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Results and Discussion

Fig. S1 XRD patterns of (a) Lu2CaMg2-ySi3O12:yNi2+; (b) Lu2CaMg1.98-ySi3O12:0.02Cr3+,yNi2+, and (c) Lu2CaMg2-

xSi3O12:xCr3+.

Fig. S2 Rietveld refinements for XRD patterns. (a) Lu2CaMg2Si3O12 host; (b) Lu2CaMg1.92Si3O12:0.08Ni2+; (c) 

Lu2CaMg1.98Si3O12:0.02Cr3+.

Fig. S3 The partial magnification of XRD patterns for Lu2CaMg2Si3O12 host, Lu2CaMg1.92Si3O12:0.08Ni2+, 

Lu2CaMg1.98Si3O12:0.02Cr3+, and Lu2CaMg1.92Si3O12: 0.02Cr3+,0.06Ni2+.
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Fig. S4 EDS of Lu2CaMg1.84Si3O12:0.08Cr3+,0.08Ni2+.

Fig. S5 XPS fine spectra of Lu2CaMg1.84Si3O12:0.08Cr3+,0.08Ni2+: (a) Ni 2p; (b) Cr 2p.

Fig. S6 Experimental determination Eg of Lu2CaMg2Si3O12 host and Lu2CaMg1.92Si3O12:0.08Ni2+.
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Based on DRS data, the absorbance data can be obtained using Kubelka-Munk formula1:

     (S1)𝐹(𝑅) = (1 ‒ 𝑅)2 (2𝑅) = 𝐾/𝑆

Where  stands for reflectance,  and  represent absorption coefficient and scattering coefficient.𝑅 𝐾 𝑆

The energy band gap (Eg) could be evaluated using Tauc relation2:

     (S2)[𝐹(𝑅)ℎ𝑣]1 𝑛 = 𝐴(ℎ𝑣 ‒  𝐸𝑔)

Where  and  stand for photon energy and absorption constant, respectively. The n values of 1/2 ℎ𝑣 𝐴

and 2 correspond to direct and indirect allowed transitions in the same order. The electronic transition 

of Lu2CaMg2Si3O12 in this work belongs to direct allowed transition (n = 1/2). The band gap of the 

Lu2CaMg2Si3O12 host and the Lu2CaMg1.92Si3O12:0.08Ni2+ samples are 5.83 and 5.86 eV, respectively.

The luminescence decay curves of Lu2CaMg2-ySi3O12:yNi2+ can be conformed to the double 

exponential function as described in equation (S3):

     (S3)
𝐼 = 𝐴1exp ( 𝑡

𝜏1
) ‒ 𝐴2 𝑒𝑥𝑝⁡(

𝑡
𝜏2

)

Where  and  are constants,  represents the luminescence intensity,  is time,  and  correspond 𝐴1 𝐴2 𝐼 𝑡 𝜏1 𝜏2

to the lifetimes of the two exponential components.

Fig. S7 Variation of Lu2CaMg2-ySi3O12:yNi2+ decay lifetime with Ni2+ concentration, y.
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Fig. S8 PL spectra of Lu2CaMg2-xSi3O12:xCr3+.

Fig. S9 Spectral overlap between PL of Cr3+ and PLE of Ni2+.
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Fig. S10 The DRS of the Lu2CaMg2Si3O12 host, Lu2CaMg1.92Si3O12:0.02Cr3+,0.06Ni2+ samples and 

Lu2CaMg1.94Si3O12:0.06Ni2+ samples.

Fig. S11 PL spectra of Lu2CaMg1.98-ySi3O12:0.02Cr3+,yNi2+ phosphors upon 425 nm excitation.

Dexter’s method to calculate R0 (Fig. S12a to Fig. S12h):3

(a) Measure the emission spectrum of Lu2CaMg1.98Si3O12:0.02Cr3+ and calculate emission area by 

integration: 1.8223 109. ×  

(b) Convert the emission spectrum of Lu2CaMg1.98Si3O12:0.02Cr3+ into energy coordinates. 

: . . Calculate emission area by 𝐼(𝐸) = 𝐼(𝜆)𝜆2 𝑦(𝑏) = 𝑦(𝑎) × 𝜆2 𝑥(𝑏) = 1239.84 ÷ 𝑥(𝑎)

integration: 2.2594 1012. ×  
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(c) Normalize the area of the emission spectrum of Lu2CaMg1.98Si3O12:0.02Cr3+ by dividing: 

.𝑦(𝑐) = 𝑦(𝑏) ÷ (2.2594 × 1012)

(d) Measure the excitation spectrum of Lu2CaMg1.94Si3O12:0.06Ni2+.

(e) Convert the ordinate of Lu2CaMg1.94Si3O12:0.06Ni2+ to absorption cross section  and the abscissa 𝜎

to energy: ; . Where L is Avogadro 𝜎(𝑒) = (ln 10 × 1000/𝐿) × 𝑦(𝑑) 𝑥(𝑒) = 1239.84 ÷ 𝑥(𝑑)

number and  is in cm2. Calculate area of  by integration: 1.1468 10-16. ; So 𝜎 𝜎  ×  ∫𝜎(𝐸)𝑑𝐸 = 𝑄𝐴

 = 1.1468  10-16 cm2 eV-1. Where  is the absorption cross-section of the acceptor.𝑄𝐴 × 𝑄𝐴

(f) Normalize the area of the absorption cross section ( ) of Lu2CaMg1.94Si3O12:0.06Ni2+ by dividing: 𝜎

.𝑦(𝑓) = 𝑦(𝑒) ÷ (1.1468 × 10 ‒ 16)

(g) Overlap the normalized emission of Lu2CaMg1.98Si3O12:0.02Cr3+ and absorption cross section  𝜎

of Lu2CaMg1.94Si3O12:0.06Ni2+.

(h) Calculating the summation , as follow: ∫𝑓𝐷(𝐸)𝑓𝐴(𝐸)𝐸 ‒ 4𝑑𝐸

. The result of  in this 𝑦(ℎ) = 𝑦(𝑐)[𝑖] × 𝑦(𝑓)[𝑖] × (𝑥[𝑖 + 1] ‒ 𝑥[𝑖])/𝑥[𝑖]4 ∫𝑓𝐷(𝐸)𝑓𝐴(𝐸)𝐸 ‒ 4𝑑𝐸

work is 4.6646 10-4. Where  is the rows, as shown in Fig. S12h. ×  [𝑖]
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Fig. S12 Dexter’s method to calculate R0: (a) Emission spectrum of Lu2CaMg1.98Si3O12:0.02Cr3+; (b) Energy 

coordinates emission spectrum of Lu2CaMg1.98Si3O12:0.02Cr3+; (c) Normalized emission area of 

Lu2CaMg1.98Si3O12:0.02Cr3+; (d) Excitation spectrum of Lu2CaMg1.94Si3O12:0.06Ni2+; (e) Absorption cross-section of 

Lu2CaMg1.94Si3O12:0.06Ni2+; (f) Normalized absorption cross-section of Lu2CaMg1.94Si3O12:0.06Ni2+; (g) Normalized 

absorption cross-section of Lu2CaMg1.94Si3O12:0.06Ni2+ and normalized emission spectrum of 

Lu2CaMg1.98Si3O12:0.02Cr3+; (h) Spectral overlap of Lu2CaMg1.94Si3O12:0.06Ni2+ and Lu2CaMg1.98Si3O12:0.02Cr3+.
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Temperature sensing performance

Fig. S13a illustrates the luminescence properties of Lu2CaMg1.92Si3O12:0.02Cr3+,0.06Ni2+ after 

three cycles of low-high-low temperature, demonstrating minimal changes in luminescence intensity. 

This observation highlights the excellent temperature repeatability of the 

Lu2CaMg1.92Si3O12:0.02Cr3+,0.06Ni2+ phosphor across the 123 to 448 K range. Notably, the 

luminescence intensity of Ni2+ decreases more rapidly than that of Cr3+ as the temperature increases 

(Fig. S13b), indicating that the Lu2CaMg1.92Si3O12:0.02Cr3+,0.06Ni2+ phosphor is suitable for dual-

mode optical thermometry. The potential dual-mode optical thermometry, based on the fluorescence 

intensity ratio (FIR), is expressed in the following equation:4

       (S4)
𝐹𝐼𝑅 =  

𝐼
𝐶𝑟3 +

𝐼
𝑁𝑖2 +

= 𝐴 + 𝐵 𝑒𝑥𝑝⁡( ‒ Δ𝐸 (𝑘𝐵𝑇))

Where ,  are constants,  is the energy gap,  is the Boltzmann’s constant, and  is the Kelvin 𝐴 𝐵 Δ𝐸 𝑘𝐵 𝑇

temperature. As shown in Fig. S13c, the measured plots of FIR can be well fitted by equation (S4), 

confirming the phosphor’s suitability for dual-mode optical thermometry. To further evaluate the 

optical thermometry performance of this phosphor, it is necessary to investigate the absolute sensitivity 

(Sa) and relative sensitivity (Sr), which are expressed by the equations (S5) and (S6):5

     (S5)
𝑆𝑎 =  |∂𝐹𝐼𝑅

∂𝑇 | = 𝐵exp ( ‒ Δ𝐸 (𝑘𝐵𝑇)) ×  
∆𝐸

𝑘𝐵𝑇2

     (S6)
𝑆𝑟 =  | 1

𝐹𝐼𝑅
∂𝐹𝐼𝑅

∂𝑇 | × 100% =  
𝐵exp ( ‒ Δ𝐸 (𝑘𝐵𝑇))

𝐴 + 𝐵exp ( ‒ Δ𝐸 (𝑘𝐵𝑇))
×

∆𝐸

𝑘𝐵𝑇2
× 100%

The maximum Sa value is  K-1 at 448 K and the maximum Sr is 0.42% K-1 at 298 K, 1.01 × 10 ‒ 3

as presented in Fig. S13d. Table S3 lists some reported candidate materials for optical thermometry. 

The above results indicate that this phosphor has potential for application in optical thermometry.
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Fig. S13 (a) Temperature cycle stability of the Lu2CaMg1.92Si3O12:0.02Cr3+,0.06Ni2+ sample; (b) Emission intensity 

of Cr3+ and Ni2+ at various temperatures; (c) FIR plots and the fitting curve of Lu2CaMg1.92Si3O12:0.02Cr3+,0.06Ni2+; 

(d) Absolute sensitivity Sa and relative sensitivity Sr of Lu2CaMg1.92Si3O12:0.02Cr3+,0.06Ni2+. 

Fig. S14 IQE and EQE of Lu2CaMg1.92Si3O12:0.02Cr3+,0.06Ni2+ at RT.
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Fig. S15 IQE and EQE of Lu2CaMg1.94Si3O12:0.06Ni2+ at RT.

Table S1. Rietveld refinement results of Lu2CaMg2Si3O12 host, Lu2CaMg1.98Si3O12:0.02Cr3+, 

Lu2CaMg1.92Si3O12:0.08Ni2+, and Lu2CaMg1.92Si3O12:0.02Cr3+,0.06Ni2+.

host 0.02Cr3+ 0.08Ni2+ 0.02Cr3+,0.06Ni2+

Space group Ia-3d Ia-3d Ia-3d Ia-3d

a = b = c (Å) 12.02219 12.01892 12.02394 12.02509

α = β = γ (°) 90 90 90 90

Cell volume (Å3) 1737.6022 1736.1875 1738.3644 1738.8604

Rp (%) 7.40 7.43 6.45 6.37

Rwp (%) 10.72 10.73 9.26 9.21

Table S2. Theoretical and experimental ratios of elements in Lu2CaMg1.84Si3O12:0.08Cr3+,0.08Ni2+ 

based on EDS results.

EDS Lu Ca Mg Si O Cr Ni

Theoretical mass ratio 48.61 5.57 6.21 11.71 26.67 0.58 0.65

Theoretical atomic ratio 2.00 1.00 1.84 3.00 12.00 0.08 0.08

Experimental mass ratio 45.10 5.70 6.49 12.41 28.70 1.15 0.45

Experimental atomic ratio 1.85 1.02 1.92 3.18 12.91 0.16 0.06
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Table S3. Optical thermometry properties of several reported NIR phosphors.

Phosphors
Temperature 

(K)
Sr (% K-1) Refs

Y3Al5O12:Cr3+ 123-563 0.52 6

LiGa5O8:Cr3+ 300-463 0.59 7

Gd2GaSb0.9Ta0.1O7:Cr3+,Yb3

+
303-573 0.60 8

LiLaP4O12:Cr3+,Yb3+ 77-550 0.32 9

ZnGa2O4:Bi3+,Cr3+ 293-473 0.31 10

BaAl12O19:Eu2+,Cr3+ 293-563 0.466 11

SrTiO3:Ni2+,Er3+ 183-473 0.44 12

LaZnGa11O19:Cr3+,Ni2+ 100-450 0.61 13

Mg3Ga2GeO8:Cr3+,Ni2+ 275-475 0.55 14

Lu2CaMg2Si3O12:Cr3+,Ni2+ 123-448 0.42 This work
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