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The detailed theoretical studies of electronic, optical, and mechanical properties of y-Bi;SnpO7 are carried out by
using first-principle density functional theory calculations. Our calculated results indicate that y-Bi;SnpO7 is the p-type
semiconductor with an indirect band gap of about 2.72 eV. The flat electronic bands close to the valence band maximum are
mainly composed of Bi-6s and O-2p states and play a key role in determining the electrical properties of y-Bi»Sn;O7. The
calculated complex dielectric function and macroscopic optical constants including refractive index, extinction coefficient,
absorption coefficients, reflectivity, and electron energy-loss function show that y-Bi»SnyO7 is an excellent light absorbing

material. The analysis on mechanical properties shows that y-Bi SnpO7 is mechanically stable and highly isotropic.
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1. Introduction

Metal oxides with the pyrochlore structure and adopting a
general formula A;B,07 have received considerable attention
due to their wide technological applications in catalysis,!! gas
sensors,?! frustrated magnetism,®! and superconductivity.*!
As one of the pyrochlore-type oxides, bismuth pyrostannate
(BizSny07) has been widely studied as one of the versatile
and technologically important semiconducting materials with
a wide band gap. Bi,Sn,07 was first reported by Roth®®! and
lately characterized by Brisse and Knop.[®! Previous experi-
mental investigations have confirmed that BiSnyO7 has three
polymorphs. At room temperature, Bi»Sn,O7 probably adopts
a monoclinic structure and is designated as the « phase.!’]
At intermediate temperature higher than 90 °C, a cubic acen-
tric phase (f phase) is found. At temperature above 680 °C,
BiySn, 07 is the ideal pyrochlore structure with cubic symme-
try and designated as the y phase. [®!

Being similar to other Bi-containing compounds like
BiFeO3,! BiZWO(),“O] and BiVOg4, ' the photocatalytic
property of BioSnyO7 has also been investigated extensively,
owing to its potential application in the splitting of wa-
ter or degradation of organic pollutants under visible light
irradiation. >4 Wu er al.!'?! prepared the nanocrystalline }-
BiySnyO7 by a hydrothermal route and evaluated the photo-
catalytic activity by the degradation of methyl orange. Tian
et al.!"3! reported the synthesis of Bi;Sn,O7 and visible-light
photocatalytic performance in the oxidation of As(IIl). Xu et
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al.l" studied the fabrication and photocatalytic activity of
BiOI/Bi;SnyO7 heteronanostructure. On the theoretical side,
Walsh and Watson!!>! calculated the electronic structures of
both - and y-BiySnyO7 and highlighted the importance of
covalent interactions between the electronic states of the metal
with O-2p in Bi;SnyO7. Very recently, Fan et al.!'® investi-
gated the electronic structures of Bi_,Y,Sn,O7 solid solution
by performing density functional theory (DFT) calculations.
In the present work, we devote great effort to investigating the
optical and mechanical properties of y-Bi,Sn;O7 besides its
electronic structure by using the first-principles DFT calcula-
tions in order to provide some helpful guidelines for the sub-
sequent experimental work.

2. Computational details

All DFT calculations are performed by the projector aug-
mented wave (PAW) method!'”! as implemented in the Vienna

18191 The exchange-

ab-initio simulation package (VASP).!
correlation energy is treated within the generalized gradi-
ent approximation, using the functional of Perdew, Burk,
and Ernzerhof.[?") The plane-wave energy cutoff is set to be
400 eV. A k-point spacing of about 27 x 0.03 A~! is used
to generate the Monkhorst-Pack grid>!! in the Brillouin zone
sampling. The fully relaxed optimization is carried out until
the changes in total energy and the force on each atom are less

than 107> eV and 1073 eV/A, respectively.
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For optical properties calculations, a sufficient dense k-
point grid spacing of 27t x 0.015 A~! is used. The dielectric
function €(w) = €(w) + i&(w) fully describes the optical
properties of materials at all photon frequencies. The imag-
inary part & (o) of dielectric function can be derived from the
electronic band structure by summing all allowed direct tran-
sitions from the occupied to the unoccupied states.
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where e is the electronic charge, u is the vector determining
the polarization of the incident electric field, w is the light fre-
quency, and ¥§ and ¥} are the conduction and valence band
wave functions at k, respectively. The real part & (®) of di-
electric function can be computed according to the Kramer—
Kronig transformation
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The other macroscopic optical constants, such as refractive
index n(®), extinction coefficient k(w), absorption coeffi-
cient a(w), reflection coefficient R(®) and energy loss func-
tions can be calculated once the complex dielectric function is

obtained. 2223

3. Results and discussion
3.1. Structural properties

The pyrochlore-type BioSn,O7 shown in Fig. 1 has a cu-
bic structure with space group Fd-3m, in which Bi atoms are

Table 1. Optimized structural parameters of y-Bi;SnyO7. The experimental values!

located at the 16¢ site, Sn atoms at the 16d site, and O atoms
at the 8a and 48 f sites. The O (48f) atoms form octahedrons
connecting each other with vertices, and Sn atoms are in the
center of the octahedrons. The O (8a) and O (48f) atoms
constitute the 8-coordinated dodecahedrons in which Bi atoms
are just located in their centers. Moreover, the dodecahedrons
connect with the neighboring dodecahedrons and octahedrons
with edges. The optimized lattice parameters are listed in Ta-
ble 1 and are in good agreement with the experimental data. [>4]
In the BiOg dodecahedrons, the optimized interatomic dis-
tance between Bi and O (8a) atoms is about 2.327 A and
obviously shorter than that between Bi and O (48f) atoms
(2.621 A). The bond length between Sn and O (48f) atoms
is about 2.095 A.

Fig. 1. (color online) Crystal structure of the pyrochlore-type -
BiySnyO7. The octahedrons sharing vertices represent SnOg subunits,
where Sn atoms are located in the center and O atoms at the vertices.

241 are given in the following parentheses for comparison.

Structure Lattice constants/A Wyckoff positions
Atom Site X y z
Bi 16¢ 0 0 0
¥-BizSny 07 (Fd-3m) a=10.7489 (10.7225) Sn 16d 172 12 172
(0] 8a 1/8 1/8 1/8
(0] 48f 0.4178 (0.4126) 1/8 1/8

3.2. Electronic and optical properties

The calculated electronic band structure of y-Bi,SnyO7
is plotted in Fig. 2. The valence band maximum (VBM) is lo-
cated at the X point and the conduction band minimum (CBM)
is at the I' point in the Brillouin zone and the Fermi level
(Ep) is at the top of the valence band, which means that the
pyrochlore-type Bi;SnpO7 is the p-type semiconductor with
an indirect gap. The calculated band gap is about 2.72 eV and
agrees well with the experimental data (2.78 eV)!'?! and previ-
ously calculated value (2.74 eV).[!3 The bands near Er. are rel-
atively flat and possess a high concentration of carriers, which
is beneficial for light absorption. The calculated values of the
effective mass of carrier (m*) are listed in Table 2 and help-
ful to understand the electrical properties of y-BioSnyO7. The
effective mass values in different directions are identical, in-

dicating isotropic electric behavior of cubic y-Bi;Sn,O7. The
effective mass of hole (m;) is obviously heavier than that of
electron (m}) regardless of being at I' or the X point, which
shows that the electrons play a major role in determining the
electrical conductivity for y-Bi,SnyO7.

Figure 3 shows the total and partial density of states
(DOS) of y-BixSnyO7. The valence bands (VBs) centered at
about —9.2 eV are mainly from the 6s states of Bi atoms and
the 2s and 2p states of O (8a) atoms. The VBs approximately
ranging from —7.4 eV to —5.3 eV are formed mainly due to
the hybridization between the 5s states of Sn atoms and the
2p states of O (48f) atoms. In the energy region from about
—5.2eV to —1.6 eV, the total DOS is mainly from the Bi-6p,
Sn-5p, O (8a)-2p, and O (48f)-2p states. The hybridization
interaction between Sn-4d and O (48f)-2p states is also ob-
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vious in a narrow energy region from —1.4 eV to —0.5 eV.
The VBs in the energy region from —0.9 eV up to the Er are
mainly comprised of the Bi-6s, O (8a)-2p, and O (48f)-2p
states, and essential to determining the electrical properties of
7-Bi,SnyO5. It can also be found from Fig. 3 that the conduc-
tion bands (CBs) close to the CBM are mainly created with the
Bi-6p, Sn-5s, O (8a)-2p,and O (48 f)-2p states.

Energy/eV

_8t+

—12
I X L w

Fig. 2. Calculated electronic band structure of y-Bi;SnyO7 along the se-
lected high symmetry lines. The Fermi level is set to be zero for reference.

Table 2. Calculated effective mass tensors of electrons (i) in the con-
duction band and holes (m};) in the valence band near the Eg at I" (0, 0,
0) and X (0.5, 0, 0.5) points as marked in Fig. 1. All values are in units
of free electron mass my.

* *

me mh
0389 0 0 —1.758 0 0
r 0 038 0 0 —1.758 0
0 0 0.389 0 0 —1.758
028 0 0 —2.125 0 0
X 0 0289 0 0 —2.125 0
0 0 0.289 0 0 —2.125
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Fig. 3. (color online) Calculated total and partial DOS of y-Bi;Sn,O7.

Figure 4 shows the calculated real part £;(®) and imag-
inary part €;(w) of the complex dielectric function for cubic
Y-BiySny 07, each as a function of photon energy up to 35 eV.
The static dielectric function is found to be 5.5 at 0 eV. The
origin of the observed peak in the imaginary part £;(®) of the

dielectric function can be explained with the help of the cal-
culated DOS shown in Fig. 3, since €;(w) is correlated to the
crystal absorption spectrum. The first two stronger absorption
peaks centered at about 3.7 eV and 5.6 eV in €;(w) are prob-
ably ascribed to the transitions from the occupied states of the
valence band group to the unoccupied electronic states at the
bottom of the conduction band (CB).
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Fig. 4. Calculated dependences of real part £;(®) and imaginary part €,(®)
of the dielectric function of y-Bi SnyO7 alloys on photon energy.

Based on the obtained dielectric function, the refrac-
tive index n(®), extinction coefficient k(®), absorption coeffi-
cients o(w), reflectivity R(®), and electron energy-loss func-
tion L(w) are further calculated to check the optical properties
of 7-BirsSnyO7 (see Fig. 5). The static refractive index n(0) is
about 2.4, which is closely related to the real part £;(®) of the
dielectric function. n(w) reaches its maximum value of 3.6 at
3.5 eV and then drops drastically with the increase of photon
energy. The calculated k(w) is below 0.1 in a photon energy
range from O to about 3 eV, meaning that y-BiySnyO7 will have
aresponse to the light with wavelength less than 414 nm. Then
k(w) increases rapidly with increasing photon energy, forms
the first peak in the near UV region at approximately 4.1 eV,
and reaches the maximum value of about 2.1 at 5.8 eV. Our
calculated results indicate that cubic y-Bi»Sn,O7 has strong
extinction effects on the part of violet light in the visible light
region, the part near the UV region, and most of the part of the
far UV region. The calculated absorption intensity of o/(®) in
the infrared and most visible region is nearly zero and starts
to go up rapidly at about 2.5 eV. There is a broad absorption
peak ranging from about 3.7 eV to 25 eV. Especially, the first
two strong peaks at about 6.2 eV and 9.8 eV are related to the
transitions of Sn-5s and Bi-6s orbitals. The majority of the
absorption spectrum of cubic Bi;SnyO7 is in the UV region,
which suggests that cubic Bi;SnyO; may have special appli-
cations in certain optical components. The calculated R(®)
shows that the average reflectivity is about 30%, which is an
acceptable value for light absorbing material. Two small peaks
at about 27.6 eV and 29.1 eV except the strong main peak at
about 16.9 eV in the calculated L(®) presented in Fig. 5 can be
found, which corresponds to the energy of the plasma edge and
shows the characteristics of plasma oscillation in y-Bi;Sny O7.
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Fig. 5. Calculated refractive index n(®), extinction coefficient k(®), absorp-
tion coefficient ol(w), reflectivity R(w), and electron energy-loss function
L(w) of y-Bi»Sn, 07, each as a function of photon energy.

3.3. Mechanical properties

The calculated elastic constants C;; of y-Bi;SnyO7 are
listed in Table 3.

Table 3. Calculated values of elastic constant C;;, bulk modulus B,
shear modulus G, Young’s modulus E, and Poisson’s ratio v of y-
BizSny 07.

Cn Ci2 Cuy B G E v

259.2 107.7 72.5 158.2 73.8 191.6 0.3

The bulk modulus B and shear modulus G are obtained by

(23] Young’s modulus E and

Voigt—Reuss—Hill approximation.
Poisson’s ratio v can be further calculated according to their
relationships with B and G. The corresponding mechanical
stability criterion for cubic crystal is that B, C;1—C12, and Cy4
are positive. 2! It can be found from Table 3 that y-BiSn,O7
satisfies the condition for elastic stability. The calculated B
and G of y-BizSn,O7 are 158.2 GPa and 73.8 GPa respec-
tively, and the value of B/G is about 2.14, obviously indicat-
ing that cubic BiySn,O7 belongs to a kind of ductile material,
since the material is ductile if its B/G value is higher than 1.75
according to Pugh’s criteria of brittleness and ductility.[*”! Fur-
thermore, the calculated Poisson’s ratio is about 0.3 and also
shows the ductile characteristic of cubic Bi;Sn,O7. Accord-
ing to Zener’s definition,?®! the anisotropy of material can
be described by the parameter A = G| /Gy, where G| = Cuy,
G, = (C11—C12)/2. Generally, the isotropic material has a
value of A = 1. For y-Bi;Sny07, the calculated A is about
0.96, showing high isotropy. In addition, according to the re-
lationship between Young’s modulus and elastic compliance
constants,??! the elastic anisotropy of 7-Bi;Sn,O7 can be di-

rectly checked by the directional dependence of Young’s mod-
ulus. The calculated results depicted in Fig. 6 show that the
directional dependence of Young’s modulus almost exhibits
a spherical shape, which indicates that y-BizSnyO7 is highly
isotropic.

Fig. 6. Directional dependence of Young’s modulus of cubic y-Bi;Sn,O7.

4. Conclusions

The electronic, optical, and mechanical properties of y-
BiySnyO7 are investigated by using the first-principles DFT
calculations. Our results show that y-Bi;SnyO7 is the p-type
semiconductor with an indirect band gap. The calculated band
gap is about 2.72 eV and in excellent agreement with the ex-
perimental result. The hybridization interaction between Bi-6s
and O-2p states in the valence bands close to the Fermi level is
expected to play an essential role in determining the electrical
behavior of y-Bi;SnyO7. The dielectric function and macro-
scopic optical constants including refractive index, extinction
coefficient, absorption coefficients, reflectivity, and electron
energy-loss function are also calculated to check the optical
properties of y-Bi,SnyO7. Especially, the average reflectivity
is about 30%, which indicates that y-Bi,Sn,O7 is a good light
absorbing material used for optical semiconductor devices and
photocatalysts. Moreover, y-Bi;SnyO7 is mechanically stable
and ductile according to the calculated elastic constants, bulk
modulus, Young’s modulus, and Poisson’s ratio. The further
calculations of the directional dependence of Young’s modulus
show that y-BirSnO7 is highly isotropic.
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