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The synthesis, structural determination and luminescence properties of a new barium gallate, BaGa;0, are reported. This
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crystalline material can uniquely be obtained by direct cooling from the molten state. The crystallographic structure was

determined using a combination of electron, synchrotron and neutron powder diffraction data. BaGa,O5 crystallizes in the
monoclinic 12/m space group with a = 15.0688(1) A, b = 11.7091(1) A, ¢ = 5.1429(2) A and B = 91.0452(2)° and can be
described as an original member of the A;BC;005, family. Atypical for this A;BC;00 structural framework, BaGa,O- is found

to contain exclusively divalent and trivalent cations. In order to maintain overall electroneutrality, a disordered defect type

partial substitution of gallium and oxygen ions on barium sites occurs within the pentagonal channels of BaGa;0;. Thanks

to the flexibility of this structural framework, BaGa;O; can be heavily doped by europium and thus is shown to exhibit a

strong orange-red luminescence emission at 618 nm under a 393 nm excitation.

Introduction

Direct crystallization from the melt or from glass is an original
alternative to conventional solid state synthesis in order to produce
new polycrystalline phases.l_9 Such an approach can lead to
innovative materials, as recently demonstrated in the case of
polycrystalline ceramics elaborated by full crystallization from glass
which show high transparency both in the visible and near infra-red
ranges.s’g’10 The high transparency of these non cubic materials of
micrometer crystals size was explained by the absence of porosity
inherent to the synthesis process (crystallization from a fully dense
glass), and a limited optical anisotropy (very weak birefringence).
Interestingly, these new transparent polycrystalline ceramics can be
heavily doped with rare earth ions and present interesting optical
or photonic properties competing with single crystal performances.
As an example, the transparent polycrystalline BaAI4075 can be
simply prepared by a single heat treatment of the corresponding
glass composition, resulting in ceramics showing transparency from
the visible range up to 5 um. When doped with Eu2+, BaAl,0,
presents efficient scintillating properties11 with characteristics
equivalent to those obtained for Csl:Tl, currently one of the most
used scintillator materials.
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However, the melting temperature of this pure barium aluminate
composition remains very high (above 2000 °C), preventing the
practical preparation of large scale at low cost. Starting from the
BaAl,0;, composition, we have therefore considered the
substitution of gallium for since gallate glass
compositions and related polycrystalline ceramics can be prepared
at lower temperatures compared to aluminate compositions, as
recently demonstrated by our group in the case of Sr;Ga,O¢
compared to SrgAlzoe'lo

In the BaO-Ga,0; binary system, multiple crystalline phases may
offer new opportunities for transparent ceramics materials. Prior to
this work, only four different crystalline phases had been reported
in the Ba0-Ga,0; binary system: Ba‘;GaZO7,12 Bag,GaZOﬁ,ls_15
BaGaZOz;m_19 ' These materials were studied

aluminum

and BaGauOlg.ZO’ !
either for their ionic conductivity15 or luminescence properties.16
Unfortunately, despite a significantly decreased melting
temperature into the range accessed by classic furnace at
approximately 1500 °C, BaGa,0- glass materials cannot be prepared
at a large scale, even with the use of fast quenching, as
devitrification systematically occurs. Nevertheless, a new barium
gallate crystalline phase corresponding to the BaGa,0; nominal
composition has been identified.

In this present work we report on the synthesis and structure
determination from powder diffraction of a new BaGa,0- crystalline
phase simply prepared by congruent crystallization upon cooling
from the melt. We show that this material can be identified as a
member of the large A3BC;00, family which already comprises
several members with A = Sr, Ba, Pb; B =Sn, Ti, Si, Ge, Ta, Biand C =
Al, Ga, Fe.”” These materials have been previously studied for
their physicals properties: BaGGa21TaO4030 was demonstrated to
exhibit an insulator behavior, Ba3SiAI1002031 presents a wide
emission band centered at 400 nm when doped with cerium and
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excited at 254 nm and Cadée et al. reported that (Sr;Ba);GeGa;30,9
shows blue luminescence, Pb;GeGa;y0,, and Ba;TiAl;(0, yellow
emission and Ba;SnAl;;0, orange luminescence under a 254 nm
excitation.”? The A, B and C sites are usually respectively occupied
by divalent, tetravalent and trivalent cations. Only a few exceptions
have been reported such as (i) Ba,BiGa;,0,9 for which the extra
positive charge brought by Bi** on the Ba®" site is compensated by
the substitution of the tetravalent cation by Ga3+, (ii)
BasGaygsTagsO,0 Which proposes the replacement of the
tetravalent B cation by a mixed occupancy of a pentavalent (Ta™
and trivalent (Ga3+) species, and (iii) the original Ba3Si2TeZn6020‘2’2
composition showing a mixed composition of divalent (Zn2+),
tetravalent (Si“) and hexavalent (Te6+) cations on B and C sites.

The new BaGa,0, crystalline phase reported in this work can be
described as an original A3BC;,0,, structure in which the B cation is
divalent and the overall electroneutrality is respected via the
presence of local disorder, i.e. substitution of barium by gallium and
oxygen atoms, in the barium pentagonal tunnels. The detailed
structure of this new BaGa,0; crystalline material is described and
discussed regarding the necessary overall electroneutrality.

Finally, it is well known that inorganic luminescent materials have
found extensive applications in optoelectronics (displays, LEDs, and
Iasers).33 Many of the inorganic luminescent materials are obtained
after doping different hosts with luminescent lanthanide ions.
Herein, we demonstrate that, given its structural flexibility, the
BaGa,0; structure can be heavily doped with Eu’*". The luminescent
properties of this new phosphor are investigated and discussed
according to the determined structure.

Results and discussion

Synthesis: Direct cooling from the molten state of BaCO; and Ga,03
mixed in a 1:2 stoichiometric ratio leads to crystallization of a phase
which XRD pattern cannot be indexed from a preliminary search in
the ICDD database using a barium gallate composition constraint.
Interestingly, broadening the search without any compositional
constraints led to a match of our experimental data with
Ba3Sb(,.SGam,502(f’4 (JCPDF 047-0536) which structure was not
reported (figure 1).

In order to test the possibility to synthesize our new barium gallate
oxide material via a classic solid state route, an in situ XRD analysis
ranging from room temperature up to the melt of the mixture of
the BaCO; and Ga,0j3 precursors has been undertaken (figure 1). No
evidence of any change of the precursors pattern was observed up
to 700 °C. At this temperature, BaCO; starts to react with Ga,0; to
form BaGa,0, with Ga,0; excess. Next, from 800 °C to 1000 °C,
BaGa,0, undergoes a phase transition (from P6; to P63;22 space
grouplg). The BaGa,0, and Ga,0; phases then remained unchanged
up to the melting point at 1440 °C. Finally, crystallization of this new
crystalline phase, namely hereinafter BaGa,0;, could be observed
during cooling from the melt. From these results, it appears that
cooling from the melt may be the unique way to synthesize the new
BaGa,0, material. A subsequent differential thermal analysis was
performed to check the thermal stability of the resulting BaGa,0,
crystalline phase (figure SI1). No phase transition or decomposition
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Fig 1: In situ X-Ray Diffraction data of the nominal BaGa;0; composition from room
temperature up to 1300°C. The top dark blue XRD pattern corresponds to the material
recorded at room temperature after melting. The different colored marks correspond
to the indexation of BasShysGai05040 (sky blue), BaCO; (orange), Ga,0s (pink), BaGa,0,

P6; (black), and BaGa,0, P6322 (in green).

could be observed before the melting point at 1440 °C, thus
demonstrating the good thermal stability of this material.No
structural data were available for the BasShgsGa;050,0 structure
that matches the XRD pattern of the new BaGa,0; crystalline phase:
therefore subsequent structure determination from powder
diffraction has been undertaken.

Structure Determination Process: An autoindexing analysis of the
synchrotron powder diffraction pattern collected on the new phase
of nominal BaGa,0; composition was first performed using the
DICVOL® and TREOR*® indexing routines. Both softwares led to a
unique solution with high figures of merit: M(20)=25 and F(20)=204.
The proposed solution is a monoclinic cell with a = 15.05 A, b= 11.7
A, c=515A and B = 91.07°. A subsequent ICSD database search
using similar cell parameters and chemical restrictions (both barium
and gallium elements must be present) found only one match, the
Ba,BiGa;,059 structure® (ICSD 50956 — PDF 89-4705). This
monoclinic compound crystallizes in the 12/m (n°12) space group
and its structure belongs to the A3BC;,0,, family, for which several
phases (with A = Sr, Ba and Pb; B = Si, Ge, Sn and Ti and C = Al, Ga
and Fe) have been previously studied.”™!

The structure of A3;BC;,0,, (figure 2) is based on 12 independent
crystallographic sites: 2 sites for A, 4 sites shared by B and C and 6
oxygen sites. Two sites occupied by a mix of B and C species are
forming octahedra (C1 and C2) and the two others exclusively
occupied by C type atoms are in a tetrahedral environment (C3 and
C4). Along the c axis, (B/C)O¢ octahedra form one dimensional
pillars via sharing their edges. The CO, tetrahedra form a 2D corner
sharing tetrahedral sheet perpendicular to the a axis. The
tetrahedral sheets are linked together by (B/C)Og octahedral blocks
via sharing corners. The linkage of tetrahedral sheets and
octahedral blocks form 4, 5 and 6 fold tunnels along the c axis,
among which the A atom occupies the 5 and 6 fold tunnels such
forming chains of cations, and leaving the 4 fold tunnels
unoccupied. The pentagonal tunnels are occupied by A2 while
hexagonal tunnels by A1.

This journal is © The Royal Society of Chemistry 20xx
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Fig 2: Projection of the A3BC;,0, structure along the c axis. The pink spheres represent 8
A atoms. The (C3/C4)0, tetrahedra and (B/C1/C2)0¢ octahedra are plotted in blue and 3 ®
green, respectively. .S
1%}
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The structure of Ba,BiGa;;0,; is very similar to the classic 5
A3BC;,0,9-type compounds, the major difference being that Bi is
located in the pentagonal tunnels near the Ba2 site (site occupancy -6

fixed at one-half for each of these two atoms), whereas the B-type
(i.e., tetravalent) atoms, here one gallium, share sites with C1- and
C2-type atoms. The displacement of the Bi atoms relative to the Ba2
site (around 0.5 A) was explained by the presence of the
stereochemically active 65 lone pair.

The 12/m monoclinic indexation was then tested by performing a
LeBail fit of the synchrotron powder diffraction pattern, and the
obtained good reliability factors (Rwp = 8.35%, Rp = 6.03%, GOF =
2.80) confirmed the similarity with the A;BC;,0,, type structure.
The structure elucidation of the BaGa,O,; phase has then been
performed using a combination of synchrotron and neutron powder
diffraction data. Rietveld refinement of synchrotron diffraction
powder data was first realized using both the cell parameters
previously determined and the 12/m Ba,BiGa;;0,, structure as a
starting model. In this preliminary structural model, crystallographic
sites of all atoms (two Ba, four Ga and six O sites) were fully
occupied and no Bi site was considered, i.e. the Ba2 crystallographic
site was only considered as fully occupied by Ba, leading to a
Ba;Ga;; 0,9 global composition. A reasonable fit could then be
obtained, and a subsequent inspection of Fourier difference maps
from synchrotron diffraction data revealed two positive residual
scattering densities around the Ba2 site on new 4i (x, %, 2)
crystallographic sites (figure 3). These Fourier peaks were assigned
to extra gallium sites named Ga5 and Ga6 according to their
distances to the nearest-neighbor oxygen atoms within the typical
Ga-O bond lengths (1.8-2A). The presence of two additional
gallium atoms close to the Ba2 position (at distances of 1.33 A and
1.85 A respectively) would require partial occupancy of this latter as
both species cannot be present at the same time. Interestingly,
significant negative residual density at the Ba2 position is clearly
visible on the Fourier difference map, confirming the Ba2 partial
occupancy assumption. The occupancies of Ba2 and of the two
extra gallium crystallographic sites were then refined, which
resulted in an important improvement of the reliability factors.

This journal is © The Royal Society of Chemistry 20xx

Fig 3: y-axis projection (y/b=0.5) of the Fourier difference map performed after Rietveld
refinement of the synchrotron powder diffraction data using the Ba,BiGa;10, (ICSD
50956)modified structure as a starting model. Residual scattering densities (in arbitrary
units) are plotted using 20 levels of contours where solid black and white lines
represent positive and negative profiles, respectively. Crosses indicate the further

refined atomic positions.

The occupancies obtained for Ba2: 93.1(2)%, Gab5: 8,2(2)% and Ga6:
6,3(2)% are consistent with the presence of two extra gallium
atoms coexisting in the pentagonal tunnels instead of a barium
atom. It is worth noting that Ga5 and Ga6 have close occupancy
values which are complementary to Ba2, which would suppose a
full occupancy of the pentagonal tunnels, either by barium (Ba2) or
gallium (Ga5 and Ga6).

In order to complete the coordination polyhedra of Ga5 linked to
one 01 and two 03 oxygen atoms (with distances of 2.12(1) A and
1.96(1) A respectively) and Ga6 linked to two O3 and two 06
oxygen atoms (with distances of 2.21(1) A and 2.14(1) A
respectively), and given the low Ga5 and Ga6 occupancies a
Rietveld refinement based on neutron powder diffraction data was
carried out. An oxygen position could be clearly detected using
Fourier difference maps. This oxygen atom, labeled 07, is 5.2(12) %
occupied and localized on a 4i crystallographic site to a distance of
2.17(12) A and 1.69(12) A from additional Ga5 and Ga6 atoms
respectively and very closed to the Ba2 atom (0.86(11) A). In order
to prevent instability during the refinement due to the proximity of
this new oxygen with the Ba2 atom, the site occupancy of 07, Ga5
and Gab were constraint to be equal. With this new insight, the cell
parameters, atomic positions, anisotropic thermal parameters, and
occupancies for all atoms were refined by the Rietveld method on
synchrotron powder diffraction data, leading to the actual

J. Name., 2013, 00, 1-3 | 3
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Bas 73(5)G32253(10)030.84015)  (i-€.  BaGazg3(2)Os53)) formula.  This
formula is consistent with the BaGa,0; nominal composition.

The results of the Rietveld refinement show a partial occupation of
the O1 crystallographic site (88.5(6)%). This O1 oxygen is bonded to
both Gal and Ga2 crystallographic positions which are located in an
octahedral environment. The presence of vacancies on the O1 site,
which was fully occupied in the initial model, is necessary to
preserve the electroneutrality of the crystalline structure. However,
a local rearrangement of the GalO, and Ga20, polyhedra has to be
considered, even though this local and limited disorder defects
cannot be probed using the average long-range periodic structural
information obtained from refinement of these powder diffraction

data.

Structural Description: A final refinement was then conducted on
the synchrotron powder diffraction data using a same occupation
constraint for the Ga5, Ga6é and O7 sites and considering a full
occupancy of the pentagonal tunnels, i.e. no vacancies (occBa2 +
occGa5 = 1). This final refinement was stable and led to good
reliability factors (Rwp = 7.66%, Rp= 6.11%, GOF = 1.48) similar to
those obtained without constraints. The resulting model was then
chosen to describe the structure of the BaGa,0; material further in
this paper. The Rietveld plot corresponding to the final synchrotron
powder diffraction data refinement is shown in figure 4. Table 1
lists the final refined structural parameters for BaGa,0;. The bond
lengths and bond valence sum”’ values calculated for each cation
species are given in table 2. The structure of BaGa,0;, displayed in
figure 5, demonstrates the three-dimensional mixed GaO,
tetrahedral and GaOg octahedral framework.

Crystalline structures with similar A3;BC;y0,, general formula are
usually stabilized by an heteroatom (B), generally a tetravalent or
pentavalent element such as Sn, Ti, Ge, Si, Ta or Bi. Interestingly,
the new pure barium aluminate BaGa,0; (Bas 731)Ga2.53(2)039.84(3))
material belonging to the A3BC;y0, family is stabilized by the
existence of three new 4i sites inside the pentagonal tunnels. More
precisely, the structure determination performed from powder
diffraction shows the presence of two extra gallium sites (Ga5 and
Gab6) distinct of Ba2, with a 8% occupancy, in the pentagonal
tunnels usually exclusively occupied by barium or by a mixture of
barium and an heteroatom sharing the same crystallographic site.
These extra gallium sites form Ga50, and Ga6Os polyhedra
connected through an extra O7 oxygen site (figure 5). The 5-
coordination of gallium as observed for the Ga6 site is rather

unusual, although it has already been observed in the
magnetoplumbite-type BaGauOlg,20 (mixed GaOg and GaOsg
environments) and the recently identified interstitial oxygen

conducting melilite La;,,A;.,Gaz07.05x (A=Sr, Ca) (mixed GaO, and
Ga05)38‘39. The results of bond valence sum calculation (listed in
table 2) are very closed to the expected ideal values (i.e. the
respective oxidation numbers), except for Ga5 and Ga6 (1.9(1) and
2.3(2) respectively). As shown in table 2, the mean gallium-oxygen
bond lengths of 2.01(2) and 2.09(3) found respectively for Ga50,
and Ga60s polyhedra are within typical range of gallium in
octahedral sites (~2 A), and would indicate that these additional
atoms may be slightly underbonded in the proposed model. The
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Fig 4: Final Rietveld refinement of (a) synchrotron (Ru, = 7.66%, Ry= 6.11%, )(Z = 1.48)
and (b) neutron (Ryp = 3.85%, Ry=3.11%, )(Z =2.57) powder diffraction data of BaGa,O;
collected at room temperature. Observed (red circles), calculated (black line), and
difference (blue line) profiles are shown. The set of green vertical lines corresponds to
reflection positions. The inset enlarges the synchrotron refinement over the 20-
35angular range (20).

deviation from the model could be explained by the presence of
local rearrangements of the defects in order to accommodate the
structure. This local reorganization is most probably taking place
locally but is not widely organized across the material as no extra
reflections corresponding to a superstructure due to periodic
arrangement of barium and extra gallium atoms along the
pentagonal tunnels could be observed on the BaGa,0, [001]*
electronic diffraction pattern (presented figure 6). However, the
limited amount of Ga5 and Ga6 compared to the overall gallium
content present in the structure prevents further inspection at the
local state as "*Ga NMR would enable.*

This journal is © The Royal Society of Chemistry 20xx
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Table 1 : Final refined structural parameters obtained from synchrotron powder diffraction data collected at room temperature on BaGa,0,".

atom site X y z occupancy U(eq)
Bal 2a 0 0 0 1 0.01292(19)
Ba2 4 0.28241(3) 0 0.02624(8) 0.92* 0.01132(14)
Gal 2b 0 0.5 0 1 0.0093(3)
Ga2 4h 0 0.63647(5) 0.5 1 0.0112(2)
Ga3 8j 0.35404(3) 0.36166(3) 0.01194(9) 1 0.00766(13)
Gad 8j 0.13619(3) 0.28670(3) 0.97626(9) 1 0.00908(4)
Gas 4 0.2006(5) 0.5 0.7113(16) 0.08* 0.017(2)
Ga6 4i 0.1821(6) 0.5 0.1594(18) 0.08* 0.031(2)
o1 4i 0.4397(3) 0 0.8228(7) 0.83(2) 0.0108(11)
02 4i 0.9006(2) 0 0.4161(7) 1 0.0153(9)
03 8j 0.23833(16) 0.3629(2) 0.9111(5) 1 0.0184(7)
04 8j 0.41687(14) 0.24572(17) 0.8447(4) 1 0.0068(5)
05 8j 0.85837(15) 0.14498(18) 0.8644(4) 1 0.0094(5)
06 8j 0.92676(15) 0.3815(2) 0.8069(5) 1 0.0140(7)
07 4 0.234(3) 0 0.115(9) 0.08* 0.01°

°Space group 12/m, Z= 2, a = 15.06881(2) A, b = 11.70914(1) A, c = 5.142855(6) A, B = 91.04519(6)°, and V = 907.2685 (21) A’; Rwp = 7.66%, Rp= 6.11%, GOF = 1.48. The occupancy
factors for Ba2, Ga6, Ga5 and O7 sites were constrained to conserve charge balance sum (see text).*(occ.Ba2+occ.Ga5=1 and ccc.GaS=occ.Ga6=occ.07).6 Isotropic thermal
parameter fixed for O7 oxygen.

Table 2 : Interatomic Distances and Bond Valence Sum (BVS) calculation in BaGa,;0;.

Bond length (A) BVS Bond length (A) BVS
Bal-02 2.634(3) x2 Ga3-02 1.836(2)
1.91(2)
Bal-05 2.805(2) x4 Ga3-03 1.810(2)
3.10(2)
Ba2 -01 2.608(4) Ga3-04 1.873(2)
Ba2-03 2.776(2) x2 Ga3 -05 1.814(2)
1.97(1)
Ba2 - 05 2.782(2) x2 Gad-03 1.815(2)
Ba2 - 06 2.937(2) x2 Ga4d-04 1.860(2)
3.01(1)
Gad - 05 1.852(2)
Gal-01 1.907(4) x2 Gasd - 06 1.848(2)
3.12(2)
Gal-06 2.022(2) x4 Ga5-01 2.118(9)
Ga2-01 2.045(2) X2 Ga5-03 1.984(5) x2 1.9(1)
Ga2-04 1.951(2) x2 3.11(1) Ga5-07 1.96(5)
Ga2-06 1.954(2) X2 Ga6-03 2.228(7) x2
Ga6 - 06 2.158(8) x2 2.3(2)
Ga6 - 07 1.70(4)
This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5

Please do not adjust margins




CrystEngComni

Page 6 of 10

Fig 5: Representation of the defects located in the pentagonal tunnels of the BaGa,0;
structure. The blue spheres denote the 4-linked Ga5 and 5-linked Ga6é connected
together through the new oxygen atoms (07). The defect corresponds to the presence
of the Ga5-07-Gab motif instead of Ba2 (all atoms are present on the scheme for easier
understanding).

TNE

Fig 6: Electron diffraction pattern of BaGa;0O; oriented along the [001]* direction and
showing the | centering of the lattice.

Luminescence Studies:

In order to analyze the effectiveness of BaGa,O; as a matrix to
fabricate Ln-doped phosphors, BaGa,O; was doped with various
amounts of Eu" following the general Ba; Eu,Ga;07./, formulae (x
=0; 0.005; 0.01; 0.05; 0.1; 0.15 and 0.2). Figure 7a presents the XRD
patterns recorded on these different compositions. In all the
diffractograms, only the BaGa,0; crystalline phase is observed. No
significant change of the morphology of the crystals could be
detected. The line broadening is assigned to chemical disorder due
to the substitution of europium within the structure. Moreover, a
LeBail refinement performed for each doping level was conducted
to determine the cell parameters evolution. This evolution is
presented as a function of the doping level in figure 7b. The
increase of the europium content clearly leads to a linear decrease
of the cell volume, which is in good agreement with a substitution
of europium within the BaGa,0, crystalline structure as the ionic
radius of Eu** is smaller (0.950 A and 1.07 A respectively in the VI

6 | J. Name., 2012, 00, 1-3

and VIl coordination)** than the one of Ba** (1.36 A and 1.42 A
respectively in the VI and VIII coordination). It is remarkable to note
that BaGa,sO; can be substituted by large amounts of europium,
which can be explained by the flexibility of the structure, especially
at the level of the barium pentagonal tunnels as revealed by the
Rietveld refinement.

Figure 8 shows the excitation spectrum of the 5% Eu-doped
BaGa,0; sample taken while monitoring the characteristic Eu®
emission band at 618 nm. The other Eu-doped samples show very
similar spectra. The broad band centered at 290 nm is attributed to
a charge-transfer transition, which occurs by electron delocalization
from the filled 2p shell of the O, to the partially filled 4f shell of
Eu®* The spectrum exhibits as well the typical electronic
transitions from the ground state of Eu’" to the 4f manifold.”* The
latter appear in the 300 - 425 nm range, and have been indexed as
labeled on figure 8. The most intense band peaking at 393 nm,
corresponding to the 7F095L6 transition, has been used to record
the emission spectra of the samples.

The emission spectra of the BaGa,0; samples doped with 0.5%, 1%,
5%, 10% and 20% Eu® recorded after excitation at 393 nm have
been plotted in Figure 9. All spectra show the emission lines
characteristic of the 4f-4f transitions of Eu® ions labeled on the
figure. The emission band peaking at 618 nm, due to the electric
dipole transition (5D0—7F2), appears stronger than the one due to the
magnetic dipole transition appearing at 586 nm (5D0—7F1). This
intensity ratio is characteristic of Eu’" ions located in non-inversion
symmetry sites.™ Although all the emission spectra are very similar
to each other in terms of profile and position of the emission bands,
it can be observed in Figure 9 that their intensity varies significantly
with the Eu content. The inset in figure 9 shows the integrated
intensity of the emission spectrum (500 nm - 750 nm) obtained for
each composition as a function of the Eu* doping level. The
emission intensity increases linearly with increasing Eu®* content
from 0.5% to 5% and reaches a maximum for the BaGa;0,:5% Eu*

This journal is © The Royal Society of Chemistry 20xx
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Fig 7: a) Powder XRD data recorded from the doped Ba;EuGa;0; samples. b) Refined
cell volume values obtained from LeBail refinements and plotted as a function of the
europium doping ratio.

composition. Further increase of the Eu® doping level leads to a
decrease of the light emission.

The observed augmentation in luminescence intensity is clearly due
to the progressive accumulation of emission centers as the doping
concentration increases. The decrease in the emission is assigned to
a concentration quenching effect, i.e. an energy migration between
adjacent luminescent centers which becomes significant when the
Eu-Eu distance decreases as a result of the increase in doping
level.**** The optimum Eu doping level corresponds, therefore, to
the BaGa,0;:5% Ev* sample, in agreement with other matrices

described in the literature.”’*®

The Eu-doped BaGa,0;
luminescence under UV radiation with CIE coordinates x=0.59, y=
0.35 for any Eu®* content (Figure 10). This experimental observation
together with the high purity of the phase obtained as well as its
high thermal stability indicates that Eu-doped BaGa,0, could be an
interesting material for optoelectronic applications.

ceramics emit a strong orange-red

This journal is © The Royal Society of Chemistry 20xx
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Fig 9: Emission spectra of different Eu3+-ccntaining BaGa,0; ceramic samples recorded
after excitation at 393 nm. The inset corresponds to the integrated area of the emission
spectra of the Eu%doped BaGas0; samples as a function of the Eu doping content. The
dotted line is given as a guide to the eye.
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Fig 10: CIE diagram showing the chromatic coordinates (x= 0.59, y= 0.35) of the Eu*'-
doped BaGa,0; samples analyzed in this work.
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Experimental

Synthesis: BaCO; and Ga,0; high purity powders (99.9% - Strem
Chemicals) were first weighed in appropriate amounts using a 1:2
ratio and then mixed together with ethanol in an agate mortar to
ensure homogeneity. An excess of BaCO; (2 wt%) was added to
compensate for barium oxide volatilization. Powders were then
placed in a platinum crucible in an open air atmosphere furnace and
heated up to 1250°C for 12 hours in order to remove carbon dioxide
and engage both barium and gallium oxides in mixed oxides to
restrain barium volatilization. After subsequent grinding, the
powder was heated again at 1475°C for 15 min to ensure melting,
and the sample was finally taken out of the hot furnace and cooled
down to room temperature. No glass forming could be observed,
even when the sample was rapidly quenched in water. The
crystalline phase was finally ground to obtain a beige powder.
Regarding Eu-doped samples, the Eu,0; (99.99 % - Strem
Chemicals) precursor was used to aim for different Ba;.
xGa4O7+x/2:Eux3+ compositions following the same protocol.

Differential Thermal Analysis (DTA) was carried out with a Setaram
SETSYS Evo 2400 instrument. 50 mg of powder were heated up to
1600°C at 10°C/min under an argon gas flow.

X-ray, Synchrotron, Neutron, and Electron Powder Diffraction:
Laboratory X-Ray Diffraction (XRD) was used to control the purity
and lattice parameters of Eu-doped BaGasO; samples.
Measurements were performed on a D8 Advance Bruker Bragg-
Brentano diffractometer (CuKa radiation) equipped with a lynxEye
XE detector. Data were collected between 13 and 135° (26) at room
temperature with a 0.01° step size and a 2 s acquisition time per
step.

In situ X-ray diffraction measurements were performed on a D8
Advance Bruker Bragg-Brentano (CuKa,, radiation) diffractometer
equipped with a linear Vantec detector. Powders were placed on a
platinum ribbon in a HTK16 Anton Paar chamber. Diffractograms
were collected between 15 and 60° (20) with a 0.025° step size
from room temperature up to the melting point of the sample.
Synchrotron X-ray powder diffraction (SPD) was carried out on
beamline 11-BM at the Advanced Photon Source (APS), Argonne
Laboratory. Data collection was acquired at room
temperature on powder loaded in a 0.8 mm diameter kapton tube
with a wavelength of A = 0.413705 A from 1 to 60° (26) and a step
size of 0.001°.

Neutron powder diffraction (NPD) data were obtained at the

National

Laboratoire Léon Brillouin on the 3T2 diffractometer at room
temperature with a 6 mm diameter vanadium tube. Data were
collected with a wavelength of A = 1.2255 A over the 4.5 to 121° 26
range with a 0.05 A step size, for a total of 24 hours acquisition
time.

Structure refinements were performed from powder diffraction
using the Jana2006 software.”

Transmission Electron Microscopy (TEM) data were collected on a
Philips CM20 microscope fitted out with an Oxford EDS analyzer.
The sample was first crushed in ethanol, and a drop of the solution
with the small crystallites in suspension was deposited onto a
carbon coated copper grid.

8| J. Name., 2012, 00, 1-3

Luminescence of Eu-doped BaGa,0;, samples: Excitation and
emission spectra of the different Eu-doped BaGa,O; (Baj.
XGa407+x/2:Eux3+) powders were recorded in a Horiba Jobin-Yvon
Fluorolog3 spectrofluorometer operating in the front face mode.
The CIE color coordinates of the emitted light were calculated from
the emission spectra, considering a 2° observer.

Conclusion

A new barium gallate BaGa,0, ceramic has been discovered and its
detailed structure and luminescence properties are reported. The
synthesis of the pure BaGa,0; composition is achieved uniquely by
direct cooling from the molten state. This phase is stable upon
heating up to its melting point at 1440 °C but cannot be obtained
from conventional solid state ceramic synthesis. Rietveld
refinements performed on both synchrotron and neutron powder
diffraction data led to a detailed characterization of the crystalline
structure. BaGa,0; crystallizes in the 12/m monoclinic cell, with a =
15.0688(1) A, b = 11.7091(1) A, c = 5.1429(2) A and B = 91.0452(2)°
and can be identified as a member of the A;BC;,0, family.
Remarkably, no tetravalent or pentavalent atomic species are
necessary as usually required for this family. The structure is here
stabilized via the presence of local defects within the pentagonal
tunnels. Approximately 10 % of barium sites are occupied by extra
gallium and oxygen ions in a complete random manner within the
tunnels to ensure electroneutrality of the framework. Remarkably,
this new barium gallate material can be easily doped with europium
given its structural flexibility, leading to Bal_xGa407:Eux3+
polycrystalline ceramics showing strong luminescence in the
orange-red region under a 393 nm excitation. The optimum Eu*
content is around 5%, which leads to a maximum of emission
centers without quenching effect. The high purity and thermal
stability of the new phase described make this material an excellent
red phosphor for optoelectronic applications. This discovery
spotlights an innovative route for exploring new phase space and
accessing new polycrystalline compositions via disordered glass or
liquid material paths.
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