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Abstract

The RbSbGe;O9 compound, grown by the high-temperature solution technique from the
Rb,Mo4013 flux, crystallizes in the trigonal non-centrosymmetric space group P31c (n°. 159).
The structure was solved and refined from single-crystal X-ray diffraction data recorded at
ambient temperature, a = 12.1378(2), ¢ = 9.9553(2) A, V = 1270.18(5) A% R1 = 0.0241 and
WR2 = 0.0452 for all data. The unit cell contains six formula units. The three-dimensional
RbSbGe;0g network is built with three-membered units [Ge;Oo]® of regular germanate
tetrahedra involving three independent Ge atoms. The GezOj3 central rings located in the ab
plan deviate only slightly from the planarity. Antimony Sb" is octahedrally coordinated by
oxygen, and rubidium (Rb"), which is surrounded by six oxygen atoms, is located in the
channels of the 3-D network. The structure of RbSbGe;Og containing both isolated SbOg
octahedra and Ge3Og cyclic units is comparable but not isostructural to the benitoite type. The
almost flat character of the GezOs rings is also attested by the vibrational study at room
temperature via non-polarized infrared and Raman spectroscopy.

KEYWORDS: A. oxides, B. crystal growth, C. X-ray diffraction, C. Raman spectroscopy, D.
crystal structure
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1. INTRODUCTION

Since non-polar and non-centrosymmetric single-crystals are potential candidates for
integrating devices in the fields of piezoelectric and/or nonlinear optical applications, the
development of new compositions is still current. For many years, we have been interested in
the germanate family with the development and the characterizations of the GeO, single-
crystal with the a-quartz structure [1-4]. Our researches are now focused on the benitoite-type
family and especially on the compounds of general formula MXGe3;Og9 where M is a
monovalent or bivalent chemical element with a large size (K, Rb, Ba, Ca, Tl) and X is a
tetravalent or pentavalent element which can adopt an octahedral coordination (Sn, Nb, Ti,
Ta, Zr) [5-11]. These non-centrosymmetric oxides present a mixed framework built with XOg
octahedra and GeO, tetrahedra, the latter forming a 3-membered ring anion [GesOq]® with the
local high symmetry D3, [5,6,9].

Very few cyclogermanate compounds with a benitoite-like structure have been identified and,
for the majority, it is indicated in the literature that they were obtained in the form of powder
or ceramic [5-11]. This is why it seemed important to us to develop new germanate
compositions and to obtain them as single-crystals.

This paper reports on the crystal-growth using the flux method of the new cyclogermanate
RbSbGe;0y, and its structure determination using single-crystal X-ray diffraction data
registered at room-temperature. The optical properties of the as-grown crystal, investigated

through infrared and Raman spectroscopies, are also discussed.



2. EXPERIMENTAL SECTION

2.1 Single-crystal growth.
The slow-cooling method of the high-temperature solution growth technique was used to
spontaneously nucleate RbSbGe;Oq crystals. First, a glass from the GeO,-SbO;5 binary-
system was prepared, from the starting materials Sb,O3; and GeO, mixed in the Sb/Ge molar
ratio of 0.33, to be used as the solute. This mixture was heated above its melting temperature
in a platinum crucible, held two hours for homogenization and ice-quenched to room-
temperature. The Rb,M0,0:3 compound (T¢ = 530°C), chosen as the flux, was synthesized
from Rb,CO3; and MoO; via a solid-state reaction at 450°C during two weeks.
For the high-temperature flux growth experiments, the glass solute was thoroughly mixed
with the flux respecting a solute-to-flux ratio of 10/90 in weight. A charge of 20 g of this
mixture was placed in a 25 cm® platinum covered crucible, heated up to 970°C and kept for 12
h at this temperature without mechanical rotation. Then, the melted charge was slowly cooled
down to 745°C at the rate of 1°/hr. The growth experiment yielded colorless crystals with
quality and size suitable for single-crystal X-ray structure determination and vibrational

characterizations.

2.2 Single-crystal X-ray collection.
A small platelet was selected for X-ray experiments using a stereomicroscope equipped with a
polarizing filter. The room-temperature diffracted intensities were collected on a Bruker D8
Venture 4-circle diffractometer equipped with an Incoatec IuS 3.0 Mo micro-source (110 pm
beam, MoKa radiation) and a Photon Il CPAD detector. The data collection and the cell
refinement were performed with the Apex software suite [12] also used for data reduction,
intensity scaling and correction for Lorentz and polarization effects. Absorption correction

was applied using the multi-scan method (SADABS).



The structure was solved and further refined on F? by the full-matrix least-squares method
provided in the SHELXTL software package [13,14].

The atomic positions and the anisotropic displacement parameters have been refined for all
the atoms. The entire filling of the atomic sites has been checked by the free refinement of the

occupational factors which did not deviate from unity within the standard deviation limits.

2.3 Characterizations.

The X-ray powder diffraction experiment was performed at room temperature using an X’Pert
Pro Il diffractometer (PANalytical) equipped with a dichromatic Cu Ka radiation and a CCD
detector. Scanning step width of 0.033° in 26 and scanning rate of 400 s/point were used to
record the patterns in the 26 range from 10 to 80°.

EDX analyses were set up on a Quanta 200 FEG (FEI) Scanning Electron Microscopy (SEM)
equipped with an SDD diode as the detector (Oxford INCA). Spectra were registered under a
low vacuum (around 10 Pa) at 15 kV.

The room-temperature Fourier Transform Infrared transmission (FTIR) spectrum was
registered via the KBr method (KBr salt transparent to the infrared light), in the air using an
IFS 66v spectrometer (Bruker) supplied with a detector MCT. The resolution is + 4 cm™.

The non-polarized Raman spectrum was recorded at room temperature in 180° backscattering
geometry, using the 473 nm excitation line of a blue diode laser, on a Horiba Jobin-Yvon
LabRam Aramis confocal spectrometer equipped with an Olympus optical microscope and a
Peltier-cooled charge-coupled device (CCD). The spectral resolution accuracy is of the order
of +2cm™.

The differential scanning calorimetry (DSC) experiment was carried out using a NETZSCH
STA 449F1 equipment, in the air, with a heating rate of 5°/min from ambient temperature to

1200°C.



3. RESULTS AND DISCUSSION

3.1. Crystal growth

Via spontaneous nucleation from the high-temperature flux method, visually transparent and
colorless as-grown crystals with a micro-meter size were obtained. These crystals display
platy and hexagonal-shaped geometries. Only the Ge, Rb and Sb contents were detected via
EDX chemical analysis, they were found in the atomic proportions Rb/Sbh of 1 and Ge/Sb of
3. No significant variation in the composition was noticed from at least three microprobe
analyses across the crystal. This result agrees with the nominal RbSbGes;Og stoichiometric
composition.

The DSC measurement, from room-temperature to 1200°C with a 5 °/min heating rate, has
shown a unique exothermic thermal event occurring at 1061+1 °C (maximum of the peak).
This means that the compound RbSbGe30yq is thermally stable up to = 1010 °C and does not
undergo a structural transformation up to this temperature.

The 0-20 X-ray powder diffraction pattern recorded for RbShGe;Oq is shown in Figure 1.
Most of the reflections can be indexed based on the JCPDS card number 00-027-0524 [15]
which mentions a hexagonal system with P 6c2 space group (n°. 188) and cell constants a =

7.0008, and ¢ = 9.9402 A. However, some small reflections occurring in the 26 range from 20
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to 25° are not taken into account.

Figure 1: Room-temperature X-ray powder diffraction pattern of RoSbGe3;Og sample.

3.2. Structure determination, and description.

Indexation of the reflections recorded for the single-crystal of RbShGes;Oy, in such a unit cell
of dimensions a = 7.0, ¢ = 9.94 A would require to disregard too many diffraction spots. To
take into account the whole diffraction spots, a larger primitive lattice must be considered.
This choice is also supported by the entire indexation of the X-ray powder pattern, given in
Figure 1, in a trigonal P31c cell of parameters a = 12.1378(2) and ¢ = 9.9553(2) A, using the
profile fitting procedure of Jana2006 [16]. The statistical tests on the diffracted intensities
indicate a non-centrosymmetric space group. The extinction conditions are compatible with
the symmetry P31c and the structure solution found in this space group could be refined to 3.4
%. The occurrence of twinning was confirmed during the final steps of the refinement and the
consideration of the twin law [0 1 01 0 0 0 0 -1] led to an additional improvement in the
agreement factor which finally converges to R1 = 2.07 %.

The crystal data and the refinement parameters are reported in Table 1 while the atomic
positions and displacement parameters are listed in Table 2. Supplementary data can be
obtained from the CIF file, with the CSD number 1981899, freely available at the Cambridge
Crystallographic Data Center [17].

The structure of RbSbGe3Oq is in very good agreement with that proposed for the room-
temperature BaTiGe3;Og (BTG) allotropic form [6] and the high-pressure BaTiSi3Og (BTS)
silicate [18]. The authors have indexed the X-ray powder patterns of the BTG compound in a
P31c trigonal cell, a = 11.73 and ¢ = 10.02 A, which contains 6 formula units [6]. Regarding
the high-pressure BTS polymorph, the single-crystal structure solved from X-ray data is also
described with Z = 6 in the P31c space group for a lattice of dimensions a = 11.3382(9) and

¢ = 9.6584(9) A [18].



Table 1. Main crystal data and refinement parameters for RbSbGe3Os.

Formula weight
Wavelength (A)
Space group
Temperature (K)
a (A)

c(A)

V (A%

Z

Calculated density (Mg/m?)

p (mm™)

Crystal (mm)

0 range (°)

Index ranges
Collected reflections

Independent reflections

Refined parameters
Goodness-of-fit on F

Final R indices [ > 2o(])]

R indices (all data)

Absolute structure parameter

Extinction coefficient

Ap Fourier residuals (e.A™)

568.99

0.71073

P31c, (n°159)

293 (2)

12.1378(2)

9.9553(2)

1270.18(5)

6

4.463

19.44

0.19 x 0.17 x 0.09

2.818 - 49.507

-25<h<23, -25<k<25, -21<I<21
49196

8563 [R(int) = 0.0369]

131

1.037

R1 = 0.0208, wR2 = 0.0444
R1 =0.0241, wR2 = 0.0452
0.030(4)

0.0045(2)

1.37/-1.02

Table 2. Atomic positions and equivalent displacement parameters (AZX103) for RbShGe30o.

Ueq is defined as '3 of the trace of the orthogonalized Uj; tensor.

X y Z Ueq
Sb 0.3346(1) 0.3310(2) 0.5164(1) 4(1)
Ge(1) 0.1267(2) 0.2936(1) 0.2595(1) 5(1)
Ge(2) 0.1668(1) 0.3749(1) 0.7691(2) 5(1)
Ge(3) 0.5398(1) 0.4995(1) 0.7739(1) 5(1)
Rb(1) 0 0 -0.0108(1) 16(1)
Rb(2) 0.66667 0.33333 0.5322(1) 21(1)
Rb(3) 0.33333 0.66667 0.5292(1) 22(1)
0() 0.1677(2) 0.2483(2) 0.1107(3) 13(1)
0(2) 0.3867(2) 0.4728(2) 0.1467(3) 12(2)
0(3) 0.2672(3) 0.4246(3) 0.9062(3) 19(1)
0(4) 0.4248(3) 0.4979(2) 0.4286(3) 12(1)
0(5) 0.6285(2) 0.5138(2) 0.2633(4) 11(1)
0(6) 0.2527(3) 0.4044(3) 0.6210(3) 17(2)



o(7) 0.1939(3) 0.2577(3) 0.3906(3) 20(1)
0(8) 0.1507(2) 0.4477(2) 0.2648(4) 12(1)
0(9) 0.0379(2) 0.2228(2) 0.7828(3) 9(1)

The crystal structure of RbSbGe;Og can be considered as composed of GezOg units linked
through octahedrally coordinated Sb atoms (Sh-O distances in the range 1.937(3) - 1.962(3)
A) to form a three-dimensional network. The Diamond [19] drawing given in Figure 2
represents the 3-D network viewed as SbOg coordination polyhedra and GeO, regular
tetrahedra linked by corner-sharing. The Rb atom is surrounded by six oxygen atoms at
distances ranging from 2.914(3) to 2.987(3) A and it is located in the channels of the network.
The Ge-O distances range from 1.707(3) to 1.775(2) A with an average value of 1.740 A. The
0-Ge-O angles vary from 102.36(14) ° to 116.42(16) ° with an average value of 109.21°.

Some selected bond distances and angles are given in Table 3.

Figure 2. Projection of the structure of RbSbGesOg (P31c, a = 12.1378, ¢ = 9.9553 A), GeO,
tetrahedra in blue, SbOg octahedra in brown and Rb" ions in green.



Table 3. Selected bond length and angles for RbSbGe3Oq crystal. The standard deviation is

given in parenthesis.

Bond distances (A) Angles (°)
Sb-0(6) 1.937(3) 0(6)-Sb-0(7) 91.25(12)
Sb-0(7) 1.938(3) 0(6)-Sh-O(2)#1 91.89(13)
Sh-O(2)#1 1.954(3) 0(7)-Sb-O(2)#1 173.96(8)
Sb-O(1)#1 1.957(2) 0(6)-Sh-O(L)#1 94.01(11)
Sh-O(3)#2 1.960(3) 0(7)-Sb-O(L)#1 86.70(11)
Sh-0(4) 1.962(3) 0(2)#1-Sb-O(L)#1 87.95(10)
0(6)-Sb-O(3)#2 176.47(12)
0(7)-Sb-O(3)#2 89.67(14)
O(2)#1-Sb-O(3)#2 87.50(9)
O(1)#1-Sb-O(3)#2 89.44(11)
0(6)-Sb-O(4) 85.10(8)
0(7)-Sb-O(4) 95.47(11)
0(2)#1-Sb-O(4) 89.94(12)
O(1)#1-Sb-O(4) 177.67(15)
O(3)#2-Sb-0(4) 91.43(13)
Ge(1)-0(7) 1.707(3) 0(7)-Ge(1)-0(1) 108.71(14)
Ge(1)-0(1) 1.738(3) 0(7)-Ge(1)-0(8) 113.97(17)
Ge(1)-0(8) 1.744(2) 0(1)-Ge(1)-0(8) 116.42(16)
Ge(1)-0(9)#3 1.775(2) 0(7)-Ge(1)-0(9)#3 102.36(14)
0(1)-Ge(1)-0(9)#3 105.68(13)
0(8)-Ge(1)-0(9)#3 108.44(11)
Ge(2)-0(3) 1.726(3) 0(3)-Ge(2)-0(9) 114.49(16)
Ge(2)-0(9) 1.728(2) 0(3)-Ge(2)-0(6) 110.72(15)
Ge(2)-0(6) 1.736(3) 0(9)-Ge(2)-0(6) 114.67(15)
Ge(2)-O(5)#4 1.756(3) 0(3)-Ge(2)-O(5)#4 102.68(15)
0(9)-Ge(2)-O(5)#4 110.04(11)
0(6)-Ge(2)-O(5)#4 102.90(15)
Ge(3)-0(4)#1 1.729(3) O(4)#1-Ge(3)-0(2)#1 109.69(13)
Ge(3)-0(2)#1 1.740(3) O(4)#1-Ge(3)-O(5)#1 112.70(16)




Ge(3)-0(5)#1 1.749(3) O(2)#1-Ge(3)-0(5)#1 115.97(15)

Ge(3)-O(8)#5 1.753(2) O(4)#1-Ge(3)-O(8)#5 102.71(15)
0(2)#1-Ge(3)-O(8)#5 104.38(16)
O(5)#1-Ge(3)-O(8)#5 110.23(11)

Rb(1)-0(1) (3%) 2.924(2)

Rb(1)-O(7)#6 (3x) 2.987(3)

RDb(2)-O(3)#6 (3x) 2.914(3)

Rb(2)-O(2)#7 (3x) 2.963(3)

RDb(3)-O(4)#8 (3x) 2.951(3)

Rb(3)-0(6) (3x) 2.968(3)

Symmetry transformations used to generate the equivalent atoms:
#1yxz+1/2; #2yXxz-1/2; #3 -X,-x+Yy,z-1/2 ; #5 -x+y,-x,z ; #4 x-y,-y+1,2+1/2 ;
#5 X-y+1,-y+1,2+1/2; #6 -X+1,-X+y,z-1/2 ; #7 -x+1,-x+y,z+1/2; #8 -x+y,-x+1,z

The Ge3zOg unit made of GeO, tetrahedra and involving three independent Ge atoms four-fold-
coordinated by oxygen is represented in Figure 3. The germanium and oxygen atoms forming
the Ge3O3 central ring are nearly coplanar as indicated by the small deviations of their fitted
positions from the mean ab plan (maximal distance to plan is + 0.1 A), Figure 2. The unit cell
of RbShGe3;0g contains two sheets of Ge3O3 rings approximately located at z = 0.25 and z =
0.75 along the c-axis (9.95 A). In agreement with the symmetry of the P31c space group, the
Ge30g units (and GezO3 central rings) in the cell conform to the three-fold symmetry instead
of the six-fold symmetry described for the benitoite-type structure within the P6c2 space
group [20]. A distortion of the Ge3O3 ring arising from the weaker symmetry of the trigonal
space group causes variations in the O-Ge-O angles involving the out-of-plane oxygen atoms.
It has been shown that this kind of distortion would be an inhibitor of the appearance of the
benitoite-type structure characterized by GezOs planar cycles [21, 22]. However, the structure
of RbSbGe3;0g resembles that of benitoite with the presence of both isolated SbO¢ octahedra
and Ge3Og cyclic units but is not isostructural due to small deviations of symmetry leading to
both different space groups and unit cells. It should be noticed that some germanate as

RbXGe;0, with X = Ta” or Nb" were found to crystallize in the hexagonal P6c2 space group



with the benitoite-type structure [7]. Therefore, it seems that the existence of the benitoite
structure depends on the nature of the element X", and more precisely, on its size when

coordinated by six oxygen atoms [7].

Wos 602 01‘

Figure 3: Representation of the GezOg cyclic unit in RbShGe3zOg formed with an almost
planar Ge;O3 central ring. The atoms are labelled according to numbers in Table 3 and the

mean plane (approximately ab plane) is drawn in green.

3.3 Optical characterization

The transmitted infrared (IR) and the Raman spectra, both recorded at room-temperature, for
the new non-centrosymmetric RbSbhGe;Og material are presented in Figure 2. In the area of
valence frequency 500-1000 cm™, the fingerprint of our IR spectrum is consistent with a
previously published work [21] and the most characteristic IR band of a Ge3Os3 planar ring is
immediately identified at 566 cm™, Figure 4a. It has been reported for the germanates of
benitoite-type that this band, associated with the symmetric deformation vibration vs(GeOGe),
is unique as long as the Ge3;Oj3 ring has the local D3, high symmetry and splits into a multiplet
for a distorted ring [21, 22]. No splitting is observed for this high-intensity “ring IR band” in

the infrared spectrum of RbSbGes;Oq, this is consistent with the single-crystal structure



determination as the deviation of Ge and O atom positions from the mean plane of the Ge;O3
ring is very small (max. 0.1 A).

The non-polarized Raman scattering spectrum, Figure 4b, registered for a single crystal
platelet of RbSbGe;Oq using a 473 nm laser line is in agreement with the earlier published
spectrum collected at 632.8 nm on a powdered sample [21]. It can be divided into 3 parts: the
low-wavenumber domain [100-350] cm™, the middle range [400-650] cm™ and the high-
frequency zone [750-950] cm™. The mid-range is particularly interesting because this is the
domain where the bands associated with “ring vibrations” appear. The strong Raman bands
centered at 489 and 523 cm™ can be assigned to the symmetric stretching of Ge-O-Ge in the
Ge30g cycle as it has already been reported [10].

The IR and Raman results are both consistent with the presence of Ge3Og units in the

RbSbGe30g structure and with the almost perfect planarity of the Ge;O3 central ring.

I N ) N I ! ! ! I ! | ! L) ' I ' I

IR (%)

KBr-pellet

566

800837 847
l L

I L ! . ! * ! > ! ¥ | ? | L ! "
100 200 300 400 500 600 700 800 900 1000

el L v T v | T J T5o3" 1 v T — LA—
S 489
o | a =473 nm (b)
— laser
©
e
c
£
T 165
e 270 428§
202
o o [sV]
0~ 224 558 w= oD - 9
X 324 R 3 23

1

) ' ) ' ) | | ' 1 ' | M '
100 200 300 400 500 600 700 800 900 1000
Wavenumber (cm™)



Figure 4: Unpolarized infrared (a) and Raman (b) spectra registered at room-temperature for
RbSbGe3;0g samples.

4. CONCLUSION

A new colorless and transparent germanate has been obtained as single-crystals by the flux
method. It is thermally stable up to its melting point at 1061°C and it is not air-sensitive. The
room-temperature RbSbGezOg structure, solved and refined in the non-centrosymmetric space
group P31c, even if not isostructural, is comparable to the benitoite-type in terms of
polyhedral content, with the coexistence of SbOg isolated octahedra and GezOg cyclic units.
The slight deviation in the z-position of atoms that form the GesO3 ring is responsible for
lowering of the space group symmetry but it is not significant enough to affect the vibrational
“ring band” characteristics as shown by IR and Raman spectroscopy. The RbSbGe3;Oq
germanate is isostructural to the BaTiGe;Og room-temperature allotrope and to the high-
pressure BaTiSizOg silicate.

This oxide material which displays a large thermal stability range may have piezo-electrical
and non-linear optical properties, even at elevated temperatures. Therefore, larger single-
crystals must be obtained to determine if this material is anisotropic and changes properties

with direction.
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