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Abstract

Polycrystalline ceramic samples of pure fresnoite compound of formula Ba2TiOSi2O7 and germanium (Ge4+) doped compound Ba2TiO-

Si1.8Ge0.2O7 have been prepared by standard solid state reaction technique using high purity oxides and carbonates. The pure compound of

fresnoite was sintered at 1300 8C while the Ge4+ substituted compound was sintered into pellet form at 1180 8C. The formation of the single phase

compound was confirmed by X-ray diffraction (XRD) and the structural parameters were refined by the Rietveld analysis. A good agreement

between observed and calculated X-ray diffraction pattern was obtained from the Rietveld refinement using noncentrosymmetric space group

P4bm. The bond distances along with bond angles between atoms for both the compounds as well as the position of the atoms in the unit cell were

calculated which supports the structural results. The grain size of both the compounds was investigated from SEM micrographs. The results are

discussed in detail.
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1. Introduction

A number of new barium bearing silicate minerals have been

discovered during the course of geological study of the

sanbornite deposits of eastern Fresno County, California.

Fresnoite, a barium titanium silicate mineral of general formula

Ba2TiOSi2O7 is one of them [1]. It is a rare mineral and showing

noncentrosymmetric tetragonal structure of point group 4mm

with space group C2
4V -P4bm [2]. Due to the noncentrosym-

metric crystal structure, this material shows good ferro, piezo,

pyro as well as optical and other nonlinear properties useful for

different practical devices [3–10]. The electromechanical

coupling factor of single crystal grown by Czochralski method

is large enough (k = 0.28) for piezoelectric devices and hence it

could be exploited as an alternate substrate material for surface

acoustic wave (SAW) devices [11,12]. It is interesting to note

that the single crystal data shows a broad peak in dielectric

permittivity at �433 K but the same peak is absent in dielectric

loss curve. It is surprising that the ceramic samples fail to reveal
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a reproducible dielectric anomaly at 433 K shown in case of

single crystal [4]. Not only that a small reproducible dielectric

anomaly has also been reported in the frequency range 0.1–

100 kHz at 805 K [13]. It was reported that an elastic anomaly

observed at 435 K might likely be associated with a

commensurate–incommensurate phase transition [14]. How-

ever, the single crystal X-ray data taken at 297 K and at 573 K

revealed no change in symmetry except small change in atomic

position, the largest of which were less than 0.02 Å [9]. It has

also been reported that the differential scanning calorimetry

(DSC) measurement from 300 to 875 K showed a wide (�60 K)

reproducible thermal anomaly at 433 K with enthalpy change

DH = 60(10) J mol�1 and corresponding entropy change

DS = 0.19137 J mol�1 K�1. A thermal anomaly of comparable

width was also observed at 810(5) K with DH = 160 J mol�1

and DS = 0.2 J mol�1 K�1 [13]. Uchida et al. suggested that the

second order optical nonlinearity of the crystal was strongly

affected by the distortion of the crystal structure [15]. Recent

studies indicate that an optically transparent nanocrystallized

glass demonstrate strong second harmonic generation (SHG)

and blue photoluminescence, whereas the Sm3+ doped glass

ceramic samples of fresnoite show visible up conversion

luminescence by focused IR femtosecond laser pumping which
d.
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Fig. 1. RT X-ray diffraction patterns of Ba2TiOSi2O7 and Ba2TiOSi1.8Ge0.2O7.
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was enhanced by heat treatment [16,17]. Latest investigation

indicates that the glassy fresnoite revealed anomalous boson

behavior suggesting that an elastically softer region exists at the

interface of the fresnoite nucleus/crystallite in the super cooled

liquid state [18]. Recent studies on oriented crystallization

using thermal gradient, crystallization kinetics and electrical

properties through impedance spectroscopy were also carried

out on fresnoite and fresnoite like glassy materials [19–22]. The

ceramic sample also showed good hysteresis loop at room

temperature but the shape of the loop remained unchanged

when temperature increased to 875 K. It is surprising that the

high temperature X-ray, DTA and specific heat measurements

gave no indication of phase transition.

From the existing literature it has been observed that

different authors have tried to investigate, analyze and

understand the anomalous physical behavior using different

experimental techniques but the adequate explanation is still

lacking and need further improvements. Apart from the existing

literature, no literature reports on structural refinement using

Rietveld analysis and its other physical properties either in

single crystal or in ceramic form except glass ceramics [23] to

understand the electronic behavior in bulk. Because of the

technological importance and interesting physical properties, it

is necessary to understand the crystal structure of these

materials. The present paper reports on the synthesis, detailed

structural analysis using the Rietveld refinement method and

morphological properties of pure and 10% Ge-doped fresnoite

compounds.

2. Experimental

The polycrystalline ceramic samples of pure and Ge-

substituted fresnoite compounds of chemical compositions

Ba2TiOSi2O7 and Ba2TiOSi1.8Ge0.2O7 were prepared by

conventional solid state reaction technique using high purity

carbonates and oxides [BaCO3, TiO2, GeO2 and SiO2 (99.9%

pure obtained from CDH Bombay and E-MERCK Germany)].

Stoichiometric mixture of these oxides and carbonates was

thoroughly mixed in liquid medium for several hours and then

calcined at 800 8C for 8 h and at 900 8C for 8 h in silica crucible

in air atmosphere. The process of mixing and calcination was

repeated until a fine homogeneous powder of the material was

obtained. The resulting mixture was compressed into pellet

form by applying pressure around 5 tones/cm2 (498 MPa) using

hydraulic press. The pellets of pure sample (X = 0.0) were

completely melted when heated to 1300 8C for 0.5 h in an

electric furnace. The melted sample was cooled at the rate of

1 8C/min down to 1100 8C then further cooled at higher rate up

to room temperature. The melted sample was scratched from

the platinum crucible and repelletized after grinding. Now,

these pellets were sintered at 1100 8C for 45 min and then

electroded with silver paint for electrical measurement. The

pellets of Ge-doped samples were sintered at 1180 8C for 2 h.

The color of pellets was changed from white to light yellow

after the sintering. The formation of the single phase compound

was checked by X-ray diffraction pattern using the Rigaku X-

ray diffractometer with CuKa radiation and nickel filter in a
wide range of 2u from 108 to 908 with a scanning rate of 28/min.

The instrument was calibrated using the pure silicon sample

provided with the instrument. The lattice parameters and other

crystal structural information such as bond distances, bond

angles, atomic position in a unit cell etc. were obtained by the

Rietveld refinement program ‘Fullprof’ using a Pseudo-Voigt

function. The surface morphology and grain size of the samples

were measured by scanning electron microscopy (SEM) using

the JEOL, JSM-5600 SEM with different magnifications in

back scattered mode.

3. Results and discussion

The room temperature (RT) X-ray diffraction patterns of the

samples Ba2TiOSi2O7 and Ba2TiOSi1.8Ge0.2O7 are shown in

Fig. 1. From the X-ray diffraction patterns, it is observed that all

the X-ray peaks of the pure compound except two very low

intensity peaks at 2u = 26.378 and 31.498, are well matching

with the JCPDS Card No. # 84-0294. From the X-ray

diffraction pattern it is also observed that there is a small

shift in some of the peaks positions and intensities for the

substituted compound with respect to the pure compound. In

spite of minor difference in some of the peak positions and

intensities as well as absence of peak at 31.498, 2u position in

Ge-doped compound, both the compounds show almost similar

XRD pattern.

In the present study, we have adopted the Rietveld

refinement technique to investigate the crystal structure of

both the compounds. The Rietveld refinement of the X-ray data

generated from the machine for both the compounds were

performed with the program Fullprof [24] using a Pseudo-Voigt

function convoluted with an axial divergence symmetry

function and are shown in Fig. 2(a and b). The Rietveld

analysis of both the compounds confirms a tetragonal structure

with space group P4bm and point group 4mm. There is a good

agreement between observed and calculated profile, which is

confirmed by observing the difference between observed and

calculated profile on the same scale. In the case of pure

compound (Ba2TiOSi2O7), the difference pattern shows two



Fig. 2. (a) Rietveld refined profile of Ba2TiOSi2O7. Observed (. . .), calculated

(continuous line) and the difference between observed and calculated profile is

plotted below on the same scale. (b) Rietveld refined profile of Ba2TiOSi1.8-

Ge0.2O7. Observed (. . .), calculated (continuous line) and the difference be-

tween observed and calculated profile is plotted below on the same scale.

Table 1

Detailed Rietveld refined parameters for Ba2TiOSi2O7 and Ba2TiOSi1.8Ge0.2O7.

Powder data

Chemical formula Ba2TiOSi2O7 Ba2TiOSi1.8Ge0.2O7

Formula weight 506.70 515.61

Formula unit per cell 2 2

Space group P4bm P4bm

Crystal symmetry Tetragonal Tetragonal

Refinement

Centrosymmetric Acentric Acentric

a (Å) 8.542 8.551

c (Å) 5.220 5.222

Tetragonality (c/a) 0.61 0.61

Unit cell volume (Å3) 381.083 383.437

Bragg R-factor 2.66 2.39

Rf-factor 2.44 2.01

Rp 17.6 17.8

Rwp 24.6 24.8

Rexp 9.69 20.6

GOF (Rwp/Rexp) 2.5 1.2

x2 6.447 1.423

Table 2

Comparison between some of the observed and calculated d-values for

Ba2TiOSi2O7 and Ba2TiOSi1.8Ge0.2O7 after Rietveld refinement.

Ba2TiOSi2O7 Ba2TiOSi1.8Ge0.2O7 h k l

2u d-obs d-cal 2u d-obs d-cal

16.973 5.222 5.220 16.888 5.248 5.245 0 0 1

20.780 4.273 4.271 20.759 4.277 4.275 2 0 0

22.494 3.951 3.949 22.420 3.964 3.962 1 1 1

23.265 3.822 3.82 23.241 3.825 3.824 2 1 0

26.951 3.307 3.306 26.880 3.315 3.314 2 0 1

28.940 3.084 3.083 28.869 3.091 3.090 2 1 1

29.553 3.021 3.020 29.523 3.024 3.023 2 2 0

33.136 2.702 2.701 33.102 2.705 2.704 3 1 0

34.275 2.615 2.614 34.205 2.620 2.619 2 2 1

37.510 2.397 2.396 37.342 2.407 2.406 1 1 2

40.472 2.228 2.227 40.309 2.236 2.235 2 0 2

41.838 2.158 2.157 41.765 2.161 2.161 3 2 1

43.653 2.073 2.072 43.607 2.074 2.073 4 1 0

44.986 2.014 2.013 44.939 2.016 2.015 3 3 0

45.874 1.977 1.977 45.798 1.980 1.979 4 0 1

47.158 1.926 1.926 47.081 1.929 1.928 4 1 1

48.416 1.879 1.879 48.338 1.882 1.881 3 3 1

52.095 1.755 1.754 51.939 1.759 1.759 3 2 2

56.641 1.624 1.624 56.556 1.626 1.625 4 3 1

57.789 1.595 1.594 57.632 1.598 1.598 3 3 2

58.219 1.584 1.583 57.947 1.590 1.590 2 1 3

60.999 1.518 1.518 60.908 1.520 1.519 5 2 1
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low intensity peaks which are the impurity peaks and has not

been fitted in the present case. This impurity phase peak at

2u = 26.378 and 31.498 may be due to the formation of BaTiO3

and TiO2 which is within 5% of the total error and coming

within the error limit. The detailed X-ray analysis of the pure

compound was reported in our earlier paper [25]. Further

analysis reveals that there is no impurity peak for substituted

compound (Ba2TiOSi1.8Ge0.2O7) in Rietveld refined pattern.

The detailed analysis results such as cell parameters, RBragg, etc.

are summarized in Table 1. There is also a good agreement

between observed (based on Bragg’s condition i.e. 2d si-

n u = nl) and calculated (based on refined cell parameters) d-

values for both the compounds and are shown in Table 2. From

the table it is observed that, there is a significant change in d-

values for the substituted compound i.e. the lattice spacing (d-

values) increases for the doped compound. This significant

change in d-values due to the substitution of Ge4+ ion may be

explained in terms of difference in ionic radii of Ge4+ with that
of Si4+. As the size of Ge4+ ion (0.53 Å) is larger in comparison

with that of Si4+ (0.4 Å), the d-spacing of substituted

compounds increases. But the tetragonality of both the

compounds are almost constant having the value of 0.61

(Table 1) and hence the same crystal structure.

The interatomic distances (bond distances/bond lengths)

together with the bond angles were calculated by using the

program Bond_Str and are shown in Tables 3 and 4. The

position of atoms in the unit cells was calculated using the

program Fullprof Studio. Calculations of errors in bond

distances took into accounts the errors in the cell dimensions



Table 3

Bond distances and bond angles for Ba2TiOSi2O7 compound.

Bond type Bond angle (8) Bond distances (Å)

d12 d23 d13

O1–Ba–O2 157.503 2.87524 2.22832 5.00711

O1–Ba–O3 88.668 2.87524 3.01222 4.11556

O2–Ba–O3 71.206 2.22832 3.00682 3.11278

O3–Ba–O4 38.729 3.01222 2.13368 3.35037

O3–Ti–O4 79.296 1.94397 1.28994 2.12404

O1–Si–O2 80.654 1.58548 3.11006 3.25343

O1–Si–O3 110.038 1.58548 1.49013 2.52058

O2–Si–O3 76.246 3.11006 1.49013 3.11278

Ba–O3–Ti 103.986 3.01222 1.94397 3.96018

Ba–O1–Si 99.530 2.87524 1.58548 3.50576

Ba–O2–Si 117.589 2.22832 2.14391 3.73990

Ba–O3–Si 89.077 3.01222 1.49013 3.33908

Ti–O3–Si 158.033 1.94397 1.49013 3.37231
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and in the atomic coordinates. The bond distances and bond

angles are in good agreement with the earlier report [2],

although the present values are more precise. The structural

refinement results given by Moore and Louisnathan [2] and

Markgraf et al. [9] are well matching with the present work. The

single crystal data indicates that the interatomic distance Ba–O

varies from 2.65 Å to 3.34 Å [9]. But, the current structure

refinement on ceramic sample of fresnoite indicates that the

Ba–O distances varies from 2.13 Å to 3.01 Å with an obtuse

angle O1–Ba–O2 (157.58) and acute angles such as O2–Ba–O3

(71.28), O3–Ba–O4 (38.728) and O1–Ba–O3 (88.688). This

small variation in distances may be due to the samples in single
Table 4

Bond distances and bond angles for Ba2TiOSi1.8Ge0.2O7 compound.

Bond type Bond angle (8) Bond distances (Å)

d12 d23 d13

O1–Ba–O2 116.061 2.65471 2.76750 4.60023

O1–Ba–O3 99.381 2.65471 3.04673 4.35510

O2–Ba–O3 75.086 2.76750 2.88593 3.44624

O3–Ba–O4 27.545 2.88593 2.93278 5.17033

O3–Ti–O4 127.766 2.51179 0.60996 2.92537

O1–Si–O2 57.740 1.78319 1.17113 1.52381

O1–Si–O3 123.183 1.78319 1.65718 3.02669

O2–Si–O3 127.564 1.17113 1.65718 2.54640

O1–Ge–O2 57.740 1.52381 1.78319 1.17113

O1–Ge–O3 123.183 1.78319 1.65718 3.02669

O2–Ge–O3 127.564 1.17113 1.65718 2.54640

O3–Ge–O4 54.857 2.92537 1.65718 3.54645

Ba–O3–Ti 120.973 2.88593 2.51179 4.70093

Ba–O1–Si 104.500 2.65471 1.78319 3.54934

Ba–O2–Si 119.410 2.82446 1.17113 3.54934

Ba–O3–Si 105.834 2.88593 1.65718 3.69929

Ba–O1–Ge 104.500 2.65471 1.78319 3.54934

Ba–O2–Ge 108.228 2.76750 1.17113 3.32539

Ba–O3–Ge 105.834 2.88593 1.65718 3.69929

Ti–O3–Si 107.032 2.51179 1.65718 3.39025

Ti–O3–Ge 107.032 2.51179 1.65718 3.39025

Ge–O1–Si 0.38866 0.01209 1.78319 1.78319

Ge–O2–Si 0.59149 0.01209 1.17113 1.17113

Ge–O3–Si 0.28046 0.01209 1.65718 1.64820
crystal and ceramic form. It is also observed that most of the

Ba–O distances are between 2.22 Å and 2.90 Å that are

significantly shorter than the ionic bond length of 2.94 Å,

indicating the presence of covalent character in these Ba–O

bonds [2]. In both the Ti–O bond distances, a longer bond Ti–

O3 (1.94 Å) and a shorter bond Ti–O4 (1.29 Å), disagrees with

the values reported by Moore and Louisnathan [2] but shows

good agreement with the values reported by Markgraf et al. [9].

Table 3 also presents the inter atomic distances between Si and

O such as two shorter bonds (Si–O1 and Si–O3), one longer

bond (Si–O2) and the acute angles, where the values are nearly

correspond to those found in a pyrosilicate group. It is

investigated that for the pure compound there are 53 bonds

among Ba–Ba, Ba–O, Ti–O, Si–Si, Si–O and O–O atoms

whereas for the Ge-substituted compound there are 58 bonds. It

is noticed that with the substitution of Ge4+ ion on Si4+ site, the

bonds Si–O–Si are broken and contribute to the formation of

new bonds between Ge–O–Si and Ge–O–Ge. The bond

distances and bond angles of germanium doped compound

are summarized in Table 4.

The unit cell diagram of pure fresnoite and its Ge-substituted

compound were generated with the help of the program

Fullprof Studio using the refined cell parameters, space group
Fig. 3. (a) Unit cell diagram for Ba2TiOSi2O7. (b) Unit cell diagram for

Ba2TiOSi1.8Ge0.2O7.



Fig. 4. (a) SEM micrograph of Ba2TiOSi2O7. (b) SEM micrograph of Ba2TiO-

Si1.8Ge0.2O7.
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and xyz coordinates of the atoms. Fig. 3a and b shows the unit

cell diagrams of pure fresnoite and Ge4+-doped compound. The

unit cell of each compound contains 26 atoms. Hence, a unit

cell for both the compounds of tetragonal crystal structure have

two (2) formula units per unit cell. In case of pure compound

the unit cell contains 4 atoms of barium (Ba), 2 atoms of

titanium (Ti), 4 atoms of silicon (Si) and 16 atoms of oxygen

(O1–2, O2–4, O3–4 and O4–2) whereas in case of Ge-doped

compound the unit cell contains 4 atoms of Ba, 2 atoms of Ti, 4

atoms of Si + Ge and 16 atoms of oxygen (O1–2, O2–4, O3–2

and O4–8). This shows that both compounds have similar

structure.

The morphological and microstructural properties of both

the compounds were investigated using SEM. The typical SEM

micrographs of both the samples are shown in Fig. 4(a and b).

The micrographs show that the grain distributions are nearly

uniform in pure compound and spherical throughout the surface

except few in the Ge-doped compound. The grain size

measured from these micrographs is around 2–3 mm for pure

compound and around 2 mm for doped compound.

4. Conclusion

Analyzing the X-ray results it is concluded that a good

agreement between the observed and calculated X-ray powder

diffraction patterns was obtained by Rietveld refinement using

noncentrosymmetric space group P4bm confirming the tetra-
gonal structure. The overall crystal structure remains the same

for both the compounds. Calculated bond distances and bond

angles are in good agreement with the earlier report. Using the

refined data the unit cell of the compound has been generated

which contains two formula unit. The uniform microstructures

of the compounds are responsible for good dielectric and

ferroelectric behavior useful for different functional devices

which will be discussed elsewhere.
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