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Barium calcium magnesium silicate (BaCa,MgSi,Og), a compound whose space group was obtained via
X-ray diffraction data, was re-investigated using neutron diffraction techniques. A combined powder
X-ray and neutron Rietveld method revealed that BaCa,MgSi,Og crystallizes in the trigonal space group
P3 (Z=1, a=5.42708(5) A, c=6.79455(7) A, V=173.310(4) A3; R,/Rwp=5.52%|7.63%), instead of the
previously believed space group P3m1. The difference in the two structures arises from the displace-
ment of the 02 atom. Blue emission from Bag ggEug 0,Ca;MgSi>Og under 325-nm excitation is ascribed
to the 4f°5d' - 4f” transitions of Eu?* ions at Ba sites and Ca sites. Site assignment of Eu?™* ions in the
titled compound was performed by analysis of emission spectra at temperatures in the range of

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Phosphors activated with Eu?>* are widely used in implements
that individuals use in daily life such as lamps in copying machine
with (Sr,Mg),P,0,:Eu?*, a blue component of three-band fluorescent
lamps and plasma display panels (PDPs) with BaMgAl;q0;7:Eu?+,
and a storage phosphor for X-ray imaging with Ba(F,Br):Eu>* [1]. The
luminescence of the Eu?>* ion in inorganic hosts is generally associ-
ated with transitions between the 3S;, (4f7) ground state and the
crystal field components of the 4f55d! excited-state configurations.
The energetic position of the emission band is strongly dependent on
the host crystal, changing from near UV to red. Silicates of M3MgSi,Og
(M=Ba, Sr, and Ca) have received recent attention because Eu®™-
and/or Mn?*-doped powders have exhibited efficacy in white-light
devices and PDPs [2-9]. The luminescence of M;MgSi,Og:Eu®* is
highly efficient and its color is tunable by changing molar ratios of Ba,
Sr and Ca. High durability against vacuum ultraviolet radiation is also
reported in (Ba, Sr)sMgSi,Og:Eu®* [5].

The luminescence properties of Eu?* are highly sensitive to its
local environment, making it essential to establish the correct
crystal structures of Ms;MgSi,Og. Since the report by Klasens
and co-workers[10], all the compounds of M3;MgSi,Og have
been assumed to be isostructural to the mineral merwinite,
CasMgSi;Og, which was initially assigned an orthorhombic
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structure [10]. At a later date, Moore and Araki [11] revised the
structure to a monoclinic type. Aitasalo et al. [12] found that the
compound with M=Ba is not isostructural to the merwinite, but
crystallizes in a trigonal structure. In the following years, Yone-
saki et al. [8,9] investigated crystal structures of M3MgSi,Og using
X-ray diffraction techniques and reported that BasMgSi,Og has
the K3NaS,0s-type trigonal structure with the space group P3m1.
However, the /3 x /3 x 1 superstructure of Ba;MgSi,Og with the
space group P3 could not be observed from X-ray diffraction data
[12,13] and was not identified until Park and co-workers con-
ducted a neutron diffraction study [13].

The structure of another member M;=BaCa, was also reported
to have the K3NaS,0g-type structure, and luminescent properties
of Eu?* in the compound were explained based on its crystal
structure [8]. However, the average Si-O distance in the reported
structure, 1.586 A, is shorter than the expected value of the sum
of ionic radii: d(Si-0)=1.64 A [8,14]. This discrepancy suggests
that the BaCa,MgSi,0g structure may be incorrect. Based on this
study, we have re-investigated the crystal structure of BaCa,Mg-
Si»0g and the luminescent properties of Eu?* in the compound
using neutron powder diffraction and low-temperature photo-
luminescence techniques.

2. Experimental

The starting materials were BaCO5 (99.95%, Alfa), CaCO3 (99.99%,
High Purity Chemicals), MgO (99.99%, High Purity Chemicals),
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Eu,03 (99.95%, Kanto Chemical Co., Inc.) and SiO, (99.99%, 1-3 mm
pieces, Cerac). Prior to use, pieces of SiO, were ground into a
fine powder with an alumina mortar and pestle. Polycrysta-
lline BaCa,MgSi,Og was prepared by heating the stoichiometric
mixture at 1423 K for 15 h in air followed by cooling and grinding
and then reheating at 1423 K for 15h in air. The powder of
Bag ggEug 02Ca;MgSi>0g was prepared by heating the stoichiometric
mixture of the starting reagents at 1373 K for 4 h in a flow of 2%
Ha(g)—98% Na(g).

The powder X-ray diffraction (XRD) data was collected at room
temperature on a Bragg-Brentano diffractometer (Bruker-AXS
Advance D8) with a Cu X-ray tube, a focusing primary Ge (11 1)
monochromator (A=1.5406 A), and a position sensitive Vintec
detector over an angular range of 10° <26 <151° with a step of
0.016671° and a total measurement time duration of 45 h.

The neutron powder diffraction data was collected at room
temperature in air using the HRPD installed at the research reactor
HANARO (30 MW) in the Korea Atomic Energy Research Institute
(KAERI). The HANARO HRPD system is equipped with a combina-
tion of collimators, C;/C,/C3=20'/30'/10" and a vertically focusing
mosaic monochromator (Ge (3 3 1) crystals, ,=1.8349 A). The data
was collected over the 20 range of 10—160° with a step of 0.05°
and a total measurement time of 3 h.

Structure determination and refinement were performed using
TOPAS software [15].

Photoluminescence measurements were made with the 325-nm
line of a He-Cd continuous-wave laser (Omnichrome 2074) for
excitation and a charge-coupled detector (Hamamatsu, C7042) for
detection. Variable-temperature spectra were recorded by a cryostat
(Letbold, REF-1052M-4k5W) in the temperature range of 4.2-300 K.

3. Results and discussion
3.1. Powder X-ray and neutron diffraction analysis

The X-ray diffraction pattern of BaCa,MgSi,0g was well indexed
with a hexagonal unit cell with ap=5.427 and co=6.795 A.
Previously, Yonesaki and co-workers determined via powder
X-ray diffraction that BaCa,MgSi,Og has the K5NaS,Og (P3m1)-
type structure [8]. Adoption of their reported structure resulted in
a good Rietveld profile fitting with R,/R\,=6.18%/8.55%. However,
the atomic displacement parameter (ADP) for atom O2 was
unusually large, and the average Si-O distance of 1.56 A was much
shorter than the expected value calculated from the sum of ionic
radii: d (Si-0)=1.64 A [14]. The bond valence sums [16] were
calculated using the software Valence [17] for the BaCa,MgSi,Og
crystal structure (P3m1) obtained from the X-ray diffraction data.
The sums were: 2.11 (Ba), 1.65 (Ca), 1.94 (Mg), 5.05 (Si), 1.98 (01),
and 2.25 v.u. (02). The bond valence model has been widely used
to check and validate newly determined structures [18]. The
abnormally high valence sum of 5.05 for Si suggests that the
structural model was an approximation.

The 02 site (6i) is constrained to (x, X, z) in the space group
P3m1, while it is a general position (x, y, z) in an equivalent
structural model for the space group P3, a subgroup of P3m1.
Symmetry reduction to P3, therefore, allows for independent
refinements of positional parameters of x and y. Rietveld refine-
ment of the X-ray diffraction data led to an average Si-O distance
of 1.59 A and a reduced ADP for atom 02 (from 2.6 to 0.3 A% of
Biso) with Ry, of 5.72%. The refined atom parameters from the
X-ray diffraction data for the two space groups (P3 and P3m1) are
provided in the Supporting Information. Comparison of refine-
ment results from the X-ray diffraction data for the two space
groups, however, did not clearly show the correct space group for
BacazMgSizog.

In order to confirm the crystal structure, neutron diffraction
data was collected. This data is essential for the determination
and confirmation of the structure, especially when used in
conjunction with X-ray data. The O atom has the smallest X-ray
atomic scattering, while the neutron scattering length for the O
atom (b.0=>5.803) is higher than those for Si (b.s;=4.149), Mg
(bemg=5.375), Ca (bcca=4.70), and the much heavier Ba
(bea=5.07). The Bragg peaks in the neutron diffraction data
were completely indexed with the P3m1 unit cell, excluding the
possibility of a superstructure. An acceptable fit of the neutron
diffraction data, however, could not be obtained with the P3m1
space group. Following symmetry reduction to P3, convergence
was achieved with reasonable Si-O distances, ADPs, and reduced
residuals (from 17.1 to 5.1% of Ry,), indicating that P3 is the correct
space group for BaCa,MgSi»0s.

A combined Rietveld refinement of the X-ray and neutron
diffraction data was employed to complete the structural deter-
mination. The refinement parameters included: scale factors,
background, unit-cell parameters, peak-profile coefficients,
atomic coordinates, and isotropic thermal parameters. The resi-
dual factors were Rp/Rwp=5.91%/8.19% for X-ray data,
5.22%7.17% for neutron data, and 5.52%/7.63% for the combined
data. The final profile fits are shown in Fig. 1, and powder
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Fig. 1. Combined (a) X-ray (A=1.5406 A) and (b) neutron (A=1.8342 A) Rietveld
refinement profiles for BaCa,MgSi,Og recorded at room temperature. The circle
line marks experimental points and the solid line is the calculated profile. The
lower trace shows the difference curve, and the ticks denote expected peak
positions for BaCa;MgSi,0s. The inset shows the high-angle data in detail.
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Table 1
Results of structure refinement for BaCa,MgSi,Og from combined powder X-ray
and neutron diffraction data.

Chemical formula BaCa,;MgSi,0g
Formula weight 425.951
Space group P3 (No. 147)
V4 1

a (A) 5.42708(5)

c (A) 6.79455(7)

Vv (A%) 173.310(4)
dearc (g/cm?) 4.08119(9)
Temperature (K) 296

Number of reflections (X-ray/neutron) 242/158

Rp/pr/Rexp/RB (X-ray) (%)a
RD/pr/Rexp/RB (neutron) (%)*

5.91/8.19/3.63/3.29
5.22/7.17/1.89/1.95

Rp/Ruwp (total) (%)* 5.52/7.63
Goodness of fit (%, total) 2.74
Total refined parameters (P) 31

aR]J:Z‘Yo,m* c,m‘/z‘yo.m‘; pr:(zwm‘yo,m*Yc,m‘zlzwm‘yo,m‘z)l/z: RB:(X‘
Io‘kflc,k‘/ZIo.k): Rexp:(‘M*P‘/Zwm‘yu,m‘z)”z; X2:(pr/Rexp)2: and Wi =1/Yom.

Table 2

Atomic coordinates and isotropic displacement (A x 10%) for BaCa,MgSi»Og at
room temperature.

Atom Site  x y z Biso (A%)
Bal S 0 05 0.28(4)
Cal 2d 13 2/3 0.8402(2) 0.66(2)
Mgl 1a O 0 0 0.35(2)
si 2d 13 2/3 0.2739(2) 0.20(3)
o1 2d 13 2/3 0.5096(2) 0.70(3)
02 6g  0.12215(16)  —0.23168(14) 0.17652(14)  0.70(2)
Table 3

Interatomic distances (A) and selected angles (deg) in BaCa,MgSi»Og at room
temperature.

Ba-01x6 3.13400(5) 01-Ba-01 60.043(3)
Ba-02 x 6 2.7721(10) 01-Ba-02 77.08(3)
Ca-01 2.246(2) 02-Ba-02 63.71(3)
Ca-02x3 2.4209(6) 01-Ca-02 87.31(4)
Ca-02 x 3 2.7336(15) 02-Ca-02 119.782(9)
Mg1-02 x 6 2.0718(10) 02-Ca-02' 69.08(4)
Si1-01 1.602(2) 02'-Ca-02' 56.75(4)
Si1-02 x 3 1.6395(12) 02-Mg-02 89.85(4)
01-Si-02 113.80(6)
02-Si-02 104.81(7)

refinement results are given in Table 1. The refined atomic and
isotropic displacement parameters can be seen in Table 2, and the
important bond distances and angles are listed in Table 3.

The bond valence sums for the structure (P3) determined from
the combined data are: 2.21 (Ba), 1.73 (Ca), 2.15 (Mg), 4.11 (Si),
1.88 (01), and 2.05v.u. (02). These values closely match the
expected charges of the ions.

3.2. The crystal structure

The crystal structure of BaCa,MgSi,Og is depicted in Fig. 2,
where SiO,4 tetrahedra and MgOg octahedra build polyhedral
networks along the ab plane. The SiO4 tetrahedron shares corners
with three MgOg octahedra and an apex with Ca and Ba atoms,
while the MgOg octahedra are linked at every corner by six SiO4
tetrahedra. The basic structural building units in BaCa,MgSi»0g

Fig. 2. Crystal structure of BaCa;MgSi,Os.

are similar to those in BasMgSi,Og and CazMgSi,Og [8,13]. The
structure may also be described as a stacking of one [BaO;] and
two [Ca0s] layers, like the 3-layer stacking of one [BaO,] and two
[BaOs] layers in BasMgSi>Og [13]. The Mg atoms occupy distorted
octahedral sites formed by two adjacent [CaOs] layers, while the
Si atoms occupy tetrahedral sites formed by the [BaO,] layer and
the [CaOs] layer. The Ba atom binds six O2 atoms and six O1
atoms; the 02 atoms form a distorted octahedron environment
with Ba-02 distance of 2.7721(10) A and the O1 atoms are in a
distorted hexagonal plane in the equatorial position of the Ba
atom with Ba-01 distance of 3.1340(5) A. The site symmetry is Sg
(3) (Fig. 3a). The Ca atom resides at the seven-coordinated site.
Three 02 atoms are in a trigonal plane below the Ca atom with
Ca-02 distance of 2.7336(15)A and three 02 atoms are in a
trigonal plane slightly above the Ca atom with Ca-02 distance of
2.4209(6) A. One O1 atom is in a capping position with Ca-O1
distance of 2.246(2) A. The symmetry for the Ca site is C; (3)
(Fig. 3b).

The structure of BaCa,MgSi,»Og (P3) is compared with the X-ray
diffraction structure (P3m1) in Fig. 4. Projection onto the ab plane
reveals the difference between the two structures. In the P3m1
structure projected on the ab plane, O2 atoms lie on the straight
lines joining atoms Mg and Si, while 02 atoms in the P3 structure lie
off these lines, resulting in re-orientations of MgOg octahedra and
SiO4 tetrahedra. In the refined structures, the bond angles Mg-02-Si
are 170.77(10)° for the P3m1 structure and 158.4(3)° for the P3
structure. Rotation of the polyhedra and the loss of mirror symmetry
in the P3 structure arise from the displacement of the 02 atom
relative to its position in the P3m1 structure. The refined 02
positions are (0.1222, —0.2317, and 0.1765) for the P3 structure
(Table 2) and (0.1843, —0.1843, and 0.1770) for the P3m1 structure
(Supporting Information). The shift in the position between the two
structures is calculated to be 0.31 A.

3.3. Luminescence

BagogEug g2CaxMgSi,0g exhibits an intense blue emission
under ultraviolet excitation, which supports previous research [8].
The emission spectrum of the compound (Aexc=325 nm) mea-
sured at 4.2K reveals a broad band around 430 nm with a
shoulder on the long-wavelength side (Fig. 5). The emission
spectrum can be fit to two Gaussian profiles; one centered at
430nm (23,300cm~!) and the second centered at 460 nm
(21,700 cm~'). The two profiles correspond to the 4f°5d! —4f’
transitions of Eu2* ions at Ba sites and Ca sites in BaCa,MgSi,Os.
Yonesaki and co workers observed the emission of BagggEug gz-
Ca,MgSi,0g at room temperature under 254-nm excitation, and
fit the spectrum with two Gaussian peaks at 430 and 450 nm.
They assigned the emission at 430 nm to Eu?™ in the Ca site, and



C.-H. Park et al. / Journal of Solid State Chemistry 184 (2011) 1566-1570 1569

b

O

Fig. 3. Coordination environments about (a) the Ba atom and (b) the Ca atom in BaCa,MgSi,Os. The filled circles represent the Ba atom and the Ca atom, and the larger

open circles represent O atoms.

Fig. 4. The P3 structure (top) and the P3m1 structure (bottom) projected onto the
ab plane.

the other to the Ba site using Van Uitert’s empirical equation [19].
For the calculation they assumed that the Ba site is only
six-coordinated, not twelve-coordinated, because the six Ba-02
distances are much shorter (2.82 A) than the six Ba-01 distances
(3.01 A). However, a Ba-0 distance close to 3 A is observed in a
number of oxides [8,13,20]. The equation with the twelve coordi-
nation of the Ba site suggests the emission at 430 nm corresponds
to the Ba site, not the Ca site. This is supported by the observation
that Eu?* emission in Ca sites occurs at longer wavelengths than
in Ba sites in many luminescent materials [21]. It can be
rationalized using the crystal field theory. The emission occurs
from the lowest crystal field component of the 4f°5d' configura-
tion to the ground state level (8S from 4f”) of Eu?*. At the smaller
atom site, Eu>* jon experiences a higher crystal field than it
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Fig. 5. Emission spectrum of BagoggEugo2Ca;MgSi,Og obtained at 4.2 K under
excitation at 325 nm. Dash-dotted lines are best-fit Gaussian profiles.

would at a larger atom site, which pushes the lowest crystal field
component of the 4f55d' configuration to a lower energy. Since
the electrons of the 4f orbital are screened by the filled 5s and 5d
orbitals, the energy of the ground state level is minimally affected
by the crystal field. In conclusion, the emission is observed at a
longer wavelength. A simplified energy level scheme of the Eu?+
ion with different crystal field strength is depicted in Fig. 6. The
integrated intensities of the two emission bands also suggest that
the emission at the longer wavelength corresponds to the Ca site.
The area of the Gaussian at 460 nm is 1.9 times larger than the
one at 430 nm. Considering that the multiplicity of the Ca site is
twice than that of the Ba site, the emission at 460 nm is ascribed
to Eu?* in the Ca site, and the one at 430 nm is from Eu?* in the
Ba site.

By increasing the temperature from 4.2 to 300 K, the max-
imum intensities of both emission bands decreased by about 30%,
and their full width at half-maximum (FWHM) increased by
about 20% (Fig. 7), which is related to the increase in thermal
occupancy in high-order vibrational states [22]. No additional
emission band was observed over the range 350-650 nm with
increasing temperature. When the temperature is increased from
4.2 to 300 K, the integrated emission intensity drops by 22% for
the emission at 430 nm and by 28% for the emission at 450 nm. It
is worth noting that in isomorphous host lattices, Eu?* emission
in Ca site exhibits stronger thermal quenching behavior than in Ba
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Fig. 6. A simplified energy level scheme of the Eu?* ion with different crystal field
strength.
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Fig. 7. Emission spectra of BagggEug0,CazMgSi,Og measured at different tem-
peratures from 4.2 to 300 K under excitation at 325 nm. The inset shows the
integrated intensity of the emission as a function of the temperature.

site [23]. For example, the temperatures where the light output
decreased to 50% of the value at 77 K is 505 K for M=Ca and
545K for M=Ba in M3MgSiZOS:Eu2+, and 390K for M=Ca and
420K for M=Ba in M ,SiO4:Eu* [24].

4. Conclusions

The compound of BaCa,MgSi;Og has been re-investigated using a
neutron diffraction technique. A combined powder X-ray and neutron
Rietveld method reveals that BaCa,MgSi,0g crystallizes in the space
group P3, instead of the space group P3m1, which was previously
determined from only X-ray diffraction data. The difference in the
two structures arises from the displacement of the O2 atom relative
to its position in the P3m1 structure. Careful analysis of the X-ray
diffraction data favors the P3 structure, however, both structures
obtained from only X-ray diffraction data are unsatisfactory. In order

to identify Eu?™ sites in the titled compound, emission spectra were
measured at various temperatures in the range of 4.2-300 K. The site
assignments of Eu?* jons using Van Uitert’s empirical equation and
the crystal field consideration coincide with temperature dependence
of the emission bands.

Supporting Information

Further details of the crystal structure may be obtained
from the Fachinformationszentrum Karlsruhe, D-76344 Eggen-
stein-Leopoldshafen, Germany (fax: (49) 7247-808-666; e-mail:
crysdata@fiz-karlsruhe.de) on quoting the depository number
CSD-422406 for BaCa,;MgSi,Os.
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