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Abstract

The Zintl phase Eu;GagSbg was obtained from a direct element combination reaction at 900°C. It crystallizes in the orthorhombic
space group Phca (No. 61) with a = 15.6470(17) A, b = 17.2876(19) A, ¢ = 17.9200(19) A, and Z = 8. In Eu;GagSb, the anionic
framework forms infinite chains of [GaeSbg]'*~ which are arranged side by side to make a sheet-like arrangement but without
linking. The sheets of chains are separated by Eu?" atoms and also within the sheet, Eu?" atoms fill the spaces between two chains.
The chain is made up of homoatomic tetramers (Gay)®* and dimers (Gas)** connected by Sb atoms. The compound is a narrow
band-gap semiconductor with E,~0.6eV and satisfies the classical Zintl concept. Extended Hiickel band structure calculations
confirm that the material is a semiconductor and suggest that the structure is stabilized by strong Ga—Ga covalent bonding
interactions. Magnetic susceptibility measurements for Eu;GagSbg show that the Eu atoms are divalent and the compound has an

antiferromagnetic transition at 9 K.
© 2004 Elsevier Inc. All rights reserved.

1. Introduction

Zintl phases are compounds formed typically between
very electropositive elements such as alkali or alkaline
metals and electronegative main group metals such as
group 14-16 metals. Zintl phases build valence-precise
zero-, one-, two- or three-dimensional polyatomic
frameworks [1]. These phases are of continuing interest
because of the striking variety of structures. We have
been interested in environmentally stable Zintl phases
with complex anionic frameworks composed of heavier
elements designed to be narrow-gap semiconductors
because they may display useful electronic properties.
To achieve stability in the ambient, we chose alkaline
earth and divalent rare earth elements in conjunction
with group 12, 13 elements and electronegative group 15
elements. The cations of these elements interact strongly
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with the electronegative main group metal framework
and resist attack by outside agents such as water. This
approach led to the largely air-stable Zintl anisotropic
frameworks in the ternary phases YbgZnsPng (Pn=Sb,
Bl) [2], Ba81n4Sb16 [3], RE5IIIQSb6 (RE:Yb, Eu) [4],
BaGa,Sb; [5], and Ba3;GasSbs [6]. Related compounds
such as 414TrPn;; (A=Ca, Sr, Ba, Eu, Yb; Tr = Al, Ga,
Zn, Cd; Pn = P, As, Sb, Bi) have been reported by other
groups [7]. The gallium antimonides draw our attention
because of their unusual ethane like “Ga,Sbe” unit
found in BaGa,Sb, [5] and Ba3;GaySbs [6]. Recently,
rare earth gallium antimonides with novel homoatomic
clusters such as puckered Gag-rings and Ga,-pairs
were reported in La;3GagSby; and RE|;GasSby;
(RE =La—-Nd, Sm), respectively [8].

Our attempts to prepare new Zintl frameworks with
group 13 elements resulted in the discovery of
Eu;GagSbg, a material with a unique framework and
extensive Ga—Ga bonding. We describe the synthesis,
crystal  structure, spectroscopic  characterization,
magnetic properties and electronic structure of this
compound.
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2. Experimental section
2.1. Synthesis

The crystal used in the structure determination
resulted from the reaction of a mixture of three elements
(Eu, Aldrich, chip, 99%; Ga, Aldrich, chip, 99.99%; Sb,
High Purity Chemicals, powder, 99.9%) in a molar
ratio of 3:2:4. The reaction mixture was placed in a
graphite tube and sealed in an evacuated silica tube. The
mixture was then heated slowly up to 900°C for 2d,
and kept at that temperature for 1d, and subsequently
cooled to room temperature over 1d. The reaction
gave a few rod-shaped black crystals along with
gray featureless pieces. Semiquantitative microprobe
analysis on the single crystals gave Euy o2 Gas g(2)Sbg 32
(average of three data acquisitions) and analysis on
gray featureless pieces gave an unknown binary Eu—Sb
phase with about Eu:Sb=3:2 ratio. Stoichiometric
reactions at the composition Eu;GagSbg led to
the formation of the product with the same minor
unknown phase. The powder pattern of isolated rod-
shaped black crystals agreed well with the powder
pattern calculated from the single-crystal parameters.
Therefore, the single crystals isolated from bulk pro-
duct were used for IR, thermal and magnetic measure-
ments.

2.2. Electron microscopy

Semiquantitative microprobe analysis of the com-
pounds was performed with a JEOL JSM-35C scanning
electron microscope (SEM) equipped with a Tracor
Northern Energy Dispersive Spectroscopy (EDS) detec-
tor. Data were acquired using an accelerating voltage of
20kV and a 30s accumulation time.

2.3. Differential thermal analysis

Differential thermal analysis (DTA) was per-
formed with a Shimadzu DTA-50 thermal analyzer.
The ground sample (~30.0 mg total mass) was sealed in
a carbon coated silica ampoule under vacuum. A silica
ampoule containing alumina of equal mass was sealed
and placed on the reference side of the detector. The
sample was heated to 950°C at 10°C/min and iso-
thermed for 10 min, followed by cooling at —10°C/min
to 50°C. The stability of the phase and reproducibility of
the melting point of the sample were monitored by
running multiple heating and cooling cycles. The residue
of the DTA experiment was examined with X-ray
powder diffraction. The compound Eu;GagSbg is stable
at room temperature in air, however, when the air-
exposed sample is heated at about 670°C, it slowly
decomposes to Ga and unknown phases. The compound
melts at 670°C.

Table 1
Selected data from the single-crystal structure refinement of Eu,
GagSbg

Empirical formula Eu,GagSbg
Formula weight 2456.04
Temperature (K) 173.1(2)
Wavelength (1=MoKua, A) 0.71073

Space group
Unit cell dimensions (A)

Pbca (No. 61)

a=15.6470(17)
b =17.2876(19)
¢ =17.9200(19)

Volume (A%) 4847.3(9)
zZ 8
Density (g/cm?) 6.731
Absorption coefficient (mm ') 33.067

Reflections collected/unique
Data/constraints/parameters
Final R indices [F2>2q(F2)]*

R indices (F?>0)

Largest diff. peak and hole (A3)

28133/5345 [R(int) = 0.0808]
5345/0/191

R; = 0.0415, wRy = 0.1043
R =0.1177, wR, = 0.1212
2.790 and —3.046

With room temperature data, a smaller unit cell with parameters of
a=9.0053(18) A, b = 15.635(3) A, ¢ = 17.310(4) A was obtained and
the Laue symmetry and systematic extinctions were indicative of the
higher space group Cmcm. The results of refinement show disordered
anionic clusters with short Ga—Ga contacts at 1.279(4) and 1.541(5) A.
Obviously this is a subcell. The correct unit cell could be clearly
resolved with the low temperature data set.

CRE[Z|FHFIZIFyl, wWR={[Zw] (Fo~(FC) J [ Ew(F T3
for F,2>20(F,?), w=[0"(F,)*+(0.0390P)] !, where P=(F,’+2F)I3

Table 2
Atomic coordinates ( x 10*) and equivalent isotropic displacement
parameters (A% x 10%) for Eu;GaeSbyg

Atom Wyckoff X y z Uleq)
positions
Eu(1) 8¢ 5008(1) 2433(1) 6257(1) 7(1)
Eu(2) 8¢ 5007(1) 30(1) 8732(1) 6(1)
Eu(3) 8¢ 2539(1) 23(1) 7536(1) 6(1)
Eu(4) 8¢ 4910(1) 38(1) 3773(1) 7(1)
Eu(5) 8¢ 2500(1) 36(1) 4978(1) 7(1)
Eu(6) 8¢ 2478(1) 2515(1) 2480(1) 6(1)
Eu(7) 8¢ 2511(1) 2510(1) 5028(1) 6(1)
Sb(1) 8¢ 4189(1) 1196(1) 7451(1) 6(1)
Sb(2) 8¢ 4125(1) 3847(1) 5070(1) 6(1)
Sb(3) 8¢ 4136(1) 1247(1) 5047(1) 6(1)
Sb(4) 8¢ 4084(1) 3786(1) 7460(1) 6(1)
Sb(5) 8¢ 6678(1) 1164(1) 3752(1) 6(1)
Sb(6) 8¢ 6635(1) 3753(1) 6241(1) 6(1)
Sb(7) 8¢ 6686(1) 1213(1) 8734(1) 6(1)
Sb(8) 8¢ 6728(1) 1228(1) 6234(1) 6(1)
Ga(l) 8¢ 3435(1) 1548(1) 8752(1) 7(1)
Ga(2) 8¢ 4023(1) 2061(1) 3723(1) 10(1)
Ga(3) 8¢ 5421(1) 2090(1) 8109(1) 91)
Ga(4) 8¢ 5505(1) 2018(1) 4470(1) 13(1)
Ga(5) 8¢ 5745(1) 3409(1) 4924(1) 10(1)
Ga(6) 8¢ 5749(1) 3433(1) 7555(1) 7(1)

Uleq) is defined as one-third of the trace of the orthogonalized Uj
tensor.
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Table 3 i
Selected bond distances (A) and angles (deg) in Eu;GagSbg

Sb(1)-Ga(l) 2.683(3) Ga(1)-Ga(2)
Sb(1)-Ga(3) 2.737(3) Ga(1)-Sb(2)
Sb(2)-Ga(5) 2.659(3) Ga(1)-Sb(8)
Sb(2)-Ga(l) 2.684(3) Ga(1)-Sb(1)
Sb(3)-Ga(4) 2.727(3) Ga(2)-Ga(1)
Sb(3)-Ga(2) 2.764(3) Ga(2)-Ga(4)
Sb(4)-Ga(2) 2.698(3) Ga(2)-Sb(3)
Sb(4)-Ga(6) 2.681(3) Ga(2)-Sb(4)
Sb(5)-Ga(4) 2.683(3) Ga(2)-Ga(3)
Sb(5)-Ga(6) 2.685(3) Ga(3)-Ga(6)
Sb(6)-Ga(6) 2.788(3) Ga(3)-Ga(2)
Sb(6)-Ga(5) 2.805(3) Ga(3)-Ga(4)
Sb(7)-Ga(5) 2.672(3) Ga(3)-Sb(7)
Sb(7)-Ga(3) 2.734(2) Ga(3)-Sb(1)
Sb(8)-Ga(l) 2.728(2) Ga(4)-Ga(5)
Eu(1)-Sb(3) 3.281(2) Eu(3)-Sb(4d)
Eu(1)-Sb(1) 3.285(2) Eu(3)-Sb(5)
Eu(1)-Sb(8) 3.4031(14) Eu(3)-Sb(7)
Eu(1)-Sb(6) 3.4190(14) Eu(3)-Sb(6)
Eu(1)-Sb(4) 3.494(2) Eu(4)-Sb(3)
Eu(1)-Sb(2) 3.522(2) Eu(4)-Sb(4)
Eu(2)-Sb(2) 3.262(2) Eu(4)-Sb(1)
Eu(2)-Sb(1) 3.312(2) Eu(4)-Sb(8)
Eu(2)-Sb(7) 3.3287(14) Eu(4)-Sb(5)
Eu(2)-Sb(4) 3.348(2) Eu(4)-Sb(3)
Eu(2)-Sb(2) 3.381(2) Eu(5)-Sb(2)
Eu(2)-Sb(6) 3.3888(14) Eu(5)-Sb(8)
Eu(3)-Sb(1) 3.2861(19) Eu(5)-Sb(3)
Eu(3)-Sb(8) 3.287(2) Eu(5)-Sb(6)
Eu(1)-Ga(6) 3.121(3) Ga(2)-Ga(1)-Sb(1)
Eu(1)-Ga(5) 3.144(3) Ga(2)-Ga(1)-Sb(2)
Eu(1)-Ga(4) 3.373(3) Sb(1)-Ga(1)-Sb(2)
Eu(1)-Ga(3) 3.432(3) Ga(2)-Ga(1)-Sb(8)
Eu(2)-Ga(l) 3.597(2) Sb(1)-Ga(1)-Sb(8)
Eu(2)-Ga(5) 3.630(3) Sb(2)-Ga(1)-Sb(8)
Eu(3)-Ga(l) 3.697(2) Ga(1)-Ga(2)-Sb(4)
Eu(4)-Ga(6) 3.671(2) Ga(4)-Ga(2)-Sb(4)
Eu(4)-Ga(4) 3.760(3) Ga(1)-Ga(2)-Sb(3)
Eu(6)-Ga(l) 3.166(2) Ga(4)-Ga(2)—Sb(3)
Eu(6)-Ga(6) 3.176(2) Sb(4)-Ga(2)-Sb(3)
Eu(6)-Ga(2) 3.369(2) Ga(6)-Ga(3)-Sb(7)
Eu(6)-Ga(3) 3.469(3) Ga(6)-Ga(3)-Sb(1)
Eu(7)-Ga(l) 3.157(2) Sb(7)-Ga(3)-Sb(1)
Eu(7)-Ga(5) 3.188(3) Ga(5)-Ga(4)-Ga(2)
Eu(7)-Ga(4) 3.366(3) Ga(5)-Ga(4)—Sb(5)
Eu(7)-Ga(2) 3.415(2)

2.576(3) Ga(4)-Ga(3) 2.889(3)
2.684(3) Ga(4)-Ga(2) 2.678(3)
2.728(2) Ga(4)-Sb(5) 2.683(3)
2.683(3) Ga(4)-Sb(3) 2.727(3)
2.576(3) Ga(5)-Sb(7) 2.672(3)
2.678(3) Ga(5)-Ga(4) 2.567(3)
2.764(3) Ga(5)-Sb(2) 2.659(3)
2.698(3) Ga(5)-Sb(6) 2.805(3)
2.856(3) Ga(6)-Sb(5) 2.685(3)
2.577(3) Ga(6)-Ga(3) 2.577(3)
2.856(3) Ga(6)-Sb(4) 2.681(3)
2.889(3) Ga(6)-Sb(6) 2.788(3)
2.734(3)

2.737(3)
2.567(3)
3.3233(19) Eu(5)-Sb(7) 3.330(2)
3.323(2) Eu(5)-Sb(5) 3.336(2)
3.3443(19) Eu(6)-Sb(7) 3.339(2)
3.3615(19) Eu(6)-Sb(4) 3.361(2)
3.324(2) Eu(6)-Sb(8) 3.384(2)
3.368(2) Eu(6)-Sb(6) 3.440(2)
3.369(2) Eu(6)-Sb(5) 3.455(2)
3.3701(14) Eu(6)-Sb(1) 3.473(2)
3.3825(14) Eu(7)-Sb(3) 3.351(2)
3.411(2) Eu(7)-Sb(8) 3.373(2)
3.273(2) Eu(7)-Sb(7) 3.408(2)
3.308(2) Eu(7)-Sb(2) 3.424(2)
3.309(2) Eu(7)-Sb(5) 3.426(2)
3.315(2) Eu(7)-Sb(6) 3.437(2)
92.14(9) Ga(2)-Ga(4)-Sb(5) 111.61(9)
96.42(9) Ga(5)-Ga(4)-Sb(3) 116.92(10)

122.03(8) Ga(2)-Ga(4)-Sb(3) 61.49(7)

122.63(8) Sb(5)-Ga(4)-Sb(3) 116.76(10)

113.09(9) Ga(4)-Ga(5)-Sb(2) 99.10(10)

109.51(9) Ga(4)-Ga(5)-Sb(7) 93.29(9)

122.43(11) Sb(2)-Ga(5)-Sb(7) 122.33(9)

111.92(8) Ga(4)-Ga(5)-Sb(6) 122.56(10)

118.73(10) Sb(2)-Ga(5)-Sb(6) 109.26(8)

60.12(7) Sb(7)-Ga(5)-Sb(6) 110.24(9)

116.25(8) Ga(3)—Ga(6)-Sb(4) 92.08(9)

120.90(9) Ga(3)-Ga(6)-Sb(5) 91.94(8)

118.87(9) Sb(4)-Ga(6)-Sb(5) 121.19(9)

111.93(9) Ga(3)-Ga(6)-Sb(6) 127.10(10)

105.03(11) Sb(4)-Ga(6)-Sb(6) 112.62(8)

124.56(10) Sb(5)-Ga(6)-Sb(6) 110.73(9)

2.4. Infrared spectroscopy

Infrared diffuse reflectance spectra of Eu;GagSbg
were recorded to determine the presence of a band-gap.
The sample was ground into a powder prior to the data
acquisition. The spectra were recorded in mid-IR region
(4000-400cm ', 4cm ™! resolution) with a Nicolet 740
FT-IR spectrometer equipped with a diffused reflectance
attachment. Absorbance values were calculated from the
reflectance data using the Kubelka-Munk function
[9,10]. The band-gap E, extracted from the (a/S) vs.

energy plot was observed at ~0.6eV (x=absorption
coefficient, S =scattering constant).

2.5. Magnetic susceptibility measurements

Measurements for Eu;GagSbg single crystals were
performed with a MPMS Quantum Design SQUID
magnetometer. A linear field dependence of the magne-
tization was observed. The measurements were done
under increasing temperature (3 ~—300 K) with a 500-G
applied field.
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Fig. 1. A [100] view of the orthorhombic unit cell of Eu;GagSbg. The [GagSbs]'*~ chains are not discernible in this view. The second nearest Ga—Ga
distances are indicated as dotted lines. The Sb, Ga, and Eu atoms are indicated yellow, blue, and empty circles, respectively.

2.6. Electronic structure calculations

Electronic structure calculations were performed by
the extended Hiickel method within the framework of
the tight-binding approximation [11]. The atomic orbital
parameters employed in the calculations were default
values in the CAESAR program [12,13]. Density of
states (DOS) and crystal orbital overlap populations
(COOP) were calculated based on 216 K point sets based
on the primitive orthorhombic structure.

2.7. Crystallographic studies

Intensity data were collected at two different tem-
peratures using the same black rod-shaped crystal
(0.005 x 0.003 x 0.0l mm®) mounted glass fiber. Of
course many crystals we screened before we selected
one that gave reasonable diffraction properties. A
Bruker AXS SMART Platform CCD diffractometer
equipped with low temperature apparatus was used to
collect intensity data using graphite monochromatized
MoK, radiation. The one data set was collected over a
half sphere of reciprocal space up to 56° in 20 at room
temperature and the other data set was collected at
173.1(2) K and other procedures for data collection were
similar in the two data sets. The individual frames were
measured with a o rotation of 0.3° and an acquisition
time 45s. To check the stability of the crystal, at the end
of data collection procedure, the initial 50 frames of
data were measured again and compared. No crystal
decay was detected. The SMART software was used for

data acquisition and SAINT for data extraction and
reduction [14]. The absorption correction was per-
formed empirically using SADABS [15]. With the low
temperature data, the unit cell parameters were obtained
from least-squares refinement using 600 randomly
chosen reflections from a full sphere of reciprocal space
up to 56° in 20, see Table 1. The observed Laue
symmetry and systematic extinctions were indicative of
the space group Pbca for the 173.1(2) K data set. The
initial positions of all atoms were obtained with direct
methods of the SHELXS-97 program. The structure was
refined by full-matrix least-squares techniques with the
use of the SHELXL-97 program package of crystal-
lographic programs [16]. 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. For low temperature
data, the final cycle of refinement performed on F2 with
191 variables and 5345 averaged reflections converged to
residuals wWR, (F2>0)=0.1212. The conventional R
index based on reflections having F2>2¢(F2) was
0.0415. The final difference Fourier synthesis map
showed maximum and minimum peaks of 2.790 and
—3.046¢/A°, respectively. For room temperature data,
the final cycle of refinement performed on F? with 76
variables and 1477 averaged reflections converged to
residuals wWR, (F2>0) =0.0786. The conventional R
index based on reflections having F2>2¢(F?) was
0.0271. The final difference Fourier synthesis map
showed maximum and minimum peaks of 1.149 and
—1.616e/A3, respectively. The complete data collection
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parameters and details of structure solution and
refinement result are given in Table 1. Final atomic
positions, equivalent isotropic displacement parameters,
and selected bond distances are given in Tables 2 and 3.

3. Results and discussion
3.1. Structure

Eu;GagSbg adopts a new structure type with infinite
chains of [GagSbg]'*™ held together with extensive Ga—
Ga bonding. The chains are arranged side by side in a
row along the a-direction forming anionic slabs parallel
to the ac-plane. There are no inter-chain bonding
interactions. The overall structure of Eu;GagSbg is
made up of two kinds of sheets; one kind consists of
Eu®* atoms and the other is a combination of anionic
slabs and Eu?" atoms.

In Fig. 1, the sheet of Eu>" atoms marked as C
separates two slabs of chains marked as A and B. The
individual slabs, A and B are related to each other by b-
glide symmetry. A single slab is shown, in Fig. 2(a).
Each slab in fact consists of chains running along the c-
axis and the closest distance between two chains is
4.368(3)1& from Sb(8) to Sb(6) as indicated in Fig. 2(b).
Eu atoms are nested in the space of anionic chains to
form sheet parallel to the ac-plane.

A single chain of [GasSbg]'*™ is shown in Fig. 3. It
contains homoatomic tetramers (Gas)®" and dimers
(Ga,)*" that are connected by sharing Sb atoms to form
a “GagSb;” cluster and the clusters are then bridged by
Sb(6) atoms to form the infinite chain [GagSbsSb, ]
As the chains organize into a slab “GagSb;” clusters
adopt a close-packed hexagonal arrangement. There are
six crystallographically different Ga atoms and eight Sb
atoms. The covalent Ga—Ga bonds found range from
2.567(3) to 2.678(3)A (Table 3). In the tetramer
(Gay)®", the distances between Ga(l)-Ga(2), Ga(2)—
Ga(4), and Ga(4)-Ga(5) are 2.576(3) A, 2.678(3) A, and
2.567(3) A, respectively. In the dimer (Ga,)*', the
distance of Ga(3)-Ga(6) is 2.577(3) A. These bond
lengths are comparable to the sum of covalent Ga radii
(2.52A) and also comparable to the 2.565(2)A in
BaGa,Sb, [5], 2.605(3)A in NdGaSb, [17], and
2.586(4)A in Pr;»GaySby; [8]. The closest distances
between the tetramer and the dimer are 2.856(3) and
2.889(3) A at Ga(2)-Ga(3) and Ga(3)-Ga(4), respec-
tively, which are somewhat long to be considered as
single covalent bonds but partial bonding interactions
cannot be ruled out.

To our knowledge, gallium phases with homonuclear
Ga tetramers and dimers together as in [GasSbg]'*™ unit
are unprecedented. The most common building blocks
in ternary gallium antimonides are tetrahedra GaSby
unit and trigonal GaSbs unit as found in KGaSb; [18],

(a)

(b)

Fig. 2. (a) A [010] view of the first row of chains indicated as A
in Fig. 1. The hexagonal packing arrangement of the [GasSbg]'*~
cluster is evident in this view. Due to atomic overlap of eclipsed atoms
Sb(6) and Sb(8) in the projection the chains give the appearance of an
extended layer. (b) A different view of the slab tilted to show the
presence of chains. The closest distance between two neighboring
chains is 44368(3)/& from Sb(6) to Sb(8). The Sb, Ga, and Eu atoms are
indicated yellow, blue, and empty circles, respectively.

KGaSbs [19], K,GaSb, [20], Cs,GaSb, [21], and
NazGa3Sb3 [22].

The Ga atoms are coordinated by different combina-
tions of Sb and Ga atoms. Ga(1), Ga(5), and Ga(6) are
coordinated by three Sb atoms and one Ga atom with
Ga-Sb bond distances ranging from 2.659(3) to
2.805(2)A and Ga-Ga distances from 2.567(3) to
2.577(3) A. The Ga(3) atom is coordinated by two Sb
atoms at 2.734(2) and 2.737(3)A and one Ga atom at
2.577(3) A, whereas two more Ga atoms lie at 2.856(3)
and 2.889(3) A. Ga(2) atom is coordinated by two Sb
atoms at 2.764(3) and 2.698(3) A and two Ga atoms at
2.576(3) and 2.678(3) A, where an additional Ga atom is
at 2.856(3)A. Ga(4) atom is coordinated by two Sb



2872 S.-M. Park et al. | Journal of Solid State Chemistry 177 (2004) 2867-2874

(b)

Fig. 3. A single chain of [GasSbg]'*~ viewed down the b-axis (a) and view down the a-axis (b) showing labels of atoms. The Sb atoms are shown as

yellow and the Ga atoms are blue circles.

atoms at 2.683(3) and 2.727(3)A and two Ga atoms at
2.567(3) and 2.678(3) A, where an additional Ga atom is
at 2.889(3) A. Therefore, all Ga-Sb bond distances in
this compound are in a range of 2.659(3)-2.805(2) A and
they are comparable to those found in previously
reported BaGa,Sb, [6] and NdGaSb, [16]. There are
no Sb-Sb bonding in the structure. The geometry
around Ga atoms is very distorted from commonly
known GaSb, tetrahedra and GaSbs; trigonal planar
units. For example, the tetrahedral angles around Ga(6)
atom are in a range of 91.94(8)-127.10(10)°. Therefore,
the local geometry around the Ga centers is very flexible
and adjusts to bonding requirements in order to
complete their octet and the size of large cations around.

There are seven crystallographically different Eu
atoms Eu;GagSbg (Fig. 4). Eu(l), Eu(6) and Eu(7)
atoms are positioned within the sheet (A and B parts in
Fig. 1) and have trigonal prismatic geometries. The
remaining Eu?" atoms are positioned between the
sheets of [GagSbg]'*™ chains (C part in Fig. 1) and have
distorted octahedral geometries. The single bond dis-
tances of Eu-Sb and Eu-Ga calculated from metallic
radii are 3.475 and 3.330A, respectively [23]. The
distances observed in Eu;GagSbg are comparable to
those found in EusIn,Sbg [4(b)], EusSby; [24], and
EugGa,Pg [25]. Assuming the formal oxidation state of
the tetrameric unit as (Ga,)°® " and the dimer as (Ga,)*™,
and all Sb atoms as Sb>~, a charged-balanced formula is
best represented as 7Eu®"* [(Ga4)6+(Ga2)4+(Sb37)8]147.

3.2. Electronic structure

To better appreciate the chemical bonding in this
unusual material, band structure calculations were

performed on the anionic [GagSbg]'*™ framework. The
band structure was calculated using the extended-
Hiickel formalism as described previously [5]. In the
calculation complete electron transfer from Eu?" atom
to anionic framework is assumed to take place. There-
fore, we only considered Eu’" atoms as charge
balancing “‘spectator” cations as in other alkali or
alkaline earth metal Zintl phases. The agreement
between the experimental observation of a 0.6eV
band-gap and the prediction of a band-gap by the
calculations confirms that this assumption is correct
Fig. 4.

DOS and COOP are shown in Fig. 5. The calculations
show that the valence states are completely filled and the
Fermi level occur just below the energy gap, which
suggests the compound to be a semiconductor. Due to
the weakness of this calculation method, the quantita-
tive comparison of the band-gap with the experimentally
observed value is not possible. The DOS plot in Fig. 5(a)
contains total densities together with projections for the
Ga p and Sb p orbital contributions. The width of the
valence band is very narrow located at about —7.5eV
indicating the anionic framework has one-dimensional
character. The projected DOS shows that the states near
the Fermi level, E, have mainly contributions from Ga
4p and Sb 5p orbitals mixed with some corresponding s
orbital character. The block of states at lower energy
(<—10.3eV) are dominated by p orbitals of Sb and the
states above —10.3eV are dominated by p orbitals of
Ga. This difference in energy derives from their
electronegativity difference. According to the Zintl
concept, the formal charge of two-bonded Sb atoms
can be assigned as Sb'~ and that of one-bonded Sb(8)
atoms can be assigned as Sb>~. However, electron
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(a)

(b)

Fig. 4. (a) Local coordination of Eu(l), Eu(6), and Eu(7) atoms (b)
Local coordination of Eu(2), Eu(3), Eu(4) and Eu(5) atoms. The Sb,
Ga, and Eu atoms are indicated yellow, blue, and empty circles,
respectively.

counting around the Ga atoms is more complex. If we
ignore the weak interactions of Ga(3)-Ga(4) interaction
at 2.889(3)A and Ga(3)-Ga(2) at 2.856(3)A, the
compound can be described as two-electron deficient
and  described as  7Eu’T[(4bGa' )i(3bGa’")
(2bSb17)7(1bSb)27]167. However, if we count the weak
Ga—Ga interactions in the range of 2.856(3)-2.889(3) A
as half bonds, it can be described as a valence precise
compound  7Eu?*[(4.5bGa’’"),(4bGa'"),(2bSb' "),
(1bSb)*" 1"~ The band structure calculations support
the second description as more reasonable and indicate
that the compound electronically is a Zintl phase.

In COQP plots, the projections for Ga—Ga and Ga-—
Sb bonds are shown in Fig. 5(b). Considering the lower
oxidation state of Ga due to homonuclear Ga-Ga

17999 F T~ T, T 7 T T T 74

143.99

107.99

72.00

Density of States

36.00

1
2000 -16.00 -12.00  -8.00 -4.00 0.00
(a) Energy (eV)

2250 ~

6.79

-8.92

Overlap Population

24.64 |

-40.35 C1 L 1 L 1 L ' 1 L 1
-16.00 -12.80 -9.60 -6.40 -3.20 0.00

(b) Energy (eV)

Fig. 5. COOP and DOS curves for Eu;GagSbg. (a) Total DOS and
projected DOS curves. The projection of Ga 4p (dashed line), Sb 5p
(dotted line), and total DOS (solid line) curves are shown. (b) COOP
curves of Ga—-Ga (solid line) and Ga-Sb (dotted line) interaction
indicate that structure is stabilized by covalent Ga—Ga interactions.
The straight dotted line are Fermi levels (Er) in DOS plot and COOP
curves.

bonds, a slight antibonding character is anticipated on
the Ga—Sb bonds. However, the states just below E; are
mainly from Ga—Ga bonding interactions that suggests
the strong covalent Ga—Ga bonding is predominantly
contributing to the stability of the compounds. Some of
Ga-Sb antibonding states just below Fermi level are
also filled suggesting some weakening of bonding
interactions in Ga—Sb.

3.3. Magnetic properties

Magnetic susceptibility measurements indicate that
Ga/Sb framework is diamagnetic as predicted by the
band calculation. The compound’s paramagnetism
comes exclusively from the magnetic Eu?" ions.
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Fig. 6. Magnetic susceptibility and reciprocal susceptibility versus
temperature for Eu;GagSbg. The circles represent magnetic suscept-
ibility and triangles represent the reciprocal susceptibility.

Magnetic susceptibility measurements indicate that
Eu;GagSbg exhibits Curie—Weiss paramagnetic beha-
vior above 9K, as shown in Fig. 6. The effective
magnetic moments calculated from the slope of the y,,!
vs. T data is 20.39 ug per formula unit (7.71 pg/Eu),
which is in good agreement for Eu®>" cations
(Ueaic = 7.94 ug). This compound orders antiferromag-
netically below 9 K. Similar antiferromagnetic transi-
tions at similar temperature have been reported in other
Eu compounds such as EujsSby; and EuplnPny
(Pn=Sb, Bi) [24,26].
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