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Abstract 

Cation substitution for inorganic solid materials is a practical approach to control their functions. 

Here, synthesis, structure analysis, density functional theory (DFT) calculation of novel 

oxynitrides Ba1−xSrxYSi2O5N, and investigation of their photoluminescence properties with Eu2+- 

or Ce3+-activator were conducted. Single crystal and powder X-ray analyses revealed that 

Ba1−xSrxYSi2O5N were formed at x ≤ 0.75 and they were isotypic while the synthesis of 

SrYSi2O5N (x = 1) was not achieved by any synthesis conditions examined. Based on phonon 

calculation, it was concluded that the synthesis of SrYSi2O5N with the isostructure to 

BaYSi2O5N was impossible due to the thermodynamical unstability. Substitution of Ba with Sr 

decreased the average bond length of AE-(O,N) (AE = Ba and Sr) and increased distortion of AE 

sites. On the other hand, coordination environments of Y sites were rarely affected by the 

substitution. As a result, redshift and broadening of emission spectra for Eu-doped samples were 

observed, whereas there was almost no spectral change in Ce-doped samples.  
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1. Introduction 

In solid state chemistry, exploration of new compounds followed by synthesis of their 

derivatives including solid solutions is an important subject, because it often leads to high or new 

functional materials and extensive knowledge. With the development of computational chemistry 

such as materials informatics, a considerable amount of new compounds has been discovered, 

and the number of constituent elements in targeted compounds is increasing [1–5]. Under such 

circumstances, compounds with mixed anion are attractive targets because they show unique 

properties compared with conventional single anion materials such as oxides, nitrides, and 

fluorides [6]. The fact encourages many researchers to synthesize novel mixed anion compounds. 

As a result, mixed anion compounds having not only one or two but also three or more cations 

have been reported [7–12]. However, synthesis conditions should be precisely controlled to 

obtain such complicated compounds. It is, therefore, difficult to judge whether “this compound 

does not exist” or “this compound exists, however, the synthesis conditions are not proper” even 

when a target compound is not obtained. 

Phonon calculation based on the first principle method gives us helpful information on 

whether the compound is thermodynamically stable or unstable; if imaginary phonon modes are 

detected, the compound cannot exist [13–19]. Stoffel et al. explained that the high-temperature 

phase of BaCeO3 is not stable at room temperature by phonon densities of states (DOS) 

calculation. Schneider et al. have determined the crystal structure of a novel compound 

Li2Ca3[N2]3 among possible candidate models with the assistance of phonon DOS calculation 

although conventional techniques such as electron microscopy and diffractometry were not 

critical [15]. The approach can also be applied to mixed anion compounds, e.g., determination of 
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a structure of La2Si4N6C by Hermus et al. Thus, we can judge the formation possibility of target 

compounds with the phonon calculation whether imaginary phonon modes are absent or not [19]. 

Recently, we have preliminarily reported a crystal structure of the first compound in 

BaO-Y2O3-SiO2-Si3N4 system, BaYSi2O5N [20]. Its luminescence properties with either Eu2+ or 

Ce3+ activator were also investigated because Eu2+- or Ce3+-doped oxynitrides are extensively 

studied with the aim at application to white light emitting diodes [21]. Their substituted forms 

involving solid solutions may be good candidates for the application because luminescence 

properties can be controlled by element substitution. In this research, we performed synthesis, 

density functional theory (DFT) calculation, and investigation of photoluminescence properties 

of Sr-substituted BaYSi2O5N (Ba1−xSrxYSi2O5N). Their formation possibilities are also discussed 

based on crystal structure analysis and phonon calculation.  

 

2. Experiment 

2.1 Synthesis 

Ba1−xSrxYSi2O5N (x = 0, 0.1, 0.25, 0.33, 0.5, 0.75, and 1) were synthesized by a solid 

state reaction method. A stoichiometric amount of BaCO3 (Kanto Chemical, 99.9%), SrCO3 

(Furuuchi Chemical, 99.9%), Y2O3 (Wako Pure Chemical, 99.99%), SiO2 (Fuso Chemical, 

99.999%), and Si3N4 (Kojundo Chemical, 99.9%) was ground in an agate mortar with ethanol. 

For Eu2+ or Ce3+-doped samples, 2 mol% of alkaline-earth carbonates or Y2O3 were replaced 

with Eu2O3 (Kanto Chemical, 99.9%) or CeO2 (Kanto Chemical, 99.5%), respectively. The 

mixture was put on a carbon sheet on an alumina boat and heated at 1573 K for 4 h under 100 ml 

min−1 of N2 flow. Then, it was cooled to 1373 K at a rate of 25 K h−1 and to 1173 K at a rate of 
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50 K h−1. Colorless plate-like crystals (Figure S1) were picked up from the products for analysis. 

Powder samples were prepared by grinding the sintered ones.  

 

2.2 Characterization 

Single crystals were analyzed by single crystal X-ray diffraction (single crystal XRD, 

Rigaku, R-AXIS RAPID II) using Mo Kα radiation. Data collection, raw data conversion, 

empirical corrections for absorption, and the merging of equivalent reflections were carried out 

using the RAPID-AUTO system [22]. All calculations were conducted using the WinGX 

software package [23]. Crystal structures were depicted by VESTA [24]. Cation compositions of 

every single crystal were confirmed by energy dispersive X-ray (EDX) spectrometry using a 

scanning electron microscope (Hitachi, SU1510) equipped with an EDX detector (Horiba, X-act). 

Crystallographic files in CIF format for BaYSi2O5N (x = 0), Ba0.9Sr0.1YSi2O5N (x = 0.1), 

Ba0.67Sr0.33YSi2O5N (x = 0.33), Ba0.5Sr0.5YSi2O5N (x = 0.5), and Ba0.25Sr0.75YSi2O5N (x = 0.75) 

have been deposited with the Cambridge Crystallographic Data Centre (CCDC) as CCDC 

1903159, CCDC 1903160, CCDC 1903161, and CCDC 1903162, and CCDC 1903163, 

respectively. The obtained powders were characterized by powder XRD analysis (Bruker AXS, 

D2 Phaser) and lattice parameters were refined by Le Bail method using the TOPAS 4.2 program 

(Bruker). Photoluminescence (PL) and corresponding excitation (PLE) spectra were recorded at 

room temperature using a fluorescence spectrometer (Hitachi, F-7100). The other fluorescence 

spectrometer (Jasco, FP-6500) was also used for thermal quenching and quantum efficiency 

analyses. Time-resolved luminescence lifetime measurements were performed using a single 

photon counting system. A Q-switched Nd:YAG laser (5 ns, 10 Hz, 355 nm) was used as the 
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excitation source. Luminescence decay data were obtained using a streak camera (Hamamatsu 

Photonics, KK streak camera system C4334). 

 

2.3 Calculation 

Electronic band structure calculation and phonon simulations were performed using a 

plane-wave based DFT package, CASTEP, implemented in BIOVIA Materials Studio [25]. The 

Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) functional [26] was 

employed for all the present simulations. Cutoff energies were 489.8 eV and 600.0 eV for the 

band structure and the phonon dispersion, respectively. Monkhorst-Pack k-point mesh was 2 × 2 

× 1 for both calculations. All the ionic cores were replaced with ultrasoft pseudopotentials [27] 

for the band structure calculations. Lattice parameters and atomic positions were fully relaxed 

where the convergence criteria were carefully chosen as follows: total energy tolerance 2.0 × 

10−5 eV/atom, maximum force tolerance 0.05 eV/Å, maximum stress component 0.1 GPa, 

maximum displacement 2.0 × 10−3 Å. For the phonon calculations, all ionic cores were replaced 

with norm conserving pseudopotentials [28]. Since we adopted different pseudopotentials for the 

band structure and the phonon simulations, the geometries were re-optimized with the same 

convergence criteria as those for the band structure calculations. Note that the ultrasoft 

calculations gave almost the same optimized geometries as the norm-conserving ones, their 

differences in the bond lengths and volumes being less than 0.1 and 0.4%, respectively. 

 

3. Results and discussion 

3.1 Synthesis of Ba1−xSrxYSi2O5N 
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Figure 1(a) shows XRD patterns of Ba1−xSrxYSi2O5N synthesized at x = 0, 0.1, 0.33, 0.5, 

0.75, and 1 and a calculated pattern of BaYSi2O5N based on our previous work [20]. Samples 

synthesized at x = 0 and 0.1 contained only BaYSi2O5N phase. At 0.33 ≤ x ≤ 0.75, the target 

material was formed as the main phase even though unidentified peaks were observed. Peak 

positions of the target phase were monotonically shifted to higher angles with the increase of the 

Sr content. The variation of the cell volumes for Ba1−xSrxYSi2O5N refined by Le Bail method is 

shown in Figure 1(b). The volumes decreased linearly with the increasing Sr, indicating that 

substitution of Sr for Ba was achieved and the Sr content in Ba1-xSrxYSi2O5N powders can be 

controlled by the Ba/Sr ratio in starting materials at x ≤ 0.75. On the other hand, at x = 1, the 

formation of the target phase was not observed, instead, only unidentified peaks, some of which 

appeared in samples at x ≤ 0.75, were present. Indexing for the pattern was not successful, 

indicating that the sample was composed of more than two phases. Synthesis of a SrYSi2O5N 

phase with isostructure to BaYSi2O5N was not achieved in spite of several trials with different 

synthesis conditions such as heating temperature and time. Further investigation about what 

compounds were formed from the synthesis at x = 1 is in progress. 

 

3.2 Crystal structures of Ba1−XSrXYSi2O5N  

EDX analysis of every single crystal indicated that the ratios of Ba:Sr:Y:Si were almost 

consistent with the stoichiometric ones of the target compositions taking errors and the matrix 

effect into consideration (Table S1). Elemental analysis and single crystal XRD of samples 

synthesized at x = 0, 0.1, 0.33, 0.5, and 0.75 revealed that the compounds are isotypic and belong 

to monoclinic system (C2/c) with compositions of BaYSi2O5N, Ba0.9Sr0.1YSi2O5N, 

Ba0.67Sr0.33YSi2O5N, Ba0.5Sr0.5YSi2O5N, and Ba0.25Sr0.75YSi2O5N, respectively. Thus, it was 
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confirmed that Sr-substituted BaYSi2O5N up to 75% can be formed even though unidentified 

peaks were observed at powder XRD patterns of the samples synthesized at x ≥ 0.33. 

Crystallographic parameters are summarized in Table 1. The lattice parameters and volumes 

decrease with the increase in x due to the smaller ionic size of Sr than that of Ba (Ba2+: 1.52 Å, 

Sr2+: 1.36 Å at ten coordination). In other words, Sr was not substituted for Y in the present 

oxynitrides as discussed later. 

Figure 2 shows the crystal structures of BaYSi2O5N and Ba0.25Sr0.75YSi2O5N as 

representatives of the present compounds. Nine anions sites with 8f were identified. Although it 

is difficult to distinguish between oxygen and nitrogen by XRD analysis, their sites and 

occupancy are sometimes identified by single crystal XRD based on coordination numbers of 

anions and bond length to adjacent metal ions [7,8,31–34]. However, a splitting Si site as 

discussed later makes it impossible to judge precisely in the present compounds. Therefore, 

oxygen and nitrogen were put uniformly at all sites in O:N = 5:1 in the present analysis. There 

are two different sites for AE (= Ba and Sr) and Y, respectively. The coordination numbers for 

AE are 9 (AE1) and 10 (AE2), and those for Y are 6 (Y1) and 8 (Y2) (Table S2). Whereas 

refinement using models with Ba or Sr at the Y1 site was unstable, refinement of Ba or Sr 

occupancies at the Y2 site was converged properly with less than 1% occupancy. Although 

occupation of Ba2+ and Y3+ at the same site was reported in some papers [16,35], we concluded 

that disorder of AE and Y at the same site was not reasonable in the present compounds 

considering differences of the ionic size (Ba2+: 1.42 Å, Sr2+: 1.26 Å, Y3+: 1.02 Å at eight 

coordination) and the valences. Si ions locate at three different sites, Si1, Si2, and Si3. Si3 was 

analyzed as a split site, Si3A and Si3B, because the refinement with Si ions at each middle 

position instead of the split sites results in heavy distortion of thermal ellipsoids around Si3 site. 
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Site occupancies of Si ion at Si3A and Si3B sites, g(Si, Si3A) and g(Si, Si3B), were refined to be 

almost equal (0.472(7) versus 0.528(7) at x = 0 and 0.502(12) versus 0.498(12) at x = 0.75). The 

split is explained by the overlap of four different Si(O,N), resulting in the possible formation of 

isolated Si3(O,N)9 or Si6(O,N)18 as discussed in our previous report [20]. 

The g(Sr, AE1) and g(Sr, AE2) increased with an increase of x monotonically (Figure S2). 

Sr was preferentially substituted for Ba at AE2 site although it was expected that Sr of a smaller 

ion is more likely to occupy the AE1 site with lower coordination number [36–38]. Coordination 

environments of AE sites are depicted in Figure 3. AE2 site is surrounded by two (O,N)1 and two 

(O,N)5. These anions make a square plane space by two-fold rotation axis. Lengths of 

AE2(O,N)1 and AE2(O,N)5 are 2.683(4) Å and 2.655(5) Å at x = 0, respectively (Table S2). 

On the other hand, the shortest bond length at AE1 is 2.659(5) Å, and other eight bond lengths 

are longer than 2.78 Å. Therefore, owing to the narrower space formed by four anions, Sr is 

preferentially substituted for Ba at AE2 site. Such a “narrow space effect” was observed in other 

systems [39]. 

The g(Sr, AE1) and g(Sr, AE2) for sample at x = 0.75 were refined to be 0.6420(3) and 

0.9659(7). If only Sr occupies AE2 site, g(Sr, AE1) is 0.625 at x = 0.75 considering that AE1 and 

AE2 are 8f and 4e sites, respectively. Refinement parameters obtained using the model with g(Sr, 

AE1) = 0.625 and g(Sr, AE2) = 1 were almost the same as those mentioned in Table 1 (Table S3). 

Therefore, Sr can fully occupy the AE2 site in BaYSi2O5N while g(Sr, Ba1) > 0.625 may not be 

allowed, resulting in the impossible formation of SrYSi2O5N. 

 

3.3 Phonon calculation for BaYSi2O5N and SrYSi2O5N 
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For phonon calculation, proper models should be built. Because the present compounds 

have the split site (Si3) and anion disorder, huge supercells are required to express the crystal 

structures authentically. It is time-consuming and not realistic. To find the proper model, we 

performed phonon calculation for BaYSi2O5N, which can be synthesized, with various possible 

arrangements of Si3. Then, we determined one structure, in which all Si3 occupied only Si3A 

(Figure S3a) because other models gave negative phonon modes. The SrYSi2O5N model was 

built by replacement of all Ba with Sr in BaYSi2O5N (Figure S3b). Anion occupancies were 

decided based on the coordination numbers of Si and bond length, Si−(O,N) [7,8,31–34]. The 

results of geometry optimizations for BaYSi2O5N and SrYSi2O5N are shown in Table S4. Figure 

4 shows the phonon dispersions of BaYSi2O5N and SrYSi2O5N in reciprocal space. No 

imaginary phonon mode appeared for the model at x = 0 while phonon dispersion of x = 1 

showed imaginary components depicted in red. Therefore, SrYSi2O5N is thermodynamically 

unstable, and it can be concluded that the formation of SrYSi2O5N with isostructure to 

BaYSi2O5N is impossible with ambient pressure condition at least.  

 

3.4 Photoluminescence properties 

Figures 5a and b show PLE and PL spectra of Eu2+- and Ce3+-doped Ba1−xSrxYSi2O5N (x 

= 0, 0.1, 0.33, 0.5, and 0.75) powders, respectively. XRD measurements indicated that Eu2+- and 

Ce3+-doping did not change phase purities (Figures S4 and S5). Eu2+-doped BaYSi2O5N 

exhibited broad blue emission with a peak at 459 nm under excitation at 250−450 nm. With the 

increase in x, the emission peaks were redshifted from 459 nm to 472 nm, and the spectra 

broadened. Emission spectra were decomposed into two components, component 1 (high energy) 

and 2 (low energy), as shown in Figure S6, and the luminescence decay curves followed a 
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biexponential function (Figure S7). These results are reasonable because Eu2+ would occupy two 

distinct sites, AE1 and AE2. In general, shorter average bond lengths of Eu2+(O,N) cause larger 

crystal field splitting, and it results in smaller 5d-4f emission energy. Therefore, it can be 

concluded that the component 1 and 2 are attributed to emission from Eu2+ at AE2 and AE1, 

respectively. The two components were redshifted and broadened by substitution of Ba with Sr. 

Figure 6 shows the changing rate of the average AE(O,N) bond length and distortion index D of 

AE polyhedra in Ba1−xSrxYSi2O5N. The following equation defines the D [40,41]: 

𝐷  
1
𝑛

 |𝑙 𝑙 |

𝑙
  

 (1) 

where li is the distance from the center atom to the ith coordinating atom, lav is the average bond 

length, and n is the coordination number. Thus, when the distortion of a polyhedron is large, the 

D value is large. With the increase in x, the average bond length became short, and the D became 

large at both AE sites. These structural changes agree with the changes in emission properties by 

the substitution of Ba with Sr, that is, redshift and broadening of spectra are attributed to bond 

length shortening and the D value increase by the substitution of Ba with Sr, respectively [42]. 

This relationship was also observed in other silicates such as Sr-substituted Ba3Si6O12N2 [32]. 

The samples synthesized at x = 1, which did not contain the target phase with the BaYSi2O5N 

type structure, also exhibited PL, however, it was completely different from those of 

Ba1−xYxSi2O5N. (Figure S8). Therefore, PL and PLE properties discussed above are independent 

of the phases giving unidentified peaks. Ce3+-doped BaYSi2O5N exhibited broad blue emission 

with a peak at 404 nm under excitation at 250−370 nm, and the peak positions of emission 

spectra were almost not affected by substitution of Ba with Sr. This is because the local 

structures of two kinds of Y sites, for which Ce is likely to be substituted, were not changed by 

the substitution of Ba with Sr.  
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External quantum efficiencies (EQE) of Eu2+ and Ce3+-doped BaYSi2O5N samples were 

19.7% and 28.8%, respectively (Table S5, absorption rate and internal quantum efficiency are 

also summarized). The values decreased with the increase in x to 11.4% and 22.2%. This change 

may be attributed to the increase in the amount of impurities as discussed in the previous section 

(Figures S4 and S5). The PL intensity of the Eu-doped BaYSi2O5N (x = 0) at 423 K was 32.5% 

of that at 298 K. The thermal quenching was suppressed by substitution of Ba with Sr, and 

48.1% intensity to that at 298 K was observed for the sample at x = 0.75 (Figure S9a). Band gaps 

of x = 0 and 0.75 were calculated by DFT to be 2.53 and 3.14 eV, respectively (Figure S10). The 

large band gap of the host material prevents the photoionization of excited electrons, resulting in 

less thermal quenching [43,44]. Therefore, the band gap broadening by substitution of Ba with Sr 

contributed to less thermal quenching properties for Eu2+-doped samples. On the other hand, the 

PL intensity of Ce-doped BaYSi2O5N (x = 0) at 423 K was 52.7% of that at 298 K and the 

quenching property was not changed drastically by the substitution of Ba with Sr (56.9% at x = 

0.75) (Figure S9b). Ce 5d level might be lower than that of Eu, resulting in that not 

photoionization but phonon-assisted relaxation dominantly influence the thermal quenching of 

the Ce-doped sample. [43,44]. 

 

4. Conclusion 

Ba1−xSrxYSi2O5N solid solutions with an isotypic structure were successfully synthesized 

in the range of 0 ≤ x ≤ 0.75, whereas formation of SrYSi2O5N (x = 1) was not confirmed 

irrespective of synthesis conditions. Phonon calculation indicated that SrYSi2O5N with the 

isostructure to the BaYSi2O5N is unable to synthesize. Thus, the usefulness of the phonon 

calculation to judge the formation possibility of solid solutions has also been demonstrated in the 
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present system. The substitution of Ba with Sr changed local structures around alkaline earth 

metal sites and did not affect environments at yttrium sites. The substitution of Ba with Sr 

changed photoluminescence spectra and thermal quenching properties of Eu2+-doped samples 

because local structures of alkaline earth metal sites and band gaps were altered. On the other 

hand, those properties for Ce3+-doped samples were almost not affected by the substitution of Ba 

with Sr.  
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Table 1. Crystallographic parameters. 

 

  

Formula BaYSi2O5N Ba0.9Sr0.1YSi2O5N Ba0.67Sr0.33YSi2O5N Ba0.50Sr0.50YSi2O5N Ba0.25Sr0.75YSi2O5N 
Crystal size / mm 0.040 × 0.037 × 0.030 0.050 × 0.030 × 0.030 0.055 × 0.030 × 0.015 0.050 × 0.050 × 0.025 0.040 × 0.040 × 0.015 

Scan mode  scan 
Method of structure solution Direct method, SHELXT [29] 

Type of absorption corrections Multi-scan, ABSCOR [30] 
Crystal system, space group Monoclinic, C2/c 

Lattice parameters      
a / Å 8.4655(3) 8.4568(2) 8.4284(4) 8.4064(4) 8.3671(4) 
b / Å 10.2752(3) 10.2727(3) 10.2724(6) 10.2945(3) 10.2477(6) 
c / Å 18.8146(8) 18.7959(4) 18.7445(9) 18.7279(6) 18.6150(11) 
 / º 100.6420(10) 100.6000(10) 100.5550(10) 100.4890(10) 100.302(2) 

V / Å3 1608.43(10) 1605.01(7) 1595.43(14) 1593.62(10) 1570.38(15) 
Formula units / cell 12 

Calculated density / gcm-1 4.664 4.612 4.495 4.396 4.303 
T / K 296(2) 298(2) 296(2) 296(2) 296(2) 

Radiation Mo K( = 0.71073 Å) 
μ / mm-1 18.467 18.772 19.507 19.975 20.949 

No of measured, independent and 
observed [I > 2σ(I)] reflections 

7558, 1826, 1689 7642, 1837, 1758 7674, 1829, 1711 7599, 1834, 1659 7479, 1796, 1603 

Tmin, Tmax 0.525, 0.607 0.454, 0.603 0.413, 0.758 0.435, 0.635 0.488, 0.744 
Rint 0.0382 0.0344 0.0338 0.0623 0.0599 

2max 27.437 27.451 27.443 27.478 27.441 
No. of reflections 1826 1837 1829 1834 1796 
No. of parameters 148 150 150 150 1603 

No. of restrains 0 0 0 0 0 
GoF 1.104 1.038 1.144 1.096 1.257 

R, wR [F2 > 2σ(F2)] 2.91%, 7.39% 2.31%, 5.60% 2.52%, 6.05% 3.56%, 9.12% 4.63%, 10.58% 
R, wR (F2) 3.26%, 7.52% 2.46%, 5.86% 2.78%, 6.18% 3.98%, 9.61% 5.18%, 10.82% 
Min./ max.  

residual electron density / eÅ-3 
1.522, -1.928 1.038, -0.912 0.856, -1.097 1.360, -1.657 1.128, -1.237 
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Figure 1. XRD patterns of Ba1−xSrxYSi2O5N samples synthesized at x = 0, 0.1, 0.33, 0.5, 0.75, 

and 1. (b) Cell volumes of Ba1−xSrxYSi2O5N powders. 

 

 

Figure 2. Crystal structures of (a) x = 0 and (b) x = 0.75 drawn with Ba (green), Sr (orange), Y 

(gray), Si (blue), O (red), N (black), and Si(O,N)4 tetrahedra. 
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Figure 3. Coordination environments of AE1 and AE2 sites in BaYSi2O5N. 

 

 

Figure 4. Phonon dispersions of (a) x = 0 and (b) x = 1. 
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Figure 5. PL and PLE spectra of Ba1−xSrYSi2O5N (x = 0, 0.1, 0.33, 0.5, and 0.75) with 2 mol% 

(a) Eu- and (b) Ce-activators. 

 

 

Figure 6. The changing rate of the average bond length to anions and distortion index of AE. 

 


