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Supplementary Note 1. First-principles simulations
The interfacial structures were constructed based on surface slabs with stable LLZO and Li metal terminations. A body-centered cubic (bcc)-type Li crystal structure was adopted in this study. A lattice matching strategy was performed to minimize the internal stress induced by the lattice-mismatch strain. The interface between the Li(100) and Zr-poor LLZO(100) faces was selected as it is the lowest energy surface. Rigid-body displacement was applied along directions parallel and perpendicular to the interfacial plane between the LLZO and Li metal. Based on previous density functional theory (DFT) results [35], the lengths of vectors of the created superlattice (u, v) and the angle between the two surface vectors (γ) of the lattice-matched superlattices were u = 13.205 Å, v = 12.675 Å, γ = 90 for LLZO(100), and u = v = 13.728 Å, γ = 90 for 4 × 4Li(100). The value of parallel (du,dv) and vertical displacement (dw) were set to du = 0.825 Å, dv= 0.792 Å and dw = 2 Å. First-principles calculations were performed within the framework of DFT, as implemented in the Quantum ESPRESSO package. For the exchange correlation energy, we used the Perdew–Burke–Ernzerhof (PBE) version of the generalized gradient approximation (GGA). Fermi smearing of the electron occupancy with 0.01 Ry and a plane-wave cut-off of 50 Ry were used. The underlying structures were optimized using the Broyden–Fletcher–Goldfarb–Shanno (BFGS) method, with the convergence criteria of 1 × 10-7 Ry for the energy and 3 × 10-4 Ry/Bohr for the force. The Monkhorst–Pack k-point mesh was selected following the rule that k × a ≥ 60 Å, where a is the length of the basis vector, and k is the number of k-points in any direction.

Supplementary Note 2. Mathematical formulation of plastic flow

The Levy–Mises associated flow rule was used to describe the plastic deformation of Li metal:



 (s1)

where εpl is the yield stress of lithium, dεpl is the incremental of plastic strain tensor εpl, and dλ is the plastic multiplier that can be determined from the boundary conditions of the problem and from the constraint of perfect plasticity (or , where s is deviatoric stress).

Supplementary Note 3. Boundary conditions for the phase-field simulation

Dirichlet boundaries of φ= 0 and -0.1 V were used for the Li metal anode, and  = 1 and φ = 0.0 V were employed on the side opposite the anode to mimic the constant voltage plating condition. In this situation, note that no deviatoric component exists in the stress tensor; thus, the low yield stress of lithium metal is not relevant (i.e., the plastic flow of Li does not occur in the GBs). In both simulations, a roller boundary condition was applied at the left and bottom edges of the simulation domain. Symmetry was applied to the left and right sides of the model. All parameters used in the model are summarized in Table S1. The modeling framework elaborated above was implemented in the COMSOL Multiphysics platform using a finite element solver with implicit time integration.

Table S1. Parameters for phase-field simulation
	Domain
	Physical properties
	 
	Ref

	Bulk
	Surface energy of LLZO
	0.85 J∙m−2
	[65]

	
	Electron concentration of LLZO
	1.66 mol∙m-3
	[66]

	
	Young's modulus of Li
	7.82 GPa
	[67]

	
	Young's modulus of LLZO
	149.8 GPa
	[68]

	
	Poisson's ratio of Li
	0.381
	[67]

	
	Poisson's ratio of LLZO
	0.257
	[68]

	
	Mobile Li ion concentration in LLZO
	5.26 × 103 mol∙m-3
	[41]

	
	Site density of Li metal
	76.4 × 104 mol∙m-3
	[36]

	
	Li+ diffusivity in Li
	5.0 × 10-15 m2∙s-1
	[69]

	
	Li+ diffusivity in LLZO, DSE
	2.9 × 10-12 m2∙s-1
	[41]

	
	Conductivity of Li
	1.03 × 107 S∙m-1
	[70]

	
	Conductivity of LLZO, σSE
	6.34 × 10−1 S∙m-1
	[41]

	
	Inelastic strain constant, K11
	2.1 × 10-4
	[4]

	
	Inelastic strain constant, K22
	2.1 × 10-4
	[4]

	
	Inelastic strain constant, K33
	2.1 × 10-4
	[4]

	
	Yield stress of Li
	1.26 MPa
	[18]

	
	Partial molar volume of Li, Vm
	1.3 × 10−5 m3/mol
	[71]

	Grain boundary
	 for Σ1
	0.06
	[25]

	
	 for Σ1
	5.82 × 10−4 
	[25]

	
	 for Σ1
	0.5
	[37]

	
	, for Σ3
	1.78
	[25]

	
	 for Σ3
	3.33
	[25]

	
	 for Σ3
	0.5
	[37]

	Phase-field parameters
	Interfacial mobility
	2.5 × 10-6 J(m∙s)-1
	[4]

	
	Electrochemical pre-factor
	15.625 s-1
	[4] 

	
	Interface kinetics coefficient, 𝐿σ
	1.0 × 10-9 m2(N∙s)-1
	[72]

	
	Height of the double-well potential
	3.5 × 106 J∙m-3
	[72]

	
	Parameter for interpolation function, k
	0.01
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