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(Ba, Sr);MgSi,Og structure change caused by Ba/Sr replacement
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Crystal structure of Ba,Sr;_,MgSi,Og has been determined by Raman spectroscopy and X-ray diffrac-
tion. The solid solution series have glaserite-type layered structures made of corner-sharing SiOy,
tetrahedra and MgOg octahedra. Ba** and Sr** ions are sandwiched in between the layers. Raman
spectroscopy has found that structural symmetry changes at x=0.5 and 2.5. Structural refinement
by the Rietveld method has clarified that the symmetry changes occur among C2 (Z=4), P 3 ml
(Z=1), and P 3 (Z=3). They originate in SiO, tilting caused by size mismatch between alkali—
earth cations and their site spaces. For x < 0.5, SiOy tilting occur every other interlayer space, whereas
for x > 2.5, all the SiO, tilt. © 2014 International Centre for Diffraction Data.

[doi:10.1017/S0885715614000803]
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I. INTRODUCTION

Over the past few decades, bracelet-type XY[7TO,4] com-
pounds (X, Y: 10- and 12-coordinated cations; T tetrahedrally
coordinated cation) have attracted scientific attention in the
field of structure—property relationships. In particular,
glaserite-type oxides, such as K3;Na(SeO,),, K3Na(CrOy),,
and K3;Na(MoO,),, have been intensively studied because
their ferroelastic character closely relates to the structural sym-
metry (Mr6z et al., 1992; Krajewski et al., 1993; Kaczmarski
et al., 1994; Kaczmarski and Mréz, 1998). Since K,SO, was
found to be a potential candidate for radiation dosimetry
(Gromov and Morton, 1966; Hayakawa and Ohta, 1999;
Ohta et al., 2000), this type of compounds has been focused
on as optical materials. In recent years, M3MgSi,Og (M=
Ba, Sr, Ca) have been studied as host materials for Eu?
*_activated phosphors (Barry, 1968; Lin et al., 2003; Kim
et al., 2005; Jung and Seo, 2006; Okamoto et al., 2008;
Yonesaki et al., 2008, 2009; Im et al., 2009; Fu et al.,
2010). Their luminescence originates in 5d—4f electron transi-
tions in Eu®* ions. Since energy levels of Eu”* are strongly af-
fected by the crystal-field strength and site symmetry, precise
structure analyses are required for M3MgSi,Og to understand
the spectroscopic character of Eu?* dopants. In our previous
report, the crystal structure was approximately determined
for BaCa,MgSi,Og and their derivatives by X-ray powder
diffraction technique, and the luminescence properties of
Eu”* were discussed in terms of the determined structure
(Yonesaki et al., 2008, 2009). M3MgSi,Og has a layered struc-
ture (Figure 1). Corner-sharing SiO, tetrahedra and MgOg oc-
tahedra are polymerized to form the layer. Between the layers,
there are three sites for alkali—earth cations; one is at the center
of the interlayer space (A-site) and the remaining two are em-
bedded in the layer pockets (B’- and B”-sites). M3MgSi,Og
changes its space group, depending on the average size of
A-site cations. At the same time, it has been reported that
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B-site cations also cause layer deformation associated with
SiO4 twisting around threefold rotation axis (Park et al.,
2011; Yonesaki, 2013). However, such layer deformation
could not be identified only with X-ray diffraction (XRD)
because of the small X-ray atomic scattering factor of oxygen.
Actually Park ez al. (2011) used neutron powder diffraction to
identify the SiO,4 twisting in BaCa,MgSi,0g. In the present
study, Raman spectroscopy and XRD were applied to
Ba,Sr;_.MgSi,0g solid solution series to elucidate the struc-
ture change caused by Ba/Sr-replacement. Vibrational fre-
quencies are very sensitive to interatomic forces and site
symmetry. Raman spectroscopy could thus trace small chang-
es in crystal structure, which had been missed in X-ray powder
diffraction. Firstly, Raman spectroscopy was applied to
Ba,Sr3_ MgSi,Og solid solution series in order to determine
the Ba/Sr ratio at which structure symmetry changed. After
that, structure analysis was performed using their XRD pat-
terns. The resultant crystal structures were checked by factor
group analysis using the Raman spectra again.

Il. EXPERIMENTAL
A. Synthesis

Ba,Sr3_MgSi,Og polycrystalline samples were prepared
by solid-state reaction of reagent grade alkaline—earth
carbonates, magnesium carbonate hydroxide, and silica. A
small amount of ammonium chloride was used as a flux.
Stoichiometric amounts of the reagents and the flux
were ground and mixed by ball milling with zirconia beads
in 2-propanol for 4 h. The mixed powder was heated at
1100 °C for 4 h in air with an intermittent regrinding.

B. Raman spectroscopy

Raman spectra were measured for the prepared samples at
room temperature in backscattering geometry by a 3000
grooves mm~ ' grating monochromator and charge-coupled
device detector system (RENISHAW, inVia Reflex system).
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Layer of corner—sharing
Si0, and MgO,

Figure 1.  (Color online) Crystal structure of BaCa,MgSi, Oy illustrated with
SiO, tetrahedra and MgOg octahedra.

Samples were excited with the 488-nm line of a 50 mW
Spectra—Physics Cyan™ Scientific CW laser. The laser
beam was focused on a sample by a 50x objective lens. A
spectral resolution was 0.5 cm™". The laser power was atten-
uated to 5 mW before the irradiation. The obtained data
were used for checking the symmetries of SiO,4-derived vibra-
tional modes.

C. XRD analysis

The prepared samples were ground with mortar and pestle
and investigated by XRD at room temperature with a Rigaku
RINT-2200HFV diffractometer in a 26 range from 10° to 120°
using CuKo radiation (1 = 1.5406 A, 40kV, 30 mA). The ob-
tained data were used for checking impurities and for structure
refinement processes. Structure refinement was carried out
with the XRD data collected with step-scanning mode at inter-
vals of 0.05° or 0.02° 26. After the probable space group se-
lection with the indexing program TREOR90 (Werner et al.,
1985), structure parameters were refined by the Rietveld meth-
od using the refinement program RIETAN-FP (Izumi and
Momma, 2007). The influence of the CuKe, line was taken
into calculation in the refinement processes. Pseudo-Voigt
function was used to fit the peak profile. Figures of the crystal
structure were drawn with VESTA developed by Momma and
Izumi (2011).

lll. RESULTS
A. Raman spectroscopy

Figure 2 shows the Raman spectra of the prepared solid-
solution series. Intense peaks were confirmed at about 880,
400, 1000, and 550 cm™~'. Raman peaks at such high wave-
numbers are attributed to the internal vibrations of certain
atomic groups. In the present case, they corresponded to the
four normal modes of SiO, tetrahedra: symmetric-stretching
vibrations v;, symmetric-bending vibrations v,, asymmetric-
stretching vibrations vz, and asymmetric-bending vibrations
vy4, respectively (Remy et al, 1997). The Raman peaks
below this region were because of the translational modes.
In the Ba,Sr;_,MgSi,Og series, a systematic peak shift was
seen for the SiOy internal vibrations in response to Ba/Sr re-
placement, which indicated that the crystal structure deformed
continuously. It should be noted that some of the vibrational
modes split or broadened for x >2.5 (v, and v,;) and<0.5
(v1, v, and v,). In both regions, translational modes also
split. Such splits relate to the resolving of vibrational degener-
acy associated with symmetry reduction. Therefore,
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Figure 2. (Color online) Raman spectra for Ba,Sr;_,MgSi,Og solid solution
series. vy, Va, v3, and v, correspond to symmetric-stretching vibrations,
symmetric-bending  vibrations, asymmetric-stretching  vibrations, and
asymmetric-bending  vibrations, respectively. Individual spectra are
categorized with different color based on the splitting behaviors of each
vibrational mode.

Ba,Sr;_MgSi,Oy series were categorized into three groups
from the structural viewpoint: (i) x <0.5, (i) 2.5>x>0.5,
and (iii) x > 2.5.

B. XRD analysis

Figure 3(a) shows the XRD patterns of the
Ba,Sr;_MgSi,Og samples. All the samples showed similar
patterns, indicating their structural similarity. As for the sam-
ples of the Sr-rich group (i), all the diffraction peaks were suc-
cessfully indexed with monoclinic cells of a=9.4 A, b=5.5
A, c=139 A, and B=90°, while systematic absence of & +
k=2n+1 was found. It is noteworthy that the hkl reflections
having odd [/ were extremely weak. Furthermore, they attenu-
ated with increasing Ba-ratio. This attenuation was followed
by the halved ¢ for x>0.5. As for the samples of group (ii),
most diffraction peaks were indexed with hexagonal cells of
a=5.5 and ¢=7.0 A, the volume of which was about four
times smaller than the monoclinic cells of group (i). The
other peaks observed for x>2 were assigned to BaMgSiO,.
For the Ba-rich group (iii), the obtained patterns were similar
to those of group (ii). However, careful observation identified
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Figure 3.

(Color online) (a) XRD patterns for Ba,Sr;_,MgSi,Og solid solution series. Individual patterns are categorized with different color based on the

splitting behaviors of each vibrational mode (Figure 2). (b) Enlarged patterns of Figure 3(a).

another diffraction peak at 27.8° 26 [Figure 3(b)], the intensity
of which was below 0.2% of the highest. By involving the
identified peak in the indexing process, hexagonal cells of
a=9.7 A and c=7.2 A were derived. This cell is about v/3 x
V/3x 1 times larger than those of group (ii).

Structural refinement was performed based on the ob-
tained unit-cell parameters and systematic absence. The ap-
proximate structures of M;MgSi,Og (M =Ba, Sr, Ca)
(Yonesaki et al., 2008) were used as initial models. For the
BaMgSiO, phase, only the scale factors, unit-cell parameters,
and profile functions were refined. The refined cell and struc-
ture parameters are listed in Tables I and II. The obtained
structure was checked by factor group analysis of the
Raman spectra (Figure 4). As for group (ii), Raman peak
numbers agreed with the calculated ones (1vq, 1v,, 2v3, and
2v4). Although those of the other compounds were less
than the expected [2v;, 4v,, 6v3, and 6v, for group (i) and
4vy, 8v,, 12v3, and 12v, for group (iii)], it was due to the
fact that the non-degenerated Raman peaks did not split
enough for separation. Nevertheless, we can obtain important
information on the structure of group (iii) from this analysis.
For a group (iii) compound BazMgSi,Og, two structure mod-
els have been proposed: P 3 m1 (Z=1) (Aitasalo et al., 2007;
Yonesaki et al., 2009) and P 3 (Z=3) models (Park et al.,
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2009). There is a slight difference in SiO,4 orientation be-
tween them. The former model is identical to those of
group (ii). All the SiOy tetrahedra point vertically to the lay-
ers. On the other hand, they tilt in the latter. From the Raman
spectra measured in this study (Figure 2), the former model
was excluded because at least two v, modes were present
for the compounds of group (iii). If the P 3 ml (Z=1)
model were correct, only one v, mode would be observed
[Figure 4(b)]. Iwata et al. (2009) showed the SiO, tilting
with a split-atom model under the condition of P 3 ml
(Z = 1). However, the tilting was not statistical but regular,
as is clear from the translational symmetry based on the char-
acteristic diffraction peak at 27.8°. Therefore, the P 3(Z=3)
model is reasonable for group (iii) compounds. As for
Sr3MgSi,Og (x = 0), the refined structure may be approximate
considering the high reliability index of R,,,. However, in
this study, structural change caused by Ba/Sr replacement
is discussed using this model. From the refined structure,
it has been revealed that with increasing Ba ratio,
Ba,Sr3_MgSi,Og changes its space group in the following
order: C2 (Z=4), P3ml (Z=1), and P 3 (Z=3). The former
change corresponds to the generation of threefold rotation
axes and mirror planes in addition to the halved period
in the layer-stacking direction. The latter change is
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TABLE I.  Crystallographic data for Ba,Sr;_,MgSi,Og solid solutions.

Empirical formula St3.000MgSi,0s Bay.125512,87sMgSi,08  Bap2s50S12.750MgSi:0g  Bag 375512,625MgSi:0g  Bag 500512.500MgSi,05
Formula weight 471.331 477.544 483.758 489.971 496.185
Space group C2(5) C2(5) C2(5) C2(5) C2(5)
Unit-cell parameters a (A) 9.449(3) 9.452(1) 9.463(1) 9.474(1) 9.485(1)
bA) 5.453(1) 5.4637(8) 5.4690(6) 5.4735(6) 5.4765(6)
c(A) 13.871(4) 13.886(2) 13.898(2) 13.913(1) 13.931(1)
L) 90.153(2) 90.4453(8) 90.2513(6) 90.1012(7) 90.011(6)
Volume (A%) 714.93) 717.12) 719.3(1) 721.5(1) 723.7(1)
z 4 4 4 4 4
Calculated density (g em™3) 4.379 4.423 4.467 4.510 4.554

R, (%) 9.612 7.105 6.041 6.094 6.404
Ry (%) 13.345 9.474 8.564 8.866 9.375

Ry (%) 3.105 1.433 1.147 1.395 1.521

Ry (%) 2.561 1.069 1.108 1.406 2.003
Goodness of fit 2.070 1.412 1.240 1.235 1.295
Empirical formula Bag 62551237sMgSi,05  Bag 750512.250MgSi,05  Bag g75512.12sMgSi105  Bay000S12.000MgSi20g  Bay 12551 .875MgSi,05
Formula weight 502.398 508.611 514.825 521.038 527.251
Space group P 3 ml(164) P 3 ml(164) P 3 ml(164) P 3 ml(164) P 3 ml1(164)
Unit-cell parameters a (A) 5.4840(8) 5.489(1) 5.494(1) 5.498(1) 5.502(1)
c(A) 6.9806(8) 6.9933(9) 7.006(1) 7.0179(9) 7.030(1)
Volume (A%) 181.81(4) 182.51(5) 183.20(5) 183.77(5) 184.33(7)
Z 1 1 1 1 1
Calculated density (g cm™) 4.589 4.627 4.666 4.708 4.750

R, (%) 5.410 5.480 5.947 6.100 5.815
Ry (%) 7.907 8.036 8.808 8.987 9.153

Ry (%) 1.525 1.713 1.523 1.932 1.312

Ry (%) 1.271 1.284 1.308 1.477 0.964
Goodness of fit 1.362 1.364 1.336 1.334 1.498

Empirical formula

Ba, 5505r1.750MgSi>05

Ba, 37551 625MgSi>0g

Ba, 5005T1.500MgSi>05

Ba, 25511 37sMgSi,05

Ba, 750511.250MgSi,05

Formula weight 533.465 539.678 545.892 552.105 558.318
Space group P 3 ml1(164) P 3 m1(164) P 3 m1(164) P 3 m1(164) P 3 ml1(164)
Unit-cell parameters a (A) 5.513(1) 5.520(1) 5.526(1) 5.532(1) 5.539(1)
cA) 7.051(1) 7.067(1) 7.082(1) 7.096(1) 7.114(1)
Volume (A%) 185.62(7) 186.52(7) 187.32(8) 188.11(6) 189.08(6)
z 1 1 1 1 1
Calculated density (g em™3) 4.772 4.804 4.839 4.874 4.903
R, (%) 6.086 6.089 6.491 6.389 5.959
Ry (%) 9.428 9.400 9.989 9.311 9.317
Ry (%) 1.822 1.621 2.107 1.723 1.425
Rr (%) 1.383 1.233 1.464 1.407 1.376
Goodness of fit 1.518 1.490 1.463 1.344 1.278
Empirical formula Ba, g75511.12sMgSi,05  Bay 000ST1.000MgSi208  Bay 125510.87sMgSi0s  Bag 250S10.750MgSi20g  Bay 375510.605sMgSi,05
Formula weight 564.532 570.745 576.958 583.172 589.385
Space group P 3 ml(164) P 3 ml(164) P 3 ml(164) P 3 ml(164) P 3 ml1(164)
Unit-cell parameters a (A) 5.546(1) 5.5532(9) 5.5606(9) 5.566(1) 5.573(1)
¢ (A) 7.129(1) 7.1460(9) 7.1617(8) 7.176(1) 7.1909(9)
Volume (A%) 189.91(6) 190.85(5) 191.78(5) 192.60(6) 193.46(5)
Z 1 1 1 1 1
Calculated density (g cm™>) 4.936 4.966 4.996 5.028 5.059
R, (%) 6.294 6.290 6.396 6.445 6.374
Ry (%) 9.568 9.496 9.309 9.516 9.568
Ry (%) 1.604 1.609 1.410 1.903 1.602
Rr (%) 1.379 1.653 1.187 1.463 1.308
Goodness of fit 1.348 1.314 1.282 1.294 1.300
Empirical formula Bay 500510.500MgSi208  Bag 625510.375MgSi20s  Bag 750S10.250MgSi20s  Bag g75510.125MgS1,05 Bas 0oMgSi;Og
Formula weight 595.599 601.812 608.025 614.239 620.452
Space group P 3 (147) P 3 (147) P 3 (147) P 3 (147) P 3 (147)
Unit-cell parameters a A) 9.666(2) 9.679(2) 9.689(1) 9.701(1) 9.7180(7)
c(A) 7.2076(9) 7.2231(9) 7.2380(8) 7.2535(8) 7.2715(4)
Volume (A%) 583.2(2) 586.0(2) 588.5(1) 591.2(1) 594.72(7)
Continued
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TABLE 1. Continued

Empirical formula Bay 500510.500MgSi20g  Bay625510.375MgSi,05  Bay 750S10.250MgS12,0s  Bag g75510.12sMgSix0g Basz 000MgSi;Og
zZ 3 3 3 3 3
Calculated density (g cm™) 5.087 5.116 5.146 5.175 5.197
R, (%) 6.557 6.594 6.904 6.806 7.112
Ry, (%) 9.769 9.748 10.267 10.324 10.538
Ry (%) 1.636 2.230 2.504 1.808 1.972
Rk (%) 1.754 1.953 2.165 2.074 2.186
Goodness of fit 1.260 1.299 1.278 1.256 1.363
TABLE II. Atomic coordinates and isotropic displacement parameters for Ba,Sr;_MgSi,Osg.
Group (i)
Sr;MgSi,Og (x=0)

g x y z Bio (A%)
Sr; 1 0 0.062(3) 172 1.5(3)
Sr, 1 0 0 0 3.4(4)
Sr; 1 0.1762(8) 0.519(3) 0.1629(5) 1.4(2)
Sry 1 0.3436(7) 0.013(3) 0.3379(4) 0.2(1)
Mg 1 —0.004(3) 0.045(4) 0.248(2) 0.5
Si; 1 0.167(2) 0.524(5) 0.386(1) 0.7(1)
Si, 1 0.327(2) 0.024(5) 0.113(1) B(Siy)
0O, 1 0.095(7) 0.257(9) 0.331(3) 0.6(2)
0, 1 0.164(3) —0.01(1) 0.648(2) B(O,)
O3 1 0.192(3) 0.527(7) 0.488(2) B(Oy)
(N 1 0.180(4) 0.00(1) 0.159(3) B(0,)
Os 1 0.359(4) 0.053(6) 0.002(2) B(Oy)
O 1 0.432(5) 0.747(7) 0.123(2) B(Oy)
0, 1 0.420(6) 0.216(7) 0.170(3) B(Oy)
Og 1 0.605(6) 0.232(9) 0.329(2) B(Oy)
Ba0_1255r2_875MgSi208 ()C = 0125)
Ba,/Sr; 0.087(9)/1-g(Ba;) 0 0.079(1) 172 0.4(2)
Ba,/Sr, 0.25-g(Ba,)/0.75 + g(Ba,) 0 0 0 2.3(2)
Sr3 1 0.1766(5) 0.549(2) 0.3354(3) 0.9(1)
Sty 1 0.3347(5) 0.025(2) 0.1646(3) 0.3(1)
Mg 1 —0.002(2) 0.035(8) 0.251(2) 0.6(2)
Si; 1 0.164(1) 0.530(6) 0.114(1) 0.37(7)
Si, 1 0.337(1) 0.048(6) 0.386(1) B(Siy)
0O, 1 0.075(4) 0.316(9) 0.672(2) 0.5(1)
0, 1 0.078(4) 0.271(7) 0.148(2) B(0,)
03 1 0.162(2) 0.486(7) 0.501(2) B(Oy)
(N 1 0.195(2) 0.058(9) 0.337(2) B(O,)
Os 1 0.182(3) 0.600(7) 0.006(2) B(Oy)
O 1 0.329(3) 0.509(9) 0.162(2) B(Oy)
0, 1 0.424(3) 0.284(6) 0.366(2) B(O,)
Og 1 0.581(3) 0.242(8) 0.167(2) B(0,)
Bay 250512.750MgSi:05 (x=0.250)
Ba,/Sry 0.234(8)/1-g(Ba;) 0 0.066(1) 172 1.3(2)
Ba,/Sr, 0.5-g(Ba;)/0.5 + g(Ba;) 0 0 0 1.4(2)
Sr 1 0.1693(6) 0.541(3) 0.3336(5) 0.7(1)
Sty 1 0.3303(6) 0.021(3) 0.1663(5) 0.3(1)
Mg 1 0.005(3) 0.026(6) 0.254(1) 0.5(2)
Si; 1 0.162(2) 0.529(7) 0.114(1) 0.38(8)
Si, 1 0.334(2) 0.036(7) 0.388(1) B(Siy)
(o)) 1 0.070(3) 0.303(5) 0.672(2) 0.3(1)
0, 1 0.082(4) 0.267(7) 0.155(2) B(Oy)
O3 1 0.155(2) 0.496(6) 0.502(2) B(Oy)
(N 1 0.196(2) 0.058(6) 0.343(1) B(Oy)
Os 1 0.182(2) 0.582(7) 0.001(2) B(O,)
O 1 0.340(3) 0.518(8) 0.165(2) B(O,)
(o7 1 0.426(3) 0.281(5) 0.364(2) B(Oy)
Og 1 0.593(4) 0.249(6) 0.164(2) B(O,)

Continued
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TABLE II.

Group (i)

g X y z Bio (A%)
Bag 375512, 625MgSix05 (x=0.375)
Ba,/Sr, 0.374(8)/1-g(Ba;) 0 0.045(1) 172 1.4(3)
Ba,/Sr, 0.75-g(Ba;)/0.25 + g(Ba;) 0 0 0 1.5(3)
Sr; 1 0.1693(8) 0.529(3) 0.3323(6) 0.5(1)
Sry 1 0.3322(7) 0.017(3) 0.1673(6) 0.3(1)
Mg 1 0.008(2) 0.022(9) 0.252(2) 0.4(2)
Si; 1 0.163(2) 0.528(5) 0.113(2) 0.1909)
Si, 1 0.331(2) 0.032(5) 0.387(2) B(Siy)
(o)) 1 0.071(5) 0.283(7) 0.670(2) 0.2(1)
0, 1 0.091(6) 0.277(9) 0.163(2) B(Oy)
03 1 0.153(3) 0.502(7) 0.499(2) B(Oy)
Oy 1 0.191(3) 0.04(1) 0.343(2) B(O))
Os 1 0.177(3) 0.566(7) 0.001(2) B(Oy)
Og 1 0.336(4) 0.52(1) 0.160(3) B(O))
(o7 1 0.426(4) 0.270(6) 0.361(2) B(O))
Og 1 0.600(6) 0.242(7) 0.162(3) B(Oy)
Bag 5005r2.500MgSi>0g (x =0.500)
Ba,/Sr, 0.48(9)/1-g(Ba,) 0 0.015(4) 172 1.9(3)
Ba,/Sr, 1-g(Ba;)/g(Ba;) 0 0 0 1.0(3)
Sr3 1 0.168(2) 0.514(5) 0.3321(8) 0.5(2)
Sry 1 0.335(2) 0.009(4) 0.1688(8) 0.5(2)
Mg 1 —0.001(5) 0.004(8) 0.245(2) 0.2(2)
Si; 1 0.161(4) 0.504(7) 0.113(2) 0.38(9)
Siy 1 0.329(4) 0.007(6) 0.387(2) B(Si;)
O, 1 0.08(1) 0.30(2) 0.669(6) 0.2(2)
0, 1 0.09(2) 0.29(3) 0.162(5) B(O))
O3 1 0.168(8) 0.48(2) 0.501(4) B(Oy)
(N 1 0.173(9) 0.03(3) 0.33(1) B(Oy)
Os 1 0.187(8) 0.53(1) —0.001(4) B(O,)
Og 1 0.325(9) 0.53(5) 0.15(1) B(Oy)
0, 1 0.42(2) 0.27(2) 0.349(6) B(O,)
Og 1 0.59(2) 0.25(3) 0.151(7) B(O))
Group (ii)
Bay 625512.37sMgSi;0g (x=0.625)
Ba,/Sr, 0.030(5)/1-g(Bay) 173 2/3 0.6624(2) 0.61(5)
Ba,/Sr, 0.625-2 g(Ba;)/0.375 + 2 g(Ba,) 0 0 0 1.00(6)
Mg 0 0 12 0.6(2)
Si 173 2/3 0.2259(5) 0.39(8)
0O, 0.1749(8) -x(0y) 0.3179(7) 0.91(8)
0, 1/3 2/3 0.000(1) B(O,)
Bag 750512.250MgSi>0g (x=0.750)
Ba,/Sr, 0.042(5)/1-g(Bay) 173 2/3 0.6628(2) 0.63(5)
Ba,/Sr, 0.75-2 g(Ba;)/0.25 + 2 g(Ba;) 0 0 0 0.99(7)
Mg 0 0 172 0.6(2)
Si 1/3 2/3 0.2265(5) 0.34(8)
O, 0.1758(8) —x(0y) 0.3190(7) 0.83(9)
0, 173 2/3 0.000(1) B(O))
Bag 75512.12sMgSi;0g (x=0.875)
Ba,/Sr, 0.056(6)/1-g(Ba;) 1/3 2/3 0.6633(3) 0.58(7)
Ba,/Sr, 0.875-2 g(Ba;)/0.125 + 2 g(Ba,) 0 0 0 1.03(8)
Mg 0 0 172 0.2(2)
Si 1/3 2/3 0.2285(6) 0.5(1)
(o)) 0.1765(9) —x(0y) 0.3187(9) 0.9(1)
0, 173 2/3 0.001(1) B(Oy)
Bal_ooosrz_oooMgSizog ()C= 1000)
Ba,/Sr; 0.087(6)/1-g(Ba;) 1/3 2/3 0.6640(3) 0.51(6)
Ba,/Sr, 1-2 g(Ba;)/2 g(Ba,) 0 0 0 0.93(7)
Mg 0 0 172 0.6(2)
Si 1/3 2/3 0.2277(6) 0.2109)

Continued
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TABLE II. Continued

Group (ii)
0, 1 0.176(1) —x(Oy) 0.3184(9) 0.7(1)
0O, 1 1/3 2/3 0.001(1) B(Oy)
Bay 125511 87sMgSix0g (x=1.125)
Ba,/Sr, 0.136(7)/1-g(Ba;) 1/3 2/3 0.6638(3) 0.70(7)
Ba,/Sr, 1.125-2 g(Ba;)/ — 0.125 + 2 g(Ba,;) 0 0 0 0.74(8)
Mg 1 0 0 172 0.7(2)
Si 1 1/3 2/3 0.2287(6) 0.3(1)
0, 1 0.173(1) —x(0y) 0.321(1) 0.8(1)
0, 1 173 2/3 0.003(1) B(Oy)
Ba, »50511.750MgSi>0g (x =1.250)
Ba,/Sr, 0.174(7)/1-g(Ba,) 173 2/3 0.6647(3) 0.62(8)
Ba,/Sr, 1.25-2 g(Ba;)/ — 0.25 + 2 g(Ba;) 0 0 0 0.74(9)
Mg 1 0 0 172 0.6(2)
Si 1 173 2/3 0.2300(7) 0.3(1)
O, 1 0.175(1) —x(0y) 0.321(1) 0.7(1)
0, 1 1/3 2/3 0.004(1) B(Oy)
Ba, 375511 62sMgSi>Og (x=1.375)
Ba,/Sr, 0.234(8)/1-g(Ba;) 1/3 2/3 0.6654(3) 0.66(7)
Ba,/Sr, 1.375-2 g(Ba;)/ — 0.375 +2 g(Ba,) 0 0 0 0.69(9)
Mg 1 0 0 172 0.4(2)
Si 1 1/3 2/3 0.2305(7) 0.3(1)
0, 1 0.175(1) —x(0y) 0.322(1) 0.9(1)
0, 1 173 2/3 0.006(2) B(Oy)
Ba1_5005r1_500MgSi208 ()C= 1500)
Ba,/Sr, 0.294(9)/1-g(Ba,) 1/3 2/3 0.6664(3) 0.67(7)
Ba,/Sr, 1.5-2 g(Ba;)/ — 0.5 +2 g(Bay) 0 0 0 0.6(1)
Mg 1 0 0 172 0.8(3)
Si 1 1/3 2/3 0.2296(8) 0.2(1)
0, 1 0.174(1) —x(0Oy) 0.321(1) 0.7(1)
0, 1 173 2/3 0.007(2) B(O,)
Ba, 625511 37sMgSix05 (x=1.625)
Ba,/Sr, 0.338(8)/1-g(Ba,) 173 2/3 0.6674(3) 0.63(7)
Ba,/Sr, 1.625-2 g(Ba;)/ — 0.625 + 2 g(Ba;) 0 0 0 0.72(8)
Mg 1 0 0 172 0.4(2)
Si 1 173 2/3 0.2319(8) 0.5(1)
(o)) 1 0.173(1) —x(0y) 0.320(1) 0.7(1)
0, 1 1/3 2/3 0.006(2) B(Oy)
Ba, 750511 250MgSi>0g (x=1.750)
Ba,/Sr, 0.410(8)/1-g(Ba;) 173 2/3 0.6679(3) 0.66(7)
Ba,/Sr, 1.75-2 g(Ba;)/ — 0.75 + 2 g(Ba;) 0 0 0 0.71(9)
Mg 1 0 0 172 0.8(2)
Si 1 1/3 2/3 0.2311(7) 0.4(1)
0, 1 0.174(1) —x(0y) 0.3218(9) 0.9(1)
0, 1 1/3 2/3 0.010(1) B(Oy)
Ba1_3755r1_125MgSi208 ()C= 1875)
Ba,/Sr; 0.476(8)/1-g(Ba;) 1/3 2/3 0.6686(3) 0.67(7)
Ba,/Sr, 1.875-2 g(Ba;)/ — 0.875 +2 g(Ba,) 0 0 0 0.64(9)
Mg 1 0 0 172 0.5(3)
Si 1 1/3 2/3 0.2321(8) 0.6(1)
(o) 1 0.171(2) —x(0y) 0.322(1) 0.8(1)
0, 1 1/3 2/3 0.011(2) B(Oy)
Bay 000ST1.000MgSi1:05 (x=2.000)
Ba,/Sr, 0.51(1)/1-g(Bay) 173 2/3 0.6703(3) 0.49(8)
Ba,/Sr, 2-2 g(Ba;)/ — 1 +2 g(Bay) 0 0 0 0.8(1)
Mg 1 0 0 172 0.7(3)
Si 1 173 2/3 0.2326(8) 0.3(1)
(o)) 1 0.176(2) —x(0y) 0.322(1) 0.9(1)
0, 1 173 2/3 0.010(2) B(O))
Bay 125510 57sMgSi>0g (x=2.125)
Ba,/Sr, 0.581(9)/1-g(Bay) 173 2/3 0.6709(3) 0.48(7)
Ba,/Sr, 2.125-2 g(Ba;)/ — 1.125+2 g(Ba,) 0 0 0 0.8(1)
Mg 1 0 0 172 0.4(3)
Continued
46 Powder Diffr., Vol. 30, No. 1, March 2015 Yonezaki 46

https://doi.org/10.1017/50885715614000803 Published online by Cambridge University Press


https://doi.org/10.1017/S0885715614000803

TABLE II. Continued

Group (ii)
Si 1 173 2/3 0.2338(9) 0.4(1)
(o)) 1 0.172(2) —x(0y) 0.321(1) 1.0(1)
0, 1 1/3 2/3 0.013(2) B(Oy)
Bay 250510.750MgSi205g (x =2.250)
Ba,/Sr, 0.64(1)/1-g(Ba;) 173 2/3 0.6716(3) 0.41(8)
Ba,/Sr, 2.25-2 g(Ba;)/ — 1.25+2 g(Ba;) 0 0 0 0.9(1)
Mg 1 0 0 172 0.6(3)
Si 1 1/3 2/3 0.233(1) 0.3(1)
0, 1 0.172(2) —x(0y) 0.322(1) 1.0(1)
0, 1 1/3 2/3 0.015(2) B(Oy)
Bay 375510.62sMgSi,0g (x=2.375)
Ba,/Sr; 0.70(1)/1-g(Ba;) 1/3 2/3 0.6727(4) 0.45(9)
Ba,/Sr, 2.375-2 g(Ba;)/ — 1.375 +2 g(Ba;) 0 0 0 0.9(1)
Mg 1 0 0 172 0.9(3)
Si 1 1/3 2/3 0.234(1) 0.5(2)
(o) 1 0.177(2) —x(Oy) 0.322(1) 1.0(1)
0, 1 173 2/3 0.015(2) B(Oy)
Group (iii)
Bay 500510.500MgSi>05 (x=2.500)
Ba,/Sr, 0.8125 + 0.5 g(Sr,)/0.1875-0.5 g(Sr2) 0.333(4) 0.332(3) 0.1743(4) 0.56(7)
Bay/Sr, 1-g(S1,)/0.07(3) 173 2/3 0.501(3) 0.7 (1)
Bas/Sr3 1-g(Sr,)/g(Sry) 0 0 172 B(Ba,/Sry)
Mg, 1 1/3 2/3 0.00(1) 0.7(3)
Mg, 1 0 0 0 BMg;)
Si 1 0.33(1) —0.003(5) 0.265(1) 0.5(2)
0, 1 0.00(1) 0.17(2) 0.17(1) 0.8(2)
0, 1 0.15(1) 0.48(1) 0.188(8) B(Oy)
O3 1 0.354(9) 0.023(7) 0.480(2) B(Oy)
Oy 1 0.49(2) 0.15(1) 0.169(9) B(Oy)
Bay 625510.375MgSi,05 (x=2.625)
Ba,/Sr, 0.8125 + 0.5 g(Sr,)/0.1875-0.5 g(Sr2) 0.333(3) 0.332(3) 0.1753(4) 0.61(6)
Ba,/Sr, 1-g(Sr,)/0.04(3) 1/3 2/3 0.505(1) 0.77(9)
Ba,/Sr3 1-g(Sr,)/g(Sry) 0 0 172 B(Ba,/Sry)
Mg, 1 1/3 2/3 0.005(6) 0.3(2)
Mg, 1 0 0 0 B(Mg;)
Si 1 0.33(1) 0.003(3) 0.259(1) 0.4(2)
(o)) 1 0.00(2) 0.16(1) 0.17(2) 0.7(2)
0, 1 0.15(2) 0.48(2) 0.18(1) B(Oy)
O3 1 0.349(7) 0.032(3) 0.483(2) B(Oy)
Oy 1 0.50(2) 0.17(2) 0.17(1) B(Oy)
Bay 750810.250MgSi20s (x=2.750)
Ba,/Sr; 0.875+ 0.5 g(Sr)/0.125-0.5 g(Sr») 0.332(2) 0.332(2) 0.1759(4) 0.39(6)
Ba,/Sr, 1-g(Sr,)/0.02(2) 1/3 2/3 0.503(2) 0.8(1)
Bas/Sr3 1-g(Sr,)/g(Sry) 0 0 172 B(Ba,/Sr,)
Mg, 1 1/3 2/3 —0.004(9) 0.6(3)
Si 1 0.336(6) 0.009(3) 0.260(1) 0.3(2)
(o)) 1 0.00(4) 0.16(2) 0.166(8) 1.0(2)
0, 1 0.15(2) 0.48(2) 0.196(5) B(O))
O3 1 0.361(6) 0.025(6) 0.477(2) B(Oy)
Oy 1 0.49(2) 0.16(2) 0.160(7) B(Oy)
Ba2_3755r0_125MgSi208 ()C = 2875)
Ba,/Sr, 0.9375 +0.333 g(Sr,) + 0.167 g(Sr3)/ 0.333(1) 0.333(1) 0.1772(3) 0.41(5)
0.0625-0.333 g(Srp) — 0.167 g(Sr3)
Bay/Sr, 1-g(S1,)/0.01(6) 1/3 2/3 0.505(2) 0.82(8)
Bas/Sr3 1-g(Sr3)/0.12(9) 0 0 172 B(Bay/Sr,)
Mg, 1 1/3 2/3 0.010(8) 0.6(3)
Mg, 1 0 0 0 BMg;)
Si 1 0.339(5) 0.008(3) 0.261(1) 0.4(2)
(o) 1 0.00(2) 0.15(1) 0.162(6) 0.6(2)
0, 1 0.15(1) 0.49(1) 0.194(4) B(Oy)
O3 1 0.356(7) 0.033(4) 0.477(2) B(Oy)
Continued
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TABLE II. Continued

Group (iii)

Oy 1 0.48(1) 0.15(1) 0.171(6) B(Oy)
Ba3MgSi208 ()C = 3)

Ba,/Sr; 1 0.333(1) 0.334(2) 0.1776(3) 0.41(5)
Bay/Sr, 1 173 2/3 0.506(1) 0.82(8)
Ba;/Sr3 1 0 0 172 B(Baz/Srz)
Mg, 1 173 2/3 0.010(7) 0.93)
Mg, 1 0 0 0 B(Mg))
Si 1 0.336(7) 0.006(3) 0.260(1) 0.3(2)
0, 1 0.00(2) 0.18(1) 0.191(6) 0.93)
) 1 0.16(1) 0.49(1) 0.187(5) B(Oy)
(O3 1 0.349(6) 0.045(3) 0.475(3) B(Oy)
Oy 1 0.49(1) 0.16(1) 0.154(4) B(Oy)

accompanied by a disappearance of mirror planes and of 2/3
of threefold axes. Figure 5 shows Ba-content (x in
Ba,Sr3_MgSi,Og) dependence of the cell size. To compare
unit cells with different Z-values, cell parameters were con-
verted to those of the corresponding trigonal cells of Z=1

with the relations that a,= by, =ar/+/3 and ¢, =cpsinB/2 =

group (i), “t” a trigonal cell (Z=1) of group (ii), and “T” a
trigonal cell (Z = 3) of group (iii)]. It can be seen that unit-cell
size monotonically increases with increasing Ba-content (x).
However, the increase rate for parameter ¢ changes at x =0.5.
At this point, the crystal system changes between monoclinic
and trigonal. Details of the structural change caused by Ba/Sr

cr [subscript “m” means a monoclinic cell (Z=4) of the ratio are discussed in the ‘Discussion’ section.

(@) C2 (Z = 4) model

lonic species Free ion Site sym. Unit cell Vibrational mode
(Wyckoff lett.)  sym. sym.
(T4 [Ci [Ca]
1A (v4)
A(R, IR) 2v,, 4v,, Bvs, Bv,, Blib., 6trans
1E 10 4V2, OV5, OVy
2si0, (4c) £ 2 A <
1F; (rot) B(R, IR) 2v,, 4v,, 6vs, 6v,, 6lib., 6trans

3F, (v, 4, trans

® P3m1 (Z=1) model

lonic species Free ion Site sym. Unit cell Vibrational mode
(Wyckoff lett.)  sym. sym.
[Tal [Cal [Dad]
Figure 4. Correlation tables for SiO, tetrahedra in
Aig(R) vy, v3, vy, trans Ba,Sr;_MgSi,Og; (a) C2, (b) P 3 ml, and (c) P 3.
1A (V) A lib R and IR indicate Raman active and IR active,
141 A, Aw I'b- respectively.
1E (v ib.
sio, 2d) &2 A, - ,
1F, (rot) Ay (IR) vy, va, vy, acoustic
3F, (v3, vy, trans Ey (R) vy, v, vy, lib, trans
E, (IR) v,, vg, vy, lib., acoustic
© p3 (Z=3)model
lonic species Free ion Site sym. Unit cell Vibrational mode
(Wyckoff lett.)  sym. sym.
[Td [Ci] [Sel
1A, (v4) Vi, 2V, 3vs, 3vy, 3lib., 3trans

Aq(R)
1E (v,) % A <MIR)
1F, (rot) E, (R)
3F; (va, vy, trans E,(IR)
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Vq, 2Vg, 3Vg, 3v,, 3lib., 3trans
Vq, 2V5, 3vg, 3v,, 3lib., 3trans
Vi, 2v,, 3vs, 3v,, 3lib., 3trans

sio, (69)
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Figure 5. (Color online) Ba/Sr-ratio dependence of Ba,Sr; ,MgSi,Og cell
size. Unit-cell parameters were converted to a, and ¢, (Z=1) with the
equations described in Section 3.2. Data-point shape indicates the type of
the original cell. Closed diamonds, open and closed triangles correspond to
monoclinic cells of Z=4, trigonal cells of Z=1 and of Z =3, respectively.

(a) C2 structure (0 = x<0.5)
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IV. Discussion

Figure 6 shows the change in Ba,Sr;_MgSi,Og structure
caused by Ba/Sr replacement. As described in the Introduction
section, Ba,Sr;_MgSi,Og is composed of layers of corner-
sharing SiO4 and MgOg. Ba®* and Sr** ions are sandwiched
in between the layers. Structural refinement (Tables I and II)
reveals that Ba”* preferentially occupies the interlayer
A-site. The observed structure change can be traced in associ-
ation with this site selectivity. Firstly, we focus on
BaSr,MgSi,Og [x=1.000, Figure 6(b)]. At this composition,
Ba:Sr atomic ratio is 1:2, which corresponds with the ratio
of A- to B-sites. In this compound, almost all Ba®* ions occu-
py A-site and Sr** ions B-site. The Si—O, dangling bonds pro-
truding from the flat layers are coaxial with threefold rotation
axes. They directly face to the neighboring B-site cations and
make Si—O-B pillars perpendicular to the layers.

As Ba/Sr ratio decreases from the above situation, A-site
Ba** is gradually replaced by Sr**. Simultaneously, the aver-
age size of A-site cations is reduced. The smaller A-site
cation is accommodated by narrowing interlayer spaces.
However, the narrowing rate is low, as shown in Figure 5,
because the interlayer spaces are supported by Si—-O—B(Sr**)
pillars. In the compounds of x < 1, structural fluctuation is pre-
sumably present at A-site, as seen in the sudden increase in the
isotropic atomic displacement parameter B for A-site cation
(~0.7 for x > 1 and ~1.0 for x < 1; Table II). For x<0.5
[group (i)], SiO, tetrahedra tilt to adjust space laterally for
the smaller A-site cation, which makes the layers corrugated
and misalign. As a result, lattice leans slightly and the crystal

Distorted interlayer space
because of SiQ, tilting

Figure 6. (Color online) Crystal structure of
Ba,Sr;_ MgSi,Og illustrated with SiO, tetrahedra and
MgOg octahedra. A- and B-site cations are given by
pink and light blue spheres, respectively. Red solid
line frames indicate unit cells. Tilted SiO, tetrahedra
are highlighted in yellow color.
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structure loses all the threefold rotation axes (P 3 m1 — C2/m,
a, = 2a;+ by, by, = b, ¢, =2¢) and mirror planes (C2/
m — C2), leading to a monoclinic unit cell of C2. It should
be noted that the SiO, tilting starts every other interlayer
space (Figure 6, SiO4 in yellow color). Similar structural
aspect has been reported for an isostructural silicate
(Bag 65Cag 35),5104. Fukuda er al. (2007) set the space
group P 3 m1, and identified that SiOy tilted every other inter-
layer. In (Bag ¢5Cag.35)2S10y4, the position of the A-site cation
in the distorted interlayer space was not definitely determined.
This fact corresponds to the large atomic displacement para-
meter for A-site in the present case. As for the limiting case
of x=0, Ry, is still large even for a C2 model. Considering
the Raman spectra, Sr;MgSi,Og may have a lower-symmetry
structure.

On the other hand, for x> 1, excess Ba®* ions are forced
to be placed at the layer-embedded B-site, which leads to an
increase in the average size of B-site cations. Then, interlayer
spaces linearly increase, because Si—-O-B pillars elongate in
response to the size increase. The P 3 ml (Z= 1) structure can
accommodate the B-site cation enlargement until x=2.375.
However, this structure has inherent instability as is clear
from the presence of an impurity phase (Figure 3). It is con-
sidered that the instability originates in two geometric factors:
(i) size exclusion by pockets on the layer, and (ii) steric hin-
drance from dangling Si—O bonds. Since the former factor has
been pointed out in my previous report (Yonesaki et al.,
2009), we treat the latter in this study. Focusing on the Si-O
dangling bonds, their bond lengths (between 1.57 and 1.59 A)
are shorter than that expected from Shannon’s ionic radii
(1.66 A) (Shannon, 1976). For Bay s00Sto.s00MgSi>-Og (x=
2.500), the Si-O distance becomes much shorter (1.53 A).
This compression may be because of the capping by the adja-
cent B-site cation, considering the linear relationship between
¢, and x (Figure 5). Above this limit, Si—O dangling bonds tilt
to relax the steric hindrance [group (iii), Figure 6(c)].
Consequently, Ba,Sr;_.MgSi,Og loses 2/3 of threefold axes
and all the mirror planes, leading to the formation of P3 struc-
ture with Z=3.

V. Conclusion

Ba,Sr;_.MgSi,Og structure change caused by Ba/Sr
replacement has been traced using Raman spectroscopy and
X-ray powder diffraction. The solid solution series has layered
glaserite-type structure in which larger Ba** ions preferentially
occupy interlayer A-site. As for BaSr,MgSi,Og, since the ratio
of the number of A-site to that of B-site is 1:2, Ba>* and Sr**
occupy A- and B-sites, respectively. In the case of x< 1, the
average size of A-site cations is smaller than Ba2+, because
Sr** ions replace Ba®* at A-site. In an extreme case of
x<0.5, SiO, tetrahedra tilt to fit the smaller A-site cations,
and the layers made of corner-sharing SiO, tetrahedra and
MgOg octahedra become corrugated. As for the case of
x> 1, that is, Ba:Sr ratio exceeds that of A-site:B-site, the
average size of B-site cations becomes larger than Sr** because
excess Ba”* ions are forced to be placed at B-site. However,
the size mismatch between the enlarged B-site cations and
B-site spaces results in the formation of BaMgSiO, and in
SiOy tilting.
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