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Details of calculation

First-principles DFT calculations were conducted using the Vienna ab initio 

simulation package (VASP) 6.1.[1] The generalized gradient approximation of Perdew, 

Burke, and Ernzerhof (PBE-GGA) with the projector-augmented-wave function 

(PAW) was applied. The lattice parameters and atomic coordinates were optimized by 

the conjugate gradient algorithm using VASP 6.1. Due to the cation-disordering 

nature of Sr3La(PO4)3, the model construction will break the cubic symmetry of the 

origin lattice. Thus, the cell parameters were fixed based on the Rietveld refinement 

results in the structural optimization, leaving the atomic positions relaxable. The 

modeling is described in Figure S6. The convergence criteria of total energy and 

residual atomic forces were set to 10-8 eV per unit cell and 2×10-2 eV/Å, respectively. 

A mesh of 2 × 2 × 2 K-points is used. The Sr 4s24p65s2, La 5s25p65d16s2, Eu 5p66s2, P 
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3s23p3, and O 2s22p4 electrons were treated as valence electrons. The optical and 

magnetic properties of Eu is not analyzed through DFT this time. Therefore, we chose 

the Eu_2 (5p66s2) pseudopotential provided by VASP program.

The Debye temperature  was calculated based on the harmonic Debye model, Θ𝐷

relying on the bulk modulus and Poisson ratio:[2]

Θ𝐷=
ℏ
𝑘𝐵
[6𝜋2𝑉1/2𝑁]1/3

𝐵𝐻
𝑀
𝑓(𝜈)

where  is the Plank constant,  is the Boltzmann constant,  is the molecular mass ℏ 𝑘𝐵 𝑘𝐵

of the unit cell,  is the number of atoms in the unit cell,  is the bulk modulus of the 𝑁 𝐵𝐻

crystal,  is the unit cell volume, and  is𝑉 𝑓(𝜈)

𝑓(𝜈) = {3[2(23 × 1 + 𝜈
1 ‒ 2𝜈)3/2 + (13 × 1 + 𝜈

1 ‒ 𝜈)3/2] ‒ 1}1/3

where  is the Poisson ratio. The elastic moduli, including ,  (shear modulus), and 𝜈 𝐵𝐻 𝐺𝐻

 were be calculated using Voigt−Reuss−Hill (VRH) approximations based on the 𝜈

elastic constants (Cij) determined by VASP 6.1.[3]

The potential energy barrier from O1 to O2 positions was calculated by the 

Nudged Elastic Band method with climbing image modification.[4] Three images for 

transition states were inserted between the initial and final states to search the saddle 

point. The possibility of O1 to O2 vibration was further calculated via the band 

valence energy landscape analysis, using the output model of Rietveld refinement.[5]

Table S1. Rietveld refinement result of Sr2.98Eu0.01La1.01P2.99Si0.01O12.



Rwp = 7.455%; Rp = 5.887%; S = 1.3516

Spaceg Group:  (NO.220)𝐼4̅3𝑑

a = 10.18576(28)

Site Occ x y z Biso

Sr/La/Eu 0.745/0.252/0.003 0.0624(2) 0.0624 0.0624 1.399(54)

P/Si 0.997/0.003 0.375 0 0.25 1.279(276)

O1 0.4125(115) 0.438(3) 0.382(3) 0.733(4) 0.6*

O2 0.5875 0.5738(14) 0.3492(12) 0.696(3) 0.6*

*The atomic displacement parameters of oxygen were fixed owing to the relatively 

low charge density and high uncertainty.

Table S2. Rietveld refinement result of Sr2.69Eu0.01La1.30P2.70 Si0.30O12.



Rwp = 7.612%; Rp = 6.044%; S = 1.3847

Spaceg Group:  (NO.220)𝐼4̅3𝑑

a = 10.18735(29)

Site Occ x y z Biso

Sr/La/Eu 0.673/0.325/0.003 0.0625(2) 0.0625 0.0625 1.490(52)

P/Si 0.900/0.100 0.375 0 0.25 2.067(320)

O1 0.3914(115) 0.436(3) 0.383(3) 0.729(4) 0.6*

O2 0.6086 0.5707(14) 0.3505(12) 0.696(3) 0.6*

*The atomic displacement parameters of oxygen were fixed owing to the relatively 

low charge density and high uncertainty.

Table S3. The bond length of Eu-O1 and Eu-O2



Eu-O1 (Å) Eu-O2 (Å)

2.3862 2.38153

2.42394 2.42493

2.52297 2.48018

2.60329 2.49376

2.62116 2.58033

2.79258 2.60991

2.85903 2.74802

2.88533 3.05269

2.91299 　

Average 2.6675 2.5964

Cut off distance: 3.5 Å.



Table S4. The fitted B、C and E values of Sr2.99-xEu0.01La1+xP3-xSixO12.

Fitted results x = 0.05 x = 0.10 x = 0.20 x = 0.30

B 0.4925 0.3371 0.2641 0.1274

C 71.643 374.15 369.34 498.91

E 0.1374 0.1874 0.2218 0.2529

Adj. R-Square 0.9993 0.9979 0.9994 0.9981



Table S5. Summarized thermometric behaviors of luminescent compounds doped 
with rare-earth ions.

Luminescent

compounds

λex(nm) Temperature(K) Sr References

LaMg0.402Nb0.598O3:Pr3+ 450 298-523 0.725% K-1     6       

NaLaMgWO6:Er3+ 377.75 303-483 1.04% K-1     7       

YF3:Pr3+ 457 293-421 1.24% K-1     8       

BaTiO3:

0.01%Pr3+, 8%Yb3+

980 313-500 1.23% K-1     9

LiYO2:Pr3+ 280 329 23.04% K-1     10           

Sr2.99-xEu0.01La1+xP3-xSixO12 362 303-533 ≥ 1%⋅K-1 This work
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Fig. S1 XRD patterns of Sr2.99-xEu0.01La1+xP3-xSixO12 (x = 0.01, 0.05, 0.10, 0.20 and 

0.30) phosphors.



Fig. S2 Excitation spectra of Sr2.99-xEu0.01La1+xP3-xSixO12 phosphors monitored at (a) 

420 nm and (b) 550 nm.



Fig. S3 Photographs of (a) circular sample groove with glass sheet and (b) a Linkam 

THMS600 temperature control stage.



Fig. S4 The Gaussian fitting for four cycles of emission spectra for Sr2.99-

xEu0.01La1+xP3-xSixO12 (x = 0.30) phosphor excited at 350 nm with the temperature at 

380 K.



Fig. S5 The Gaussian fitting for four cycles of emission spectra for Sr2.99-

xEu0.01La1+xP3-xSixO12 (x = 0.30) phosphor excited at 350 nm with the temperature at 

420 K.



The 12 Sr2+ and 4 La3+ ions are distributed in 16 metal sites of the unit cell for 

DFT calculation (Figure S6(a)). There are 1820 possible combinations by the 

combinatorics and exhaustive method. The huge number makes all the calculation 

unrealistic. 4 metal sites are in the volume diagonal (green spheres in Figure S6(b)) 

and the other 12 ones are in 4 layers paralleling with (111) plane (black, red, orange 

and yellow spheres in Figure S6(c)). Therefore, we simplified the model by the 

following design: (1) The La3+ are placed in each layer; (2) The La3+-La3+ distances 

are kept as long as possible to minimize the electrostatic repulsion as depicted in 

Figure S6(c).

Fig. S6 Metal sites of Sr3La(PO4)3 in (a) [100], (b) [1-10], (c) [111] direction view.


