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ABSTRACT: SrREGa3O7 melilite ceramics with large rare-earth elements (RE = La to Y) are famous materials especially known 

for their luminescence properties. Using an innovative approach, the full and congruent crystallization from glass process, SrREGa3O7 

transparent polycrystalline ceramics with small rare earth elements (RE = Dy-Lu and Y) have been successfully synthesized and 

characterized. Interestingly, compared to the classic tetragonal (P-421m) melilite structure composed of mixed Sr/RE cationic sites, 

these compositions can crystallize in a 3 x 1 x 1 orthorhombic (P21212) superstructure. A detailed study of the superstructure, inves-

tigated by different techniques (synchrotron and neutron powder diffraction, STEM-HAADF imaging and EDS mapping), highlights 

the existence of a Sr/RE cation ordering favored by a large Sr/RE size mismatch and a sufficiently small RE cation. An appropriate 

control of the synthesis conditions through glass crystallization enables the formation of the desired polymorphs, either ordered or 

disordered. The influence of this tailored cationic ordering/disordering on the RE luminescent spectroscopic properties have been 

investigated. A stronger structuration of the RE emission band is observed in the ordered ceramic compared to the disordered ceramic 

and the glass, whose band shapes are very similar, indicating that the RE environment in the glass and disordered ceramic are close.  

1. INTRODUCTION 

The melilite gallates SrREGa3O7 with the largest RE 

cations, i.e. RE = La to Y, are well known for their lu-

minescence properties observed on single crystal or 

powder materials.1–5 These compounds are readily syn-

thesized by conventional ceramic methods and adopt 

the tetragonal melilite structure with a uniform [Ga3O7] 

framework layer and fully-disordered Sr/RE (“A-site”) 

cations. In contrast, the compositions with RE smaller 

than Tm have not been widely studied, because they 

are challenging to synthesize, and they appear to have 

more complex structures that have not been fully char-

acterized.6,7 The introduction of small A-site cations 

(or more precisely, the imposition of a low A/B ionic 

radius ratio8) is known to induce distortions of the 

melilite framework, for example in the åckermanites 

Ca2MSi2O7 (M = Mg2+, Co2+)9–11 and the gallates 

CaREGa3O7 (RE = La, Nd)8,12, which both have high 

concentrations of Ca2+ on the A-sites. These melilites 

undergo complex incommensurate structural distor-

tions due to the size mismatch between the Ca/RE-

sublattice and the tetrahedral framework layer, produc-

ing a modulated distribution of A-site environments 

ranging from 6- to 8-coordinate in CaNdGa3O7, which 

are better adapted for the local coordination of Ca2+ 

than the single 8-coordinate A-site exhibited in the un-

distorted parent phase.  

An initial study of SrREGa3O7 in the small-RE range 

(RE = Eu – Yb, Y) was motivated by the search for new 

luminescent transparent ceramics.7 Transparent ceram-

ics showing luminescence properties are key materials 

in the development of numerous applications such as 

laser gain media and scintillating inorganic materi-

als.13–18 Indeed, they combine the advantages of trans-

parent media, such as volume excitation/emission, with 

ceramic optical emission properties, i.e. narrow and in-

tense emission bands. Transparent ceramics are usually 

synthesized through complex powder sintering pro-

cesses, requiring high temperature and high pressure to 

remove residual porosities acting like light scattering 

centers and consequently limiting the transparency of 

the resulting material.16,19,20 An alternative synthesis 

approach, full crystallization from glass, was recently 

proposed to achieve transparent ceramics.21–27 This 

process can lead to fully dense ceramics, i.e. ceramics 

without porosity, if the density difference between the 
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glass and the crystalline phases remains limited, thus 

preventing the appearance of cracks during crystalliza-

tion. The full and congruent crystallization process also 

leads to very thin grain boundaries.22 Therefore, the 

possibility to achieve fully dense ceramics with thin 

grain boundaries, two of the main requirements for 

transparent ceramics synthesis, has enabled the use of 

full glass crystallization to access new transparent ce-

ramic compositions. This was particularly demon-

strated for innovative materials showing non-cubic 

symmetry, as long as the birefringence effect remains 

limited.7,21,22,28,29  

Moreover, crystallization from glass is a process op-

erating at relatively low temperature compared to con-

ventional powder sintering and solid state processes, 

thus offering the possibility to access new metastable 

crystalline phases as demonstrated for BaAl4O7,21,30 

Sr1+x/2Al2+xSi2-xO8,22 Sr1-x/2Al2-xSixO4,28,31 and 

Bi0.8Nb0.8Te2.4O8 transparent ceramics.32 Using this 

method, we were successful in synthesizing new trans-

parent to SrREGa3O7 ceramics with both small RE cat-

ions (RE = Eu, Gd, Tb, Dy, Ho, Y, Er, Tm and Yb) and 

substantial non-stoichiometries (Sr1-xRE1+xGa3O7+x/2 

with RE = Eu, Gd and Tb).7,26 Some members of the 

transparent ceramic SrREGa3O7 family were found to 

have additional features in their PXRD patterns, imply-

ing additional complexity in their crystal structures, but 

this was not investigated in detail.7 

Here we investigate the structure and the phase sta-

bility of the SrREGa3O7 (RE = Y, Dy, Ho, Er, Tm, Yb 

and Lu) melilites. In contrast to the modulated 

CaREGa3O7 melilites, we find that these materials can 

crystallize in a new cation-ordered 3 x 1 x 1 melilite 

superstructure, which produces three distinct A-site en-

vironments and enables the large size difference be-

tween Sr and the small RE3+ cations to be accommo-

dated by the tetrahedral framework. Furthermore, by 

tuning the synthesis conditions, it is possible to isolate 

disordered polymorphs for the RE = Dy, Ho, Er, Tm 

and Yb members. The superstructure description is de-

tailed by means of synchrotron and neutron powder 

diffraction Rietveld refinements, which are coupled to 

observations from scanning transmission electron mi-

croscopy - high angle annular dark field (STEM-

HAADF) imaging and X-ray energy dispersive spec-

troscopy (EDS) elemental mapping. Moreover, atomic-

resolution STEM-HAADF imaging and EDS ele-

mental mapping enable direct observation of Sr2+ and 

RE3+ cation ordering in the melilite structure. Last, the 

broad optical transmission range (from the UV up to 

the mid-infrared) and photoluminescence properties of 

these new SrREGa3O7 melilites are measured. A signif-

icant influence of the Sr/RE ordering/disordering is re-

ported on the RE emission band features in the glasses, 

ordered and disordered ceramics.  

 

2. EXPERIMENTAL  

2.1 Synthesis procedure. The small rare-earth com-

pounds SrREGa3O7 (RE = Dy – Lu, Y) and the known 

tetragonal melilite SrTbGa3O7 were synthesized by a 

full crystallization from glass process. First, high pu-

rity SrCO3, RE2O3 and Ga2O3 powders (Strem Chemi-

cals, purity > 99.9 %) were weighed in stoichiometric 

amounts, and ground together in an agate mortar using 

ethanol to homogenize the mixture. The resulting pow-

der was then dried, pressed into pellets, and broken into 

fragments of ~50 mg. The fragments were then levi-

tated individually in an argon gas jet and melted at ap-

proximately 1650°C (determined by optical pyrome-

try) using a pair of CO2 lasers (10.6 µm),33 held for sev-

eral seconds to allow homogenization, and then 

quenched radiatively to room temperature by shutting 

off the lasers (an estimated cooling rate of 300°C.s-1) 

to produce the precursor glasses as spherical beads. 

Full crystallization of the glass precursors was then 

achieved by a single heat treatment performed under 

air in conventional muffle furnace at temperatures be-

tween 805-815 °C. Crystallization protocols for each 

specific composition are detailed in section 3.1. 

2.2 Thermal Analysis. Differential scanning calo-

rimetry (DSC) was performed on a Setaram MULTI 

HTC 1600 instrument. Powder samples of ~200 mg, 

obtained by crushing several beads of the same com-

position, were contained in platinum crucibles and 

scanned at a rate of 10 K min-1 in flowing argon. 

2.3 Powder Diffraction. Laboratory X-ray powder 

diffraction (PXRD) analyses were performed in Bragg-

Brentano geometry using a D8 Advance Bruker labor-

atory diffractometer (CuKα radiation) equipped with a 

LynxEye XE detector. In situ high-temperature diffrac-

tion data were collected under air using two different 

setups depending on the maximum temperature re-

quired. For measurements up to 1200°C, variable tem-

perature VT-PXRD data were recorded using an 

HTK1200N Anton Paar furnace. The powder sample 

was placed in a platinum-lined corundum sample 

holder. Data were collected from 10 to 40° (2θ) with a 

0.024 ° step size and an acquisition time of 1 s/step. 

Phase transitions were tracked while heating from 740 

°C to 900°C for RE = Ho-Lu, from 740°C to 1000°C 

for Dy and from 740°C to 1100°C for Tb, using 5°C 

steps. Data were also acquired during cooling from the 
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maximum temperature down to 400°C (300°C for RE 

= Ho). For measurements up to 1600°C, VT-PXRD 

data were recorded every 50 °C from room temperature 

up to 1500 °C using an Anton Paar oven chamber 

(HTK1600N model) from 19 to 38° (2θ) with a 0.016° 

step size and an acquisition time of 1 s per step. Syn-

chrotron powder diffraction (SPD) was carried out on 

the 11-BM beamline at the Advanced Photon Source 

(APS, Argonne National Laboratory, US) for composi-

tions RE = Ho, Er, Tm, Yb and Lu. Data were acquired 

at room temperature from powder loaded in a 0.8 mm 

diameter Kapton tube with incident wavelength of λ = 

0.41423 Å or 0.45787 Å over an angular range of 1 - 

50° (2θ) with a step size of 0.001°. Note that the pre-

cursor glass powders were scaled up to ~1g for these 

experiments by combining several crushed beads. Neu-

tron powder diffraction (NPD) data were obtained at 

the Laboratoire Léon Brillouin (LLB, Saclay, France) 

on the 3T2 diffractometer at room temperature for RE 

= Yb using an 8 mm diameter vanadium tube. Data 

were collected with wavelength of λ = 1.229 Å over the 

10 - 120° 2θ range with a 0.05° step size, for a total of 

22 hours acquisition time. A large (~5g) powder sample 

was produced for this experiment by crushing a large 

number of individual beads. Structure refinements 

were performed from powder diffraction data using 

TOPAS Academic version 6.34  

2.4 Electron Diffraction and Imaging. Selected 

area electron diffraction (SAED) experiments were 

carried out on a Philips CM20 transmission electron 

microscope (TEM) to determine the cell parameters 

and space group of the transparent polycrystalline ce-

ramics. Atomic-resolution STEM-HAADF micro-

graphs and EDS elemental mapping were performed 

on a JEOL ARM200F (JEOL Ltd.) Cold FEG TEM op-

erating at 200kV, equipped with a double spherical ab-

erration corrector and fitted with a JEOL SDD 

CENTURIO EDS system. The cationic ordering in 

SrYbGa3O7 was imaged at the atomic scale by STEM-

EDS elemental mapping and by STEM-HAADF imag-

ing mode with a 68-174.5 mrad inner-outer collection 

angles. The probe size used is 0.13 nm and 0.1 nm re-

spectively. The samples were first prepared by me-

chanical polishing with a tripod and inlaid diamond 

discs until a 50µm thickness. The thin foils were then 

obtained by argon ion milling (PIPS GATAN). 

2.5 Optical Transmission and Photoluminescence 

Spectroscopies. Optical transmission spectra were rec-

orded on polished samples in the UV-visible-near-

infrared (NIR) and infrared ranges using an Agilent 

Cary 5000 UV-vis-NIR double beam spectrophotome-

ter and a Perkin Elmer Frontier FTIR spectrometer re-

spectively. Photoluminescence spectra were recorded 

at room temperature on bulk and powder samples using 

a Horiba-Jobin-Yvon Nanolog spectrofluorimeter, 

equipped with a 450W Xe lamp source coupled to a 

double monochromator for excitation, and an iHR320 

spectrometer coupled to an infrared PMT detector sen-

sitive from 950 to 1650 nm (Hamamatsu). Special at-

tention was paid to collect the emission spectra under 

the same experimental conditions to allow their accu-

rate comparison.  

3. RESULTS  

3.1 Glass-crystallization synthesis of ceramic 

powders. The precursor glasses prepared by the aero-

dynamic levitation laser-melting procedure (see sec-

tion 2.1) were confirmed to be amorphous by PXRD 

prior to a provisional thermal analysis by DSC con-

ducted on heating up to 920°C. Fully-amorphous sam-

ples were obtained for all of the compositions at-

tempted, with the exception of the end member RE = 

Lu, which contained weak Bragg peaks consistent with 

the presence of a small amount of crystalline melilite 

(Figure S1). The glass crystallization temperatures, 

signified by a strong exothermic peak in the DSC, were 

found to occur in the range 804 – 860°C (see section 

3.4); the decrease of the rare-earth size from Tb – Lu 

induces a systematic increase of the glass transition and 

crystallization temperatures (associated with increased 

rigidity of the glass network).35 Glass powders were fi-

nally heat treated for 2 hours at 815°C and cooled 

down in the furnace (for RE = Tb - Yb, Y) or heat 

treated for 2 hours at 805°C and quenched by placing 

the Pt crucible in water (for RE = Lu) to produce poly-

crystalline samples.  

Laboratory PXRD of these samples showed that two 

distinct crystal structures had formed, according to the 

identity of the rare earth ion. For the larger rare-earths 

(RE = Tb, Dy, Ho and Y), the PXRDs were readily in-

dexed to the familiar tetragonal melilite structure (P-

421m with a ≈ 7.9 and c ≈ 5.2 Å). However, the smaller 

rare earths (RE = Er, Tm, Yb, Lu) exhibited a more 

complex PXRD pattern which contained the main re-

flections of the melilite structure, and an additional set 

of weak reflections. These patterns were indexed using 

Dicvol,36 revealing a three-fold expansion of the meli-

lite unit cell along the a axis to produce a new ortho-

rhombic supercell of dimensions (a ≈ 23.70 Å, b ≈ 7.92 

Å and c ≈ 5.21 Å). The detailed determination of the 

3x1x1 melilite structure by powder crystallography 

and electron microscopy is described first in sections 

3.2 and 3.3. The compositional and thermal stability of 



 

 

4 

this superstructure, as determined by variable temper-

ature PXRD and DSC measurements, is then described 

in section 3.4.  

Attempts to synthesize the small-rare earth compo-

sitions (RE = Ho – Lu) directly by classic solid-state 

reaction were not successful. For example, a variable-

temperature PXRD experiment showed that a reaction 

mixture of SrCO3-Yb2O3-Ga2O3 produces SrGa2O4 and 

Yb3Ga5O12 as the only ternary phases before melting at 

1500°C (Figure S2). As reported by Boyer et al.7, it is 

possible to synthesize SrREGa3O7 transparent ceramics 

of these compositions by full crystallization from glass 

(Figure S3a), starting from SrREGa3O7 glass beads 

produced as described in section 2.1 and annealing 

them in a second step: the transparent ceramics thus 

produced exhibit the same PXRD patterns as for the 

powder samples described above. 

3.2 Solution and refinement of the 3x1x1 super-

structure. SrREGa3O7 synchrotron X-ray diffraction 

(SPD) and selected area electron diffraction (SAED) 

patterns were consistent with laboratory PXRD, con-

firming the presence of a superstructure with a super-

cell corresponding to a tripling of the a axis in a 3x1x1 

expansion (Figure 1) of the tetragonal melilite parent 

cell (Figure S4). The only observed reflection condi-

tions were h00, h = 2n and 0k0, k = 2n, consistent with 

space group P21212. Note that we did not see any evi-

dence of satellite peaks in the SrTmGa3O7 SAED pat-

terns, which implies that the crystal structure is com-

mensurate (in contrast to small-alkaline-earth melilites 

such as CaLaGa3O7 and CaNdGa3O7 which exhibit in-

commensurate structural distortions)8,12. 

We selected SrYbGa3O7 as a representative sample for 

detailed structural analysis due to the high stability of 

the 3x1x1 superstructure at this composition (see sec-

tion 3.4), and its favorable neutron diffraction charac-

teristics (relatively low neutron absorption by Yb, and 

good scattering contrast between Yb/Sr). The structure 

was solved by charge-flipping37,38 (implemented in 

JANA200639 through the Superflip software40,41) fol-

lowed by Fourier different mapping, as described in the 

Supporting Information. The final Rietveld analysis 

was performed against SPD and NPD data simultane-

ously. Initial refinement of the Sr/Yb occupancies of 

the A sites produced three distinct A sites with equal 

multiplicity: a mixed Yb/Sr site (“Yb1/Sr1”, refined 

occupancy 0.498(1)/0.501(1)), a Yb-dominated site 

“Yb2” (0.977(1)/0.023(1)), and a Sr-dominated site 

“Sr3” (0.025(2)/0.975(2)). The amount of site inver-

sion being very limited, these values were then fixed to 

ideal occupancies (0.5/0.5, 1/0 and 0/1 respectively), 

which did not affect the goodness of fit. All atomic co-

ordinates were then refined in addition to anisotropic 

thermal parameters (Sr/Yb positions only) or isotropic 

thermal parameters (Ga and oxide positions) to give re-

liability factors Rwp = 4.427 %, Rp = 3.772 % and χ² = 

1.035. The Rietveld refinement is presented in Figure 

2, Table 1 and Table S1, with the principal interatomic 

distances presented in Table 2 and Table S2. 
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Figure 1. (a) Synchrotron powder diffraction data of the 

SrYbGa3O7 melilite phase indexed with the P-421m melilite sub-

structure (blue marks) and in the 3x1x1 P21212 superstructure (red 

marks). (b) [0-11]* and [001]* Selected Area Electron Diffraction 

patterns of the SrTmGa3O7 melilite phase synthesized by full crys-

tallization from glass. The indexations of the tetragonal melilite 

sub-structure (a=7.9 Å x c = 5.2 Å, P-421m) and the 3x1x1 super-

structure (a=23.7 Å x b=7.9 Å x c = 5.2 Å, P21212) are shown in 

blue and red respectively. The arrows point the reflections assigned 

to double diffraction. 

 

Table 1. Structural parameters of cation-ordered SrYbGa3O7 obtained by Rietveld refinement against SPD and NPD data 

(combined) at room temperature (P21212 space group, a = 23.70167(7) Å, b = 7.92110(3) Å and c = 5.21162(2) Å). 

Atom Site x y z Occ U(eq) 

Yb1/Sr1 4c 0.21967(3) 0.14373(8) 0.49426(12) 0.5/0.5 0.0077(2)* 

Yb2 4c 0.38103(2) 0.30934(6) 0.45529(9) 1 0.0101(1)* 

Sr3 4c 0.05795(4) 0.33953(11) 0.50839(18) 1 0.0098(2)* 

Ga1 4c 0.44940(4) 0.14505(14) 0.0131(2) 1 0.0054(3) 

Ga2 2a 0 0 0.9759(4) 1 0.0066(4) 

Ga3 4c 0.17317(5) 0.48007(13) 0.0014(3) 1 0.0047(2) 

Ga4 4c 0.28948(4) 0.33540(13) 0.9535(2) 1 0.0056(3) 

Ga5 4c 0.11858(5) 0.12314(12) 0.03036(19) 1 0.0065(3) 

O1 4c 0.45607(14) 0.3444(5) 0.2033(7) 1 0.0089(7) 

O2 4c 0.38457(14) 0.0730(4) 0.1899(6) 1 0.0043(7) 

O3 4c 0.29223(14) 0.3327(5) 0.3001(7) 1 0.0190(10) 

O4 4c 0.44114(14) 0.1434(5) 0.6766(6) 1 0.0095(7) 

O5 4c 0.12726(17) 0.1121(5) 0.6862(6) 1 0.0150(8) 

O6 2b 0.5 0 0.1551(9) 1 0.0082(10) 

O7 4c 0.22859(17) 0.4269(5) 0.7736(8) 1 0.0156(8) 

O8 4c 0.04632(15) 0.1439(5) 0.1532(7) 1 0.0167(9) 

O9 4c 0.29646(16) 0.1315(6) 0.7764(8) 1 0.0173(9) 

O10 4c 0.15349(17) 0.2993(5) 0.2025(7) 1 0.0170(9) 

O11 4c 0.34815(14) 0.4525(4) 0.7940(6) 1 0.0079(7) 

*: The thermal parameters of Yb1/Sr1, Yb2 and Sr3 were refined as anisotropic (see details in table S1). 

 

Table 2. A-O interatomic distances and bond valence sums calculated for the three crystallographic A-sites of cation-ordered 

SrYbGa3O7.  

Bond Length(Å) Bond Length(Å) Bond Length(Å) 

(Sr/Yb)1-O9 2.342(4) Yb2-O1 2.228(3) Sr3-O8 2.430(4) 

(Sr/Yb)1-O5 2.421(4) Yb2-O11 2.238(3) Sr3-O6 2.565(3) 

(Sr/Yb)1-O3 2.494(4) Yb2-O4 2.256(4) Sr3-O4 2.593(4) 

(Sr/Yb)1-O10 2.508(4) Yb2-O3 2.262(3) Sr3-O5 2.608(4) 

(Sr/Yb)1-O7 2.531(4) Yb2-O2 2.329(3) Sr3-O2 2.783(3) 

(Sr/Yb)1-O11 2.671(3) Yb2-O5 2.517(4) Sr3-O10 2.788(4) 

(Sr/Yb)1-O7 2.682(4) Yb2-O9 2.967(4) Sr3-O4 2.935(3) 

(Sr/Yb)1-O3 2.702(4) Yb2-O11 3.711(3) Sr3-O1 3.195(4) 

BVS  (Sr) 2.68 BVS  (Sr) 3.84 BVS  (Sr) 1.76 

BVS  (Yb) 1.87 BVS  (Yb) 2.68 BVS  (Yb) 1.23 
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Figure 2. Combined Rietveld refinement of SPD (a) and NPD (b) 

data on cation-ordered SrYbGa3O7 melilite at room temperature (Rp 

= 3.772% Rwp = 4.427%). Observed (red points), calculated (black 

line) and difference (blue line) profiles are shown. The green tick 

marks correspond to allowed reflection positions. 

 

The refined SrYbGa3O7 melilite superstructure is 

presented in Figure 3. Its crystal structure retains the 

topology of the parent melilite structure, where corner-

sharing GaO4 tetrahedra form two dimensional Ga3O7 

sheets with the A cations accommodated in pentagonal 

channels that align parallel to the stacking axis. In the 

tetragonal parent structure (e.g. the structure of 

SrLaGa3O7, shown in Figure 3b), the Sr/La site cations 

are fully disordered and the channels are symmetrically 

equivalent with 8 nearest-neighbor A-O distances in 

the range 2.51 – 2.94 Å6,42. In contrast, in SrYbGa3O7 

the ordering of large/small A site cations (8-coordinate 

ionic radii of 1.25 and 0.985 Å for Sr2+ and Yb3+ re-

spectively) over three different sites causes the Ga3O7 

framework to distort (Figure 3a). This produces three 

distinct channel types which have equal multiplicity. 

The A sites in the Sr-containing channels Yb1/Sr1 

(half-occupied by Sr2+) and Sr3 (fully-occupied by 

Sr2+) can be considered as distorted versions of the 8-

coordinate square-antiprismatic A-sites found in the 

parent melilite SrLaGa3O7 (Figure 3d and e). In the Sr3 

channels, the bond valence sum (BVS) for Sr2+ is 1.76, 

which is comparable to that found in the undistorted 

SrLaGa3O7 (BVS = 2.04), despite its broad distribution 

of Sr-O distances in the range 2.430(4) – 3.195(4) Å 

(Figure 3e). It is clear that Yb3+ would be severely un-

der-bonded at this site (BVS for Yb3+ = 1.23). The 

Yb1/Sr1 sites have A-O distances clustered neatly in 

the range 2.342(4) – 2.702(4) Å (Figure 3d). These 

sites retain a formal coordination number of 8, but are 

smaller than the Sr3 sites, and smaller than the A-sites 

of SrLaGa3O7. Here, the calculated BVS values indi-

cate a compromise between the bonding preferences of 

Sr2+ (which is formally over-bonded, with BVS = 2.68) 

and Yb3+ (formally under-bonded, with BVS = 1.87). 

Such values are comparable with those found in the 

previously published structure of disordered SrYGa3O7 

(where BVS for Sr2+ = 2.37; Y3+ = 1.81)6. In contrast to 

the Sr3 and Yb1/Sr1 sites, the Yb2 sites (fully-occu-

pied by Yb3+) are substantially different to those found 

in SrLaGa3O7 and can be considered to have [6+1] co-

ordination defined by six short Yb-O distances in the 

range 2.228(4) – 2.517(4) Å that form a triangular-pris-

matic first coordination sphere, and one long Yb-O dis-

tance of 2.967(4). Note that the next-shortest Yb2-O 

distance is 3.711(3) Å (Yb2-O11), which is beyond the 

range usually considered for bonding. This site is small 

enough to accommodate Yb3+ with a BVS of 2.68, 

whereas coordination of Sr2+ would be disfavored 

(BVS for Sr2+ = 3.84). The six short Yb-O distances 

cause a severe narrowing of the pentagonal channel, as 

shown by the deviation of its geometry from the ideal 

case of SrLaGa3O7 (Figure 3c). The refined A-O dis-

tances for all three sites are shown in Table 2. The re-

lationship between the arrangement of the A sites in 

two dimensions and the corresponding framework dis-

tortion is discussed in more detail in section 4.1. 

a) 

b) 
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Figure 3. [001] projections of (a) the cation-ordered 3x1x1 melilite 

superstructure of SrYbGa3O7, with GaO4 tetrahedra in blue, Sr in 

green and Yb in red. (b) the parent melilite structure of SrLaGa3O7, 

with the disordered Sr/La site in black/white. (c-e) histograms 

showing the distribution of refined A-O distances in SrYbGa3O7 for 

Yb (red), Sr/Yb (patterned green/red) and Sr (green) sites. Each 

histogram is overlaid with the published A-O distances of the un-

distorted SrLaGa3O7 parent phase (patterned black/white bars). 

3.3 Atomic-scale imaging of the 3x1x1 superstruc-

ture (RE = Yb). The Rietveld refinements of 

SrYbGa3O7 provide an average structural model de-

scribing the superstructure with three distinct crystal-

lographic A sites (one fully occupied by Yb, one fully 

occupied by Sr and one shared equally by Sr and Yb), 

but it may not provide an accurate picture of the local 

Yb/Sr distribution at the nanometer scale. To investi-

gate the possibility of local deviation in the Yb/Sr dis-

tribution (e.g. the presence of areas enriched in Yb or 

Sr), EDS mapping and STEM-HAADF imaging were 

performed at the atomic scale, on the SrYbGa3O7 sam-

ple oriented along the [001] direction (Figure 4a and 

Figure 5). Along this direction, the columns of atoms 

are composed of the same crystallographic A site 

(Yb1/Sr1 with a 50/50 occupancy or Yb2 as fully oc-

cupied by Yb or Sr3 as fully occupied by Sr), (Figure 

3a). 

STEM-EDS elemental mapping of the three cations, 

Ga, Sr and Yb, at the atomic scale (where each point 

corresponds to a column of atoms with the same chem-

ical nature) shows GaO sites (blue), pure Yb2 sites 

(red), pure Sr3 sites (green) and mixed Yb1/Sr1 sites 

highlighted by yellow arrows (Figure 5). This result 

confirms and allows the cationic organization proposed 

by powder diffraction to be visualized.  

Scanning transmission electron microscopy - high 

angle annular dark field (STEM-HAADF) is a Z-con-

trast imaging mode whose signal is essentially domi-

nated by Rutherford scattering, with a cross-section 

proportional to Z² (Z being the atomic number).43–45 

For thin objects (several tens of nanometers), an ana-

lytical expression of the Z dependence of the image in-

tensity can be approximated by an exponential function 

of the form I ∝ Zn with n in the range between 1.6 and 

2, depending on the annular dark field (ADF) detector 

geometry (collection angle). At the atomic scale, for a 

column composed of several elements (i) with a ratio 

mi and Zi the atomic number of the element i, this for-

mula becomes 𝐼 ∝  ∑ (𝑚𝑖𝑖 𝑍𝑖
𝑛). Consequently, one of 

the advantages of this imaging mode is the possibility 

to distinguish between chemically different atomic col-

umn sites. However, the intensities are highly sensitive 

to the number of atoms in the atomic column. Consid-

ering this point, atomic resolution STEM-HAADF im-

ages have been acquired with a SrYbGa3O7 crystal ori-

ented along the [001] direction in order to stack the 

same number of atoms along all the atomic columns, 

whatever their chemical nature (Figure 4a). The cation 

ordering was then determined by indexing the atomic 

columns from the brightest to the darkest contrasts in 

relation with the heaviest sites to the lightest atoms: 

Yb2 (Z = 70) > Yb1/Sr1 50:50 mixed (𝑍̅ ≈ 56) > GaO 

(𝑍̅ = 39) ≈ Sr3 (Z = 38). Only the Sr and GaO atomic 

columns are difficult to distinguish accurately due to 

their very close atomic numbers. However, by compar-

ison with the EDS elemental maps (Figure 5) and the 

embedded simulated STEM-HAADF image (top right 

corner of Figure 4a), all the crystalline sites are identi-

fied. The simulated STEM-HAADF image of the 

SrYbGa3O7 superstructure, oriented along the [001] 

zone axis, was obtained using the JEMS software46 

from the cif file of the superstructure. It is a simple pro-

jection of the structure convolved with the electron 

probe intensity of the microscope. The channeling ef-

fects have not been simulated. A perfect match in terms 

of distances and positions between the experimental 
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STEM-HAADF images and the melilite structure re-

solved from synchrotron and neutron powder diffrac-

tion experiments was found with no sign of modulation 

or default in the crystallographic site organization. 

Recent works47,48 have demonstrated that a quantifica-

tion of the total intensity of the scattered electrons (V) 

for individual atomic columns can enable the nature of 

unknown columns to be assigned via the formula 𝑉 ≈
 ∑ (𝑚𝑖𝑖 𝑍𝑖

𝑛) with n ≈ 2 and mi the weighting of the dif-

ferent elements i composing the atomic column. This 

formula has been employed to determine the local 

Yb1/Sr1 distribution over the mixed site, i.e. the devi-

ation around the ideal average 50/50 value determined 

from powder diffraction. Multiple factors such as 

thickness variation, the level of noise and channeling 

can affect the signal. To limit these artefacts, the inten-

sity profiles were extracted for each projected position 

from the same STEM-HAADF image, assuming the 

thickness of the sample almost constant through the 

image (8 nm x 6 nm), as well as the different factors 

affecting the signal. The signal obtained for each 

atomic column was fitted with a background signal and 

a Gaussian function determined for each type of crys-

tallographic site (Sr3, Yb2, Yb1/Sr1) (Figure 4b).49 The 

chemical composition of atomic columns of the same 

crystallographic site (Sr3, Yb2, Yb1/Sr1) can be com-

pared to each other by looking at the corresponding 

volumes under the peaks which are proportional to the 

total intensity of electrons scattered toward the ADF 

detector. According to the formula 𝑉 ≈  ∑ (𝑚𝑖𝑖 𝑍𝑖
𝑛) 

with V the volume under the peak and Z the atomic 

number of the site, the factor n has been determined for 

each crystallographic site considering the mixed 

Yb1/Sr1 site with an average 50/50 occupancy. The n 

values obtained for the sites Sr3, Yb1/Sr1 and Yb2 

were 2.1, 1.99 and 1.94 respectively, in agreement with 

the literature that predicts a n factor close to 2. Consid-

ering these n values, a Z atomic number has been cal-

culated for each measured atomic column and its dis-

tribution is presented on the Figure 4c. The three dif-

ferent crystallographic A sites are well distinguished 

and their average Z values agree with the occupancies 

Yb/Sr: 1/0 (ZYb = 70), 0/1 (ZSr = 38) and 0.5/0.5 

(𝑍𝑌𝑏/𝑆𝑟
̅̅ ̅̅ ̅̅ ̅̅  ≈ 56) respectively. The pure Sr3 and Yb2 crys-

tallographic sites show a small Z distribution (± 13% 

and ± 7% respectively) which can be linked to devia-

tion due to the different factors previously described 

which affect the signal. In comparison, the variation of 

the Z value to the Yb1/Sr1 mixed atomic columns (± 

14%) is similar to the pure Sr crystallographic site, cor-

responding to a low variability of the chemical compo-

sition between each mixed Yb1/Sr1atomic columns 

which represent between 40 to 100 cells along the c 

axis (i.e. 20 to 50 nm in thickness). 

 

Figure 4. (a) Atomic scale STEM-HAADF micrograph of the 

SrYbGa3O7 superstructure sample oriented along the [001] zone 

axis. The hexagonal ABAˈ tiling, from the discussion in Section 

4.1, is overlaid to highlight the superstructure (Ga, Yb1/Sr1, Yb2 

and Sr3 atoms are respectively represented in blue, red, green/red 

and green). The green framed inset corresponds to a STEM-

HAADF simulated image by JEMS software. (b) Experimental pro-

file corresponding to the red framed box area. (c) Distribution of 

the calculated atomic number (Z) from the measured peak volumes 

for each crystallographic site (Yb1/Sr1, Yb2 and Sr3).
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Figure 5. Atomic-scale STEM-EDS elemental maps of the cations (a) Yb (red), (b) Sr (green), (c) Ga (blue) and (d) the overlaid EDS maps 

showing the mixed sites (50/50 Yb1/Sr1) in red/green highlighted by yellow arrows. (e) SrYbGa3O7 superstructure projection of the cationic 

sites along the [001] axis. Ga atoms are drawn in blue, Sr3 sites in green, Yb2 sites in red and the mixed sites (50/50 Yb1/Sr1) in red/green. 

(f) STEM-HAADF image of the SrYbGa3O7 superstructure along the [001] zone axis. On all the images the yellow arrows highlight the 

mixed Yb1/Sr1 sites (50/50 average occupancy).

3.4 Thermal stability and structural phase dia-

gram across the series RE = Tb – Lu, Y. The occur-

rence of the 3x1x1 superstructure as a function of com-

position (RE = Tb-Lu, Y) and temperature were 

mapped by a combination of in situ high temperature 

PXRD and thermal analysis by DSC. The PXRD ex-

periments started from precursor glasses, which were 

heated in 5°C steps from 740°C, until the point where 

thermal decomposition of the melilite into binary 

(RE2O3) and ternary (garnet-type) oxides was ob-

served. This was then followed by measurements on 

cooling to room temperature, as shown in Figure 6. A 

measurement time of 30 min.step-1 was used to ensure 

the reliable detection of low-intensity superstructure 

peaks, resulting in an average heating rate of approxi-

mately 0.17°C min-1. The RE = Lu member was found 

to have the lowest thermal stability with decomposition 

products appearing at 830°C, which is only ~50°C 

higher than its glass crystallization temperature, and 

this was the only sample to decompose substantially 

during the measurement. The RE = Ho, Er, Tm and Yb 

members were found to have higher decomposition 

temperatures in the range 850 – 870°C. This, together 

with their lower glass-crystallization temperatures, 

means that a wider temperature window is available for 

their synthesis. Members with rare-earths larger than 

Ho were found to be the most stable with respect to 

decomposition: RE = Y, Dy and Tb were found to de-

compose at 890°C, 965°C and 1010°C respectively. 

For comparison, RE = Gd is not susceptible to thermal 

decomposition, as demonstrated by successful melt-

growths of single crystals.50 This indicates that the 

boundary of the metastable small-rare-earth melilites 

lies between RE = Gd and Tb (see Figure 8).
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Figure 6. Variable temperature powder X-Ray diffraction (VT-PXRD) on SrREGa3O7 (RE= Tb – Lu, Y) on heating and cooling, starting 

from the precursor glasses. Peaks representing the initial melilite (substructure) crystallization, the 3x1x1 structural ordering (superstructure), 

and the onset of decomposition are indicated respectively by triangle, diamond and square symbols. Note that the maximum intensities of 

the decomposition peaks are between 1-3% (Tb, Dy, Ho, Er, Y) or 5-8% (Tm, Yb) of the most-intense melilite peak, whilst Lu decomposed 

substantially (~50%). Peaks labelled † arise from the alumina sample holder. The precursor glass for RE = Lu contained a small amount of 

crystallized melilite, indicated by ǂ. 
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The onset temperatures of the parent (A-site disor-

dered) tetragonal melilite and 3x1x1 superstructure 

peaks revealed three categories of behavior that depend 

on the size of the rare earth cation. (i) The smallest RE 

members (RE = Yb and Lu) were found to crystallize 

directly into the 3x1x1 melilite superstructure upon 

heating. In these compounds, the superstructure was 

retained throughout the experiment on cooling to room 

temperature. (ii) The intermediate-RE members (RE = 

Er and Tm) crystallized first into the parent melilite 

structure, which was then retained up to high tempera-

ture. However, on cooling below 720°C and 790°C re-

spectively, they transformed into the 3x1x1 superstruc-

ture which was then retained all the way to room tem-

perature. (iii) The largest RE members (RE = Tb, Dy, Y 

and Ho) crystallized into the parent melilite structure, 

and retained this structure throughout the experiment. 

Note that, in all cases, the products obtained at room 

temperature were consistent with the results of ex situ 

crystallization described in section 3.1.  

The DSC scans, measured in parallel with the in situ 

PXRD over the range 25 – 925°C, used a constant tem-

perature scan rate of 10°C min-1 on heating and cooling 

(Figure 7), substantially faster that the average rate of 

the in-situ PXRD experiments. The DSC data collected 

on heating are dominated by the strong exothermic 

peaks from glass crystallization in the range 804°C (RE 

= Tb) to 858°C (RE = Lu), as shown in Figure 7a. How-

ever, with the exception of the end-members (RE = Tb 

and Lu), the cooling curves were found to exhibit a 

small exothermic peak whose position varied system-

atically with composition, as shown in Figure 7b. The 

onset temperatures of these peaks are strongly corre-

lated with the identity of the RE cation: a maximum of 

853°C was observed for RE = Yb, with a near-mono-

tonic decrease to 548°C for RE = Dy. For Er and Tm, 

their peaks at 713°C and 800°C respectively agree 

closely with the superstructure ordering temperatures 

observed on cooling in situ by PXRD. Post-measure-

ment ex-situ PXRD scans showed that all of these sam-

ples, with the exception of RE = Tb (which showed no 

exothermic peak on cooling), had crystallized in the 

3x1x1 superstructure (Figure S5). The exothermic 

event observed on cooling thus corresponds to a struc-

tural phase transition from the tetragonal parent meli-

lite structure to the orthorhombic 3x1x1 melilite super-

structure. 

 

Figure 7. Differential Scanning Calorimetry (DSC) measurements 

of SrREGa3O7 (RE = Tb – Lu, Y) glass composition, where Tg, Tc 

and To are glass transition, crystallization and ordering tempera-

tures respectively. a) Heating plots using a 10°C/min heating rates 

from room temperatures to 925°C, b) Cooling plots using a 

10°C/min cooling rates from 925°C to room temperatures. 

These thermal analysis results demonstrate that the 3 

x 1 x 1 superstructure can be formed for the larger rare-

earth members RE = Dy, Y and Ho if they are crystal-

lized with appropriate heating and cooling rates (Fig-

ure S6). Furthermore, they suggest that it should be 

possible to recover the parent tetragonal polymorphs of 

the intermediate- and small-RE members (Er – Yb) at 

room temperature by rapid cooling from the disordered 

domain (Figure S6). To test this, we used a conven-

tional muffle furnace to heat powdered precursor 

glasses of each composition (RE = Er, Tm and Yb) in a 

platinum crucible at 10°C min-1 to ~50°C above their 

transition temperatures TO (defined by the exothermic 



 

 

12 

peak in the DSC cooling scan), and then immediately 

quenched them to room temperature by removing them 

from the furnace. PXRD confirmed that the tetragonal 

parent melilite structure had been isolated for each of 

these compositions (Figure S7, S8). Attempts to 

quench SrLuGa3O7 in this way, from ~10°C below its 

decomposition temperature, only produced the 3x1x1 

superstructure. This is consistent with the absence of a 

phase transition peak in the DSC cooling scan of this 

compound: our results indicate that this structure is cat-

ion-ordered through its entire stability range. 

 

Figure 8. SrREGa3O7 phase diagram showing the maximum extent 

of the 3x1x1 superstructure domain, as a function of temperature 

and A-site ionic radius ratio. The points for RE = Tb – Lu, Y are 

drawn from DSC and VT-PXRD results (this work), whilst the re-

gion RE = La – Gd is drawn from the literature49. 

3.5 Structural trends across the series RE = Dy – 

Lu, Y. The structural model derived for SrYbGa3O7 

was used as a template for Rietveld refinement of the 

3x1x1 superstructure polymorphs of RE = Ho, Er, Tm 

and Lu (using SPD data) and RE = Dy (using labora-

tory PXRD) (Figure S9-S12). For RE = Ho, Er and Tm 

the lattice parameters, atomic positions, and isotropic 

thermal parameters were refined (with all oxygen at-

oms assigned the same thermal parameter) (Table S3-

S12), and the fractional occupancies of Sr and RE on 

the three A sites were refined with a global composi-

tional constraint to match the nominal stoichiometry. 

This produced good fits to the data for all compositions 

(for structural parameters and agreement factors see ta-

ble S3-S8 and figure S10, S11). These refinements all 

revealed a partitioning of Sr and RE over the three A 

sites that is consistent with the structure of SrYbGa3O7. 

Like SrYbGa3O7, the next-smallest member 

SrTmGa3O7 was found to exhibit complete cation or-

dering on the A sites, whilst refinements of the larger 

RE = Dy – Er members revealed a small amount of dis-

order between the RE2 and Sr3 sites. This can be seen 

most clearly for SrErGa3O7, where Er occupancy re-

fined to 0.50 for RE1/Sr1, 0.866(3) for RE2, and 

0.130(4) for Sr3. These structures are still strongly cat-

ion-ordered, but these small deviations from the 

SrYbGa3O7 model are consistent with the weakening 

stability of the 3x1x1 superstructure as the RE radius 

increases (sections 3.4 and 4.2). It is possible that this 

apparent partial Sr/RE site inversion, indicated by the 

Rietveld refinements, actually corresponds to the pres-

ence of fully-disordered microstructural domains in 

these samples: this appears to be the case for RE = Y, 

where HRTEM imaging and associated FFTs show 

clearly, in a single grain, the coexistence of ordered and 

disordered nanodomains of size 20-30 nm  with the 

same [001]* orientation (Figure S13), suggesting that 

disorder is introduced at the nanometer scale, rather 

than at unit cell scale. The possible existence of such 

ordered/disordered domains in the RE = Dy – Er mem-

bers provides an alternative explanation for the partial 

disorder over the RE2 and Sr3 sites which is apparent 

in their refined (average) structures. 

The SPD data revealed SrLuGa3O7 to have a lower 

crystallinity than the other members with significantly 

broader Bragg peaks, consistent with its high glass-

crystallization temperature and small thermal stability 

window. For this composition only, deviations of the 

Ga-O distances from their corresponding values in 

SrYbGa3O7 were restrained by a penalty function in or-

der to obtain a physically plausible model. Addition-

ally, it was necessary to split the Lu3 site to avoid an 

unphysically large thermal parameter at this site. Alt-

hough this produced a satisfactory fit to the SPD data 

(Rwp = 9.18 %, Rp = 6.87 %, see Table S9), these factors 

render the RE = Lu model less precise than those of the 

other highly-crystalline RE members, and may indicate 

complex local disorder in this sample.  

The disordered polymorphs, which were synthesized 

for RE = Dy – Yb by quenching from high tempera-

tures (see section 3.4), have ionic radius ratios of the A 

(Sr/RE) and B (Ga) cations that lie close to the incom-

mensurately-ordered structural domain proposed by 

Wei et. al.8,12 for the small alkaline-earth melilites 

CaREGa3O7. To test this possibility, we conducted 

SAED measurements on disordered SrTmGa3O7 (Fig-

ure S4), which confirmed the tetragonal P-421m index-

ation and contained no evidence of incommensurate 

satellite reflections. We then proceeded with Rietveld 
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analysis using laboratory PXRD data with the tetrago-

nal P-421m model of the parent melilite SrLaGa3O7 as 

a structural template (Figure S10, S11). Unit cell pa-

rameters and atomic coordinates were refined with no 

additional constraints. Across the series, the trend in 

lattice parameters follows the expected lanthanide con-

traction and is consistent with the trend observed in the 

superstructured polymorphs (see normalized lattice pa-

rameters, Figure S14 and Table S13, S15, S17, S19). 

The mean Sr/RE-O distances were found to lie in the 

range 2.590(8) – 2.600(5) Å, which is consistent with 

the parent SrLaGa3O7 melilite (mean Sr/La-O 2.655 Å) 

(Table S14, S16, S18 and S20).  

 

3.6 Optical properties. The optical transmission 

spectra in the UV-vis-NIR range (200 to 2700 nm) of 

the SrREGa3O7 glasses and ceramics have been already 

reported in anterior works7. Optical transparency of 

both glasses and ceramics actually spans from ~300 nm 

up to ~7 µm (at an arbitrary transmittance value of 10% 

for 1 mm thick samples), as can be seen in and con-

firmed by the transmission windows presented in Fig-

ure S15. Optical scattering losses can be observed on 

all the ceramics in the short-wavelength region of their 

transmission spectra, as expected. Maximum transmis-

sion also drops from 80% for the glasses down to 40-

60% for the ceramics, excepted for the SrYbGa3O7 ce-

ramic which maintains above 70% of transmission in 

the mid-infrared range. Moreover, a clear structuration 

(narrower band width and sharper peak intensity) of the 

absorption bands characteristic to the RE cations is also 

noticed: around 1480-1530 nm for the Er3+ ion, 1900-

2000 nm for the Ho3+ ion, 1600-1800 nm for the Tm3+ 

ion and 975 nm for the Yb3+ ion, for instance (Figure 

S16). This confirms the structural environment order-

ing around the RE cation induced during the full crys-

tallization from the glass. To better evidence this influ-

ence, emission photoluminescence spectroscopic 

measurements were focused on the SrErGa3O7 meli-

lites. The fluorescence spectroscopy of the Er3+ ion is 

indeed well-known and exploited in numerous applica-

tions (e.g. in optical fiber amplifier for telecommuni-

cations). The emission spectra recorded in the 1400-

1650 nm region under excitation at 520 nm on glass 

and ceramic melilite bulks reveal a strong enhance-

ment of the emission intensity in the ceramic material 

(Figure S17). Besides, one can observe a raising of sev-

eral structured peaks along the Er3+ broad emission 

band in the ceramic, resulting from the more defined 

structural ordering around the Er3+ ions. 

 

Figure 9. Near infrared emission band of the SrErGa3O7 glass, or-

dered and disordered ceramics powdered samples, under excitation 

at 520 nm (Xe lamp source). Data were collected in the strictly 

same conditions. 

Photoluminescence emission spectra have been also 

recorded on the SrErGa3O7 glass, ordered and disor-

dered ceramic powdered samples, as presented in Fig-

ure 9. Strictly the same experimental conditions and 

amounts of finely crushed powders were employed to 

enable accurate comparison of their emission spec-

trum. In comparison with the emission spectra rec-

orded on bulk polished samples (Figure S17), no sig-

nificant difference of emission intensity is noticed here 

between the glass and ceramics emission band. Then, 

one can also notice a stronger structuration of the band 

in the ordered ceramic vs the disordered ceramic, 

whose band shape is very similar to that recorded in the 

glass. 

DISCUSSION 

4.1 Origin of the 3x1x1 superstructure. Whilst the 

preference of the large (Sr) and small (RE) cations for 

different coordination sites explains the occurrence and 

relative stabilities of the ordered and disordered struc-

tures in this series (see section 4.2), it does not explain 

why the 3x1x1 superstructure retains a substantial de-

gree of disorder; i.e. why Sr and RE are ordered over 

three different sites (Sr-only, RE-only and mixed), in-

stead of segregating completely over two sites (Sr-only 

and RE-only) which would give a fully-ordered struc-

ture. This can be considered by expanding the view of 

the 3x1x1 superstructure (Figure 10) to reveal the full 

complexity of the cation ordering. The most striking 

feature is that the small highly-distorted RE2 sites, 

populated exclusively by RE, are arranged in two di-

mensions on a pseudo-hexagonal sublattice which 
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maximizes their separation (Figure 10a). This arrange-

ment means that the highly distorted pentagonal chan-

nels that host them are not required to share edges with 

each other. In contrast, the larger Sr and Sr/RE1 sites 

are not arranged pseudo-hexagonally, and instead form 

one-dimensional stripe-like sublattices parallel to the b 

axis. 

 

Figure 10. Long-range structural ordering in SrYbGa3O7. (a) The experimentally-observed arrangement of RE2 sites on a pseudo-hexagonal 

sublattice which maximizes their separation. (b) The experimentally-observed structure viewed as a hexagonal tiling with two tile types in a 

striped ABAˈ arrangement. (c) The tiles A, B, C can be combined to produce the hypothetical half-ordered AAˈ (=BC) structure, the hypo-

thetical fully-ordered BB structure, and the disordered CC structure (parent melilite). The fractional population of each site is shown next to 

each structure. Note that BB contains pairs of edge-sharing RE2 sites (black outline), whilst AAˈ contains a low population of RE2 sites 

(1/4). The intergrowth of AAˈ and BB fragments to form ABAˈ eliminates RE2-RE2 edge-sharing by reducing the population of RE2 sites 

to an intermediate value (1/3).  

The underlying melilite structure can be described as 

a hexagonal tiling (“MacMahon’s net” or “Cairo pen-

tagonal tiling” corresponding to a pair of orthogonal 

interpenetrating hexagonal nets),51,52 as illustrated in 

Figure 10b. Here, it can be seen that two tile types A 

and B are required to describe the structure fully, and 

these tessellate in stripes along the b axis (Figure 10b) 

in sequence ABAˈ (where Aˈ = 180° rotation of A) to 

produce the observed 3-fold unit cell expansion. Tile A 

is a half-ordered structural fragment containing 1x Sr 

site, 1x RE site and 2x mixed sites. Tile B is a fully-

ordered structural fragment containing 2x Sr sites and 

2x RE sites, corresponding to fully-ordered structural 

fragment. ABAˈ is therefore 2/3-ordered. For the pur-

pose of discussion, a fully-disordered structural frag-

ment (tile C) is also illustrated in Figure 10c. 

The stability of ABAˈ tiling can be explained by 

comparison with the simpler hypothetical structures 

produced by its individual components A and B. It can 
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be seen that AAˈ (= BC) tiling supports a wide separa-

tion of the small highly-distorted RE2 sites with no re-

quirement for edge-sharing between the highly dis-

torted RE2 pentagonal channels, but it produces a low 

overall population of these sites (1/4), with half of the 

cations accommodated on mixed sites. This hypothet-

ical half-ordered structure is disfavored, because it 

does not maximize the number of small RE2 sites avail-

able for the [6+1] coordination of RE3+. In contrast, the 

hypothetical fully-ordered structure afforded by BB til-

ing yields the highest possible population of RE2 sites 

(1/2), but it is disfavored because it requires each of 

these highly-distorted channels to share edges (as indi-

cated by the black outline in Figure 10c). It follows that 

the ABAˈ tiling is a compromise between the local 

bonding preferences of the small RE cation (which de-

mands a high population of [6+1] RE2 sites) and the 

limited flexibility of the host framework which cannot 

distort to support two such sites in close proximity lo-

cally. The 3x1x1 superstructure thus retains 1/3 of its 

A-sites as mixed sites, which are larger and less dis-

torted than RE2, as a buffer between the fully-ordered 

fragments. This maximizes the RE2 [6+1] population, 

whilst keeping the Ga3O7 framework strain to within 

acceptable limits. 

4.2 Competition between ordered and disordered 

polymorphs. The trends in thermodynamic and struc-

tural stability in the SrREGa3O7 series depend strongly 

on the ionic radius of the RE cation (Figure 8). The 

3x1x1 superstructure is most stable when the cation 

mismatch is largest: the Lu member is ordered over its 

entire stability range, and the Yb member has a very 

strong tendency towards ordering with only a narrow 

window between its cation-disordering and decompo-

sition temperatures. As the RE ionic radius increases, 

the stability of the superstructure decreases until the 

disordered polymorph becomes dominant when RE is 

larger than Er. This trend can also be seen in the fact 

that SrErGa3O7 and SrTmGa3O7 are readily synthe-

sized in their ordered polymorphs by ex-situ crystalli-

zation in a muffle furnace, whilst in SrDyGa3O7 and 

SrHoGa3O7 the 3x1x1 superstructure can only be ob-

tained by precise control of the annealing protocol (see 

section 3.4). SrYGa3O7 presents an intermediate case, 

with isolated fully-ordered nano-domains forming on 

ex-situ crystallization. Eventually, when the RE radius 

becomes sufficiently large (RE = Tb), cation ordering 

is no longer observed. This trend is consistent with the 

nature of the superstructure itself: the distortion of the 

Ga3O7 framework to generate a set of highly distorted 

pentagonal channels that accommodate RE in [6+1] co-

ordination requires A site cations that are small enough 

to occupy such a site. This implies that the formation 

of the 3x1x1 superstructure is dependent not only upon 

Sr/RE size mismatch, but is also conditional upon the 

absolute size of the RE cation. For example, this may 

explain why the Ba-based melilites BaNdGa3O7 (A-

site ionic radius radio rBa/rNd = 1.28, assuming 8-fold 

coordination) and BaSmGa3O7 (rBa/rSm = 1.32)6 adopt 

the tetragonal P-421m structure despite having Ba/RE 

radius ratios that are similar to SrYbGa3O7 (rSr/rYb = 

1.28), as Nd3+ and Sm3+ are too large to tolerate [6+1] 

coordination. The opposite case is presented by 

CaErGa3O7
6: this compound is reported to adopt the te-

tragonal parent structure despite the presence of the 

small Er3+ cation, which may be because the relatively 

weak size contrast between Ca2+ and Er3+ (rCa/rEr = 

1.12) is insufficient to drive long range ordering. These 

examples suggest that both a large A-cation size con-

trast (e.g. AE2+/RE3+ ≈ 1.28), and a sufficiently small 

RE cation (Dy3+ or smaller), must be present together 

to stabilize the 3x1x1 superstructure. 

Alternative framework distortions that are available 

to small-cation melilite gallates are the 5D modulated 

structures of CaLaGa3O7 and CaNdGa3O7. In these 

compounds, a pair of modulation vectors parallel to the 

basal axes of the tetragonal melilite parent cell generate 

a set of 6-, 7- and 8-coordinate A sites (versus 8-coor-

dinate-only in the tetragonal parent phase). The popu-

lation of these sites by Ca and RE is non-random, with 

Ca showing a preference for the 6-coordinate sites (e.g. 

these sites are approximately 60% occupied by Ca and 

40% by Nd in CaNdGa3O7). In these compounds, the 

average A-site cation radius (e.g. 1.115 Å for 

CaNdGa3O7) is comparable to that found in 

SrYbGa3O7 (1.123 Å), and this drives the distortion of 

the framework to reduce the average size of the chan-

nels, although the 6-coordinate channels exhibited by 

CaNdGa3O7 (six A-O distances of 2.4 – 2.7 Å and two 

of 2.9 – 3.1 Å) are not as small or distorted as those 

found in the 3x1x1 superstructure of SrYbGa3O7 (six 

distances of 2.22 – 2.52 Å and one of 2.97 Å). The rel-

atively low contrast in ionic radii between Ca/Nd (= 

1.01) may not provide a sufficient driving force for full 

cation ordering such as that found in the 3x1x1 super-

structure (Sr/Yb = 1.28). Note that the absence of sat-

ellite peaks in the SAED patterns of quenched 

SrTmGa3O7 (which adopts tetragonal parent structure, 

as described in section 3.2) (Figure S4) is consistent 

with the conclusions of Wei et. al.8, who describe the 

relationship between structural modulation and A/B 

cation radius ratio: whilst it is close to the proposed 

boundary, the average A site cation radius in 
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SrTmGa3O7 is not sufficiently small to induce modula-

tion. 

In summary, the interplay between the tetragonal 

parent structure, the 5D modulated structures and the 

3x1x1 superstructure is governed by the average size 

of the A-site cations (a small average radius is required 

for the modulated structures and 3x1x1 superstruc-

tures); the contrast between the A site radii (high con-

trast favors the 3x1x1 superstructure over the modu-

lated structures); and the absolute ionic radius of the 

RE cation (3x1x1 superstructure is only stable if RE < 

Tb3+), as shown schematically in Figure 11.  

 

 

Figure 11. Phase diagram indicating the different structural order-

ings reported for the (AE,RE)Ga3O7 melilite family, according to 

the ionic radii of their A site cations. The parent structure and 5D-

modulated structure regions have been compiled from the litera-

ture6,8,12. Note that the parent structure region for AE = Ca, marked 

with an asterisk, was reported prior to the discovery of structural 

modulation in CaLaGa3O7 and CaNdGa3O7. 

4.3 Effect of structural ordering on optical prop-

erties. The structural ordering of the SrREGa3O7 meli-

lites leads to a decrease of their optical transmission in 

the bulk form (Figure S15), resulting from light scat-

tering losses at the grain boundaries, as well-known 

and described in the literature15,53. This effect is partic-

ularly pronounced in the short wavelength region and 

can also affect the maximum transmission of the bulk 

ceramic.  

The photoluminescence spectroscopic properties of 

RE doped glass-ceramics have been intensively studied 

in the past 20 years54–57. It is commonly accepted that 

structural ordering around the RE ions resulting from 

controlled crystallization of their parent glasses can 

significantly modify their emission features by increas-

ing their emission intensities for instance. Such en-

hancement can be particularly strong (over 100x) when 

energy levels of the RE ions are more efficiently ex-

cited through energy transfers between the RE ions af-

ter their incorporation into the crystalline phase. Their 

migration within the material can also lead to an opti-

mized RE interionic distance favorable to these energy 

transfers. The absorption and emission band shapes of 

RE ions in structured environment are expected to be 

affected, by showing a narrower linewidth and more 

intense absorption/emission peaks, similarly to that ob-

served in single crystals54–57.  

Here, a clear structuration of the absorption bands of 

the SrREGa3O7 ceramic melilites is observed (Figure 

S16), thus illustrating this structural ordering around 

the RE ions. Then, the increase of intensity observed in 

the emission spectra recorded on the SrErGa3O7 bulk 

ceramic (Figure S17) can be mostly attributed to the 

light scattering induced by grain boundaries and the ex-

perimental technique used to excite and collect emitted 

light. Both excitation and emission light pathways are 

indeed expanded in the transparent bulk ceramic in 

comparison with the glass. This assumption is clearly 

supported by the emission spectra presented in Figure 

9, where the glass and ceramic melilites were finely 

crushed to obtain comparable grain size, minimizing 

therefore the scattering related to the sample tex-

tures/morphologies. The observed increase of Er3+ 

emission intensity in the ceramic vs the glass powdered 

melilites is then not as high as that observed in the 

bulk’s measurement (Figure S17). 

Nevertheless, as one can observe in Figure 9, there 

is a notable difference of spectral emission line shapes 

between the disordered and ordered ceramics. The 

strong structuration of the emission band observed in 

the ordered melilite ceramic can be compared, to some 

extent, to the sharp spectral bands of Er3+ in YAG sin-

gle crystals and transparent ceramics58, indicating a 

long-range ordering. The structural environment of the 

RE ions is well defined and identical across the mate-

rial, resulting in these sharper band features. On the 

other hand, the emission line shape of the disordered 

ceramic is continuously broadened and very similar to 

that of the glass, indicating that the RE environment in 

the glass and disordered are close.  

The near and mid-infrared emission bands of the 

SrREGa3O7 melilites make them potential candidates 

for the development of infrared solid state lasers and 

compact sources for dentistry, surgery, remote sensing, 

environment, and security and defense,59–64 which 

should motivate further spectroscopic study of these 

materials in the 2-5 µm range, for example using low 

temperature conditions and/or time resolved spectros-

copy. 
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5. CONCLUSION  

We have shown that the glass crystallization method 

can be used to synthesize a series of small rare-earth 

melilites SrREGa3O7 (RE = Dy – Lu, Y) with control 

of their crystal structures and luminescence properties. 

These compounds are found to be metastable, with 

thermal decomposition temperatures in the range 800 

– 850°C for the smallest rare-earths Ho - Lu, which 

makes them challenging to access by conventional 

high-temperature ceramic methods. By tuning the crys-

tallization conditions, we have shown that it is possible 

to isolate two different crystal structures for each com-

position. The first is a conventional tetragonal melilite 

structure with fully disordered A site cations, which 

forms readily for the larger rare-earth members RE = 

Dy – Er, but can also be obtained for the smaller rare-

earth members (all except RE = Lu) by rapid quenching 

from high temperature. The second accessible crystal 

structure is a 3x1x1 melilite superstructure with Sr and 

RE ordered over three distinct A sites of equal multi-

plicity (Sr-only, RE-only and mixed Sr/RE), which is 

strongly favored for the smallest rare-earth members 

RE = Tm, Yb and Lu, but can also be isolated for the 

larger members Dy – Er and Y by appropriate control 

of heating and cooling rates during crystallization. In 

this structure, cation ordering is driven by the bonding 

requirements of the small RE cation, which adopts a 

highly distorted [6+1] coordination. The host Ga3O7 

framework accommodates these [6+1] sites in a 

pseudo-hexagonal arrangement which maximizes their 

separation but limits their population to 1/3 of the A 

sites. This competition between the bonding demands 

of RE3+ and the flexibility of the host framework favors 

the retention of the mixed Sr/RE site (population 1/3) 

which acts as a buffer between fully-ordered structural 

fragments. The 3x1x1 superstructure offers an alterna-

tive way to order small A cations in the melilite struc-

ture, which contrasts with the previously reported mod-

ulated distortions in Ca-based analogues CaLaGa3O7 

and CaNdGa3O7 which are partially cation-ordered. We 

propose that the particular combination of average A-

site size (ionic radius), A-site size contrast, and abso-

lute size of the RE cation are the key parameters that 

control the ordering type in these structures, and note 

that the 3x1x1 structures and modulated structures oc-

cupy two distinct regions of this parameter space. Fi-

nally, we show that the control of cationic ordering 

around Er3+ ions in SrErGa3O7 ceramics influences the 

luminescence properties, revealing a comparable struc-

tural environment in both disordered ceramics and 

glasses, whilst samples that adopt long range ordering 

of Sr/Er in the 3x1x1 superstructure produces sharper 

spectral bands that are reminiscent of YAG single crys-

tals or transparent ceramics. With their broad optical 

transmission range (extending up to 6-7 µm wave-

lengths) and ease of fabrication, the SrREGa3O7 glass 

and ceramic melilites appear to be promising RE host 

materials for active photonic applications. 
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Table S17. Refined structural parameters of disordered SrErGa3O7 

from SPD data (P-421m space group, a = b = 7.93227(2) Å, and c 

= 5.22367(2) Å). 
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from laboratory PXRD data (P-421m space group, a = b = 
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Table S20. Refined interatomic distances of disordered 

SrHoGa3O7 from laboratory PXRD data. 

Figure S1. Laboratory X-ray powder diffraction data of 

SrREGa3O7 (RE = Tb-Lu, Y) glass samples synthesized by aerody-

namic levitation coupled to laser heating (ADL). 

Figure S2. In situ X-ray powder diffraction data of the nominal 

SrYbGa3O7 composition recorded from 500°C up to 1500 °C (no 

phase modification occurs between room temperature and 500°C). 

The different colors correspond to the indexation of SrCO3 (black), 

Yb2O3 (blue), Ga2O3 (green), SrGa2O4 (pink) and Yb3Ga5O12 (pur-

ple). From room temperature to 900°C only the SrCO3, Yb2O3 and 

Ga2O3 precursors are present. At 900°C SrCO3 reacts with Ga2O3 

to form SrGa2O4. At 1250°C Yb2O3 and residual Ga2O3 react to 

form the Yb3Ga5O12 garnet and the other crystalline phases melt 

from 1350°C. 

Figure S3. (a) Photograph of the SrREGa3O7 polished glass and 

ceramic materials (from Boyer et al., J. Mater. Chem. C, 2016, 4, 

3238). (b) Bright field TEM micrograph of the SrYbGa3O7 trans-

parent ceramic showing a wide grain size distribution and the ab-

sence of residual glass, porosity or secondary phase. 

Figure S4. [001]* Selected Area Electron Diffraction pattern of 

disordered SrTmGa3O7 melilite parent synthesized by rapid 

quenching from the high-temperature disordered domain. The in-

dexation of the classic tetragonal melilite structure (a=7.9 Å x c = 

5.2 Å, P-421m) is reported and the arrows point the reflections as-

signed to double diffraction. 

Figure S5. Post-DSC PXRD data of SrREGa3O7, where black and 

dark blue tick marks correspond to the P21212 3x1x1 ordered su-

perstructure (exhibited by RE = Dy – Lu, Y) and the P-421m disor-

dered structure (exhibited by SrTbGa3O7 only) respectively. 

Figure S6. Glass, ordered and disordered melilite SrREGa3O7 (RE 

=Tb – Lu, Y) domains of stability on (a) heating and (b) cooling at 

rates of 10°C min-1, drawn from DSC results (Figure 7, main man-

uscript) and PXRD measurements performed post-DSC (Figure 

S5). 

Figure S7. Rietveld refinement of a) disordered SrYbGa3O7 (labor-

atory PXRD data, Rp = 2.87% Rwp = 3.83%) and b) disordered 

SrTmGa3O7 (SPD data, Rp = 6.36% Rwp = 8.32%). Observed (black 

dot), calculated (red line), and difference (blue line) profiles are 

shown. The set of green vertical lines corresponds to reflection po-

sitions. 

Figure S8. Rietveld refinement of a) disordered SrErGa3O7 (SPD 

data, Rp = 6.78% Rwp = 8.75 %) and b) SrHoGa3O7 disordered meli-

lite (laboratory PXRD data, Rp = 1.41% Rwp = 2.08%). Observed 

(black dot), calculated (red line), and difference (blue line) profiles 

are shown. The set of green vertical lines corresponds to reflection 

positions. 

Figure S9. Normalized synchrotron powder diffraction (SPD) data 

of SrREGa3O7 (RE = Ho, Er, Tm, Yb and Lu) and laboratory pow-

der diffraction data collected on SrDyGa3O7. Red marks corre-

spond to the 3x1x1 melilite supercell (orthorhombic, P21212, a ≈ 

23.7 Å, b ≈ 7.9 Å and c ≈ 5.2 Å), and blue marks to the classic 

melilite cell (tetragonal, P-421m, a = 7.9 Å x c = 5.2 Å). 

Figure S10. Rietveld refinement of a) SrTmGa3O7 (Rp = 5.28% Rwp 

= 7.06%) and b) SrErGa3O7 (Rp = 6.70% Rwp = 8.60%) ordered 

melilites (SPD data). Observed (black dot), calculated (red line), 

and difference (blue line) profiles are shown. The set of green ver-

tical lines corresponds to reflection positions. 

Figure S11. Rietveld refinement of a) SrHoGa3O7 (Rp = 4.85% Rwp 

= 6.30%) and b) SrLuGa3O7 (Rp = 6.87% Rwp = 9.18%) ordered 

melilites (SPD data). Observed (black dot), calculated (red line), 

and difference (blue line) profiles are shown. The set of green ver-

tical lines corresponds to reflection positions. 

Figure S12. Rietveld refinement of SrDyGa3O7 ordered melilite 

(laboratory data, Rp = 1.66% Rwp = 2.21%). Observed (black dot), 

calculated (red line), and difference (blue line) profiles are shown. 

The set of green vertical lines corresponds to reflection positions. 

Figure S13. [001]* HRTEM image and associated FFTs of the 

SrYGa3O7 melilite parent synthesized by full crystallization from 

glass. Disordered classic tetragonal P-421m melilite structure and 

ordered 3x1x1 P21212 melilite supercell coexist like close neigh-

boring nanodomains. 

Figure S14. Evolution of the unit cell volume across the 

SrREGa3O7 (RE = Dy – Lu) series. RE = Dy was chosen as V0. The 

cell volume for SrLaGa3O7 is added for comparison. 

Figure S15. Optical transmission windows of the SrHoGa3O7 (a), 

SrErGa3O7 (b), SrTmGa3O7 (c), and SrYbGa3O7 (d) glass and ce-

ramic melilites, recorded by UV-visible-NIR and FTIR transmis-

sion spectroscopies and normalized for 1 mm thickness27. 

Figure S16. Absorption coefficient spectra of the SrHoGa3O7 (a), 

SrErGa3O7 (b), SrTmGa3O7 (c), and SrYbGa3O7 (d) glass and ce-

ramic melilites. Data were not corrected with respect to Fresnel op-

tical losses; the increase of background absorption observed in the 

ceramics’ spectra is due to scattering losses (see Figure S15). 

Figure S17. Emission photoluminescence spectra recorded on pol-

ished bulk SrErGa3O7 glass and ceramic melilites, under 520 nm 

excitation wavelength (from Xe lamp). Data were collected in the 

strictly same conditions. 

 

Crystallographic information for SrREGa3O7 (RE = Dy – Lu) su-

perstructure melilite (CIF files): CCDC 2081671 (Tm, ordered), 

2081672 (Lu, ordered), 2081673 (Ho, ordered), 2081674 (Er, or-

dered), 2081675 (Dy, ordered), 2081676 (Yb, ordered); and CCDC 

2081688 (Er, disordered), 2081689 (Ho, disordered), 2081690 (Yb, 

disordered), 2081691 (Dy, disordered) and 2081692 (Tm, disor-

dered) contain the supplementary crystallographic data for this pa-

per. 

These data can be obtained free of charge via 

www.ccdc.cam.ac.uk/data_request/cif, or by emailing data_re-

quest@ccdc.cam.ac.uk, or by contacting The Cambridge Crystal-

lographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; 

fax: +44 1223 336033. 
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Synopsis : 

A series of small-rare-earth melilites, of interest as transparent luminescent ceramics, are synthesized by 

glass-crystallization and show a new type of cation ordering. Their structures and stabilities are probed 

over multiple temperatures and length scales by high resolution diffraction and electron microscopy 

methods, and correlated with their photoluminescence emission spectra, demonstrating that enhanced 

optical properties can be obtained by minimising crystallographic disorder in the melilite structure. 

 


