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Among solid state electrolytes, garnet-type Li7La3Zr2O12 (LLZO) has attracted considerable 
attention due to its high electrochemical stability, safety, and compatibility with lithium 
metal anodes. However, its lithium-ion conductivity strongly depends on the crystal 
structure: the tetragonal phase exhibits a significantly lower ionic conductivity than the 
cubic phase. In this work, first-principles density functional theory (DFT) and ab initio 
molecular dynamics (AIMD) are employed to systematically investigate the crystallographic 
structure, lithium-ion migration pathways, and ionic conductivity of both tetragonal and 
cubic LLZO. Lithium ion trajectories were analysed to determine diffusion coefficients over 
a wide temperature range. Activation energies are extracted from Arrhenius behaviour, and 
room-temperature ionic conductivities are extrapolated from high-temperature 
simulations. The results reveal that cubic LLZO possesses an intrinsically disordered lithium 
sublattice with abundant vacant sites and shorter migration pathways, which significantly 
enhance lithium-ion mobility. Consequently, the extrapolated room temperature ionic 
conductivity of cubic LLZO reaches the order of ~10-3 S/cm, in good agreement with 
experimental reports, while tetragonal LLZO exhibits much lower conductivity. This study 
provides atomistic-level insight into lithium diffusion mechanisms in LLZO and offers 
guidance for designing high-performance garnet-type solid electrolytes through structural 
disorder and vacancy engineering. 

 
Activation energy 
Ionic conductivity 
Molecular dynamics (MD) 
Radial distribution function 
Density functional theory (DFT) 
Lithium lanthanum zirconium oxide (LLZO) Cite this: Eur. J. Chem. 2026, 17(2), 125-137 Journal website: www.eurjchem.com 

 
1. Introduction 
 

With the rapid depletion of fossil fuel resources and the 
growing demand for sustainable energy technologies, the 
development of reliable and efficient energy storage systems 
has become a critical research focus over the past several 
decades. Among various energy storage technologies, lithium-
ion batteries (LIBs) are considered one of the most promising 
candidates due to their high energy density, high power density, 
long cycle life, and portability [1]. However, conventional LIBs 
employing liquid electrolytes have safety concerns, such as 
flammability, leakage, and thermal instability, which limit their 
high-energy and large-scale applications. 

To address these challenges, extensive research has been 
conducted inorganic solid-state electrolytes, which offer 
intrinsic advantages such as negligible self-discharge, superior 
chemical and thermal stability, compact size, environmental 
friendliness, increased safety, and improved reliability [2-4]. 
Rigorous research is underway on different types of solid-state 

inorganic electrolytes, namely garnet type LLZO [5-7], NASICON 
type [8,9], LISICON type [10,11], perovskite type [12,13], LIPON 
type [14], but most of them except garnet type LLZO cannot 
meet all the needs mentioned above, especially in terms of 
lithium ionic conductivity at room temperature and chemical 
stability with cathode and/or anode (Li metal). 

Li7La3Zr2O12 (LLZO) is one of the most studied garnet-type 
solid electrolytes due to its favorable electrochemical 
properties. LLZO crystallizes in two distinct polymorphs: a 
tetragonal phase (space group I41/acd) and a cubic phase 
(space group Ia3�d). The tetragonal phase is thermodynamically 
stable at room temperature, but exhibits a relatively low 
lithium-ion conductivity of the order of ~10-7 S/cm [6,15]. In 
contrast to tetragonal phase LLZO (t-LLZO), the cubic phase 
LLZO (c-LLZO) exhibits a higher ionic conductivity on the order 
of ~10-3 S/cm [5,7,16]; generally, the transition temperature 
from the tetragonal phase to the cubic phase is in the range of 
400 K to 650 K [16]. 
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Figure 1. Polyhedral view of the octahedral and tetrahedral sites of LLZO. The octahedral site is constructed by a Li(2) (blue) atom with six O (red) atoms and 
the tetrahedral site is constructed by a Li(1) (green) or Li(3) (green) atom with four O atoms. 

 
Understanding the microscopic mechanisms governing 

lithium ion diffusion in LLZO is essential for optimizing its ionic 
conductivity. First-principles density functional theory (DFT) 
and ab initio molecular dynamics (AIMD) simulations have 
proven to be a powerful approach to investigate ion transport 
mechanisms in solid electrolytes [17,18]. AIMD provides a 
reliable framework for capturing thermally activated bond 
breaking and bond formation processes, including reactions 
that require quantum mechanical descriptions [19-22]. The 
temperature dependence of average bond-breaking rates 
obtained from AIMD typically follows Arrhenius behavior. In 
addition, excited-state AIMD has been shown to successfully 
reproduce experimental trends in processes such as polymer 
photodegradation, photodecomposition of metal-organic 
complexes and photopolymerization, as well as in the 
fabrication of silicon and silicon carbide nanostructures [23-
29]. In LLZO, lithium ions migrate via discrete hopping events 
between energetically favorable crystallographic sites. These 
sites are separated by potential energy barriers that determine 
the activation energy for lithium-ion diffusion. To successfully 
hop from one site to a neighboring site, a lithium ion must 
possess sufficient kinetic energy to overcome this barrier, such 
that 𝑘𝑘𝐵𝐵T ≥ Eₐ, where 𝑘𝑘𝐵𝐵is the Boltzmann constant, T is the 
absolute temperature, and Eₐ is the activation energy. 
Consequently, the activation energy plays a central role in 
determining the lithium-ion conductivity of the material. 

In the garnet structure, lithium ions occupy tetrahedral and 
octahedral coordination environments. As illustrated in Figure 
1, a tetrahedral site is formed when a lithium ion is coordinated 
by four oxygen atoms, whereas an octahedral site is formed 
when a lithium ion is coordinated by six oxygen atoms. In this 
work, AIMD simulations are employed to analyze lithium-ion 
trajectories during migration in both tetragonal and cubic LLZO. 
Diffusion coefficients are calculated over a range of elevated 
temperatures, from which activation energies are extracted 
using Arrhenius analysis. Finally, the lithium-ion conductivity 
of LLZO at room temperature is extrapolated from the 
temperature-dependent diffusivity data. 
 
2. Theory/Calculation 
 
2.1. Electronic structure 
 

The electronic structure calculations are performed within 
the framework of density functional theory (DFT) using the 
Kohn–Sham formalism, which provides an effective single-
particle description of interacting electrons. The Kohn–Sham 
equations are written as (Equation 1) [30] 
 
�−ℏ

2
2𝑚𝑚� ∇2 + 𝑣𝑣� �𝑅𝑅�⃗ 𝐼𝐼�, 𝑟𝑟,��⃗  𝜌𝜌(𝑟𝑟)��𝜑𝜑𝑖𝑖𝐾𝐾𝐾𝐾� �𝑅𝑅�⃗ 𝐼𝐼�, 𝑟𝑟� =

         𝜀𝜀𝑖𝑖� �𝑅𝑅�⃗ 𝐼𝐼��𝜑𝜑𝑖𝑖𝐾𝐾𝐾𝐾� �𝑅𝑅�⃗ 𝐼𝐼�, 𝑟𝑟�    (1) 
 
where the first term represents the electronic kinetic energy 
operator and ∇= ( ∂

∂𝑥𝑥
, ∂
∂𝑦𝑦

, ∂
∂𝑧𝑧

).  

In Equation 1, one can find the set of one-electron orbital’s 
𝜑𝜑𝑖𝑖𝐾𝐾𝐾𝐾� �𝑅𝑅�⃗ 𝐼𝐼�, 𝑟𝑟�and their energies, 𝜀𝜀𝑖𝑖 . The orbitals and their 
energies parametrically depend on nuclear position �𝑅𝑅�⃗ 𝐼𝐼�. The 
orbitals are combined with orbital occupation function (fi) to 
construct the total density of electrons (Equation 2). 
 
𝜌𝜌(𝑟𝑟) = ∑ 𝑓𝑓𝑖𝑖𝜑𝜑𝑖𝑖𝐾𝐾𝑆𝑆

∗(𝑟𝑟)𝜑𝜑𝑖𝑖𝐾𝐾𝐾𝐾(𝑟𝑟)𝑖𝑖     (2) 
 

Note that the density consists of pairs of orbitals that share 
the same indices. The total electron density determines the 
effective potential, which is defined as the functional derivative 
of the total energy with respect to variations in the electron 
density. This potential includes the electron–ion interaction as 
well as electron–electron interactions, namely the Coulomb, 
exchange and correlation contributions (Equation 3). 
 
𝑣𝑣[ 𝑟𝑟,��⃗  𝜌𝜌] = 𝛿𝛿/𝛿𝛿𝛿𝛿(𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡[𝜌𝜌] − 𝑇𝑇[𝜌𝜌])     (3) 
 

In Equation 3, we symbolize functionality of the effective 
potential on the electron density. Equations 1-3 were solved 
self-consistently in an iterative manner using the VASP within 
the framework of the Perdew–Burke–Ernzerhof (PBE) 
exchange–correlation functional, although other functionals 
could also be employed [31,32]. 
 
2.2. Heating 
 

The heating algorithm adjusts the system temperature by 
reheating or cooling it depending on whether the average 
atomic momentum is lower than or higher than the target value. 
Following the initial structural optimization using DFT within 
the VASP package, the system is gradually heated to the desired 
temperature, thereby increasing its kinetic energy to reach 
thermal equilibrium. The atomistic system is coupled to a 
thermostat at the chosen temperature by rescaling the atomic 
momenta, 𝑃𝑃�⃗𝐼𝐼 , for every time step ∑ 𝑃𝑃�⃗𝐼𝐼

2

2𝑀𝑀𝐼𝐼
= 3

2
𝑁𝑁𝐼𝐼𝑘𝑘𝐵𝐵𝑇𝑇

𝑁𝑁𝐼𝐼
𝐼𝐼  (Equation 4) 
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𝑑𝑑𝑑𝑑 |𝑡𝑡=0�

2

2
𝑁𝑁
𝐼𝐼=1 = ∑ �𝑃𝑃�⃗ 𝐼𝐼�

2

2𝑀𝑀𝐼𝐼

𝑁𝑁
𝐼𝐼=1 =  3

2
𝑁𝑁𝑁𝑁𝐵𝐵𝑇𝑇     (4) 

 
where M represents the ionic mass, N denotes the total number 
of ions, and kB stands for the Boltzmann constant with units of 
eV/K. 

The system is subsequently propagated for an infinitesimal 
time step to allow redistribution between the kinetic and 
potential energy components. This procedure is repeated 
iteratively until the kinetic energy stabilizes around the target 
value. The final configuration obtained after the heating stage is 
then used as the initial condition for subsequent molecular 
dynamics (MD) simulation. The momenta �𝑃𝑃�⃗𝐼𝐼(𝑡𝑡)� and positions 
�𝑅𝑅�⃗ 𝐼𝐼(𝑡𝑡)� obtained at the final step of the heating stage are used 
as the initial conditions for the subsequent molecular dynamics 
simulations. 
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2.3. Molecular dynamics 
 

Following the heating step, the molecular dynamics 
simulation is performed. After the system reaches thermal 
stability, the equilibrated atomic momenta are employed to 
compute the adiabatic ground state trajectory through 
integration of Newton’s equations of motion (Equation 5): 
 
𝑑𝑑2

𝑑𝑑𝑡𝑡2
𝑅𝑅�⃗ 𝐼𝐼 = 𝐹⃗𝐹𝐼𝐼([𝜌𝜌(𝑟𝑟)])/𝑀𝑀𝐼𝐼    (5) 

 
where 𝑅𝑅�⃗ 𝐼𝐼(𝑡𝑡) represents the trajectory of each ion, obtained by 
integrating Newton’s equation of motion with initial conditions 
taken from the heating stage. In AIMD, at each step, the Force 
𝐹⃗𝐹𝐼𝐼(𝑡𝑡) is evaluated from the electronic structure using the 
Hellman Feynman theorem. 

The diffusion properties were calculated by analyzing the 
lithium-ion trajectories RI(t), extracted from the simulations. 
The displacement ΔRI of ion I from time, t1 to t2 is given by 
(Equation 6), 
 
Δ𝑅𝑅𝐼𝐼(∆𝑡𝑡) = �𝑅𝑅𝐼𝐼����⃗ (𝑡𝑡2)−  𝑅𝑅𝐼𝐼����⃗ (𝑡𝑡1)�  
= �[𝑥𝑥𝐼𝐼(𝑡𝑡2)− 𝑥𝑥𝐼𝐼(𝑡𝑡1)]2 + [𝑦𝑦𝐼𝐼(𝑡𝑡2)− 𝑦𝑦𝐼𝐼(𝑡𝑡1)]2 + [𝑧𝑧𝐼𝐼(𝑡𝑡2) − 𝑧𝑧𝐼𝐼(𝑡𝑡1)]2
      (6) 
 
where Δt = t2 – t1 is the time interval. 

In solid electrolytes, lithium ions are primarily bound to 
crystallographic sites and migrate via discrete hopping events 
rather than continuous motion. At a given temperature, an ion 
must acquire sufficient kinetic energy to overcome the 
activation barrier and hop to a neighboring site. The 
characteristic time associated with the first successful hop is 
called the rise time, 𝜏𝜏. The hopping rate, 𝑋𝑋, is defined as 
reciprocal of rise time (Equation 7): 
 
𝑋𝑋 = 1

𝜏𝜏
 ⇒ 𝑙𝑙𝑙𝑙𝑙𝑙𝑋𝑋 = 𝑙𝑙𝑙𝑙𝑙𝑙 1

𝜏𝜏
     (7) 

 
The hopping rates are evaluated at different temperatures 

over a simulation time of 50 ps. Assuming Arrhenius behavior, 
the temperature dependence of the hopping rate is expressed 
as Equation 8:  
 
𝑋𝑋(𝑇𝑇) = A exp(−𝐸𝐸𝑎𝑎

𝑘𝑘𝐵𝐵𝑇𝑇
)     (8) 

 
where A denotes the preexponential factor, T is the absolute 
temperature, and Ea denotes the corresponding activation 
energy. 

When X1(T1) and X2(T2) are available, then the activation 
energy Ea can be evaluated using Equation 9: 
 
𝐸𝐸𝑎𝑎 =  −𝑘𝑘𝐵𝐵

𝑙𝑙𝑙𝑙𝑋𝑋2(𝑇𝑇2)− 𝑙𝑙𝑙𝑙𝑋𝑋1(𝑇𝑇1)
1
𝑇𝑇2
− 1𝑇𝑇1

    (9) 

 
The total squared displacement for N mobile ions is 

calculated over  Δ𝑡𝑡 time interval as � (|𝛥𝛥𝑅𝑅𝐼𝐼
𝑁𝑁
𝑖𝑖=1

(∆𝑡𝑡)|2), where 
〈[𝑅𝑅(𝛥𝛥𝛥𝛥)]2〉 represents the square displacement for 
corresponding Li ions. This quantity describes the collective 
motion of all N mobile ions over a time interval Δ𝑡𝑡. The total 
mean square displacement (TMSD) of the diffusing ions is 
calculated as Equation 10:  
 
TMSD(Δt) = � 〈|𝑅𝑅𝐼𝐼(∆𝑡𝑡)− 𝑅𝑅𝐼𝐼(0)|2〉𝑁𝑁

𝑖𝑖=1                     (10) 
 

The mean square displacement (MSD) is obtained from the 
time-averaged mean square displacement (TMSD) of each 
mobile ion (Equation 11): 
 

MSD(Δt)  =   1
𝑁𝑁

 TMSD(Δt)                     (11) 
 

The lithium-ion self-diffusion coefficient D, is calculated 
from the averaged mean square displacement based on the 
Einstein relation, expressed as follows (Equation 12): 
 
𝐷𝐷 =  MSD(Δt)

2𝑑𝑑(𝛥𝛥𝛥𝛥)
                      (12) 

 
Here, d = 3 represents the dimensionality of the lattice in 

which diffusion occurs. Subsequently, the ionic conductivity is 
calculated from the diffusivity D, using the Nernst–Einstein 
relationship (Equation 13) [33,34]: 
 
𝜎𝜎 =  𝑁𝑁𝑞𝑞

2𝐷𝐷
𝑉𝑉𝑘𝑘𝐵𝐵𝑇𝑇

                       (13) 
 
where V represents the total volume of the cell and q denotes 
charge of the ion species. 
 
2.4. Radial distribution function 
 

The radial distribution function (RDF), or pair correlation 
function, describes the spatial variation of the ionic density 
around a selected reference ion. Quantitatively, it represents 
the likelihood of finding neighboring ions at specific radial 
distances within the system. 

The atomic positions, 𝑅𝑅�⃗ 𝐼𝐼(𝑡𝑡), are recorded at every step 
along the molecular dynamics trajectory, enabling subsequent 
single-point electronic structure calculations. During thermal 
equilibration, structural modifications may occur, potentially 
promoting adsorption, desorption, or bond formation 
processes. To analyze local structural evolution, the radial 
distribution functions (RDF) are computed for selected atomic 
pairs throughout the MD simulation (Equation 14).  
 
𝑅𝑅𝑅𝑅𝑅𝑅(𝑡𝑡, 𝑟𝑟) = 1

4𝜋𝜋𝑟𝑟2
∑ 𝛿𝛿�𝑟𝑟 − �𝑅𝑅�⃗ 𝐼𝐼(𝑡𝑡) − 𝑅𝑅�⃗ 𝐽𝐽(𝑡𝑡)��𝐼𝐼𝐼𝐼                    (14) 

 
where 𝑅𝑅�⃗ 𝐼𝐼(𝑡𝑡) and 𝑅𝑅�⃗ 𝐽𝐽(𝑡𝑡) represent the I-th and J-th ion’s position, 
respectively. 
 
2.5. Computational details 
 

Vienna Ab initio Simulation Package (VASP) is used in this 
study to perform first-principles calculations, employing a 
plane-wave basis set [35,36]. The interaction between valence 
and core electrons was described using the projector 
augmented wave (PAW) approach [37]. All simulations were 
performed using a plane wave cutoff energy of 520 eV, which 
was verified to provide well-converged total energies. 

Exchange-correlation interactions were treated within the 
generalized gradient approximation using the Perdew–Burke–
Ernzerhof (PBE) functional [31,32,38]. Brillouin zone sampling 
was carried out using the Monkhorst–Pack scheme. Structural 
visualization and analysis were performed using crystal-
lographic data obtained from the Crystallography Open 
Database (COD) and the Materials Project. 

For both cubic and tetragonal LLZO, supercells (i.e., per 
formula unit, or pfu) containing eight formula units were 
constructed, corresponding to the stoichiometry 
Li56La24Zr16O96 and a total of 192 atoms as shown in Figure 2. 
The cubic LLZO structure was obtained from the COD entry 
7206766, while the tetragonal LLZO structure was taken from 
the Materials Project entry mp-942733. In both structures, 
lithium ions are coordinated by either four or six oxygen atoms, 
whereas La3+ and Zr4+ ions occupy eightfold and sixfold oxygen 
coordination environments, respectively [39,40]. 
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(a) 

 
(b) 

 
Figure 2. Initial unit cell of (a) cubic and (b) tetragonal LLZO (Li56La24Zr16O96); red, green, yellow and black spheres represent oxygen (O), lanthanum (La), 
Zirconium (Zr) and lithium (Li), respectively; in which La and Zr ions are located in the center of dodecahedrons and octahedrons, respectively, and O atoms form 
polyhedrons with La and Zr ions, as shown in Figure S1. 

Although the crystal structures contain intrinsic voids, 
overall charge neutrality and stoichiometric balance are 
preserved by the stable La–Zr–O framework, with lithium ions 
occupying available interstitial sites. In the cubic LLZO model, 
partial lithium site occupancies were implemented using site 
occupancy factors (SOFs) of g = 0.42 (24d tetrahedral sites) and 
g = 0.48 (6h octahedral sites), reflecting the experimentally 
observed disorder. In contrast, for tetragonal LLZO, full 
occupancy (g = 1) was assumed for lithium sites, including 
tetrahedral 8a and octahedral 16f and 32g positions. 
 
3. Results and Discussion 
 
3.1. Geometric structure and site changing 
 

Garnet-type LLZO (Li7La3Zr2O12) belongs to the Li7A3B2O12 
garnet family (A = La with other elements like Ga, Al or B = Zr 
with Ta), where lithium ions occupy both tetrahedral and 
octahedral interstitial sites, A-site cations reside in eightfold 
coordination environments, and B-site cations occupy sixfold 
coordinated sites. LLZO exists in two crystallographic phases. 
The material crystallizes either in a tetragonal structure (space 
group I4₁/acd), characterized by lattice parameters a = b ≠ c 
with α = β = γ = 90°, or in a cubic structure (space group Ia3�𝑑𝑑), 
where a = b = c and all interaxial angles are 90°. The 
arrangement and site occupancy of lithium ions within these 
two crystal frameworks critically influence the resulting 
lithium-ion conductivity. 

In the tetragonal phase, lithium ions occupy three distinct 
crystallographic sites: the tetrahedral 8a sites and the 
octahedral 16f and 32g sites [6]. On the contrary, cubic LLZO 
contains only two types of lithium sites: tetrahedral 24d sites 
and octahedral 96h sites [7]. As a consequence, lithium ions in 
cubic LLZO have access to a significantly larger number of 
available sites for migration compared to those in tetragonal 
LLZO. 

For an eight-per formula unit (pfu) LLZO supercell 
containing 56 lithium ions, the tetragonal phase provides 
exactly 56 available sites for lithium (8a, 16f, and 32g), resulting 
in a fully occupied and ordered lithium sublattice. On the 
contrary, the cubic phase offers a total of 120 lithium sites (24d 
and 96h) for the same number of lithium ions. This leaves 64 
vacant sites in the cubic structure, which greatly facilitates 
lithium-ion migration. Awaka et al. reported that, in cubic LLZO, 
lithium ions predominantly occupy the 24d tetrahedral sites, 
while the higher-capacity octahedral sites remain partially 
vacant, allowing frequent lithium-ion hopping events [6]. 

Figure 3 illustrates the atomic configurations of cubic and 
tetragonal LLZO before and after AIMD simulations performed 
at 1500 K. Structural changes are primarily associated with 
lithium-ion migration, while the La–Zr–O framework remains 
largely intact. The trajectory of a representative lithium ion, 
Li(54), is highlighted by a blue sphere. In cubic LLZO, Li(54) 
initially resides near the upper left region of the simulation cell 
and migrates to a position near the bottom of the lattice after 
the simulation. In tetragonal LLZO, Li(54) also undergoes a 
positional change, moving from the upper left region to an 
opposite edge of the simulation cell. 

The site occupancy of Li(54) before and after the AIMD 
simulation is further illustrated in Figure 4. In cubic LLZO, 
Li(54) initially occupies a tetrahedral 24d site (Figure 4a) and 
migrates to an octahedral 96h site after simulation (Figure 4b). 
On the contrary, in tetragonal LLZO, Li(54) initially occupies an 
octahedral site (Figure 4c) and migrates to another octahedral 
site following the simulation (Figure 4d). The total 
displacement of Li(54) during the AIMD simulation is provided 
in Figure S2. 

Lithium-ion migration pathways differ markedly between 
cubic and tetragonal LLZO because of their distinct site 
topologies. In cubic LLZO, lithium ions can undergo transitions 
between tetrahedral and octahedral sites (24d ↔ 96h) as well 
as between neighboring octahedral sites (96h ↔ 96h), as 
illustrated in Figure 5a. Transitions between tetrahedral sites 
(24d ↔ 24d) are rarely observed at temperatures between 750 
and 1500 K because of the relatively large separation between 
these sites. Only at higher temperatures do occasional 24d-to-
24d transitions occur when lithium ions acquire sufficient 
kinetic energy to overcome the larger activation barriers 
(Figure S3). The increase in temperature enhances the thermal 
energy available to lithium ions, thereby increasing the 
probability of successful hopping events, including transitions 
over longer migration pathways. These observations are 
consistent with previous computational studies [41-43]. 

In tetragonal LLZO, lithium ions occupy three types of sites 
(8a, 16f, and 32g), enabling a greater number of nominal 
transition pathways (Figure 5b). However, due to the complete 
occupation of all lithium sites and the larger intersite distances, 
particularly between tetrahedral 8a sites (≈3.65 Å), successful 
lithium-ion hopping events are relatively infrequent. 
Consequently, transitions between tetrahedral sites are rarely 
observed, while migration predominantly occurs between 
neighboring octahedral sites (16f ↔ 32g). This behavior is 
illustrated in Figure 6b. 
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(c) (d) 

 
Figure 3. Structures of cubic LLZO (a)-(b) and tetragonal LLZO (c)-(d), where (a), (c) exhibit atomic positions before MD simulation and (b), (d) exhibit atomic 
positions after MD simulation at 1500 K, in which black spheres represent Li ions while the Li(54) ion is marked in blue. 
 

  
(a) 

 
(b) 

  
(c) (d) 

 
Figure 4. Site occupancy of the Li(54) ion before and after MD simulation at 1500 K. (a), (b) in cubic LLZO and (c), (d) in tetragonal LLZO. 
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 (a) 
 

(b) 
 

Figure 5. Numbers of successful jumps between different sites for (a) cubic LLZO and (b) tetragonal LLZO, respectively, after MD simulation at 1500 K. 
 

Although cubic LLZO offers fewer distinct site-to-site 
transition types than tetragonal LLZO, the total number of 
successful lithium-ion jumps observed during AIMD 
simulations is substantially higher, as shown in Figure 6. This 
enhanced migration in cubic LLZO can be attributed to the 
shorter distances between neighboring octahedral 96h sites 
and the presence of abundant vacant sites, which promote rapid 
lithium ion hopping. On the fully occupied and ordered lithium 
sublattice in tetragonal LLZO restricts ion migration, leading to 
predominantly collective hopping events in which one lithium 
ion can move only when a neighboring ion vacates its site [7,43]. 
A schematic diagram to highlight the differences in migration 
pathways between the cubic and tetragonal phases is shown in 
Figure 7. These results demonstrate that disordered lithium 
sublattice and a higher vacancy concentration in cubic LLZO 
play a critical role in facilitating lithium ion transport, thereby 
explaining its significantly higher ionic conductivity compared 
to the tetragonal phase. 
 
3.2. Molecular dynamics 
 

The AIMD simulations reveal that lithium-ion motion in 
LLZO strongly depends on temperature and crystal structure. 
At relatively low temperatures, lithium ions primarily undergo 
localized vibrational motion around their equilibrium lattice 
sites. As the temperature increases, individual lithium ions 
gradually acquire sufficient kinetic energy to overcome the 
activation barriers that separate neighboring sites, leading to 
discrete hopping events. These hops may occur either 
individually (solo jumps) or cooperatively through correlated 
motion involving multiple ions. It should be noted that AIMD 
simulations are inherently limited by accessible time scales and 
computational cost. In the present work, we used a 50 ps 

trajectory and employed the temperature range 750–2000 K, 
which ensured necessarily sufficient lithium ion migration 
events within feasible simulation times. 

Figure 8 schematically illustrates possible lithium-ion 
migration pathways in LLZO. Lithium ions occupying 
tetrahedral sites [Li(1) or Li(3)] can migrate to adjacent 
octahedral sites [Li(2)], provided that the destination site is 
vacant and the ion possesses sufficient kinetic energy to 
overcome the activation barrier. Similarly, lithium ions residing 
in octahedral sites can migrate to nearby tetrahedral sites if 
vacancies are available. Direct transitions between tetrahedral 
sites are not observed in cubic LLZO, consistent with the large 
separation between 24d sites and the corresponding high 
activation barriers. 

The total number of successful lithium-ion hopping events 
observed during AIMD simulations at various temperatures is 
summarized in Figure 9 for both cubic and tetragonal LLZO. At 
all simulated temperatures, the cubic LLZO exhibits a 
substantially higher number of successful jumps than the 
tetragonal LLZO. This behavior reflects the lower activation 
barriers and greater availability of vacant sites in the cubic 
structure, which facilitate frequent lithium ion migration. 

Figure 10 further distinguishes between collective and solo 
hopping events. In both cubic and tetragonal LLZO, the majority 
of successful hops occur through collective motion, in which 
multiple lithium ions move in a coordinated manner. This 
collective behavior arises because a lithium ion can occupy a 
neighboring site only when that site is either vacant or 
simultaneously vacated by another ion. Jump histograms 
obtained at 1500 K (Figure S4) further confirm the prevalence 
of collective hopping events. At 1500 K, cubic LLZO exhibits a 
consistently higher number of lithium-ion jump events 
throughout the simulation compared to tetragonal LLZO.  
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(a) 
 

(b) 
 

Figure 6. Successful jumps in (a) cubic LLZO and (b) tetragonal LLZO, respectively, under MD conditions at 1500 K. 
 

 
 

Figure 7. Differences in migration pathways between cubic LLZO and tetragonal LLZO. 
 

 
 

Figure 8. Possible migration pathways that can be taken by Li(1), Li(2) and Li(3) are shown by arrows depending on the vacant position available. Note that for 
a successful jump, the neighboring destination site must be vacant. 
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Figure 9. Total number of successful transitions at different temperatures during MD simulation. 
 

(a) 

(b) 
 

Figure 10. Total number of (a) possible collective jumps and (b) solo jumps at different temperatures during the MD simulations. 
 
The sustained and frequent hopping in the cubic phase 

reflects its disordered lithium sublattice and abundant vacant 
sites, which promote continuous diffusion. In contrast, the 
tetragonal phase shows intermittent and significantly fewer 
jump events, indicating restricted ion mobility due to its 
ordered and fully occupied lithium framework. These results 
are in good agreement with previous molecular dynamic and 
AIMD investigations, which reported synchronized lithium-ion 
motion in the ordered tetragonal phase and more asynchronous 
individual hopping behavior in cubic LLZO [43]. 

Spatial maps of lithium-ion jump densities and migration 
pathways at 1500 K are shown in Figures S5 and S6 for cubic 
and tetragonal LLZO, respectively. Cubic LLZO exhibits frequent 
24d ↔ 96h and 96h ↔ 96h transitions, forming an 

interconnected three-dimensional migration network that 
supports continuous lithium diffusion. In contrast, tetragonal 
LLZO shows predominantly 16f ↔ 32g transitions with limited 
long-range hopping, reflecting its ordered and fully occupied 
lithium sublattice. These differences highlight the structural 
origin of enhanced ionic mobility in the cubic phase.  These 
maps clearly demonstrate a significantly higher density of 
migration pathways in cubic LLZO. Furthermore, the observed 
pathways form interconnected loop-like networks, in agree-
ment with experimental and computational observations 
reported by Awaka et al. [7]. Such loop structures further 
enhance the long-range lithium-ion transport mechanism in the 
cubic phase. 
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Figure 11. Li ion diffusivity of cubic LLZO and tetragonal LLZO at different temperatures. 
 
The temperature dependence of the lithium ion diffusivity, 

extracted from the MD trajectories, is shown in Figure 11. In 
both phases, the diffusivity increases monotonically with 
temperature. However, at all temperatures studied, the 
diffusivity of the cubic phase is dominantly higher than that of 
the tetragonal phase. This difference directly reflects the higher 
frequency of lithium ion hopping events observed in cubic 
LLZO, as discussed above. 

At 1500 K, the cumulative displacement statistics further 
highlight the contrast between the two phases. In cubic LLZO, 
the shortest and longest migration distances covered by 
individual lithium ions during the simulation are 8.51 μm and 
57.11 μm, respectively. In contrast, in tetragonal LLZO, the 
corresponding distances are 3.20 μm and 31.01 μm. The total 
distance traveled by all lithium ions during the simulation 
reaches approximately 1.36 mm in cubic LLZO, compared to 
0.84 mm in tetragonal LLZO. Figure S7 shows that the total 
displacement of Li(54) increases progressively in cubic LLZO, 
reflecting continuous and frequent hopping events. In contrast, 
tetragonal LLZO shows intermittent step-like increases 
separated by plateau regions, indicating restricted and less 
frequent migration. These results highlight the structurally 
driven enhancement of lithium diffusion in the cubic phase. 
These substantial differences arise despite identical simulation 
conditions, underscoring the critical role of lattice geometry, 
site occupancy, and vacancy concentration in governing 
lithium-ion transport. 

The AIMD results demonstrate that lithium-ion motion in 
cubic LLZO is significantly more facile than that in tetragonal 
LLZO due to the presence of abundant vacant sites, shorter 
intersite distances, and a disordered lithium sublattice. These 
structural features collectively reduce activation barriers and 
enable more frequent lithium-ion hopping, resulting in 
enhanced diffusivity and, ultimately, higher ionic conductivity. 
 
3.3. Activation energy and ionic conductivity 
 

Figure 12 presents the mean square displacement (MSD) of 
lithium ions as a function of simulation time at six different 
temperatures for both cubic and tetragonal LLZO. The MSD 
profiles reflect the extent of lithium ion migration during AIMD 
simulations and provide direct insight into temperature-
dependent diffusion behavior. As expected, the slope of the MSD 
curves increases with temperature, indicating enhanced 
lithium-ion mobility at elevated temperatures. 

The diffusion coefficients were calculated from the MSD 
data using Equations 10–12. Assuming Arrhenius behavior, the 
temperature dependence of the diffusion coefficient: 𝐷𝐷(𝑇𝑇) =
𝐷𝐷0exp �− 𝐸𝐸𝑎𝑎

𝑘𝑘𝐵𝐵𝑇𝑇
� where 𝐷𝐷0 denotes pre-exponential factor and 𝐸𝐸𝑎𝑎  

is the activation energy for lithium-ion diffusion. Accordingly, a 
linear relationship is obtained by plotting ln(𝐷𝐷) as a function of 
1/𝑇𝑇 [33,34]. The Arrhenius plots for cubic and tetragonal LLZO 
are shown in Figure 13. 

From the linear fits to the Arrhenius plots, the activation 
energies for lithium ion diffusion are determined to be 
approximately 0.23 eV for cubic LLZO and 0.50 eV for tetragonal 
LLZO. The significantly lower activation energy of cubic LLZO 
confirms that lithium-ion migration is energetically more 
favorable in the cubic phase. This result is consistent with the 
presence of disordered lithium sublattice, shorter intersite 
distances, and a higher concentration of vacant sites, all of 
which contribute to reduced migration barriers. 

Lithium ion conductivity was determined from the diffusion 
coefficients derived from the AIMD simulations using Equation 
13. By extrapolating the Arrhenius fits to room temperature 
(300 K), the ionic conductivity of cubic LLZO is estimated to be 
2.38 × 10−3 S/cm, whereas tetragonal LLZO exhibits a much 
lower conductivity of 3.03 × 10−7 S/cm. These values are 
summarized in Table S1. 

The calculated room temperature ionic conductivity of 
cubic LLZO is in good qualitative agreement with the 
experimentally reported values, which typically range from 
10−4 to 10−3 S/cm [5,45-47]. On the contrary, the low 
conductivity obtained for tetragonal LLZO is consistent with its 
experimentally observed poor lithium-ion transport properties. 
The agreement between simulation and experiment validates 
the reliability of the AIMD approach used in this study for 
capturing lithium ion diffusion mechanisms in garnet-type solid 
electrolytes. 

These results demonstrate that the markedly higher ionic 
conductivity of cubic LLZO originates from its lower activation 
energy for lithium-ion migration, which arises from structural 
disorder and the availability of energetically accessible 
diffusion pathways. 
 
3.4. Interatomic distances 
 

To further elucidate the microscopic origin of the distinct 
lithium-ion transport behavior in cubic and tetragonal LLZO, 
radial distribution function (RDF) analyses were performed 
using Li(1) as the reference ion. The RDF provides quantitative 
information on interatomic distances and local coordination 
environments, which directly influence lithium-ion migration 
pathways. 

Figures 14a and 14c present the RDFs between the 
reference lithium ion and all surrounding atomic species for 
cubic and tetragonal LLZO, respectively. 
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Figure 12. Mean square displacement (MSD) of Li ions at different temperatures during MD simulations in (a) cubic LLZO and (b) tetragonal LLZO. 

 

 
 

Figure 13. The Arrhenius plot depicts the logarithmic rate of the diffusion coefficient versus the inverse of the absolute temperature. The calculated diffusion 
coefficients at different temperatures are given in Table S1. 
 

In both phases, the shortest interatomic distance 
corresponds to the Li–O bond, with a peak centered at 
approximately 1.60 Å. The second-nearest neighbors are 
lithium ions, appearing at distances of approximately 1.70 Å in 
cubic LLZO and 2.20 Å in tetragonal LLZO. Lanthanum and 
zirconium ions appear as the third- and fourth-nearest 
neighbors, respectively. These interatomic distances are in 
good agreement with previously reported structural studies 
[6,44]. 

Figures 14b and 14d show the Li–Li RDFs for cubic and 
tetragonal LLZO, respectively. In cubic LLZO, the jump distance 
histogram (Figure 6a) indicates that the majority of lithium-ion 
hopping events occur over distances of approximately 0.80 Å 
and 1.60 Å. However, the Li–Li RDF in Figure 14b does not show 
a peak below ~1.70 Å. This apparent discrepancy arises 
because two neighboring 96h sites in cubic LLZO are separated 
by less than 1.0 Å and cannot be simultaneously occupied by 
two lithium ions due to strong Coulombic repulsion [17].  
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Figure 14. Radial distributions between all atoms (a), (c) and between Li-Li ions (b), (d), with respect to the reference Li(1) ion. 

Consequently, although cubic LLZO provides 120 nominal 
lithium sites, not all of these sites can be occupied 
simultaneously. The Li–Li distance of approximately 1.80 Å 
corresponds to two lithium ions occupying 96h sites separated 
by an intervening vacant site. 

In contrast, tetragonal LLZO exhibits a fully occupied and 
ordered lithium sublattice, in which lithium ions are sufficiently 
separated to minimize Coulombic repulsion. As a result, the 

lithium ion jump distances observed in Figure 6b are consistent 
with the Li–Li RDF shown in Figure 14d. The larger intersite 
distances and the lack of vacant sites significantly restrict 
lithium ion mobility in the tetragonal phase. 

This RDF analysis reinforces the conclusion that lithium-ion 
transport in LLZO is strongly governed by site availability and 
intersite distances. In cubic LLZO, the combination of a partially 
occupied lithium sublattice, shorter effective hopping 
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distances, and abundant vacancies enables frequent lithium-ion 
migration and low activation barriers. On the contrary, the 
ordered lithium arrangement and larger intersite separations 
in tetragonal LLZO hinder ion transport. 

These observations suggest that reducing the lithium 
content in cubic LLZO, thereby increasing the number of vacant 
sites, is possible way to improve the ionic conductivity of LLZO. 
It can be achieved experimentally through aliovalent doping 
(e.g., with Al, Ga, Ta, or Rb), vacancy engineering, or the 
introduction of interstitial defects. Similarly, transforming the 
ordered lithium sublattice of tetragonal LLZO into a disordered 
configuration through dopant incorporation or high-
temperature synthesis, which lead to stable cubic phase, may 
also be effective in improving the ionic conductivity of LLZO 
[6,16,17,48-51]. 
 
4. Conclusions 
 

In this work, first-principles density functional theory and 
AIMD simulations were used to investigate the structural 
characteristics, lithium-ion migration mechanisms, and ionic 
conductivity of cubic LLZO and tetragonal LLZO. The results 
provide detailed atomistic insight into the fundamental origins 
of the markedly different lithium-ion transport properties 
observed in these two phases. 

The simulations reveal that cubic LLZO possesses a highly 
disordered lithium sublattice with a large number of vacant 
interstitial sites, enabling frequent lithium ion hopping through 
interconnected migration pathways. In contrast, tetragonal 
LLZO exhibits a fully occupied and ordered lithium sublattice, 
which significantly restricts lithium-ion mobility and limits 
long-range diffusion. Analysis of lithium-ion trajectories, 
hopping statistics, and radial distribution functions 
demonstrate that shorter effective intersite distances and 
abundant vacancies in cubic LLZO substantially reduce the 
activation energy for lithium-ion migration. 

Arrhenius analysis of temperature-dependent diffusion 
coefficients yields activation energies of approximately 0.23 eV 
for cubic LLZO and 0.50 eV for tetragonal LLZO. Similarly, the 
extrapolated ionic conductivity of cubic LLZO at room 
temperature is calculated to be 2.38×10⁻³ S/cm, is several 
orders of magnitude greater than that of the tetragonal phase 
and is consistent with reported experimental values. These 
findings confirm that structural disorder and vacancy 
concentration are the primary factors governing lithium-ion 
transport in garnet-type solid electrolytes. 

The work highlights the critical role of lithium sublattice 
disorder in enhancing ionic conductivity and provides clear 
design guidelines for improving garnet-type solid electrolytes. 
Strategies such as aliovalent doping, vacancy engineering, and 
stabilization of the cubic phase are expected to be effective 
approaches for optimizing LLZO-based solid electrolytes for 
next-generation all-solid-state lithium batteries. 

Future experimental validation of the theoretical 
predictions may involve exploring advanced doping strategies 
or defect engineering to enhance the disorder of lithium 
sublattice in cubic LLZO, thus effectively reducing the activation 
energy and increasing lithium ionic conductivity. Techniques 
such as multi-target reactive sputtering, multiple-source 
electron beam evaporation deposition, and atmosphere-
controlled hot pressing may enable precise control over dopant 
concentration and defect density. In addition, extending 
atomistic modeling and simulations to grain boundaries, 
surfaces, and LLZO/anode and LLZO/cathode interfaces will be 
essential for further optimizing the material. These 
experimental and simulation efforts could further establish 
cubic LLZO as a highly competitive solid electrolyte for all-solid-
state lithium-ion batteries. 
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