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ABSTRACT: A new Bi;Ge;O,5 compound has been synthesized under high pressure,
P =7 GPa, and 700 °C. Instead of the pyrochlore that is normally stabilized under high ¢
pressure, the Bi;Ge;O,qs crystallizes in a KSbOj-ype crystal structure. The crystal
structure has been refined by the Rietveld method from synchrotron X-ray diffraction
data. Moreover, we have also characterized the Bi;Ge;O,o5 by X-ray photoelectron

spectroscopy, photoluminescence, and specific heat.

B INTRODUCTION

The phase equilibrium of the binary system Bi,O;—GeO, at
ambient pressure has been extensively investigated since the
1960s with several compounds identified in the phase diagram,
including three stable compounds, Bi,Ge;O,, Bi,Ge;O,,, and
Bi;,GeO,y, and two metastable compounds, Bi,GeOg and
Bi,GeOg.”” Among these compounds, the cubic Bi,Ge;0;,”"*
and Bi,GeO,,* are known as good oxide-based scintillator
materials and have a wide range of applications in high-energy
physics, aerospace physics, nuclear medicine, geology explora-
tion, and other industries. Large Bi,Ge;O,, single crystals
grown with the Czochralski method are commercially available.
Under high-pressure conditions, we can expand the phase
equilibrium of the binary system Bi,0;—GeO,. In this
communication, we report the high-pressure synthesis, crystal
structure, and photoluminescence of a new KSbOj-type
bismuth germanate Bi;Ge;0,3s.

B EXPERIMENTAL PROCEDURE

Polycrystalline Bi;Ge;O,y5 samples were obtained via solid-state
reaction of a stoichiometric mixture of Bi,O; and GeO, at 7 GPa and
700 °C for 30 min in a Pt capsule. The product was quenched to room
temperature before releasing pressure. The high-pressure and high-
temperature (HPHT) synthesis was performed by using a Walker-type
multianvil module (Rockland Research Co.). Details about the sample
assembly for HPHT synthesis can be found elsewhere.® The high-
pressure product was first checked by the powder X-ray diffraction
(XRD) at room temperature with a Philips X’pert diffractometer (Cu
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Ka radiation). High-resolution diffraction data have been collected at
room temperature with synchrotron radiation on beamline 11-BM (4
= 0413034 A) at the Advanced Photon Source, Argonne National
Laboratory.” The powder sample was loaded into a 0.3 mm diameter
glass capillary, which spins at ~60 Hz during data collection. The
obtained synchrotron X-ray diffraction (SXRD) data were analyzed
with the Rietveld method with the EXPGUI program.® An X-ray
absorption coefficient y, = 4.50 (estimated by assuming a 0.6 packing
fraction) was included in the Rietveld analysis. Diffuse reflectance
UV—vis spectra were measured with a Cary 500 spectrophotometer
attached to an integrating sphere (Labsphere DRA-CA-5500).
Photoluminescence spectroscopy was performed at room temperature
with a Fluorolog-3 spectrofluorometer (Horiba Scientific). Spectra
were corrected for the features of the Xe lamp and photodetector. The
morphology and cation ratio were measured with a scanning electron
microscope (SEM, JEOL JSM-5610) equipped with an energy-
dispersive spectroscope (EDS). The average Bi:Ge ratio of randomly
selected spots on the high-pressure product is 1.035. X-ray
photoelectron spectroscopy (XPS) data were acquired with a Kratos
AXIS 165 Multitechnique Electron Spectrometer with a mono-
chromatic Al Ka (1486.6 €V) source (Manchester, UX.). The specific
heat was measured from 2 to 200 K with a commercial Physical
Property Measurement System (PPMS, Quantum Design).
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B RESULTS AND DISCUSSION

It is well-known that the stability of the A,B,O, pyrochlore
structure depends upon the ratio of the ionic radii, p = ry/rg,
which has an upper limit of 1.55 at ambient pressure.” Previous
high-pressure studies have shown that the upper limit of p can
be extended significantly up to 1.98 in In,Si,O, by the
application of high pressure.'” In an attempt to synthesize the
“Bi,Ge,0,” pyrochlore with a p = 1.94 under HPHT
conditions, we found that the powder XRD pattern of the
recovered high-pressure product does not confirm the
formation of the cubic pyrochlore structure as other R,Ge,O,
(e.g, R = Ho) in Figure 1. Instead, the XRD pattern resembles
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Figure 1. Powder XRD pattern of (a) the high-pressure product with
the starting composition “Bi,Ge,O,” and (b) the Ho,Ge,O, cubic
pyrochlore prepared at 7 GPa and 1000 °C.

those of the BizMn;0,,,s samples with the KSbOj-type
structure,'' ~'* suggesting the formation of a new KSbOj-type
“Bi;Ge;0,95” phase. To confirm this hypothesis, we have
refined its crystal structure from the high-resolution SXRD data
in Figure 2a by taking the structure of Bi;Mn;0, 5 as a starting
structural model,"' ™" which is defined in the cubic Pn3 space
group with two Bi atoms at 24h (x, y, z = y) and 4b (0, 0, 0)
sites, one Ge position at 12g (x, */4 '/,), and three kinds of
oxygen atoms at 8e (x, x, x), 12f (x, '/, '/,), and 24h (x, y, z)
sites, respectively. The Bil atom at the 24h site with an
occupancy factor of ~'/; is found to be disordered. The
excellent refinement illustrated in Figure 2a confirmed that the
high-pressure product indeed crystallizes into the KSbO;-type
cubic structure with lattice parameter a = 9.26306(1) A at
room temperature. The final atomic coordinates, isotropic
thermal, and occupancy factors are presented in Table 1.
Selected bond lengths are given in Table 2. A unit-cell crystal
structure is displayed in Figure 2b.

The cation ratio Bi:Ge & 1 obtained from the energy
dispersive spectroscopy was further confirmed by the Rietveld
refinement. Although the refinement on the SXRD cannot
provide reliable information about the oxygen stoichiometry,
the presence of only Bi** ions confirmed by X-ray photo-
electron spectroscopy in Figure 3 together with the stable Ge**
indicated a chemical formula Bi;Ge;0;, s with 6 = 0.5. In order
to distinguish whether the oxygen vacancies are located mainly
at the Ol site as in Bi;Mn;O,os'" or distributed randomly at
the three oxygen positions, we have refined the SXRD pattern
with six different possibilities for distributing oxygen vacancies.
As illustrated in Table S1 of Supporting Information, the
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Figure 2. (a) High-resolution SXRD pattern and (b) unit-cell crystal
structure of Bi;Ge;O, after Rietveld refinement.

solution R4, i.e., oxygen vacancies are distributed randomly
over all three oxygen positions, is slightly better in terms of the
Rppage:

In contrast to phases commonly found in the Bi—Ge—O
system having 4-fold coordinated GeO, tetrahedra, the Ge
atoms in Bi;Ge;O,y5 are octahedrally coordinated by oxygen,
which is consistent with other oxides containing Ge*
synthesized under high pressure, such as CaGeO;, SrGeO;,
and PbGeO;.">~"7 As shown in Figure 2b, the basic units of the
crystal structure of Bi;Ge;O,os are edge-shared Ge,0y
octahedral pairs, which are connected to each other via the
corner O3 atoms into a three-dimensional framework,
characteristic of a cubic KSbOj-related structure. The BigO,
units are filled into the hexagonal channels formed by the
Ge, 0, octahedral units as indicated in Figure 4. The structure
was found to be stable down to at least 2 K as shown by the
specific-heat data in Figure S. It seems that the relatively large p
= r(Bi*")/r(Ge*") = 1.94 is beyond the stability range for the
pyrochlore structure in the pressure range below 10 GPa.
Higher pressures are required in order to stabilize the
pyrochlore structure. In order to accommodate the chemical
composition “BiGeO;5”, the KSbOj-type structure is one
favorable solution under HPHT conditions because it allows
the oxygen content to vary from ABO; to ABO;;."

As both Bi,Ge;0,,”* and Bi;,GeO,,” show useful radio- and
photoluminescence (PL), we also performed an initial
investigation on the photoluminescence of the new bismuth
germanate Bi;Ge;O,,. Figure 6 displays the (a) excitation and
(b) emission spectra of the Bi;Ge;O,,5 powder at room
temperature. The excitation spectrum in Figure 6a exhibits a
strong peak at 375 nm, close to the band gap energy (E,) of
~3.3 eV, estimated from diffuse reflectance UV—vis spectros-
copy. This peak is therefore attributed to the band gap
transition. Tauc plot analyses'® indicate both direct and indirect
transitions at the E, (Figure 7), which is close to that of
Bi;,GeO,y (~3.5 eV') but is smaller than that of Bi,Ge;O;,
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Table 1. Atomic Coordinates and Isotropic Thermal and Occupancy Factors for Bi;Ge;0,, 5 from High-Resolution SXRD“ at

295 K

atom site i y

Bil 24h 0.41116(6) 0.37263 (3)
Bi2 4b 0 0

Ge 12g 0.40669(8) 0.75

o1 8e 0.1467(2) 0.1467(2)
02 12f 0.6152(4) 0.25

03 24h 0.5970(3) 0.2495(2)

zZ
0.37263(3)
0
025
0.1467(2)
025
0.5379(4)

By, (A%)
1.74(1)
2.42(1)
1.61(2)
0.7(1)

1.4(1)

0.61(8)

0.34(1)
1.03(1)
1 (fixed)
0.89(1)
092(1)
093(1)

“Space group Pn3 (No. 201), a = 9.26309(2) A, V = 794.817(2) A, Z = 4. Discrepancy factors: R, = 3.57%, R,,= 5.12%, Ry, = 2.30%, 1 =493,

Riroge = 1.80%.

Table 2. Selected Bond Lengths (A) of Bi;Ge;0, s
Calculated from Rietveld Refinement

Bil-01 2.463(2) Bi2—01(X2) 2.354(2)
Bil—01(x2) 2.168(2) Bi2—03 (X6) 2.505(3)
Bil-02 2.480(3) (Bi2—0) 2467
Bil—02(x2) 2.926(2) Ge—02 (X2) 1.914(3)
Bil-03 2.570(3) Ge—03 (x2) 1.868(2)
Bil-03 2.645(2) Ge—03 (x2) 1.965(4)
Bil-03 2.984(3) (Ge—0) 1915
(Bil—0) 2.593 Ge—Ge 2.899(1)
I:\{muj = r 10000
1 —— BaBi0;

10000 =

(5:0) Ansuapuy

5000 =

— 0

T
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Figure 3. Bi4f XPS spectra of Bi;Ge;O,o5 and BaBiO; samples. To
probe the valence state of the Bi ions, we measured at room
temperature the Bi 4f core-level XPS spectra of Bi;Ge;O,o5 and
compared it to the reference compound, BaBiOj;, in which the Bi ions
undergo a well-known charge disproportionation reaction: 2Bi** = Bi**
+ Bi®". As expected, the double-peak structure of the Bi 4f lines of
BaBiOj; confirms the presence of two distinct Bi valence states, i.e., the
formal trivalent Bi** and the pentavalent Bi**. The component of Bi**
is at higher binding energy than that of Bi** because of the reduced
kinetic energy of outcoming photoelectrons from Bi** ions due to the
larger coulomb attraction. On the other hand, the symmetric Bi 4f
spectrum of the Bi;Ge;O,o5 sample indicates the presence of a single
valence state Bi**.

(~4.5 eV). The emission spectrum shows a collection of peaks
ranging from 400 to 600 nm with small Stokes shift of 0.5—1.1
eV, similar to Bi,GeO,,. Timmermans and Blasse,* using
Bi;;GeO, and Bi, TiO,, powders, concluded that these types of
emissions were indicative of radiative recombination in the
band gap due to defects and surface states. In contrast, broad
emission spectra with large Stokes shifts (>2 eV) (observed in
Bi,Ge;0,,, Bi,Ge;O,, and Bi,Al,0,) were associated with
localized transitions on the Bi*" ion. However, a recent study'®
showed intrinsic luminescence in Bi;;GeO,, single crystals at
450 nm from 8 to 100 K, close to the peak emission in our
spectra (Figure 6b). The transition mechanism is still under
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Figure 4. Crystal structure of Bi;Ge;O,o5 viewed along the [111]
direction.
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Figure 5. Temperature dependence of the specific heat C(T) of the
Bi;Ge;0 o5 sample in the temperature range from 2 to 200 K. No
anomaly was observed in the whole temperature range. The negligible
linear term y derived from the inset plot of C/T vs T2 is consistent
with the insulating state, and the Debye temperature was estimated to
be ®p = 262 K at low temperature.

debate. Further PL experiments at low temperatures, as well as
modeling of the electronic structure of Bi;Ge;O,ys, are
necessary to elucidate the nature of these transitions and
represent fascinating areas for future study.
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Figure 6. (a) Photoluminescence excitation spectrum with the
detector wavelength fixed at 440 nm and (b) emission spectrum
using an excitation wavelength of 375 nm for the Bi;Ge;O,o5 powder
sample on quartz at room temperature. The background photo-
luminescence from a bare quartz substrate has been subtracted.
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Figure 7. Tauc plots of the diffuse reflectance UV—vis data of
Bi;Ge;0,y5 powder. Transmittance was converted to absorbance by
using the formula A = —log;,(T). Tauc plots of (ehv)? for an allowed
direct transition and (ahv)'/? for an allowed indirect transition gave
intercepts of ~3.3 eV.

H CONCLUSION

In summary, we have prepared a new KSbO;-type bismuth
germanate Bi;Ge;O,p5 under 7 GPa and 700 °C and
determined its crystal structure via Rietveld refinement on
the high-resolution SXRD data. The photoluminescence
emission spectrum at room temperature exhibits a complex
structure in the range from 400 to 600 nm. A band gap of ca.
3.3 eV was estimated from the UV—vis spectra.
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