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KEYWORDS Abstract Czochralski-grown colorless and pink BiyGe;O;, (BGO) single crystals have been char-
Scintillator; acterized by the X-ray diffraction, X-ray absorption, and luminescence and optical spectroscopy.
X-ray diffraction; Additional high-temperature vacuum annealing of the as-grown colorless crystal at 900-950 °C
EXAFS; using a special reducing agent leds to the appearance of pink coloration and modification of its
Point defects; properties. The refinement of actual compositions of both BGO crystals showed the distribution
Color; of the Bi*"ions over two, tetrahedral and octahedral, sites, the Bi content in the colorless crystal
Optical properties being greater and lower in the octahedral and tetrahedral sites, respectively, compared with the col-

ored crystal. A small amount of Bi®*ions was revealed in the tetrahedral sites of the colorless crys-
tal. Oxygen vacancies, as a part of the color center responsible for the crystal coloration, were found
in the structure of pink sample. The pink BGO crystal is characterized by photoluminescence in the
near infra-red spectral range.

© 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Bismuth germinate BiyGe3;0;,, BGO, is a well known scintilla-
tion material, which is successfully used in high energy physics
(calorimeters, electromagnetic spectrometers) (Grigoriev et al.,
2014), medicine (positron emission tomography, computed
tomography) (Hampel, 2015; Valais et al., 2010), as well as
e i 0 for environmental monitoring (dos Santos Junior et al.,
ELSEVIER Production and hosting by Elsevier 2017) and geological surveys (Dias et al., 2016; Weber and
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Monchamp, 1973). This material has been established to
demonstrate luminescence in the near-ultraviolet and visible
spectral ranges excited by ionizing radiation (vacuum ultravio-
let radiation, X-rays, gamma irradiation) or charged particles
(electrons, protons, ions) (Moncorge et al., 1976).

The classical and low gradient Czochralski method is usu-
ally used for growth of BGO crystals from the melt in an oxi-
dizing atmosphere (Moncorge et al., 1976; Weber and
Monchamp, 1973). Recently, the Bridgman method was
applied to obtain red BGO crystals, which are characterized
by the luminescence near 1500 nm. It is of interest to use these
crystals as amplifiers in the optical communication systems
(Yu et al., 2011a, 2014).

The BiyGe;0;, compound crystallizes in the cubic system
(sp. gr. 143d, Z = 4). The Ge* " ions form the GeOy tetrahedra,
and the Bi’ "ions form the distorted BiOg octahedra with dif-
ferent cation-anion interatomic distances CNBi = 3 + 3 (CN
- coordination number) in the eulytine structure. Structural
defects are associated with the Bi ions (Bravo and Lopez,
1999; Bravo et al., 1995; Kaminskii et al., 1976).

Properties of BGO crystals grown by the vertical Bridgman
method in air at 1060 °C have been reported in several works
(Yu et al., 2011a, 2011b, 2014). Red and white (semitranspar-
ent) crystals obtained with adding into the charge of 2 mol%
and 0.5 mol% H,O relative to GeO,, respectively, and ordi-
nary (clear) crystal grown from the melt without adding any
components, were studied. As a result of this investigation:

—1it was found that the emission intensity of red BGO
at ~ 500 nm is weaker than that of ordinary BGO (Yu
et al., 2011a);

— it was shown that the functions of X-ray absorption spec-
troscopy, both X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine structure
(EXAFS), are almost identical for all the samples, but a
small deviation was found for the red sample, which may
indicate a possible symmetry decreasing. The EXAFS Four-
ier transforms for the ordinary (transparent) crystal have
the first peak, which characterizes the Bi-O distance of
about 2.10 A, and for the red and white crystals this dis-
tance is found to be 2.25 A. This effect was explained by
an increase in a structure disordering for the white and
red BGO crystals compared with the ordinary one, which
is caused by water absorption from the air by starting com-
ponents before their loading into the crucible (Yu et al.,
2011b);

— it was only assumed that the red color of crystals is associ-
ated with the presence of OH'™ groups in the growth atmo-
sphere, which replace the O* around Bi’"ions located
partially in the Ge sites, forming the antisite defects accord-
ing to the quasi-chemical reaction 0 — (OH)p + Bij, (Yu
et al., 2011a). An increase in the luminescence is explained
by the influence of OH™ group, which is confirmed by the
change in the energy level of Bi**ions (Yu et al., 2011b,
2014).

The purpose of this work is to grow colorless and colored
BGO crystals by the Czochralski method and establish their
actual compositions and causes of coloration.

A development of new materials with desired properties is
based on the key thesis of modern crystallochemistry, namely,

on finding correlations between the composition, actual struc-
ture, physical properties, and growth conditions of material.
The knowledge of these correlations allows understanding
the chemistry of the processes and obtaining materials with a
wide range of functional properties. For the BGO crystals, a
determination of actual compositions of colored and colorless
crystals will allow to establish the causes of crystal coloration
depending on the growth method and conditions and explain
their various optical properties.

2. Experimental

2.1. Objects and methods

The colorless BiyGesO, single crystal has been grown by the
Czochralski method. Additional high temperature treatment
(900-950 °C) of colorless sample results in obtaining the col-
ored (pink) BGO sample. The single-crystal and powder X-
ray diffraction were performed at room temperature with the
Enraf-Nonius CAD-4 and HZG-4 diffractometers, respec-
tively. The EXAFS/XANES spectroscopy of the powdered
samples was carried out at room temperature at the Structural
Materials Science beamline of the Kurchatov synchrotron
radiation source. The transmission spectra were measured with
a spectrometer PerkinElmer Lambda 900 and the luminescence
and excitation spectra were recorded with an Edinburgh
FLSP920 spectrofluorometer.

2.2. Synthesis procedure

The colorless optically-qualitative BiyGe3;O;, single crystal,
BGO(C), of 16 mm in diameter and 65 mm in length has been
grown by the Czochralski method (Fig. 1a, b). It was free from
cracks, bubbles, inclusions of second phases, and scattering
centers and it was found to be transparent in the range of
0.35-6.5 um, which has been detected using a Carry-5000 spec-
trophotometer. Under optimal conditions, the bulk crystalliza-
tion rate of the crystal, grown along the [1 1 1] direction, was
not exceed 0.5 cm?/h, the axial temperature gradients in the
growth and annealing zones were 80-90 °C/cm and 10-
15 °C/cm, respectively.

The colored (pink) samples, BGO(P) (Fig. Ic), were
obtained by additional high temperature treatment (900-
950 °C) of plates of 1.5-2.0 mm in thickness, cut from the col-
orless boule, in graphite crucibles at a pressure of 107> Torr
and using stannous oxalate SnC,04 in an amount of several
milligrams as a reducing agent. The annealing time was varied
from 6 to 10 h.

2.3. Single crystal X-ray diffraction

The single-crystal X-ray diffraction (SCXRD) analysis of the
BGO(C) and BGO(P) microcrystals of ~0.2 x 0.2 x 0.2 mm®
in size was carried out with a Enraf-Nonius CAD-4 single-
crystal diffractometer at room temperature (AgK,, graphite
monochromator, - scan mode). To reduce the error associ-
ated with absorption, the SCXRD data were collected over
the entire Ewald sphere. The preliminary SCXRD data pro-
cessing was carried out using the WinGX pack (Farrugia,
1999). The atomic coordinates, anisotropic displacements
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a

Fig. 1
samples cut for investigations (c).

parameters of all atoms, and occupancies of cation and oxygen
sites were refined using the SHELXL-97 software package
(Sheldrick, 2008), taking into account the atomic scattering
curves for neutral atoms, with the semi-empirical (azimuthal
scan) (North et al., 1968) or empirical (Walker and Stuart,
1983) correction of absorption.

The structural parameters were refined in several steps. Ini-
tially, the positional and thermal parameters were simultane-
ously refined in the isotropic and anisotropic
approximations. Then the refinement of thermal parameters
together with the occupancy of octahedral site was performed
with the fixed occupancies of tetrahedral (Ge) and oxygen
sites. Thereafter, the occupancy of tetrahedral site was refined
with the fixed occupancy of oxygen site, and vice versa. Due to
the well-known correlation between thermal parameters and
site occupancies we used the strategy of crystal structure refine-
ment developed by our team for both present objects and other
complex oxides and described in detail (Kaurova et al., 2010;
Kuz'micheva, 2016). After each refinement step, the residual
electron density, thermal parameters, and interatomic dis-
tances were analyzed. The actual compositions taking into
account the electroneutrality, the correct values of the thermal
parameters, the lowest values of the R factors, and the absence
of residual electron-density peaks serve as criteria for the accu-
racy of the structure refinement and the correctness of the
determination of the composition.

2.4. Powder X-ray diffraction

The powder X-ray diffraction analysis (XRPD) of ground sam-
ples (~100 mg) was carried out at room temperature on an
HZG-4 X-ray powder diffractometer.

2.5. EXAFS|XANES spectroscopy

The EXAFS/XANES spectra of powdered samples (~100 mg),
taken from the same part of crystals as for SCXRD experi-
ment, were measured at room temperature at the Structural
Materials Science beamline of the Kurchatov synchrotron
radiation source (Trofimova et al., 2013). The samples were
ground to a powder and evenly applied on the adhesive tape,

Photo of colorless BGO(C) crystal (a), control of scattering centers in BGO crystal (b), and colorless BGO(C) and pink BGO(P)

having a small X-ray absorption coefficient. The sample thick-
ness was chosen experimentally in order to provide a unit edge
step, i.e. to make an absorption coefficient change approxi-
mately by one in natural log scale (or e times in linear scale)
during the energy scan of near-edge range, but not to allow
the absorption coefficient itself exceed 4 in log scale. The
energy scans were performed using a Si(220) crystal
monochromator with an energy resolution of AE/E ~
2 x 107*. XAFS spectra were collected at the Bi and Ge K
edges in a transmission mode, placing the sample between
two ionization chambers connected to picoammeter (Keithley),
which also served as a voltage source. The intensity of the
monochromatic beam incident on the sample and passing
through it was measured in an air ionization chamber and a
chamber filled with pure Ar up to atmospheric pressure,
respectively.

The standard processing of the experimental spectra was
performed using the IFEFFIT program package (Ravel and
Newville, 2005). The character of the atom’s immediate envi-
ronment was studied by analyzing the radial distribution func-
tion @(r), obtained by Fourier transform of the k°-y(k)
function during the experiment, where the multiplication by
k* was used to compensate the attenuation of the oscillations
of the X-ray absorption coefficient with distance from the
absorption edge.

The Fourier transforms of EXAFS oscillations were
extracted in the range of the photoelectron wavenumbers (k)
from 2 to 14 A~ at the Ge K-edge and from 2 to 12.5 Al
at the Bi L;-edge and modelled in the range of the interatomic
distances (R, A) from 1.2 to 3.0 A at the Bi Ls-edge, and from
1.4 to 3.6 A at the Ge K-edge.

2.6. Optical and luminescence spectroscopy

The transmission spectra were measured in the wavelength
range from 0.3 to 2 um on a spectrometer Lambda 900 (Perki-
nElmer) with the scan step 1 nm. Measurements of lumines-
cence and excitation spectra of the samples were carried out
using an optical spectrofluorimeter FLSP920 (Edinburgh
Instruments) with a 250 W xenon lamp operating in the wave-
length range 240-850 nm. The spectral width of excitation line
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Al was ~10 nm. The luminescence in the spectral region 240—
1650 nm was detected by photomultipliers in a perpendicular
configuration. The spectral resolution of the luminescence
spectra obtained was 1 nm. Glass filters were used to eliminate
scattered excitation radiation.

3. Results and discussion

3.1. SCXRD analysis

Fig. 2 shows the diffraction patterns of the BGO powders
made of the single crystals. Their indexing confirms that the
BGO samples under investigation are isostructural and belong
to the eulytine structure (JCPDS Ne89-1419). A shift for the
reflections at high 20 angles evidences most likely the differ-
ence in the unit cell parameters. In turn, the difference in the
unit cell parameters found for BGO(C) and BGO(P), both
for powdered samples and microcrystals (Fig. 3), evidences
the difference in their actual compositions.

Tables 1 and 2 show the experimental parameters and the
results of refinement of BGO(C) and BGO(P) crystal struc-
tures, and Table 3 shows their refined actual compositions,
namely, (Bi3.994000.006)(G€2.980(48)Bi0.020)O12.00 — for the color-
less BGO(C) crystal and (Bis.987(45M0.013)(Ge€2.988(35)Bio.012)
(O11.98¢5yH0.02) — for the pink BGO(P) crystal (vacancies are
denoted by squares, [J).

As can be seen from the refined compositions, both crystals
contain defects (Table 3). The unit cell parameters of these
crystals are less than those found for the defect-free BisGey 015
crystals, grown by the Czochralski and hydrothermal methods
and investigated by the neutron diffraction including the
refinement of site occupancies (Radaev et al., 1990). Analysis
of the compositions of microcrystals (without standard devia-
tions) allowed to reveal: a small deficiency of oxygen sites (V3)
in the BGO(P) structure and the absence of O vacancies in the
BGO(C) crystal; vacancies in the Bi sites (V/,™) in both struc-
tures (greater for the BGO(P) microcrystal); the presence of Bi
in tetrahedral Ge sites, i.e. antisite defect Bij;, (with the
assumption that Bi has formal charge 3+) for both crystals

® SCXRD
v XRPD

10.5160 \f

10.5140 4

A\Y

10.4980
10.4960
10.4940
10.4920
10.4900 ®
10.4880
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T T
Pink Colorless
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Fig. 3 The unit cell parameters for BGO(C) and BGO(P)
samples according to SCXRD (microcrystals) and XRPD (pow-
dered crystals).

(greater for the BGO(C) sample); the higher Bi content in
the BGO(C) microcrystal compared with the BGO(P) one.

The distorted BiOg polyhedron with the different cation-
anion distances (Bi-302 > Bi-301) is a characteristic feature
of the BisGe4O, crystal structure (Fig. 4a). The distortion is
due to the lone active pair of electrons (E-pair), the location
of which is detected by the analysis of the residual electron
density (x = y = z = 0.9389) in the structure of BGO(C) sam-
ple (Fig. 4b).

According to the calculation of the degree of distortion (3)
of the BiOg polyhedron using the formula 8 = SAd?/(CN — 1)
(Ad is a difference in distances between the vertices of a dis-
torted and ideal coordination polyhedron; the i is changed
from 1 to CN), its value in the structure of BGO(P) sample
(0 = 1.534) is found to be lower than that in the BGO(C)
structure (6 = 1.855). It is due to the presence of O vacancies
(V3) in the structure of BGO(P) sample, which reduce the
action of the active E-pair and contribute to the symmetriza-
tion of polyhedron.
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Fig. 2  Diffraction patterns of BGO powders made of the single crystals (A = 0.6889 A). Box gives the reflection profile for BGO(C) and

BGO(P).

Please cite this article in press as: Kuz’micheva, G.M. et al., Structure and composition peculiarities and spectral-luminescent properties of colorless and pink Biy-
Ge30,, scintillation crystals. Arabian Journal of Chemistry (2017), http://dx.doi.org/10.1016/j.arabjc.2017.07.015



http://dx.doi.org/10.1016/j.arabjc.2017.07.015

Structure and composition peculiarities and spectral-luminescent properties 5

Table 1

Crystallographic data, experimental details and

parameters of BGO crystal structure refinement according to

the SCXRD data.

Sample BGO(C) BGO(P)
Chemical formula  BisGeszOq5
of the nominal
composition
System, Space Cubic, [43d, 4
group, Z
a, A 10.497(2) 10.491(1)
v, A’ 1156.63(1) 1154.49(1)
Dy, gem > 7.155 7.168
Radiation &, A AgKe; 0.55940
Absorption, L, 37.29 37.36
mm~!
T, K 295
Sample size, mm ~0.2 x 0.2 x0.2
Diffractometer CAD-4
Type of scan ®
Omax, deg 34.765 34.79
Limits &, k, [ —19<h <19,

—-19<k <19,

—-19</<19
No. of reflections: ~ 20009/842 15412/842
measured/unique
(> 20(D)
No. of parameters 20 18
in refinement
Weighting scheme  1/[c(Fa) + 1/ [02(F3) +

(0.0353P)> + 55.27P]
P = (F + 2F))3

(0.0344P)* + 36.42P]

Ry (I > 20(1)) 0.0331 0.0298
WR, 0.0798 0.0740
S 1.029 1.061
Program SHELXL-97

The GeO, tetrahedra have equal cation-anion distances
(Fig. 4c) with different O-Ge-O bond angles (Table 2). The dis-
torted BiOg octahedron is connected with the vertices of the
GeQy tetrahedra by the O2 atoms, the most distant from Bi
atoms (Fig. 4d), and with other BiOg polyhedron by an edge
(Fig. 4e). The GeO,4 and BiOg polyhedra are connected with
each other by their vertices to form the chains (Fig. 4f) due
to the connection between the vertices of three GeO, tetrahe-
dra, and four Bi polyhedra, and the edges of two BiOg4 polyhe-
dra. The coordination number of oxygen atoms is three
(CNO = 3): the O atoms are coordinated by two Bi atoms
and one Ge atom.

The refined compositions of Bi crystallographic site corre-
late with the interatomic distances in the BiOg polyhedron
(Table 2): the average Bi-O distance in the structure of BGO
(C) sample with less concentration of defects in the Bi site is
higher than the same distance in the structure of BGO(P) sam-
ple. However, the cation-anion distance in the GeO, tetrahe-
dron is slightly lower in the structure of BGO(C) crystal
compared with the same distance in the structure of pink
BGO(P) one with less Bi content in the tetrahedral sites
(rBi > rGe, r — radius of ion). Such a behavior of the

Table 2 Coordinates of atoms and their equivalent thermal
parameters Ugq X 10% (Az), site occupancies p (SOF) and main
interatomic distances d (A) in the structures of BGO crystals
according to the SCXRD data.

Parameter Sample

BGO(C) BGO(P)
Bil (16¢)
X 0.91248(2) 0.08751(2)
v 0.91248(2) 0.08751(2)
z 0.91248(2) 0.08751(2)
p 0.3328(33) 0.3322(38)
Ueq 0.43(1) 0.39(1)
Ge, Bi2 (12a)
X 0 0
v 3/4 1/4
z 5/8 3/8
Ge
p 0.2483(25) 0.2490(29)
Ueq 0.31(9) 0.22(3)
Bi2
p 0.0017(25) 0.0010(29)
Ueq 2.4(2) 2.2(2)
O(48e)
X 0.9299(8) 0.0695(8)
v 0.8732(8) 0.1260(7)
z 0.7123(7) 0.2875(6)
p 1.00 0.998(5)
Ueq 1.0(1) 0.9(1)
Bi— 3 x O (01) 2.150(7) 2.144(7)
-3x0 (02 2.609(8) 2.602(7)
[Bi-Ol,vr 2.380 2.373
Ge-4x0 1.747(7) 1.751(7)
Bi — 3 x Bi 3.5859(7) 3.5747(7)
-3 x Bi 3.6812(7) 3.6732(7)
[Bi-Bil,yr 3.6336 3.6240
02-Ge-02 105.9(2) 105.9(2)
02-Ge-02 116.7(5) 116.8(5)
0O1-Bi-02 84.2(1) 84.2(1)
01-Bi-02 70.7(3) 70.2(3)
0O1-Bi-O1 85.1(1) 85.4(3)
02-Bi-02 114.0(1) 114.0(1)

Table 3 Characteristics and refined compositions of the BGO
microcrystals.

Initial charge Refined composition (SCXRD)* Color
composition

BisGe30, (Bi3.99440)H0.006)[G€2.98030)Bi.020)  Colorless
BGO(C) O12.00

BiyGe;0,, (Bi3.98745)0.013)(Ge€2.98335)Big.012)  Pink
BGO(P) (O11.98¢5H0.02)

4 Vacancies are denoted by squares, [l.

interatomic distances can be explained by the mutual influence
of polyhedra on each other (a decrease in the Bi-O2 inter-
atomic distance in the BiOg polyhedron increases the Ge-O
interatomic distance in the GeO,4 polyhedron), as it was
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Fig. 4 The BiOg polyhedron (a), the BiOg polyhedron with an active lone pair of electrons (b), the GeO,4 polyhedron (c), the connection
between BiOg and GeOy4 polyhedra (d, e), and the unit cell of BiyGezOq5 (f).

observed in the structure of defect-free BizGe4O1; crystal with
increasing temperature (Radaev et al., 1990).

There is also another explanation for such a behavior of the
interatomic distances in the BGO structures. The presence of
the Bi’*ions in the tetrahedral sites is highly problematic
due to the large cation size ("Bi* " ~ 0.85 A). At the same time,
the presence of the Bi’ “ions (rBi’ " ~ 0.60 A) in the tetrahe-
dral sites, especially together with the other ions with the smal-
ler sizes (Craig and Stephenson, 1975), is justified in terms of
the crystallochemical point of view. According to the oxygen
radius (R ~ 1.38 A), the atoms in the tetrahedral sites may
have dimensions r~ 0.27 = ~0.57 A. On the other hand,
based on the well-known Magnus-Goldschmidt rule, the tetra-
hedral coordination is stable in the range of r/R from 0.225 to
0.414 (r - cation radius, R - anion radius) for preferably ionic
crystals. It follows that the cations with the r ~ 0.31 + ~0.57 A
may be located in the center of tetrahedron, which is consistent
with the above-mentioned limit (r ~ 0.27 + ~0.57 A), taking
into account the limitations for such calculations
(Kuz’micheva, 2016).

3.2. XRPD analysis

The full-profile refinement of structures of BGO single crystals
(Fig. 1c) ground to a powder is performed using a MRIA pro-
gram (Zlokazov and Chernyshev, 1992). Due to the strong cor-
relation between the structural parameters (atomic
coordinates, atomic displacements, and occupancies), the site
occupancies of all the atoms have not been refined. However,
when the atomic displacements for O atoms and the site

occupancies for all atoms are fixed to be B;,(0O) = 1.00 and
p = 1, respectively, the refined atomic displacements for the
Bi and Ge atoms have the following values: B;,(Bi) = 0.34
(2) A% and Bi,,(Ge) = 0.51(3) A - for the BGO(C) sample,
and B;,(Bi) = 0.23(2) A% and B,,,(Ge) = 0.14(3) A? - for the
BGO(P) sample. In this case, it can be concluded that the
greater Bi content (Ng; = 83, N is an atomic number in the
Periodic Table) is in the Ge site (Ng. = 32) of BGO(C) struc-
ture compared with the BGO(P) one, which is consistent with
the results of SCXRD analysis (Table 3).

3.3. EXAFS/XANES spectroscopy

According to the XRPD data obtained for the BGO single
crystals ground to a powder, an average size of crystallites
for both samples can be estimated as hundreds of nanometers,
hence, the content of surface atoms is sufficiently low. There-
fore, it can be assumed that the change in the amplitude of
EXAFS oscillations, which determine the intensity of peaks
on the curves of quasi-radial electron density distribution
and the average values of coordination numbers (CN)
obtained as a result of the simulation of EXAFS spectra, are
not related to a dispersity and due only to the differences
between crystal structures of pink and colorless BGO crystals.

The XANES spectra measured for the BGO(C) and BGO
(P) samples at both edges are almost identical (Fig. 5). The
small shift of ~0.5¢eV in the absorption edge towards lower
energies, found for the BGO(P) sample, could mean a decrease
in the average formal charge (FC) of Bi (the method does not
allow to distinguish similar atoms in different sites) (Fig. 5).
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Fig. 5 The XANES spectra, measured at the Bi Li-edge (a) and Ge K-edge (b) for BGO(C) and BGO(P) crystals.

However, this shift is below the energy resolution of
monochromator: AE/E~2x 107* gives AE~2.6eV at
E =~ 13 keV; repeated measurements do not lead to repro-
ducible shift values but indicate that for the BGO(P) sample
the absorption jump lies in the lower energy region. If only
it is not caused by inaccuracy of measurements or sample
preparation procedures, such a decrease can be explained by
a different distribution of Bi atoms over two crystallographic
sites with different FCs, Bi**and Bi®". The Bi’"content is
found to be lower in the pink BGO(P) crystal compared with
the colorless BGO(C) one. Based on the XANES curves at
the Bi Liy-edge (Fig. 5a), the greater content of the Bi’"ions
in the BiOg sites and lower content of the Bi’*ions in the
GeOQy, sites was found for the BGO(P) sample compared with
the BGO(C) one. Moreover, due to the fact that there are only
Bi*"ions in the distorted octahedron (due to its crystallochem-
ical properties), the Bi ions with FC > 3 occupy tetrahedral
site together with the Ge ions, which is consistent with the
interatomic distances in the tetrahedron (Table 2).

A similar result was obtained for the phase BiysMn>Oy4g
with the sillenite structure (sp. gr. 123; the Bi* "ions with the
active lone pair of electrons are located in semi-octahedral sites
and the Mn’*ions are in the tetrahedra) (Mel’nikova et al.,
2011): the presence of Bi cations in an amount up to 10%
was revealed in the tetrahedral sites using the XANES/EXAFS
spectroscopy. The EXAFS spectrum of this sample at the Bi
L;-edge is well reproduced in the event that one additional
interatomic distance Bi-O ~ 1.90 A is added to a description
model together with three initial Bi-O distances

(2.07-2.56 A). In the XANES spectra at the BiL;-edge, a
slight shift towards higher energies was revealed for the
Bi4sMn,04¢.5 sample with respect to the spectrum of defect-
free Bi3s Si3 0040 sample, which is due to the appearance
of Bi atoms in the tetrahedral sites, i.e. Biry(Bi,Mn),Oy49.5. It
should be noted that the average FC of Bi in the Biyy(Bi,
Mn),040.5 is higher than that in the Bi3, Si3 4o(4/Oa0. This fact
indicates that the FC of Bi in the tetrahedral site of
Biy4(Bi,Mn),0y4¢.5 structure is higher than 3+, i.e. Bi?*?,
The XANES/EXAFS results together with the results of
X-ray analysis of sillenite-family single crystals show that the
concentration of these ions in the tetrahedral sites should not
exceed ~0.25 FU (FU is a formula units) (Mel'nikova et al.,
2014). It should be noted that the possibility of the presence
of Bi**ions together with the Bi’ions in the tetrahedral sites
of sillenite structure has been described in several works, in
particular (Craig and Stephenson, 1975; Harwig, 1978).
Based on the above-mentioned XANES data, the peak on
the curve of quasi-radial electron density distribution at the
Bi edge, corresponding to the Bi-O distance, is to be more
intense in the structure of pink BGO(P) crystal than that in
the colorless BGO(C) one. In the curve at the Ge K-edge
(Fig. 5b), on the other hand, the changes in oxygen peak are
to be minor, as all Ge atoms are located in the tetrahedra in
the structures of both samples. Similarly, an increase in the
Bi content in the special tetrahedral Ge sites should lead to
an increase in the intensity peaks for the Bi-Bi (at the Bi
L;-edge) and Ge-Bi (at the Ge K-edge) distances. In turn,
the intensity of Bi-Ge and Ge-Ge peaks should be decreased
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due to the fact that the portion of heavy Bi atoms in the Ge
sites is reduced. All the above-mentioned changes are corre-
lated with the EXAFS data (Fig. 6).

There are challenges in the quantitative interpretation of
EXAFS at the Bi Ls-edge, caused by the Bi location in two dif-
ferent crystallographic sites and asymmetry of the local envi-
ronment of Bi in the Ge sites (Fig. 6a). Coordination
environment of Bi in the GeOy, includes three close O atoms
(Bi-Ogjpse ~ 2.15 A) and three more distant O atoms (Bi-
Ofar ~ 2.60 A). Close and distant O atoms are to be described
by two independent scattering paths. Hence, a model with
three independent scattering paths is to be used for a correct
description of the most intense Bi-O peak. The location of Bi
atoms in the Ge sites should not be taken into account due
to the fact that the typical values of accuracy make up more
than 10% (when determining the CN of atom according to
the EXAFS data). In this case, only two scattering paths, cor-
responding to the octahedral oxygen environment of Bi atoms,
should be included into the model. The parameters of this
model are shown in Table 4. The CNs for close and distant
O atoms were equated to simplify the model according to rea-
sons related to large size of the particles (see above). Giant val-
ues of the Debye parameter for distant O atoms are not caused
by any errors in measurement or simulation: the forced reduc-
tion of these values (for example, by equating to the Debye
parameters made for close O atoms) leads to an increase in
the R-factor (reliability factor) up to a few percent, and an
independent determination of CN leads to incorrect values,
which are significantly greater than the bulk values for a per-
fect crystal. Such high values of the Debye parameter can be
easily explained by the fact that the distant O atoms, which
form the Bi environment, are, at the same time, close neighbors

of the Ge atoms. In case of the partial substitution of Ge atoms
by the Bi ones (antisite point defects, Biy,), these O atoms
should be shifted significantly. It follows that an increase in
the Debye parameter is not associated with the thermal fluctu-
ations of atoms, but it is probably due to the point defects in
the crystal structure. A small value of the Debye parameter,
defined for the same atoms from the EXAFS spectrum at the
Ge edge, confirms this assumption (Table 5).

A decrease in the content of Bi® " ions in the BGO(P) crystal
compared with the BGO(C) one (Table 3) can be explained by
the growth of BGO(P) crystal in a reducing atmosphere:

Sn**C,04 — Sn** O + (Bi3.99470.006)
x [Geassouas) (Biy ", Bi) ),
— Sn*" 0, + (Bisos7as)0.013)

X [Geoss(as) (B} B ") 01] (Or1.98(500.02)
x (BGO(P)) with y > z.

]012.00(BGO(C))

It should be noted that the refinement of the BGO(P) crys-
tal structure, taking into account that the Sn ions can partially
occupy tetrahedral or octahedral sites, resulted in incorrect
thermal parameters.

Thus, an investigation of the statistical crystal structure of
colorless BGO(C) and colored (pink) BGO(P) crystals by the
full-profile method (powdered crystals) and X-ray diffraction
analysis (microcrystals), as well as an investigation of the local
structure of crystals by the X-ray absorption spectroscopy,
allows to obtain a general picture of the defect formation in
the samples under investigation: 0 — V™ + Bij;,, + Bif; -
for BGO(C) crystal and 0 —» V},™+Bij;, + Bifi + Vi + ne’
or 0 > V™ + Biy,, + Biff + (V&, ne')* - for BGO(P) crystal
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BGO(P) BGO(P)
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Fig. 6 EXAFS Fourier transforms, measured at the Bi L;-edge (a) and Ge K-edge (b) for BGO(C) and BGO(P) crystals. The first peak
corresponds to the oxygen environment of both atoms (single scattering path for photoelectrons M-O, M = Bi, Ge), the second and the
third peaks (for Bi) correspond to M-Bi and M-Ge. The arrows show the behavior of the spectra intensity.
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Table 4 Results of EXAFS data modeling for the Bi L;-edge in the range of distances R = 1.2-2.6 A: R, interatomic distance (the

length for single scattering path); CN, coordination number; c2,

atoms (see Fig. 4).

the Debye—Waller factor; Ogjose and Oy, close and distant oxygen

Sample Scattering path R A CN o2 A2 Ry, %

BGO(C) Bi—O¢jose 2.16 2.9 0.0039 1.4
Bi-Oy,, 2.60 2.9 0.0103

BGO(P) Bi-Ogjose 2.17 2.5 0.0015 1.0
Bi-Op,, 2.62 25 0.0105

Table 5 Results of EXAFS data modeling for the Ge K-edge in the range of distances R = 1.0-2.2 A: R, interatomic distance (the
length for single scattering path); CN, coordination number; o2, the Debye-Waller factor.

Sample Scattering path R A CN o2 A2 Ry, %
BGO(C) Ge-O 1.76 4.0 0.0022 1.27
BGO(P) Ge-O 1.76 4.1 0.0024 1.82
1,0
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Fig. 7 Absorption spectra of the colored BGO(P) crystal after the vacuum annealing of the colorless BGO(C) crystal in the graphite

crucible at 900 and 950 °C.

taking into account the color center (V§,ne’)*. The
similar change in color from colorless to pink, found for the
Gd;Gas0;, crystals with the garnet structure, was also caused
by the presence of the color center (Vp,2¢)* (F-center)
(Kuz'micheva et al., 1988).

3.4. Optical and luminescent properties

The colorless BGO crystals are transparent in the spectral
range of 0.35-6.5 um. The BGO(P) crystal, having specific
pink color, is characterized by a series of absorption bands
in the visible range at 365, 455, and 518 nm and by weak
absorption bands at 960, 1230, and 1800 nm (Fig. 7).

A luminescence in the visible region at 480—-500 nm and its
absence in the infrared region have been revealed for the
colorless BGO crystals (Atroschenko et al., 1998). For the
pink-colored BGO(P) sample, treated in vacuum in a graphite
crucible, two luminescence peaks, the broad one at 1000—
1100 nm and the narrow one at 1500 nm, were detected
(Fig. 8). The excitation spectrum of the luminescence band
at 1030 nm consists of the narrow band peaked at 370 nm,
whereas one of the luminescence band at 1500 nm has the
broad band at 450 nm. It should be noted that the presented
excitation spectra consist of the overlapping bands. As a con-
sequence, both the Iuminescence bands appeared at 400-nm
excitation (Fig. 8). Also, when excitation wavelength was
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Fig. 8 Luminescence spectrum excited at 400 nm (a) and excitation spectra of 1030 (b) and 1500-nm (c) luminescence of the colored
BGO(P) crystal obtained by vacuum annealing of the colorless BGO(C) crystal in the graphite crucible at 900 °C.

varied, both the luminescence bands were also observed
whereas their luminescence intensity ratio changed. The occur-
rence of infrared luminescence at 1000-1100 and 1500 nm was
observed only for the colored (pink) BGO(P) samples.

4. Conclusions

The colorless and colored BiyGeszO1,, BGO, crystals have been
grown by the Czochralski method, the pink color of crystals
was achieved by an additional annealing in a reducing atmo-
sphere in graphite crucibles. The temperature-time interval
for synthesis of colored BGO crystals using a special reducing
agent, stannous oxalate, was determined. The actual composi-
tions of the crystals, taking into account the composition of
each crystallographic site, have been determined by the
single-crystal X-ray diffraction analysis and confirmed by the
powder X-ray diffraction and X-ray absorption spectroscopy.
In the structures of both crystals, the Bi ions are distributed
over two, octahedral and tetrahedral, sites. The greater and
lower Bi content were found in the octahedral and tetrahedral
sites of colorless crystal structure, respectively, compared with
the pink crystal, in which the Bi®* content is reduced due to the
reducing treatment atmosphere. Oxygen vacancies were
detected in the structure of the pink crystal, which coloration
is due to the presence of color centers, the associates of an oxy-
gen vacancy and an electron localized near it. The results of
investigation of BiyGe;Oy, single crystals are in a good agree-
ment with the results of investigation of sillenite-type single
crystals and other complex oxides, having similar structural
features with the eulytine structure.
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