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Figure S1. The density of BST-xBMN ceramics as a function of sintered temperature for 300 

min (the density value of ceramics were measured by Archimedes method).

Figure S2. SEM micrographs on the original surfaces of the BST-xBMN ceramics (a) x=0.00, 
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(b) x=0.08, (c) x=0.10, (d) x=0.18, (e) x=0.20; and (f)-(j) average grain size of the various x.

Figure S3. Temperature (-150 oC to 150 oC) dependence of dielectric permittivity and 

dielectric loss of BST-xBMN ceramics measured from 1 kHz to 1000 kHz, (a) x=0.00, (b) 

x=0.08, (c) x=0.10, (d) x=0.18, (e) x=0.20; (f) Temperature (-150 oC to 150 oC) dependence 

of dielectric permittivity and dielectric loss of BST-xBMN ceramics measured at 1 kHz.
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Figure S4. P-E loops measured under different electric fields at 10 Hz for BST-xBMN 

ceramics, (a) x=0.00, (b) x=0.08, (c) x=0.10, (d) x=0.18, (e) x=0.20; (f) breakdown strength 

(BDS) of BST-xBMN ceramics.
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Table S1. Energy storage properties reported for lead free dielectric ceramics.

Materials
BDS 

(kV·cm-1)
εr Tan δ

W 

(J·cm-³)

Wrec  

(J·cm-³)
η (%) Ref.

BaTiO3-0.10Bi(Mg2/3Nb1/3)O3 140 1509 0.022 1.18 1.13 95.7 [1]

BaTiO3-0.09BiYbO3 93 - - 0.86 0.71 82.6 [2]

BaTiO3-0.10Bi(Zn0.5Zr0.5)O3 264 1900 0.024 - 2.46 - [3]

BaTiO3-0.15Bi(Mg0.5Zr0.5)O3 185 900 0.015 1.31 1.25 95.4 [4]

BaTiO3-0.12Bi(Mg0.5Ti0.5)O3 224 1560 0.018 2.06 1.81 88 [5]

BaTiO3-0.08K0.73Bi0.09NbO3 327 2900 - 2.89 2.51 86.89 [6]

BaTiO3-0.12Bi(Li0.5Nb0.5)O3 270 1180 0.01 2.31 2.03 88 [7]

BaTiO3-0.12Bi(Ni2/3Nb1/3)O3 200 1266 0.004 2.18 2.09 95.9 [8]

Ba0.5Sr0.5Ti0.997Mn0.003O3 290 2190 0.003 1.87 1.69 90.4 [9]

(Bi0.85Nd0.15)FeO3-0.25BaTiO3 170 - - 4.1 1.82 41.3 [10]

Bi0.83Sm0.17Fe0.95Sc0.05O3 230 - - 2.91 2.21 76 [11]

0.62BiFeO3-0.3BaTiO3

-0.08Nd(Mg2/3Nb1/3)O3
240 - - 3.40 2.45 72 [12]

0.61BiFeO3-0.33BaTiO3

-0.06La(Mg0.5Ti0.5)O3
130 - - 2.02 1.66 82 [13]

0.65BiFeO3-0.3BaTiO3-0.05Bi

(Zn2/3Nb1/3)O3+0.1wt%Mn2O3
180 600 0.005 3.7 2.06 53 [14]

(0.75Bi0.5Na0.5TiO3-0.25Bi0.5K0.5

TiO3)-0.06BiAlO3
105 - - 1.57 1.15 73.2 [15]

0.92Bi0.5Na0.5TiO3-0.06Ba

TiO3-0.2SrTi0.875Nb0.1O3
105 2300 0.07 1.29 1.17 91 [16]

0.92(0.35Bi0.5Na0.5TiO3-0.65Ba

TiO3)-0.08Na0.73Bi0.09NbO3
172 2050 0.05 2.07 1.70 82 [17]

(Ba0.06Bi0.47Na0.47)0.98La0.02Ti0.96Zr0.04O3 136 2130 0.04 2.14 1.55 72.6 [18]

Bi0.5Na0.5TiO3-0.5SrTiO3-3wt% MgO 227 2400 0.045 4.34 2.17 50 [19]

(K0.5Na0.5)NbO3-0.2Sr(Sc0.5Nb0.5)O3-0.5 

mol% ZnO
400 - - 3.55 2.6 73.2 [20]

NaNbO3-0.10Bi(Mg2/3Nb1/3)O3 300 825 0.023 3.4 2.8 82 [21]

NaNbO3-0.20SrTiO3 310 1450 0.002 3.74 3.02 80.7 [22]

NaNbO3-0.07Bi(Mg0.5Zr0.5)O3 255 1270 0.024 2.88 2.31 80.2 [23]

Ba0.65Sr0.35TiO3-0.10Bi(Mg2/3Nb1/3)O3 400 1040 0.016 3.90 3.34 85.71
This 

work
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Figure S5. A phenomenological model for the doped relaxor system.

Landau Theory. The model system considered is a generic ferroelectric ceramic undergoing 

a first-order cubic-to-tetragonal ferroelectric transition upon cooling. The total free energy of 

the system includes the following three physically distinctive terms:

𝐹 =  𝐹(𝐏,𝑐) + 𝐹(𝐏,φ) + 𝐹(𝐏) = ∫
𝑉

𝑓𝑏𝑢𝑙𝑘𝑑𝑉 + ∫
𝑉

𝑓𝑐𝑜𝑢𝑝𝑙𝑒𝑑𝑉 + ∫
𝑉

(𝑓𝑒𝑙𝑎𝑠 + 𝑓𝑒𝑙𝑒𝑐 + 𝑓𝑔𝑟𝑎𝑑)𝑑𝑉

where V is the system volume,  denotes the Landau bulk free-energy density, 𝑓𝑏𝑢𝑙𝑘

 denotes the free-energy density of the local polarization field,  is the elastic 𝑓𝑐𝑜𝑢𝑝𝑙𝑒 𝑓𝑒𝑙𝑠𝑎

energy density,  is the electrostatic energy density and  is the gradient energy 𝑓𝑒𝑙𝑒𝑐 𝑓𝑔𝑟𝑎𝑑

density.

The first term describing the global transition temperature effect (GTTE) and the bulk 

free energy density can be expressed by a Landau polynomial:
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𝑓𝑏𝑢𝑙𝑘

= 𝐴1 ∑
𝑖 = 1,2,3

𝑃2
𝑖 + 𝐴11 ∑

𝑖 = 1,2,3
𝑃4

𝑖 +
𝐴12

2 ∑
𝑖,𝑗 = 1,2,3;𝑖 ≠ 𝑗

(𝑃𝑖𝑃𝑗)2 + 𝐴111 ∑
𝑖 = 1,2,3

𝑃6
𝑖 + 𝐴112

∑
𝑖,𝑗 = 1,2,3;𝑖 ≠ 𝑗

(𝑃𝑖𝑃𝑗)4 + 𝐴123(𝑃2
1𝑃2

2𝑃3
3)

where , , , , , and  are the dielectric stiffness and higher-order 𝐴1 𝐴11 𝐴12 𝐴111 𝐴112 𝐴123

stiffness coefficients.

The  describes the local field effect (LFE), which can be expressed by Landau 𝑓𝑐𝑜𝑢𝑝𝑙𝑒

theory:

𝑓𝑐𝑜𝑢𝑝𝑙𝑒 = ― ∫𝑑3𝑥
3

∑
𝑖

𝑃𝑖(x) ∙ 𝜑𝑙𝑜𝑐(x)

where  is a random vector field created by the point defects.𝜑𝑙𝑜𝑐(x)
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