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ABSTRACT:  

The Sr2CaWO6: RE3+ (RE = Dy, Sm and Eu) phosphors with the unusual emissions 

corresponding to the magnetic-dipole (MD) transition were synthesized via a sol-gel process. 

The crystal structure, electronic properties, photoluminescence excitation and emission 

spectra, and fluorescence lifetimes of the as-prepared samples were investigated. X-ray 

diffraction analysis confirmed that Sr2CaWO6 crystallized in the monoclinic structure with the 

centrosymmetric monoclinic space group (P21/n). The indirect band gap for Sr2CaWO6 was 

4.24 eV, which was calculated within the framework of density functional theory (DFT). The 

phosphors could be excited by the ultra-violet (UV) light at 280 nm, and exhibited 

characteristic emissions corresponding to the MD transitions for different RE3+ ions. The WO6 

groups in the host lattice can absorb UV light efficiently, and then transferred the energy to 

activator ions. The results indicated that the doped rare earth ions occupied the 

centrosymmetric site in Sr2CaWO6 lattice. With increasing the concentration of the dopants, 

the local symmetry of the activator ions can be effectively changed, which resulted in the 

enhancement of the characteristic emissions dominated by the electric-dipole (ED) transitions 

of the doped RE3+. The Sr2CaWO6: Sm3+ phosphor exhibited near white emission under 

radiation of 280 nm. 

Keywords: Double perovskite; Phosphors; Photoluminescence; WLEDs 
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1. INTRODUCTION 

Because of the unique performances, such as long lifetime, low energy consumption, high 

efficiency, environmental friendliness and high safety coefficient, the white light-emitting 

diodes (WLEDs) have been considered as the fourth generation solid state lighting source 

[1-4]. Usually, there are two primary routes to generate white light from LED chip, i.e., the 

multi-LED chip method and the phosphor conversion method [5, 6]. Although the devices 

based on the former route usually exhibit higher quantum efficiency, the less stability and 

high cost limit its application. Hence the phosphor conversion method is widely used to 

fabricate WLEDs due to its practicability and low cost [7]. Obviously, phosphors play an 

important role in creating white light with satisfactory color rendering index (CRI) and high 

quantum efficiency (QE). The mostly common WLEDs are manufactured by combining a 

blue LED chip and a yellow-emitting cerium-doped yttrium aluminum garnet (YAG: Ce3+) 

phosphor. But these devices usually suffer from low CRI (Ra < 80) due to the lack of red 

emission in spectra [8-12]. To solve these problems, multiple phosphors are coupled to a blue 

LED to strengthen the red part of the spectrum [13]. Alternatively, white LEDs with high CRI 

performances can be achieved by pumping the multiple red/green/blue phosphors blend with 

an ultraviolet (UV) or a near-UV chip [14]. Of particular interest are the rare earth ions 

activated tungastates which usually exhibit high energy-conversion efficiency, excellent 

thermal and chemical stability [15, 16].  

Recently, the compounds with the general formula of A2B
'B"O6 and double perovskite 

structure have been intensively studied because of its interesting electrical, magnetic and 

optical properties for technological applications [17-19]. The double-perovskite structure can 
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be described as a three-dimensional network of alternating B'O6 and B"O6 octahedra, with A 

atoms occupying the interstitial locations. The most common A-site cations are the 

alkaline-earth or rare-earth elements with large radius, such as Ca, Sr, Ba and La. The B-site 

cations are usually transition metal elements with small radius. Due to the flexibility on 

structure and composition, the double perovskites have been considered as the potential hosts 

for the rare-earth ions activated phosphors. Usually, the tungstates and molybdates with 

double perovskite structure exhibit broad and strong absorption in near ultraviolet and blue 

region, which is suitable for blue or ultra-violet (UV) LED chips [20-22]. The emission 

spectra of phosphors can be effectively modulated by coupling different activators and hosts. 

The Sr2CaMoO6: Sm3+ phosphors synthesized with the solid state reaction method were 

simultaneously excitable by UV and blue radiation, and exhibited white emission band 

consisted of three peaks located at 567, 603 and 650 nm [23]. The counterparts, the 

Sr2CaWO6: Sm3+ phosphors, were excited under UV and violet light, and showed similar 

emission band with three peaks [24]. The Sr2CaMoO6: Eu3+ phosphors exhibited the red 

emission at around 594 nm [25]. While, owing to the changing of local symmetry by the 

introduced Na+ as charge compensator, the Sr2CaWO6: Eu3+, Na+ phosphors showed intense 

emission at 615 nm [26]. It is noted that the fluorescence of rare earth ions in these hosts is 

almost dominated by the electric dipole (ED) transitions. The dependence of 

photoluminescent properties on the composition of host was also studied for other double 

perovskites [27-30]. However, the systematic investigation on the photoluminescent 

properties of rare-earth ions doped Sr2CaWO6 is still absent.  

In this work, the series of Sr2CaWO6: RE3+ (RE = Dy, Sm and Eu) phosphors were 
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synthesized with a sol-gel method. The alkaline metal ion, Li+, was introduced as the charge 

compensator. The crystal structure of the tungstate was discussed with both experimental 

results and the first-principles calculations. The optical bandgap, excitation, emission and 

lifetime spectra of the as-prepares phosphors were studied. The unusual photoluminescence 

corresponding to the magnetic dipole (MD) transition was discussed. 

 

2. Experimental and Calculation Details 

2.1 Materials and Synthesis 

The Sr2CaWO6: RE3+ (RE = Dy, Sm and Eu) samples were prepared with the citric acid 

assisted sol-gel method using Sr(NO3)2, Ca(NO3)2·4H2O, (NH4)6W7O24·6H2O, 

Sm(NO3)3·6H2O, Eu2O3, Dy2O3, LiOH·H2O, critic acid (C6H8O7·H2O, CA) and 

ethylenediaminetetraacetic acid (EDTA) as the raw materials. All the reagents were purchased 

from Shanghai Aladdin Reagent Co. Ltd. with analytic reagent. The oxides of rare earths were 

dissolved in the nitric acid solution with an appropriate concentration. The molar ratio of CA, 

EDTA and the total content of cations was selected as 2: 1: 1. Firstly, all the inorganic salts 

with the stoichiometric ratio were dissolved in deionized water at 65 oC. Secondly, CA and 

EDTA were added in the above solution in turn at 80 oC with strongly stirring to form 

transparent gel. The as-prepared gel was heated at 180 oC for 0.5 h in oven to obtained 

foam-like precursor powders. Thirdly, the precursor powders were sintered at 600°C for 4h in 

muffle furnace under air condition to remove the organics. Finally, the phosphors were 

fabricated by sintering the precursor powders at 1200°C for 6h under air condition. 

2.2 Characterization 
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The phase compositions of the samples were analyzed using X-ray powder diffraction 

(XRD, Cu Kα, SmartLab, Riguka, Japan). The ultraviolet-visible diffuse reflectance spectra 

(DRS) of the as-prepared samples were recorded on an ultraviolet-visible spectrometer 

(UV-Vis, Hitachi U3900) at room temperature. The excitation and emission spectra were 

measured with a steady and transient state spectrophotometer (Horiba, FL-3-22). 

2.3 Calculation Details 

The crystal structure and electronic properties of Sr2CaWO6 were investigated with the 

first-principles calculations based on density functional theory (DFT). As reported by 

Gateshki et. al. [31], Sr2CaWO6 shows a rich polymorphism over a wide range of temperature. 

In the present work, we investigated the structural and electronic properties of Sr2CaWO6 

crystallized in two different crystal structures, i.e. the orthorhombic structure with the space 

group of Pmm2 (No. 25) and the monoclinic structure with the space group of P21/n (No. 14). 

Figure 1 illustrates the schematic diagrams of the unit cells for these two structures. For each 

structure, the full optimizations of both lattice constants and atomic coordinates, and the 

calculations electronic structures were carried out using the projector-augmented wave (PAW) 

method [32], as implemented in the Vienna ab initio simulation package (VASP) [33, 34]. The 

exchange-correlation functional was treated with the general gradient approximation (GGA) 

of Perdew-Burke-Ernzerhof (PBE) scheme [35]. The integration over the first Brillouin zone 

was performed with Monkhorst-Pack scheme and 6 × 6 × 5 grid was used for k-point 

sampling. The 2s2p4 electrons on O, the 3p64s2 electronson Ca, the 4s24p65s2 electrons on Sr, 

and the 6s25d4 electrons on W were explicitly treated as valence electrons. It is well known 

that DFT calculations usually underestimate the bandgap of a semiconductor. Therefore, we 
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employed screened hybrid functional with the screening parameter of 0.2 as prescribed by 

Heyd, Scuseria and Ernzerhof (HSE06) to accurately calculate the electronic structure of 

Sr2CaWO6 [36]. 

 

3. Results and Discussion 

3.1 Crystal Structure 

According to the investigation on the phase transformation of Sr2CaWO6 by Gateshki et al. 

[31], the crystal structure of this tungstate shows temperature-dependent evolution with the 

following sequence: P21/n → I4/m → Fm3�m. These two phase transitions occur at 1130 and 

1250 K, respectively. In other words, Sr2CaWO6 crystallized in the monoclinic structure at 

room temperature rather than the orthorhombic structure (Pmm2), which had usually been 

adopted to describe the crystal structure of this tungstate in the original [37] and recent 

literatures [24, 26]. Thus, it is necessary to clarify the crystal structure of Sr2CaWO6. 

After the full geometry optimization with the DFT calculations, the symmetry of the unit 

cell of Sr2CaWO6 with orthorhombic structure changes from Pmm2 (No. 25) to Pmmn (No. 

59). Furthermore, the optimized lattice constants of the optimized structure show relatively 

large deviation (~ 4 %) from the experimental results [24]. According to both the 

experimental [31] and theoretical results, it is unreasonable to analyze the crystal structure of 

Sr2CaWO6 with the space group of Pmm2. As shown in Figure 1, the orthorhombic and 

monoclinic structures bear some resemblances to one another. The common nature is the 

presence of the WO6 and CaO6 octahedra in the unit cell. However, there are also some 

structural differences between these two phases. First, the WO6 octahedra in the monoclinic 
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cell are distorted and unparallel to the lattice axis. Second, the angel of W-O-W in the 

distorted WO6 octahedron deviates from 90 o. Third, the Sr atoms in the monoclinic cell are 

located at the inside positions of the unit cell. Such differences could be also reflected in the 

XRD patterns of the as-prepared Sr2CaWO6 samples. Figure 2 (a) shows the experimental and 

refined profiles of the XRD patterns of Sr2CaWO6 in the P21/n space group. The as-prepared 

sample is mainly composed of Sr2CaWO6 with tiny amount of SrWO4. The Rietveld 

refinements of the structural parameters were carried out using the General Structure Analysis 

System (GSAS) program [38]. The reliability factors of the refinement are Rwp = 11.65 %, Rp 

= 8.55 % and χ2 = 3.042. As tabulated in Table I and II, the values of refined lattice constants 

and atomic coordinates are in good agreement with the calculated results and the previous 

study [31]. Hence, the refined results using a structure mode with the P21/n space group are 

creditable. Furthermore, as shown in Figure 2 (b), the splitting of diffraction peaks at 2θ 

ranged from 63 o to 65 o is also observed in the XRD patterns, which cannot be deduced from 

the orthorhombic structure in the Pmm2 space group [31]. We also note that SrCaMoO6, the 

counterpart of Sr2CaWO6, also has the space group of P21/n [23]. In summary, the as-prepared 

Sr2CaWO6 powders crystallize in the monoclinic structure with the space group of P21/n (No. 

14).  

Figure 3 illustrates the XRD patterns of the Dy3+ doped Sr2CaWO6 phosphors. All the XRD 

patterns of the as-prepared samples can be well indexed to the monoclinic Sr2CaWO6. The 

diffraction peaks at 2θ = 27.7o belonged to the second phase of SrWO4 can be observed [31, 

39]. The XRD patterns of the other samples, including Sr2CaWO6: Sm3+, Sr2CaWO6: Eu3+, 

and Sr2CaWO6: RE3+, Li+, are similar to the above patterns, and are not shown here. 
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3.2 Electronic Structure 

In the previous study, the electronic structure of the orthorhombic Sr2CaWO6 with the 

space group of Pmm2 had been investigated with the pseudopotential method using the 

GGA-PBE exchange-correlation functional [24]. However, to our best knowledge, the 

electronic structure of the monoclinic Sr2CaWO6 with the space group of P21/n was still of 

lack. In the present work, the accurate results of the electronic structure were obtained with 

the HSE06 hybrid functional. Figure 4 displays the band structure of monoclinic Sr2CaWO6. 

The plots of total and projected density of states are presented in Figure 5. The Fermi level 

was aligned at 0 eV. Obviously, the monoclinic Sr2CaWO6 is an indirect semiconductor with 

the band gap of 4.24 eV. The maximum of valence band (VBM) is mainly contributed by O 

2p states, while the conduction band minimum (CBM) is dominated by W 5d state. Due to the 

structural analogy, these natures are similar to the results of the other perovskites [24, 40, 41].  

Figure 6 shows the UV-Vis DRS of the as-prepared Sr2CaWO6: Dy3+ phosphors. The 

undoped Sr2CaWO6 shows strong absorption in the UV light region with the absorption edge 

of ~320 nm. The optical band gap of Sr2CaWO6 can be estimated from the insert plot in 

Figure 6 using the following equation [42],  

  �h� = A�h� − 
��

/�

                                                   (1) 

where, Eg, a, ν, A are optical band gap, absorption coefficient, light frequency and a constant, 

respectively. The values of n for the direct and indirect semiconductors are 1 and 4, 

respectively. Herein, the value of n is equal to 4 for the monoclinic Sr2CaWO6 with the 

indirect gap. The calculated value of the optical band gap is 3.51 eV for Sr2CaWO6, which is 

well agree with the previously experimental studies [24, 26]. According to the studies on the 
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optical properties of Sr2WO4 [43, 44], the optical band gap of the tungstate is strongly 

dependent on the preparation conditions, the microstructure and surface defects, etc. 

Furthermore, the theoretical value of the band gap of a semiconductor calculated with the 

hybrid functional is usually larger than the optical band gap derived from the UV-Vis DRS 

[45, 46]. In the present work, the DFT result of band gap for Sr2CaWO6 is 0.73 eV higher 

than the experimental one. For the Dy3+ and other rare earth ions doped Sr2CaWO6 phosphors, 

the add-on shoulder is imposed onto the cutoff edge of each spectrum, which extends the 

absorption range to about 460 nm. The introduction of the doped rare earth ions also result in 

the red shift of absorption edge. Hence, the dopants are effectively incorporated with 

Sr2CaWO6 and introduce the energy transfer from the host to the doped rare earth ions.  

 

3.3 Photoluminescent Properties.  

  Figure 7 exhibits the photoluminescence excitation (PLE) and emission (PL) spectra of 

Sr2CaWO6. A broad and symmetric emission band centered at 426 nm can be observed upon 

the excitation at 275 nm. The emission spectrum, which arises from the annihilation of 

self-trapped excitation in WO6 octahedral complex, is similar to those of alkaline-earth 

tungstates with the perovskite structure [30, 44]. The board band in blue wavelength region 

suggests that the emission process is a typical multi phonon process. In the other word, the 

relaxation from CBM to VBM of Sr2CaWO6 occurs by several paths, involving the coupling 

of several energy states within the band gap. The photoluminescence performance makes the 

tungstate suitable for the host of full-color-emitting phosphors under the excitation with 

near-UV. 
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In the present work, the comparative study on the photoluminescent property of Sr2CaWO6: 

RE3+ (RE = Dy, Sm and Eu) was carried out. The photoluminescent property of these rare 

earth ions is sensitive to the locally chemical environment, and is further applied to discuss 

the local symmetry of the host. Figure 8 (a) presents the PLE and PL spectra of Sr2CaWO6: 

0.01 Dy3+ sample. The excitation spectrum monitored at 494 nm is composed of two parts, 

including the charge transfer (CT) band of the O2- - W6+ transition centered at 280 nm, and the 

weak peaks originated from the f-f transitions of Dy3+ ion. The peaks at 353, 365 and 455 nm 

are ascribed to the transitions of 6H15/2 → 6P7/2,
 6H15/2 → 6P5/2, 

6H15/2 → 4I15/2, respectively. It is 

noted that the intensity of CT band is much higher than those of characteristic peaks of Dy3+ 

ion, implying that the excitation energy can be effectively transferred from WO6 octahedral 

complex to Dy3+ ion. The emission spectrum in Figure 8 (a) under the excitation of 280 nm 

also consists of two parts: one is the corresponding CT band with low intensity centered at 

426 nm, the other is the peaks in blue (482 and 494 nm) and yellow (585 nm) wavelength 

region. The blue emissions are assigned to the magnetic dipole (MD) transition from 4F9/2 to 

6H15/2 of Dy3+ ion, while the yellow emission is due to the forced electric dipole (ED) 

transition from 4F9/2 to 6H13/2 of Dy3+ ion [30]. The intensity of the peak at 494 nm is about 

five times higher than that of the peak at 585 nm. This result indicates that the doped Dy3+ 

ions are substituted at centrosymmetric site in host lattice [30]. As P21/n is a centrosymmetric 

monoclinic space group, the finding further confirmed the creditability of the above structural 

analysis for Sr2CaWO6.  

Figure 8 (b) plots the dependence of emission intensity of the MD transition at 494 nm on 

the concentration of dopants in Sr2CaWO6: x Dy3+ and Sr2CaWO6: xDy3+, xLi + ( x = 0.01 ~ 0.1) 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

phosphors. The co-doped Li+ ions were introduced as the charge compensators. The codoping 

of Li+ ion in low concentration (x = 0.005, 0.01) nearly has no effects on the relative emission 

intensity of the MD transition to ED transition, implying the symmetry of Dy3+ ions in 

Sr2CaWO6 host is not varied. The optimum concentration of dopant is about 0.01. When the 

concentration of dopant (either monodoping of Dy3+ or codoping of Dy3+ and Li+) is further 

increased beyond 0.01, the intensities of both blue and yellow emission gradually decrease. It 

is usually attributed to the nonradiative energy transfer among Dy3+ ions [24, 30, 44]. The 

critical distance (Rc) is also calculated to discover the average distance between the nearest 

trivalent Dy ions at which energy transfer occurs in Sr2CaWO6: Dy3+ phosphors. The value of 

Rc can be estimated from the optimum concentration by using the following equation [47] 

  �� = 2 � ��
�����

�
�
�                                                          (2) 

where V is the volume of the unit cell, xc is the optimum concentration of the activator ion, 

and N is the number of available crystallographic sites occupied by the activator ions in the 

unit cell. According to the above experimental results of V, xc and N (276.447 Å3, 0.01, 4), the 

Rc of Dy3+ in Sr2CaWO6 phosphors is calculated to be about 23.6 Å. Therefore, the energy 

migration between Dy3+ ions is dominated when the distance between the Dy3+ ions in the 

host lattice is larger than the Rc. 

As discussed above, the Sr2CaWO6: Dy3+ phosphors exhibit dual-mode emission in blue 

and yellow wavelength region. However, the red emission in the spectrum is still of lack for 

full-color-emitting under the excitation of UV light. Meanwhile, it is also interesting to 

discover more MD emissions of other rare earth ions in Sr2CaWO6 host. Hence, two types of 

phosphors, including Sr2CaWO6: Sm3+ and Sr2CaWO6: Eu3+, were considered in the present 
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work. Figure 9 (a) shows the PLE and PL spectra of the Sr2CaWO6: 0.03 Sm3+ sample. The 

excitation spectra are composed of the CT band and the narrow peaks originating from the f-f 

transitions of Sm3+ ions. These narrow peaks can be ascribed to the electronic transitions from 

6H5/2 to 6H9/2 (346 nm), 6H7/2 (355 nm), 4D3/2 (364 nm), 4P7/2 (378 nm), 4L13/2 (407 nm), 4P5/2 

(420 nm), respectively [24, 48]. Similarly to the Sr2CaWO6: Dy3+ samples, the intensity of the 

CT band is much higher than those of the characteristic excitation peaks of Sm3+ for the 

Sr2CaWO6: Sm3+ samples. The PL emission spectrum consists of violet-blue emission band 

and the peaks originating from the transitions of 4G5/2 excited state to 6HJ ground states of 

Sm3+, including 4G5/2 ൺ 6H5/2 (564, 568, 577 nm), 4G5/2 ൺ 6H7/2 (602, 616 nm) and 4G5/2 ൺ 

6H9/2 (648 nm).  

In comparison with the previous studies [23, 24, 48], the PL and PLE spectra exhibit 

interesting differences in the present work. The first is that the excitation of Sr2CaWO6: Sm3+ 

is dominated by the charge transfer of WO6 octahedral complexes rather than the intrinsic f-f 

transition of Sm3+. The second is that the relative intensities of the characteristic emission 

peaks of Sm3+ ion are obviously different from the reported results [24]. The 4G5/2 ൺ 6H5/2 

transition of Sm3+ is mainly magnetic-dipole-allowed, and the transition of  4G5/2 ൺ 6H7/2 is 

of mixed ED and MD character. Whereas the 4G5/2 ൺ 6H9/2 related emission of Sm3+ has a 

dominantly ED character [49]. For the Sr2CaWO6: 0.03 Sm3+ sample (Figure 9 (a)), the 

intensity of MD related emission is much higher than that of ED dominated emission. On the 

contrary, the ED emission of the Sr2CaWO6: Sm3+ samples synthesized with the solid-state 

reaction method is much more intense than the MD emission [24]. As shown in Figure 9 (b) 

and (c), with either increasing the concentration of Sm3+ or introducing the codoped Li+ ions, 
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the intensity of the ED related emissions is enhanced, meanwhile MD dominated emission is 

suppressed. We adopted two intensity ratios, i.e. I(4G5/2 ൺ 6H9/2)/I(
4G5/2ൺ6H5/2) and I(4G5/2 ൺ 

6H7/2)/I(
4G5/2ൺ6H5/2) (denoted as R1 and R2, respectively) to discuss the above variation. The 

index R1 is usually supposed as a measure for the polarizability of Sm3+ chemical 

environment or an indicator for the lattice distortion, i.e. the departure from centrosymmetry 

[50]. Owing to the partial ED feature of 4G5/2 ൺ 6H7/2 transition, the index R2 can be also 

applied to characterize the chemical environment of Sm3+. Figure 9 (d) shows the variations 

of R1 and R2 with the concentration of Sm3+. The variation of these two ratios with the 

concentration of Sm3+ is similar to one another. The values of both R1 and R2 are much lower 

than the results reported by Wang et al [24], which implies that the site occupation of doped 

Sm3+ ions is significantly different in the present and previous studies. As mentioned above, 

the phosphors were synthesized using the sol-gel technique in this work, which was favorable 

for the formation of homogeneous mixture of all reactants in molecular scale. Hence, the 

doped rare earth ions could orderly replace A site cations in the host lattice with less distortion. 

In the case of Sr2CaWO6: Sm3+, the doped Sm3+ ions occupy the centrosymmetric site with 

high symmetry, and thereby exhibit intense MD related emission. As the concentration of 

dopants increases, the host lattice is gradually distorted, which results in the deviation of the 

local symmetry of doped Sm3+ ions from the inversion symmetry. Thus, the MD related 

emission is depressed, and the ED emission is enhanced. The critical distance of Sm3+ ions in 

Sr2CaWO6 host was also estimated as 16.4 Å with equation (2). Accordingly, the 

photoluminescent properties of the Sr2CaWO6: Sm3+ phosphors are strongly influenced by the 

preparation route.  
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It is well known that the 5D0 → 7F2 transition of trivalent europium ion is hypersensitive to 

the local crystal environment of host lattice. Thus, the photoluminescent properties of 

Sr2CaWO6: Eu3+ phosphors are investigated to further verify the effects of the synthesis 

method on the performance of the phosphor. Figure 10 (a) displays the PLE and PL spectra of 

the as-prepared Sr2CaWO6: 0.05Eu3+ phosphor. The phosphor shows two strong red emission 

bands centered at around 595 and 616 nm, which are corresponding to the 5D0 → 7F1 MD 

transition and 5D0 → 7F2 ED transition, respectively [26-30]. Similar to the above results, 

under the excitation of UV light, the intensity of the MD related emission is much higher than 

that of ED transition. While, under the radiation of blue light at 465 nm, the ED emission is 

more intense than the MD one. As a result, the doped Eu3+ ions tend to occupy the inversion 

center sites with high symmetry. As shown in Figure 10 (b) and (c), the emission of 5D0 → 7F2 

transition can be effectively enhanced by increasing the content of Eu3+ or inducing the 

codoped Li+, which is also ascribed to the variation of local symmetry. Figure 10 (d) 

illustrates the red emission under the excitation of 465 nm for Sr2CaWO6: Eu3+, Li+ phosphors. 

Obviously, the dominated emission centered at 614 nm can be dramatically improved by the 

codoping of Li+ [26]. For the Eu3+ doped Sr2CaWO6 phosphors, the critical distance for Eu3+ 

ions was estimated to be about 12.4 Å with equation (2).  

To further investigate the energy transfer behavior of the as-prepared phosphors, the 

fluorescence lifetimes of Sr2CaWO6: RE3+ phosphors were measured at room temperature. 

Figure 11(a) shows the decay curve of the 4F9/2 → 6H13/2 emission for Dy3+ at 494 nm under 

the excitation of 280 nm. Each of the five decay curves consists of a fast decay at initial stage 

and a subsequently slow decay with a long tail. The fast component of the decay curve for 
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Sr2-xDyxCaWO6 was well fitted using a mono-exponential formula and the lifetime was on the 

order of microseconds. The initial intensity of the fast part for the Sr2-xDyxCaWO6 phosphors 

increases with increasing the concentration of Dy3+ ion. This dramatically fast decay had also 

been observed in the other Dy3+-activated phosphors [51]. The slow part fits well with the 

following double-exponential equation: 

  �� ! = "# exp �− '
(�
� + "� exp �− '

(*
�                                         (3) 

where I is the luminescence intensity, t is time, A1 and A2 are fitting parameters, τ1 and τ2 are 

the slow and rapid decay time for exponential components, respectively. The average decay 

time (τ*) can be determined with the equation as follows: 

  +∗ = -�(�*.-*(**

-�(�.-*(*
                                                           (4) 

As indicated in Figure 11(a), the decay times of Dy3+ ions were determined to be 144, 127, 70, 

37 and 14 µs for Sr2-xDyxCaWO6 with x = 0.005, 0.01, 0.03, 0.05 and 0.1, respectively. The 

decay time sharply decreases with increasing Dy3+ doping concentrations beyond 1 %, which 

is in good agreement with the above discussion on the optimum concentration of Dy3+. As 

illustrated below, the decay curves of the Sr2CaWO6: Sm3+ and Sr2CaWO6: Eu3+ phosphors 

are also fitted well into the double-exponential functions. The double-exponential decay 

behaviors of the activators are mainly attributed to the energy transfer from the donor to 

activators [52]. In other words, the behavior is originated from the energy transfer from the 

WO6 octahedron to the rare earth ions. Upon UV excitation, an electron is excited from the 

valence band to the conduction band of Sr2CaWO6. Then, the excitation energy is transferred 

directly from the WO6 group to the corresponding levels of the doped rare-earth ions, which 

partially occupy the position of Sr2+ ions [24, 26]. Subsequently, the nonradiative relaxation is 
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occurred from the high energy level to the characteristic level (the 4F9/2 level for Dy3+, the 

4G5/2 level for Sm3+ and the 5D0 level for Eu3+). Finally, the intrinsic emissions of the 

activators occur. The other two explanations, including the inhomogeneous distribution of the 

doped ions in the host material and the difference in the decay behaviors of the doped ions at 

the surface and the ions in the core of the particles, have also been suggested for 

double-exponential decay [52]. 

Figure 11(b) and (c) depict the normalized decay curves for the 4G5/2 ൺ 6H5/2 emission of 

Sm3+ and the 5D0 → 7F1 transition of Eu3+ excited at 280 nm, respectively. The decay curves 

of these two rare earth ions are also well fitted with the double-exponential equation (3). 

Accordingly, the decay times were calculated and tabulated in Figure 11. When the 

Sr2-xSmxCaWO6 phosphors were excited with 280 nm pulsed light, the lifetimes of MD 

transition decreased with the increasing Sm3+ concentration. The shorten lifetimes implies that 

the cross relaxation may happen between Sm3+ ions due to its high concentration. As indicated 

in Figure 11 (c), the lifetimes of the 5D0 → 7F1 emission of Eu3+ ion in Sr2CaWO6 host are 

much higher than those of the other rare earth ions. Furthermore, the lifetimes decrease 

slowly with increasing Eu3+ concentration up to 10 %. It can be attributed to that with 

increasing the concentration of doped Eu3+ ions, the density of the Eu3+ ions around the 

quenching center is enhanced, which can lead to a trap capture to resonance fluorescence 

transfer of the activator ions [53].  

The emission color of the phosphors can be exactly determined with the international 

Commission on Illumination (CIE) chromaticity coordinates. Table III lists the CIE 

chromaticity cooordinates calculated from the PL spectra of the Sr2CaWO6: RE3+ phosphors. 
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The Sr2CaWO6: Dy3+ phosphor exhibits bluish-green light with CIE coordinate of (0.18, 0.22). 

Under the excitation of 407 and 465 nm light, the Sm3+ and Eu3+ doped Sr2CaWO6 phosphors 

show the orange emission with the CIE coordinates of (0.47, 0.39) and (0.50, 0.40), 

respectively. It is interesting that the CIE coordinate of Sr2CaWO6: Sm3+ is calculated to be 

(0.36, 0.30) under 280 nm excitation. The results indicate that the Sr2CaWO6: Sm3+ phosphor 

is suitable for generating white emission by combining UV emitting chips. 

 

4. CONCLUSIONS 

A series of Sr2CaWO6: RE3+ (RE = Dy, Sm and Eu) phosphors with different 

concentrations were synthesized by a sol-gel method. The results of both Rietveld refinement 

on the XRD patterns and DFT calculations indicate that Sr2CaWO6 crystallizes in the 

monoclinic structure with the space group of P21/n (No. 14). The electronic structure of the 

monoclinic Sr2CaWO6 was accurately calculated with the HSE06 hybrid functional. The 

monoclinic Sr2CaWO6 is an indirect semiconductor with the band gap of 4.24 eV. The Dy3+ 

doped Sr2CaWO6 exhibits intense emission band centered at 494 nm under excitation at 280 

nm. The dominated emission is ascribed to the 4F9/2 → 6H13/2 MD transition. Similarly, the 

main emission of the Sr2CaWO6: Sm3+ and Sr2CaWO6: Eu3+ phosphors are dominated by the 

4G5/2 ൺ 6H5/2 MD transition of Sm3+ and the 5D0 → 7F1 MD transition of Eu3+, respectively. 

All these results indicate that the doped rare earth ions occupy the centrosymmetric site in 

Sr2CaWO6 lattice, and further confirm the creditability of structural analysis for Sr2CaWO6. 

The unique site occupation can be attributed to the sol-gel process applied in the present work. 

The relative intensity of the bands originated from different transitions is strongly dependent 
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upon the local chemical environment around RE3+ ions, which can be changed by increasing 

the concentration of the doped RE3+ and codoped Li+.  The critical distance for energy 

migration between RE3+ pairs in Sr2CaWO6 host are estimated to be 23.6, 16.4 and 12.4 Å for 

Dy3+, Sm3+ and Eu3+, respectively. Furthermore, the appropriate CIE coordinate (0.36, 0.30) 

of Sr2CaWO6: Sm3+ makes it suitable for generating white emission by combining UV 

emitting chips. 
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Table and Figure Captions 

Table I Summary of the lattice constants and cell volume of the Sr2CaWO6 with the space 

group of P21/n. 

Table II DFT calculated and refinement results of crystal structure for Sr2CaWO6 at room 

temperature. The atomic positions (in fractional coordinates) were refined in the space group 

of P21/n. 

Table III CIE chromaticity coordinates of the Sr2CaWO6: RE3+ samples. 

Figure 1 Schematic diagrams of the unit cell of Sr2CaWO6 with different space group of (a) 

Pmm2 (No. 25) and (b) P21/n (No. 14). The brown and green octahedrons represent WO6 and 

CaO6 complexes, respectively. 

Figure 2 (a) Observed (Obs.), calculated (Calc.) and difference (Diff.) diffraction profiles for 

the Rietveld refinement of XRD patterns of the as-prepared Sr2CaWO6 samples at room 

temperature using the reported unit cell with the P21/n space group. The background (Bckgr.) 

curve was plotted with the green line. (b) Enlarged profiles of the XRD patterns of 

Sr2CaWO6. 

Figure 3 The X-ray diffraction patterns of the Sr2-xDyxCaWO6 samples. 

Figure 4 Band structure of monoclinic Sr2CaWO6 along the point with high symmetry in the 

Brillouin zone. The horizontal dashed line represents the Fermi level. 

Figure 5 Total and projected density of the states of Sr2CaWO6. The vertical dashed line 

indicates the Fermi level. 

Figure 6 UV-Vis diffuse reflectance spectra of the Sr2CaWO6 and Dy3+-doped Sr2CaWO6 

samples with different concentrations. The insert is the plot the of (αhν)1/2 vs. photon energy 
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(hν) for undoped Sr2CaWO6. 

Figure 7 PL excitation spectra and emission spectra of Sr2CaWO6 monitored at the 426 and 

275 nm, respectively. 

Figure 8 (a) PL excitation and emission spectra of the Sr1.99Dy0.01CaWO6 sample. (b) 

Dependence of the emission intensity at 494 nm on the concentration of dopants for the 

Sr2-xDyxCaWO6 and Sr2-2xDyxLi xCaWO6: samples. 

Figure 9 (a) PL and PLE spectra of the Sr1.97Sm0.03CaWO6 sample. (b) PL spectra of the 

Sr2-xSmxCaWO6 sample with different concentration of Sm3+ under the radiation of 280 nm. (c) 

PL spectra excited at 280 nm for the Sm3+, Li+ codoped Sr2CaWO6 samples. (d) Dependence 

of R1 (I(4G5/2 ൺ  6H9/2)/I(
4G5/2ൺ 6H5/2)) and R2 (I(4G5/2 ൺ  6H7/2)/I(

4G5/2ൺ 6H5/2)) on the 

concentration of Sm3+. 

Figure 10 (a) PL and PLE spectra of the Sr1.95Eu0.05CaWO6 sample. (b) PL spectra of the 

Sr2CaWO6: xEu3+ phosphors under the excitation of 280 nm. (c) PL spectra of the Eu3+, Li+ 

codoped Sr2CaWO6 phosphors under the radiation of UV light at 280 nm. (d) PL spectra 

excited at 465 nm for the Eu3+, Li+ codoped Sr2CaWO6 phosphors. 

Figure 11 (a) The fluorescence decay curves of the 4F9/2 → 6H13/2 emission for Dy3+ 

monitored at 494 nm for the Sr2Dy2-xCaWO6 samples with different Dy3+ concentrations. (b) 

The fluorescence decay curves of the for the 4G5/2 ൺ 6H5/2 emission of Sm3+ monitored at 568 

nm for the Sr2Sm2-xCaWO6 samples. (c) The decay curves for the 5D0 → 7F1 transition of Eu3+ 

monitored at 595 nm. All curves are measured under the excitation of 280 nm at room 

temperature. The inserts tabulate the lifetimes of the phosphors calculated with the 

double-exponential equation.  
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Table I Summary of the lattice constants and cell volume of the Sr2CaWO6 with the space 

group of P21/n. 

 a (Å) b (Å) c (Å) β (o) V (Å3) 

Cal. 5.7311 5.8665 8.1656 90.168 274.649 

Exp. 5.7663 5.8480 8.1923 90.140 276.255 

Ref.[29] 5.7672 5.8506 8.1931 90.165 276.447 
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Table II DFT calculated and refinement results of crystal structure for Sr2CaWO6 at room 

temperature. The atomic positions (in fractional coordinates) were refined in the space group 

of P21/n. 

Atom Wyckoff  

Position 

x y z 

Rietveld Refined  

W 2a 0.0000 0.0000 0.0000 

Ca 2b 0.0000 0.0000 0.5000 

Sr 4e 0.0101 0.5468 0.2561 

O1 4e 0.0877 0.0271 0.7843 

O2 4e 0.2631 0.8230 0.0420 

O3 4e 0.1892 0.2711 0.0504 

DFT Calculated 

W 2a 0.0000 0.0000 0.0000 

Ca 2b 0.0000 0.0000 0.5000 

Sr 4e 0.0099 0.5442 0.2516 

O1 4e 0.0846 0.0284 0.7731 

O2 4e 0.2690 0.8125 0.0408 

O3 4e 0.1831 0.2677 0.0491 
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Table III CIE chromaticity coordinates of the Sr2CaWO6: RE3+ samples. 

Phosphor Excitation 

 wavelength (nm) 

CIE  

coordinate 

Sr2CaWO6 275 (0.12, 0.08) 

Sr2CaWO6 :Dy3+ 280 (0.18, 0.22) 

Sr2CaWO6 :Eu3+ 285 (0.43, 0.28) 

465 (0.50, 0.44) 

Sr2CaWO6 :Sm3+ 280 (0.36, 0.30) 

407 (0.47, 0.39) 
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Figure 1 Schematic diagrams of the unit cell of Sr2CaWO6 with different space group of (a) 

Pmm2 (No. 25) and (b) P21/n (No. 14). The brown and green octahedrons represent WO6 and 

CaO6 complexes, respectively.  
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Figure 2 (a) Observed (Obs.), calculated (Calc.) and difference (Diff.) diffraction profiles for 

the Rietveld refinement of XRD patterns of the as-prepared Sr2CaWO6 samples at room 

temperature using the reported unit cell with the P21/n space group. The background (Bckgr.) 

curve was plotted with the green line. (b) Enlarged profiles of the XRD patterns of 

Sr2CaWO6.  
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Figure 3 The X-ray diffraction patterns of the Sr2-xDyxCaWO6 samples.  
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Figure 4 Band structure of monoclinic Sr2CaWO6 along the point with high symmetry in the 

Brillouin zone. The horizontal dashed line represents the Fermi level.  
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Figure 5 Total and projected density of the states of Sr2CaWO6. The vertical dashed line 

indicates the Fermi level.   



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

Figure 6 UV-Vis diffuse reflectance spectra of the Sr2CaWO6 and Dy3+-doped Sr2CaWO6 

samples with different concentrations. The insert is the plot the of (αhν)1/2 vs. photon energy 

(hν) for undoped Sr2CaWO6.   
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Figure 7 PL excitation spectra and emission spectra of Sr2CaWO6 monitored at the 426 and 

275 nm, respectively.  
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Figure 8 (a) PL excitation and emission spectra of the Sr1.99Dy0.01CaWO6 sample. (b) 

Dependence of the emission intensity at 494 nm on the concentration of dopants for the 

Sr2-xDyxCaWO6 and Sr2-2xDyxLi xCaWO6: samples.  
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Figure 9 (a) PL and PLE spectra of the Sr1.97Sm0.03CaWO6 sample. (b) PL spectra of the 

Sr2-xSmxCaWO6 sample with different concentration of Sm3+ under the radiation of 280 nm. (c) 

PL spectra excited at 280 nm for the Sm3+, Li+ codoped Sr2CaWO6 samples. (d) Dependence 

of R1 (I(4G5/2 ൺ  6H9/2)/I(
4G5/2ൺ 6H5/2)) and R2 (I(4G5/2 ൺ  6H7/2)/I(

4G5/2ൺ 6H5/2)) on the 

concentration of Sm3+.  
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Figure 10 (a) PL and PLE spectra of the Sr1.95Eu0.05CaWO6 sample. (b) PL spectra of the 

Sr2CaWO6: xEu3+ phosphors under the excitation of 280 nm. (c) PL spectra of the Eu3+, Li+ 

codoped Sr2CaWO6 phosphors under the radiation of UV light at 280 nm. (d) PL spectra 

excited at 465 nm for the Eu3+, Li+ codoped Sr2CaWO6 phosphors. 
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Figure 11 (a) The fluorescence decay curves of the 4F9/2 → 6H13/2 emission for Dy3+ 

monitored at 494 nm for the Sr2Dy2-xCaWO6 samples with different Dy3+ concentrations. (b) 

The fluorescence decay curves of the for the 4G5/2 ൺ 6H5/2 emission of Sm3+ monitored at 568 

nm for the Sr2Sm2-xCaWO6 samples. (c) The decay curves for the 5D0 → 7F1 transition of Eu3+ 

monitored at 595 nm. All curves are measured under the excitation of 280 nm at room 

temperature. The inserts tabulate the lifetimes of the phosphors calculated with the 

double-exponential equation. 
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Highlights: 

1) The as-prepared Sr2CaWO6 sample crystallizes in the monoclinic structure. 

2) The PL emission of Sr2CaWO6: RE3+ is dominated by MD transitions of RE3+. 

3) The doped RE3+ ions occupy the centrosymmetric sites of Sr2CaWO6 host. 

4) The CIE coordinate of Sr2CaWO6: Sm3+ is (0.36, 0.30). 


