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Two new barium selenides BasAl,Seg and BasGa,Seg have been synthesized by solid-state reactions. The
structures of BasGa,Seg and BasAl,Seg were determined by single-crystal X-ray diffraction method and
the Rietveld method, respectively. The two isostructural compounds crystallize in space group Cmca of
the orthorhombic system with isolated MSe4 (M = Al, Ga) tetrahedra separated by Ba atoms. The optical
band gap of 2.51(2) eV for BasGa,Seg was deduced from the diffuse reflectance spectrum. Band structure

calculation indicates that BasGa;Ses is a direct-gap semiconductor. The valence band maximum is domi-
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nated by Se 4p orbitals, while the Ba 5d orbitals have the largest contribution to bottom of the conduction
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1. Introduction

Chalcogenides are an interesting class of materials with amaz-
ing structural complexity [1-6] and important properties including
thermoelectricity [7-10], magnetic property [11-14], nonlinear
optical property [15,16], photovoltaicity [17], superconductivity
[18], and luminescent property [19,20]. In the past years, many
ternary chalcogenides in the A/M/Q system (A=alkaline-earth
metal; M=Al, Ga,In; Q=S, Se, Te) have been discovered and studied,
including the large family of the AM,Q4 compounds [21-25], the
A>M,Qs5 compounds [26], BasGa,Sg [27], BagGay Sy [28], BasGaySg
[28], and MgsAl,Seg [29]. Extensive investigation has been carried
out on the luminescent properties of these compounds doped with
rare earth activators since 1970 and some were found to exhibit
very attractive luminescent properties [30-33]. For example, EuZ*-
activated barium thioaluminate, BaAl,S4:Eu?*, was one of the most
promising materials for the blue componentin full-colour inorganic
electroluminescent (iEL) display [33-35].

Recently, two new infrared nonlinear optical materials, namely
BaGasS; and BaGasSe7, have been discovered in the A/M/Q sys-
tem by Lin et al. [36] and our group [37], respectively. BaGasSe;
and BaGayS7 crystallize in different structure types (space groups:
Pmn2q vs. Pc) [36-38], although they possess the same composi-
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tion, which demonstrates the influence of cation/anion size ratio
on crystal structures. Here, we report the successful syntheses of
two new compounds BasAl,Seg and BasGa,Seg as a result of our
continuing exploratory investigation in the A/M/Q system. In addi-
tion, we report the experimental band gap and electronic structure
of BasGa,Seg.

2. Experimental

2.1. Solid-state syntheses

The following reagents were used as obtained: Ba (Sinopharm Chemical Reagent
Co., Ltd., 98%), Ga (Sinopharm Chemical Reagent Co., Ltd., 99%), Al (Sinopharm Chem-
ical Reagent Co., Ltd., 99%), and Se (Sinopharm Chemical Reagent Co., Ltd., 99%).
The binary starting materials, BaSe and M,Se; (M=Al, Ga), were synthesized by
stoichiometric reactions of elements in sealed silica tubes evacuated to 10~3 Pa at
annealing temperatures of 950 °C for BaSe, 800 °C for Al,Ses, and 900 °C for Ga,Ses,
respectively.

Polycrystalline samples of BasM,Seg (M=Al, Ga) were synthesized by solid-
state reaction techniques. Reaction mixtures of BaSe and M;Ses in the molar ratio
of 5:1 were ground and loaded into fused-silica tubes under an Ar atmosphere in
a glovebox, which were sealed under 10-3 Pa atmosphere and then placed in a
computer-controlled furnace. The samples were heated to 950°C in 20h, kept at
that temperature for 72 h, and then the furnace was turned off.

X-ray powder diffraction analyses of the resultant powder samples were per-
formed at room temperature in the angular range of 26 =10-70° with a scan step
width of 0.02°and a fixed counting time of 1 s/step using an automated Bruker D8 X-
ray diffractometer with graphite monochromatized Cu K, radiation (A=1.5418 A).
The experimental powder X-ray diffraction patterns of BasAl,Seg and BasGa;Seg
were quite similar to each other, but did not match any pattern in the database and
were later found to be in agreement with the calculated pattern on the basis of the
single crystal crystallographic data of BasGa,Ses (Fig. 1).
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Fig. 1. Experimental (top) and simulated (bottom) powder diffraction patterns of
Ba56a2 SEg.

2.2. Single-crystal growth

The as-prepared BasGa,Seg powder was loaded into a fused-silica tube under an
Ar atmosphere in a glovebox, which was sealed under 10-3 Pa atmosphere and then
placed in a computer-controlled furnace. The sample were heated to 1050°Cin 20 h
and kept at that temperature for 48 h, then cooled at a slow rate of 1°C/h to 750 °C,
and finally cooled to room temperature. The product consisted of yellow crystals of
BasGa,Seg, which were manually selected for structure characterization. Analyses
of the crystals with an EDX-equipped Hitachi S-3500 SEM showed the presence of
Ba, Ga, and Se in the approximate molar ratio of 5:2:8. The crystals are stable in air.

The crystal growth experiment of BasAl,Ses was tried in a similar manner at
1100°C, the highest temperature available in our equipment. However, the powder
sample of BasAl,Seg did not melt at that temperature and no crystals were obtained.
Because the X-ray powder diffraction pattern of BasAl,Seg is almost the same as that
of BasGa,Seg, the structure of BasAl,Seg was analyzed by the Rietveld refinement
based on the BasGa;Seg structure model.

2.3. Structure determination of BasGa,Seg

Single-crystal X-ray diffraction data were collected with the use of graphite-
monochromatized Mo K, (A =0.71073 A) at 93K on a Rigaku AFC10 diffractometer
equipped with a Saturn CCD detector. Crystal decay was monitored by re-collecting
50 initial frames at the end of data collection and no detectable crystal decay was
observed. The collection of the intensity data was carried out with the program Crys-
talclear [39]. Cell refinement and data reduction were carried out with the use of the
program Crystalclear [39], and face-indexed absorption correction was performed
numerically with the use of the program XPREP [40].

The structure was solved with Direct Methods implemented in the program
SHELXS and refined with the least-squares program SHELXL of the SHELXTL.PC suite
of programs [40]. The final refinement included anisotropic displacement param-
eters and a secondary extinction correction. The program STRUCTURE TIDY [41]
was then employed to standardize the atomic coordinates. Additional details and
structural data are given in Tables 1-3 and further information may be found in
Supplementary Material.

Table 1
Crystal data and structure refinements for BasGa;Seg and BasAl,Seg.
BaSGaZSeg B85A12563

fw 1457.82 1372.29
a(A) 23.433(5) 23.4408(4)
b(A) 12.461(3) 12.5091(2)
c(A) 12.214(2) 12.2497(3)
Space group Cmca Cmca
V(A3) 3567(1) 3591.9(2)
z 8 8
T(K) 93(2) 298(2)
A(A) 0.71073 1.5418
pe (g/cm?) 5.430 5.079
u(em™1) 301.32

R(F), Rw(F,2) (SHELX)
Rp, Rwp (GSAS)

0.0342, 0.1018
0.1001, 0.1446

Table 2
Atomic coordinates and equivalent isotropic displacement parameters (A2) for
Bascastg.

Atom X y z Ueq?
Bal 0.09997(2) 0.00324(3) 0.34431(3) 0.00267(9)
Ba2 0.09675(2) 0.15770(3) 0.00495(3) 0.00246(9)
Ba3 1/4 0.25453(4) 1/4 0.0064(1)
Gal 0 0.31321(7) 0.23017(8) 0.0024(2)
Ga2 0.25016(4) 0 0 0.0024(2)
Sel 0 0.47699(7) 0.34826(7) 0.0026(2)
Se2 0.18647(3) 0.00066(4) 0.15195(5) 0.0042(1)
Se3 0.18708(3) 0.34850(5) 0.00175(5) 0.0037(1)
Se4 0.09304(3) 0.24493(4) 0.25749(5) 0.0029(1)
Se5 0 0.35385(7) 0.03129(7) 0.0027(2)
2 Ueq is defined as one third of the trace of the orthogonalized Uj; tensor.

Table 3

Interatomic distances (A) for BasGa,Seg.
Atoms Distances Atoms Distances Atoms Distances
Gal-Se4  2.3640(8) Bal-Se3  3.3583(8) Ba2-Sel 3.6641(9)
Gal-Se4  2.3640(8) Bal-Se3  3.3794(8) Ba3-Se3 3.5692(8)
Gal-Se5  2.482(1) Bal-Se4  3.4544(9) Ba3-Se3  3.5692(8)
Gal-Sel 2.499(1) Bal-Se5  3.7248(9) Ba3-Se2  3.6134(9)
Ga2-Se2  2.3816(9) Ba2-Se3  3.1834(9) Ba3-Se2  3.6134(9)
Ga2-Se2  2.3816(9) Ba2-Se4  3.2582(9) Ba3-Se3 3.6439(8)
Ga2-Se3 2.3933(9) Ba2-Se4  3.2716(9) Ba3-Se3  3.6439(8)
Ga2-Se3 2.3933(9) Ba2-Se5  3.3494(9) Ba3-Se4  3.681(1)
Bal-Se2 3.1033(9) Ba2-Se2  3.3871(8) Ba3-Se4  3.681(1)
Bal-Se4 3.1971(9) Ba2-Sel 3.4088(8) Ba3-Se2  3.6957(9)
Bal-Sel 3.3356(9) Ba2-Se2  3.4620(8) Ba3-Se2  3.6957(9)
Bal-Se5 3.3557(8)

2.4. Structure determination of BasAl,Seg

The X-ray powder diffraction pattern of BasAl,Seg is almost identical with that
of BasGa;Seg, so the structure of BasAl,Seg was analyzed by the Rietveld refine-
ment on the basis of the BasGa,Seg structure model with the use of the EXPGUI
and GSAS program packages [42,43]. A Le Bail refinement was first performed to
refine the terms for background function, unit cell parameters, zero point error,
and profile coefficients, and then the Rietveld refinement was carried out to include
the refinements of the scale factor, atomic positions, and thermal parameters. The
last set of refinement yielded to a value of R, =0.1001 and Ry, =0.1446. The refined
cell parameters of BasAl,Seg are a=23.4408(4)A, b=12.5091(2)A, c=12.2497(3) A,
and V=3591.9(2)A3 at 298K, whereas those of BasGa,Seg are a=23.4700(9)A,
b=12.5244(4)A, c=12.2650(4) A, and V=3605.3(3) A3 at 298 K based on the X-ray
powder diffraction pattern of BasGa,Seg. The final refinement pattern of BasAl,Seg
is given in Fig. 2 and selected crystallographic data are reported in Table 1.

Intensity
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Fig. 2. Calculated (—), experimental (+) and difference (lower horizontal line) pro-
files from Rietveld refinement of ambient temperature XRD data for BasAl;,Ses.
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Fig. 3. Unit cell of the BasGa,Seg structure.

2.5. Diffuse reflectance spectroscopy

ACary 1E UV-visible spectrophotometer with a diffuse reflectance accessory was
used to measure the spectrum of Bas Ga,Seg in the range of 350 nm (3.54 €V)-850 nm
(1.46eV).

2.6. Band structure calculation

The electronic structure calculation was performed using the first principles
plane-wave pseudopotential method [44] implemented in the CASTEP package [45].
Normal-conserving pseudopotentials [46,47] were used with the Se 4s, Se 4p, Ba
5s, Ba 5p, Ba 5d, Ba 6s, Ga 3d, Ga 4s, and Ga 4p electrons treated as valence elec-
trons. Local-density approximation (LDA) with a kinetic energy cutoff of 600 eV was
adopted and Monkhorst-Pack [48] k point meshes with a density of (2 x 2 x 2) points
in the Brillouin zone of the unit cell were used.

3. Results and discussion
3.1. Syntheses

BasGa,Seg single crystals were grown by the spontaneous
nucleation method and powder sample of BasAl,Seg was success-
fully synthesized at 950°C. Efforts to synthesize analogues, in the
form of either single crystals or polycrystalline samples, with other
alkaline-earth metal, group Il metal, or chalcogen were not suc-
cessful. The products of similar reactions were mixtures of the
ternary AM;Qy4 and the binary AQ compounds, which indicate that
the relative cation/anion size ratio has obvious influence on the
stability of the crystal structures.

3.2. Structure

BasGa,Seg crystallizes in space group Cmca of the orthorhombic
system and adopts the Bas;Ga,Sg structure type [27]. As shown in
Fig. 3, the structure consists of isolated GaSe,4 tetrahedra separated
by Ba atoms. The asymmetric unit contains three crystallographi-
cally independent Ba atoms, two independent Ga atoms, and five
independent Se atoms. Bal and Ba2 atoms are coordinated to a
bicapped trigonal prism of eight Se atoms with the Ba-Se distances
ranging from 3.1033(9) to 3.7248(9) A, while Ba3 is coordinated to
alarger polyhedron of ten Se atoms with the Ba-Se distances rang-
ing from 3.5692(8) to 3.6957(9) A. These Ba-Se distances are close
to those in BaGasSey (3.429(2) to 3.861(2)A) [37] and BaNbg gSe;
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Fig. 4. Diffuse reflectance spectrum of BasGa,Ses.

(3.559(2) to 3.584(2)A) [49]. Each Ga atom is coordinated to a
slightly distorted tetrahedron of four Se atoms. The Ga-Se distances
range from 2.3640(8) to 2.499(1) A, which are comparable to those
of 2.361(2)-2.488(2) A in BaGa,Se [37]. Since there are no Se-Se
bonds in the structures, the oxidation states of 2+, 3+, and 2— can
be assigned to Ba, Ga, and Se, respectively.

Two other compounds, namely BasGa;Sg and MgsAl,Seg, were
reported to possess the AsM,Qg composition in the A/M/Q
(A=alkaline-earth metal, M=Al, Ga, In; Q=S, Se, Te) system
[27,29]. BasGa,Sg, BasGa,Seg, and BasAl,Seg are isostructural,
while MgsAl,Seg crystallizes in a different space group Pna2;. As
a result of its much smaller radius, Mg is coordinated to an octa-
hedron of six Se atoms at distances between 2.397 and 3.077 A in
MgsAl,Seg [29]. However, the arrangement of AlSe4 tetrahedra in
MgsAl,Seg is similar to that of GaSe4 in BasGa;Seg, i.e. they are
also completely separated from each other. The complete isolation
of the MQy4 tetrahedra is uncommon in the A/M/Q system as in
all other compounds; the MQ4 tetrahedra are connected to each
other in one way or another. For example, all GaSe,4 tetrahedra
are linked to each other to generate a three-dimensional frame-
work with cavities occupied by Ba atoms in BaGasSe; [37]; the
InSe,4 tetrahedra are connected through corner and edge-sharing to
form two-dimensional layers in Baln,Se4 [50]; and the edge-shared
GaSe, tetrahedra form one-dimensional chains in BaGa;Sey4 [21]. It
is reasonable that the lower the content of M in the structure is, the
sparser the MSe, tetrahedra connectivity will be. The M/A ratio in
the AsM,Seg compounds is smallest among all compounds found
in the A/M/Q system and so their MSe4 tetrahedra are completely
separated by A atoms in the structures.

3.3. Experimental band gap

The diffuse reflectance spectrum of BasGa, Seg is shown in Fig. 4.
A band gap of 2.51(2)eV was deduced by the straightforward
extrapolation method [51].

3.4. Band structure calculation

The calculated band structure of the BasGa;Seg is plotted along
the high symmetry lines in Fig. 5. The energy band can be divided
into three regions: the lower region located below —4 eV (not dis-
played), the valence band (VB) from about —4 to OeV, and the
conduction band (CB) in which a band of a dispersion spanning
about 0.4 eV appears at the bottom of its conduction bands from
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Fig. 5. Band structure of BasGa,Seg along the lines of high symmetry points in the
Brillouin zone. The dash line indicates the VB maximum.

the G point to the S point. The calculated direct band gap is 2.18 eV,
which is in reasonable agreement with experimental result from
the diffuse reflectance spectrum. The results did not change if other
kinds of pseudopotentials were used for the calculations.

The partial density of states (PDOS) projected on the constitu-
tional atoms shows that the Ba 6s and Ga 3d orbitals are strongly
localized in the very deep region of the VB at about —28 eV and
—15eV, respectively, and the VB from —13 eV to —10 eV are mainly
composed of the Ba 5p orbitals (not shown). Thus these orbitals
have no chemical bonding with other atoms. Fig. 6 gives the PDOS
above —8eV, in which several electronic characteristics can be
seen: (i) the upper part of the valence band from —6eV to —2eV
show a large hybridization between Ga 4p (and 4s) and Se 4p
orbitals, indicating the quite strong chemical bonds between the Ga
and Se atoms. (ii) At the top of valence states (above —3.5 eV) some
Ba 5d orbitals occur, and also have some hybridization with the Se
4p orbitals, which means that there exists some chemical bonding
between barium and selenium in BasGa;Ses. (iii) The valence band
maximum is dominated by Se 4p orbitals, while the bottom of CB
is composed of the orbitals of Ba, Se, and Ga atoms with the Ba 5d
orbitals exhibiting the largest contribution.
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Fig. 6. Partial density of states of BasGa,Ses. The solid, dot-dash, and dash lines
are the s, p, and d orbitals, respectively. The broken vertical lines indicate the VB
maximum.

It is interesting to mention that Ba 5d orbitals have significant
contribution to the energy bands around Fermi level in BasGa,Seg
since they have some hybridization with the Se 4p orbitals at the
top of VB and dominate the bottom of the CB. In comparison, the Ba
5d orbitals only have a little contribution to the higher electronic
levels of CB and are negligible at the top of the VB in BaGasSe7 [37].

4. Conclusions

Two new barium selenides BasAl,Seg and BasGa,Seg have been
synthesized for the first time. They crystallize in space group Cmca
of the orthorhombic system and are isostructural with BasGa,Sg.
The structures feature isolated MSe4 (M=Al, Ga) tetrahedra sep-
arated by Ba atoms. The optical band gap was determined to be
2.51 (2)eV for BasGa,Seg with the use of the diffuse reflectance
spectrum measurement. The electronic structure calculation indi-
cates that BasGa;Seg is a direct-gap semiconductor. The valence
band maximum is dominated by Se 4p orbitals, whereas the Ba 5d
orbitals have the largest contribution to bottom of the conduction
band.
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