostructural. The band structures of the two rare earth
phases are compared. We also synthesized Eusln; sZng sSbg
and its transport properties are compared with those of
EU5IH2Sb6.

Experimental section
Synthesis

The crystal used in the structure determination resulted
from the reaction of a mixture of Eu (0.22 g, 1.45 mmol),
In (0.07 g, 0.58 mmol) and Sb (0.21 g, 1.74 mmol) in a molar
ratio of 5 : 2 : 6. The reaction mixtures were placed in a
graphite tube and then sealed in an evacuated silica tube. The
sealed mixtures were heated slowly up to 870 °C, kept at

DOI: 10.1039/b106812a

that temperature for 1 day, and subsequently cooled to room
temperature over 1 day. From the reaction product, a few
silvery plated crystals were obtained, along with a black
powder. The X-ray powder diffraction pattern of the black
powder sample agreed with the powder pattern calculated
from single crystal data, indicating that the black powder
was pure EusIn,Sbe. Eusln,_Zn,Sbg(x = 0.5) was obtained
from reactions of a mixture of Eu (0.44 g, 2.90 mmol), In
(0.1 g, 0.87 mmol), Zn (0.02 g, 0.29 mmol) and Sb (0.42 g,
3.48 mmol) in a molar ratio of 5 : 1.5 : 0.5 : 6. The reaction
conditions were the same as for EusIn,Sbg. The X-ray powder
pattern of Eusln,_,Zn Sbg(x = 0.5) also agreed with that
of EusIn,Sbg except for the relative peak intensities, and this
indicates that the In atoms are substituted by Zn atoms
without structural change. The compositions of EusIn,Sbg
and Eusln,_,Zn,Sbg were confirmed by Energy-dispersive
X-ray(EDX) analysis

Charge-transport measurements

DC electrical conductivity measurements were carried out by
the low frequency AC lock-in technique using the conventional
four probe technique. The applied current was about 20 pA
with a frequency of 77 Hz. A pressed pellet of powder sample
was ground to a bar shape with dimensions of 1.7 x 1.0 x
1.0 mm?>. 25 pm gold wires were attached to the sample using
silver paste. Silver paste for current contacts covered the
sample ends to improve current homogeneity. For thermo-
electric power measurement, samples used in the conductivity
measurements were mounted between two copper blocks which
were heated by sinusoidal currents with the same frequency
(fo ~ 30 mHz), but with 90 degree phase difference. The
corresponding potential drop and temperature gradient with
2fo frequency were measured by nanovoltmeters. The tem-
perature gradients were measured using chromel-constantan
thermocouples. Occasionally, the magnitudes of the thermo-
electric power at room temperature were checked by the
conventional DC slope technique. The thermoelectric power
measurements techniques are detailed elsewhere.’
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Table 1 Selected data from the single-crystal structure refinement of
EuSIHZSb(,

Empirical formula EusIn,Sbg
Formula weight 1719.94
Temperature/K 293(2)
Wavelength (. = Mo-Ka, A) 0.71073
Crystal system Orthorhombic
Space group Pbam (No. 55)
Unit cell dimensions/A a = 12.510(3)
b = 14.584(3)
¢ = 4.6243(9)
Volume/A® 843.7(3)
VA 2
Density, pea/g cm™? 6.770
Absorption coefficient/mm ! 30.338
Reflections collected/unique 881
Data/restrains/parameters 845/0/42
Final R indices [F,> > 20(Fo°)]" R, = 0.0349, wR, = 0.1348
R indices (FO2 > 0) Ry = 0.0490, wR, = 0.1470

Largest DIFF. Peak and hole/e A3 2.094 and —2.667

“Ri_= [SIF|—|FAVEIF. wRy = {[Ew(F—|F)EwF . w =
O'F7 .

Electronic structure calculations

Electronic structure calculations were performed using the
Hiickel method within the framework of tight-binding appro-
ximation.* The program CAESAR for IBM-compatible PCs
was used.’ Density of state (DOS) and crystal orbital overlap
populations (COOP) were calculated based on 216 K point sets
of primitive orthorhombic structure.

Crystallographic studies

A silver plated crystal was mounted on a glass fiber. X-Ray
intensity data were collected at room temperature on a Enraf-
Nonius CAD-4 single-crystal diffractometer with graphite
monochromated Mo-Ka radiation (4 = 0.71073°). The unit
cell parameters and the orientation matrix for data collection
were obtained from the least-squares refinement, using the
setting angles of 25 reflections in the range of 15.5° < 20(Mo-
Ka) < 27.56°. Intensity data were collected over a 1/8 sphere
of reciprocal space up to 49.92° in 20 with the w-20 scan
technique. The intensities of three standard reflections, mea-
sured every two hundred reflections, showed no significant
deviations during the data collection. Empirical /-scan absorp-
tion correction was applied based on entire data sets. The
observed Laue symmetry and systematic extinctions were
indicative of the space group Pbham. The initial positions for all
atoms were obtained from the direct methods. The structure
was refined by full matrix least squares techniques with the
use of the SHELXL-97 program.® The complete data collection
parameters and details of structure solution and refinement
results are given in Table 1. Final atomic positions are given in
Table 2. Selected bond distances and angles are listed in
Table 3.

Results and discussion
Structure

The structure of EusIn,Sbg is an anisotropic one-dimensional
structure and isotypic with CasGa,Ass. The overall structure
of this compound, viewed down the c-axis, is shown in
Fig. 1(a). It is composed of infinite [In,Sbg]'’~ double chains
separated by Eu®>" ions. The double chains stacked along the
c-axis consist of two InSb, tetrahedral single chains bridged
by Sb, dumbbell groups. Neighboring infinite double chains

TCCDC reference number 175836. See http://www.rsc.org/suppdata/
jm/b1/b106812a/ for crystallographic files in .cif or other electronic
format.
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Table 2 Atomic coordinates ( x 10*) and equivalent isotropic displace-
ment parameters (A% x 10?) for EusIn,Sby

Atom X y z Uleq)”
Eu(l) 3275(1) 189(1) 0 14(1)
Eu(2) 0 0 0 12(1)
Eu(3) 9128(1) 7505(1) 0 13(1)
Sb(1) 1653(1) 8268(1) 0 13(1)
Sb(2) 1528(1) 940(1) 5000 11(1)
Sb(3) 5258(1) 956(1) 5000 12(1)
In(1) 3299(1) 2148(1) 5000 13(1)

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

Table 3 Selected distances/A and angles/® in EusIn,Sbg.

Sb(1)-In(l) x 2 2.8304(16) In(1)-Sb(1)-In(1) 109.55(9)
Sb(2)-In(1) 2.8303)  In(1)-Sb(3)-Sb(3) 112.33(10)
Sb(3)-In(1) 3.006(3)  Sb(I)-In(1)-Sb(1) 109.55(9)
Sb(3)- Sb(3) 2.861(4)  Sb(1)-In(1)--Sb(2) 112.06(6)
Eu(l)}-In(l) x 2 3.67622)  Sb(1)-In(1)-Sb(3) 108.44(6)
Eu(1)-Sb(1) 3.461(2)  Sb(2)-In(1)-Sb(3) 106.11(9)
Eu(1)-Sb(2) x 2 3.3641(16)

Eu(1)-Sb(3) x 2 3.3915(16) Sb(1)-Eu(1)-Sb(3)#2 85.33(5)
Eu(1)-Sb(3) x 2 3.5708(18) Sb(1)-Eu(1)-Sb(3)#1  131.38(4)
Eu(2)-Sb(1) x2  3.2647(18) Sb(1)-Eu(1)-Sb()#1  129.38(4)
Eu(2)-Sb(2) x 4  3.2991(13) Sb(1)-Eu(1)-Sb(2)#1 83.27(5)
Eu(3)-Sb(1) 3.348(2)  Sb(1)#5-Eu(2)-Sb(l)  180.0
Eu(3)-Sb(1) 3.295(2)  Sb(2)#6-Eu(2)-Sb(1) 92.60(4)
Eu(3)-Sb(3) x 2 3.3228(16) Sb(2)#6-Eu(2)-Sb(2)#1  180.0
Eu(3)-Sb(2) x 2 3.3410(17) Sb()#7-Eu(3)-Sb(1)  179.41(5)
Eu(1)-Eu(2) 4.1063(16) Sb(1)#7-Eu(3)-Sb(Q)#5  90.05(5)
Eu(2)-Eu(3) x 2 3.7987(15) Sb(1)#7-Eu(3)-Sb(3)#8  89.12(5)
Eu(1)-Eu(1) 4 351(3)  Sb(2)#5-Eu(3)-Sb(3)#8 179.12(5)
Eu(1)-Eu(3) 4.072(2)

“Symmetry transformations used to generate equivalent atoms: #1
X, y,z+ 1) #2 (—x + 1,—y, —2) #5 (—x, —y, —z) #6 (—x, —y, —z
— D #T(x — 0.5, —p — 0.5, 2) #8 (—x + 0.5,y — 0.5,—z — 1).

are crystallographically equivalent and related by b-glide
and a-glide symmetry operations perpendicular to the « and
b directions, respectively. The Eu?>" atoms are positioned
between the double chains providing charge balance. There are
three crystallographically unique Eu atoms, surrounded by
Sb atoms of the double chains (Fig. 2). The geometry around
the Eu atoms in EusIn,Sbg is similar to that of Yb atoms
in YbsIn,Sbg. Eu(1) is coordinated to two In atoms at 3.676°
and stabilized in seven fold coordination with Sb atoms in
a capped trigonal prismatic geometry. Eu(2) and Eu(3) atoms
are in distorted octahedral geometries with Sb atoms. Eu(3)
has a different coordination environment from Yb atoms in
YbsIn,Sbg: Yb(3) in YbsIn,Sbg is surrounded by four Sb(3)
atoms, but Eu(3) is surrounded by two Sb(3) atoms.

The CaSGazAsé-type7 (Fig. 1 (a)) and CaSAlzBi(,-type8
(Fig. 1 (b)) have a structural difference in the packing pattern
of double chains. Although Ca and Yb atoms have similar
cationic radii and form compounds with the same anionic
chain, they are stabilized in different structure types (Table 4).
It is difficult to rationalize the difference in structure types
by using only the size effect of the cations. Fig. 3 shows a side
view of the double chain .![In,Sbe]'°~ showing three crystal-
lographically different Sb atoms and bond type labelings.
The bond lengths in similar compounds are listed for a
comparison in Table 4. As the cation radius in CasGa,Ass-type
compounds increases, the distances of In-Sb bonds (a, b, ¢
in Fig. 3) also increase to fulfill the space requirement. But
Sb(3)-Sb(3) distances do not show any clear feature depending
on cation sizes. Even though cationic sizes are almost the
same in CasIn,Sbg and YbsIn,Sbg, the Sb(3)-Sb(3) distance
in CasIn,Sbg is significantly shorter than that of YbsIn,Sbg.
The origin of the Sb(3)-Sb(3) bond difference in the two



Fig. 1 (a) View down the ¢ axis of the structure of EusIn,Sbg, (b) View down the ¢ axis of the structure of YbsIn,Sbe with the orthorhombic unit cell

outlined.

Fig. 2 Coordination of the Eu atoms in EusIn,Sbe with Eu-In and Eu-Sb bond lengths/A.

Table 4 Bond distances/A in CasGa,Asg and CasAl,Big-type phases

Compounds a“ b c! d¢ Structure type
CasIn,Sbe 2810  2.826 2954  2.863 CasGa,Asg
EusIn,Sbg 2.830  2.830 3.006  2.861 CasGarAsg
Sr51n28b6 2.840 2.836 3.025 2.855 CasGazAS6
BasIn,Sbg 2.892 2.853 3.100 2.855 CasGayAsg
CasAl,Big 2.806  2.803 2.860 3.184  CasAl,Big
YbsIn,Sby 2818  2.850 2934 2944  CasALBig

“See bond types for a, b, ¢, and d in Fig. 3.

Fig. 3 A fragment of a infinite chain [In,Sbe]'°~ with atomic and bond
labeling.

compounds is due to the o* antibonding orbital of the Sb-Sb
bond, therefore, a higher degree of electron transfer from Yb**
to Sb(3)-Sb(3) antibonding is expected. The fact that there are
a higher number of chemical bonds between Sb(3) and Yb
atoms in YbsIn,Sbg than between Sb(3) and Eu atoms in

EusIn,Sbg supports the higher degree of antibonding character
in Sb(3)-Sb(3), thus longer bond length in YbsIn,Sbe.

Electronic structure

To understand the chemical bonding and physical properties
of this material, band structure calculations were performed
on the anionic frameworks [InZSbé]w* of EusIn,Sbg and
YbsIn,Sbg, and the results compared.2c The band structures
were calculated by the extended Hiickel formalism with atomic
orbital parameters given in Table 5. Fig. 4 shows the total
DOS for the [In,Sb],'* " unit of EusIn,Sbgs and YbsIn,Sbg.
The overall features of the valence band in both EusIn,Sbg
and YbsIn,Sbe were similar except for the slightly narrower
band width of valence and conduction bands of EusIn,Sbg.
In the DOS plot for the [In,Sbel,'* ™ unit of EusIn,Sbg, the
valence bands near the Fermi level arise primarily from
p-orbitals of In atoms and p-orbitals of Sb atoms forming sp’
hybridization mixed with corresponding s-orbitals. The peaks

Table 5 Atomic orbital parameters” used in extended Hiickel calcula-
tions

Atom Orbital H,leV? E1°¢ Cl

In Ss —18.8000 2.32300 1.00000
Sp —11.7000 1.99900 1.00000

Sb Ss —12.6000 1.90300 1.00000
Sp —6.19000 1.67700 1.00000

“See Ref.10 °H; = <yi|Hey:i>, i = 1,2,3,-.The value approxi-

mated by valence-state ionization potential. “Single-zeta STO’s.
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Fig. 4 Total DOS curve (a) [In,Sbg]'™ of EusIn,Sbg (b) [In,Sbe]'* ™ of
YbsIn,SbeZ“. The Fermi levels are indicated by a vertical dashed line.

just below the Fermi level are mainly from p, orbitals of Sb(3)
with nonbonding character. The bottom of the conduction
band mainly consists of py states of Sb(3). When rare earth
cations were included in the calculation, the bandgaps of the
two compounds were decreased by significant mixing interac-
tions between the cation and anionic frameworks.”¢ CasAl,Big-
type compounds, YbsIn,Sbs, and CasAl,Big, have narrower
bandgaps than CasGa,Asg¢-type compounds, Casln,Sbg,
SrsIn,Sbe, BasIn,Sbg, and EusIn,Sbg, which suggests that
there is different covalency in the two types of compounds.
Fig. 5 shows COOP plot projections of In-Sb and Sb-Sb

1 1 1 I 1 1 : 1 1 1 1 1
2100 -17.00 -13.00  -9.00 -5.00 -1.00
Energy (eV)

Fig. 5 COOP curves of In-Sb(dotted line) and Sb-Sb(solid line) bond.
(a) COOP curve for [InZSbf,]w* of EusIn,Sbg (b) COOP curve for
[In>Sbg]'®™ of YbsIn,Sb.
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Fig. 6 Temperature dependence of the electrical conductivity for
polycrystalline ingots of EusIn,Sbg and Eusln, sZng sSbg.

bonds. In the projection of the In-Sb bond, all the valence
states below E¢ are from In—Sb bonding interactions consistent
with maximized In-Sb bonding character. However, some
of the Sb—Sb antibonding states just below the Fermi level
are also filled suggesting a slight weakening of the bonding
interaction in the Sb-Sb zigzag chains. Comparing band
structures of YbsIn,Sbg and EusIn,Sbg, the slightly broader
band width of valence states of YbsIn,Sbg seems to be related
to the shorter bond length of In—Sb(3) and longer bond length
of Sb(3)-Sb(3). The cumulated overlap populations of In-Sb
in YbsIn,Sbg and EusIn,Sbg are 0.61, 0.63 and Sb-Sb in
YbsIn,Sbg and EusIn,Sbg are 0.54, 0.56, which imply full single
bonds.

Charge-transport measurements

Fig. 6 and Fig. 7 show the temperature dependence of electric
conductivity and the Seebeck coefficient of EusIn,Sbs and
Eusln; sZng sSbe. The positive sign of the Seebeck coefficient
indicates that the major carriers are holes for both EusIn,Sbg
and Eusln; sZng sSbe. Electric conductivity of polycrystalline
ingots of EusIn,Sbg was ~36 S cm™! and the Seebeck coeffi-
cient was ~76 pV K~! at room temperature. To increase
electric conductivity by increasing hole concentration, we
tried to substitute In atoms by Zn atoms. The result showed
that the conductivity of Eusln;sZngsSbe was increased to
~146 S cm ™! and the Seebeck coefficient was ~51 pV K~ ! at
room temperature.

We can speculate on the effect of Zn substitution on
EusIn,Sbg from the experimental results. First, we focus on
the electrical conductivity data. The magnitude of conductivity
increases about 4 times at room temperature by Zn substitu-
tion and the temperature dependence also shows a difference
after Zn substitution. Although both samples show weak

90.0
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Eu,In_Sb
600 b 52 6

500 1

300

Eu,ln, Zn, Sb,
200
100 |

00}

-10.0 1 L 1 1 1 1 L
0 50 100 150 200 250 300
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Fig. 7 Temperature dependence of the thermoelectric power for
polycrystalline ingots of EusIn,Sbg and Eusln, sZng 5sSbg.



temperature dependence in the measured temperature range,
the temperature coefficient of resistance (TCR) is apparently
different between them. TCR is positive for EusIn,Sbg
and negative for Eusln; sZngsSbg, which indicates metallic
transport dominates for Eusln; sZng sSbe while non-metallic
for Eu51n28b6.

The Seebeck coefficient decreases with cooling for both
samples. For Eusln; sZng sSbe, the temperature dependence
is more or less linear with a smaller room temperature value
than that of EusIn,Sbg. EusIn,Sbe shows some deviations from
the linear temperature dependence. From the large magnitude
of the Seebeck coefficient, which is higher than for ordinary
metals by an order of magnitude, we assume that both semi-
conducting and metallic carriers are involved in the Seebeck
coefficient. When two types of carriers are involved, the
Seebeck coefficient will be expressed as’

010 + 020

Ototal =
g1+ 02

where o1(0,) and o(a) are the conductivity and the Seebeck
coefficient of type 1(2) carriers respectively. If 1 denotes a
metallic carrier and 2 denotes a semiconducting carrier, the low
temperature Seebeck coefficient will be dominated by the
metallic carrier since g is very high at low temperature and o,
goes to zero exponentially. Considering the shallow minimum
near 50 K for EusIn,Sbe, we conjecture a contribution of
negative metallic carriers for the Seebeck coefficient. By Zn
substitution, the Seebeck coefficient decreases and the tem-
perature dependence becomes more metallic.

Both the Seebeck coefficient and the conductivity measure-
ments results indicate that Zn substitution makes the system
more metallic. By Zn substitution, the density of carriers (holes
in this case) increases, and the distance between the Fermi
energy and the valence band edge decreases. Considering the
positive TCR and the linear temperature dependence of the
Seebeck coefficient for Eusln; sZng sSbg, we assume the 25%
substitution of In by Zn almost closes the bandgap of the
semiconducting band.

In summary, we have synthesized the rare earth Zintl
compound EusIn,Sbg with a narrow bandgap. From the
electric conductivity and the Seebeck coefficient measurements,
both metallic and semiconducting carriers seem to be involved
in charge transport of this system. The substitution of Zn
leads the system to be more metallic, which is evidenced by
the increase of electric conductivity and the decrease of the
Seebeck coefficients after substitution. The thermoelectric
materials are evaluated by the figure of merit, Z, which is
defined as Z = S%g/k, where S is the Seebeck coefficient, o is

the electric conductivity, and k is the thermal conductivity. The
substitution of Zn may also enhance the Z value, however,
overall thermoelectric capability can be improved by finding
optimum concentrations of dopant and appropriate choice of
dopants.
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