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Finite Simulation
To investigate the dielectric breakdown behavior of ceramics, finite-element simulations were performed using COMSOL Multiphysics to resolve the electric potential distribution and the dynamic evolution of electrical treeing. A two‑dimensional simulation domain was reconstructed directly from representative SEM images, in which the selected region reflects the average grain morphology of the ceramic. The extracted microstructure was scaled to a width-to-height ratio of 3:4 and further processed using CAD software to ensure geometric fidelity for numerical implementation. Under an applied electric field, electrical tree branches preferentially nucleate at regions of enhanced local electric-field intensity, typically associated with geometric singularities, and subsequently propagate along grain boundaries and domain interfaces. Progressive growth of these conductive paths toward the opposite electrode ultimately signifies dielectric breakdown of the ceramic. To quantitatively evaluate the degree of breakdown damage, a scalar damage factor, η, ranging from 0 to 1 was introduced. Here, η = 1 corresponds to an intact, undamaged state, whereas η = 0 represents complete dielectric failure. The governing equations describing the electrostatic field and damage evolution are provided in Equations (1)-(4):




Among them, εg​ and εgb​ represent the dielectric constants of the grains and grain boundaries, respectively, as determined from the initial-state dielectric temperature spectrum; k = 0.01; u = 0.001; f(η)=4η3-3η4; Γ is associated with the breakdown energy, with a predefined ratio of Γg : Γgb = 1/10. The mobility parameter m governs the propagation speed of the breakdown process, while L, known as the regularization length, determines the width of the transition region between fully damaged and undamaged states in the phase-field order parameter. In the breakdown simulation, quadratic Lagrange interpolation is applied to the electric potential ϕ(x,t), while linear Lagrange interpolation is used for the damage parameter η(x,t). By controlling the evolution of time t, the dynamic behavior of the externally applied electric field is effectively introduced.
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Supplementary Fig. 1 Bipolar hysteresis loop of a ZS0, b ZS15, c ZS30, d ZS35, e ZS40 and f ZS45 at room temperature.
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Supplementary Fig. 2 Differential of PL(ZS)xT P with respect to E as a function of electric field. a ZS15, b ZS30, c ZS35 and d ZS40.
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Supplementary Fig. 3 The unipolar polarization hysteresis loops of ZS0. Evolution of unipolar P-E loop of ZS0 under 18 kV cm-1, 24 kV cm-1, 32 kV cm-1, and 34 kV cm‑1 electric field.


[image: ]
Supplementary Fig. 4 Rietveld refinement of the high-energy XRD pattern of the ZS0 sample using the Pbam structural model. a Full pattern, magnified views of b representative superlattice reflections and c-d high-angle main reflections.
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Supplementary Fig. 5 Rietveld refinement of the high-energy XRD pattern of the ZS45 sample using the Pbam structural model. a Full pattern, magnified views of b representative superlattice reflections and c-d high-angle main reflections.
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Supplementary Fig. 6 SEM morphology, grain size statistics and element distribution maps of PL(ZS)xT ceramics. SEM morphology of a ZS0, b ZS15, c ZS30, d ZS35, e ZS40, and f ZS45 ceramics. g Grain size statistics of ZS0-45 ceramics. h Element distribution maps of ZS45 ceramics.
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Supplementary Fig. 7 Breakdown simulation of ZS0 and ZS45 ceramics. SEM images used for extracting two-dimensional models a ZS0 and d ZS45. Phase-field simulation of an electrical tree evolution for b ZS0 and e ZS45. Electric field distribution for c ZS0 and f ZS45 ceramics.
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Supplementary Fig. 8 Dielectric performance of PL(ZS)xT ceramics. Dielectric constant and tanδ as a function of temperature for a ZS0, b ZS15, c ZS30, d ZS35 and e ZS40 ceramics.
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Supplementary Fig. 9 In situ XRD and Raman spectra testing of ZS45 ceramic. a XRD pattern and b Raman spectra with temperature variation.


Supplementary Table 1
	Figure
	Reference

	Fig. 1f
	1-34

	Fig. 1i
	1-3,5-9,11,14,17,22,23,26,27,30,32



Supplementary Table 2
	Sample
	Phase
	Element
	x
	y
	z
	fraction
	Uiso

	ZS0
	O
	Pb(1)+2
	0.722879
	0.129297
	0
	0.98
	0.03853

	
	
	Pb(2)+2
	0.741365
	0.12166
	0.5
	0.98
	0.0188

	
	
	La(1)+3
	0.722879
	0.129297
	0
	0.02
	0.06353

	
	
	La(2)+3
	0.741365
	0.12166
	0.5
	0.02
	0.04738

	
	
	Zr+4
	0.229892
	0.120982
	0.251543
	0.6
	0

	
	
	Sn+4
	0.24916
	0.127508
	0.243941
	0.4
	0

	
	
	O(1)-2
	0.299537
	0.15864
	0
	1
	0.00216

	
	
	O(2)-2
	0.185222
	0.14248
	0.5
	1
	0.00216

	
	
	O(3)-2
	0.08075
	0.14832
	0.231165
	1
	0.00216

	
	
	O(4)-2
	0
	0.5
	0.247393
	1
	0.00216

	
	
	O(5)-2
	0
	0
	0.186477
	1
	0.00216

	ZS45
	O
	Pb(1)+2
	0.719388
	0.126508
	0
	0.98
	0.02605

	
	
	Pb(2)+2
	0.722549
	0.125088
	0.5
	0.98
	0.01791

	
	
	La(1)+3
	0.719388
	0.126508
	0
	0.02
	0.05105

	
	
	La(2)+3
	0.722549
	0.125088
	0.5
	0.02
	0.04291

	
	
	Zr+4
	0.243628
	0.125581
	0.249048
	0.6
	0

	
	
	Sn+4
	0.235454
	0.123091
	0.247689
	0.4
	0

	
	
	O(1)-2
	0.295181
	0.064838
	0
	1
	0.0015

	
	
	O(2)-2
	0.249219
	0.131597
	0.5
	1
	0.0015

	
	
	O(3)-2
	0.059482
	0.260808
	0.218031
	1
	0.0015

	
	
	O(4)-2
	0
	0.5
	0.204647
	1
	0.0015

	
	
	O(5)-2
	0
	0
	0.216281
	1
	0.0015



	Sample
	Rwp (%)
	RP
(%)
	Phase
	Space
group
	a[Å]
	b[Å]
	c[Å]

	ZS0
	2.76
	1.97
	O
	Pbam
	5.817626
	11.634752
	8.213701

	ZS45
	2.83
	1.98
	O
	Pbam
	5.829927  
	11.659741 
	8.217455
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