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With large specific and volumetric capacity, lithiated silicon is an excellent anode for lithium-ion batteries.
Its application is challenged today, however, by the formation of an amorphous a-LixSi phase associated with a
large volume change that occurs at relatively low Li concentration and remains only very partly understood at the
microscopic level. In this paper, we characterize the full energy landscape associated with the onset of Li insertion
in crystalline Si as a first step for understanding the lithiation process. We identify the diffusion mechanisms
and migration energies for one to ten Li atoms in a Si crystal as well as the average lifetime of small lithium
aggregates, using the kinetic activation-relaxation technique (kART), an off-lattice kinetic Monte-Carlo method
with on-the-fly catalog building capabilities coupled to a newly developed force field (ReaxFF) used as potential
based on ab initio results. We show that the short lifetimes of the bound states (from meV to ten meV) mean that
Li atoms move in the interstitial sublattice with little interactions, explaining how high Li concentration in Si can
be reached.
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I. INTRODUCTION

Lithium-ion batteries represent the dominant technology for
rechargeable energy storage in portable and mobile equipment.
As such, they have been the subject of considerable research
and development over the last two decades, with significant
efforts expanded for identifying new anode materials that could
produce longer-lasting, denser, and cheaper batteries. Among
the most fascinating materials, silicon-based materials have
emerged as potentials candidates for anodes as they display
a very high theoretical energy capacity—Li4.4Si displays
a 4200 mAh/g capacity, ten times higher than graphite
(372 mAh/g) [1–3] and slightly higher than metallic Li
3860 mAh/g [4].

This exceptional capacity is, however, counterbalanced by
a low intrinsic electrical conductivity and, more challenging,
very poor cycling performance associated with a large volume
expansion associated with the creation of an amorphous struc-
ture at room temperature [5,6] causing important structural
damages to the Si anode and drastically reducing its real-life
capacity [7,8]. While this behavior was first observed 15 years
ago [5,9,10], the mechanisms leading to this expansion as
well as the associated atomic conformations are still largely
unknown. Surprisingly, the structure evolution of the lithiation
of c-Si anode is observed to start at the surface as soon as Li
inserts into the Si anode [6,11–13], with the formation of an
amorphous a-LixSi phase, where x ≈ 3.5.

The cycling limitation can be lifted, however, through the
use of Si nanostructures [14–18] and thin films [19–22] for
lithium battery anodes. While early amorphous silicon films
show poor cycling ability (from 1000 mAh/g to 200 mAh/g at
C/2 rate) [19], Ohara [20] successfully improved this property
by controlling Si films thickness and doping, maintaining a
3200 mAh/g capacity, with less than 1% loss over 1000 cycles,
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at 12C rates for a 500 Å thick film of n-type conductive Si.
Amorphous silicon nanowires have also been found to procure
significant advantages, ensuring, for example, that the large
volume expansion is evenly distributed, preventing fractures
that can occur in c-Si while maintaining a high charge storage
capacity from 2400 mAh/g with 10% loss over 30 cycles at
C/5 rate [18]. Understanding the effect of microstructures is
essential to improve the cycle life of this kind of Si anode.

To understand how amorphization takes place in these
systems, it is essential to detail Li-Li and Li-Si interactions.
In this paper we focus on the very onset of Li insertion in
Si in order to characterize the associated energy landscape
and clustering mechanisms. We focus, more specifically, on
the diffusion and clustering of 1 to 10 Li atoms in crystalline
Si. For this, we use the kinetic activation-relaxation technique
(k-ART), an off-lattice kinetic Monte-Carlo algorithm with
on-the-fly cataloging capacities that fully incorporates short
and long-range elastic effects and that has been applied with
success to follow atomistic evolution of complex materials
over a time scale of 1 second and more [23–26]. K-ART is
coupled with a recently proposed ReaxFF parameter set for
Si-Li [27] to allow the study of sufficiently large boxes.

After presenting the methodology used here, we character-
ize the energy landscape and diffusion mechanisms for 1, 2,
3, and 10 Li interstitials in a 4096-Si box. We then identify
the cluster structures that lead to pinning and discuss the onset
of lithiation. We find, in particular, that average lifetime of
bound compound for two to four Li clusters at 300 K are
on the order of millisecond, similar to their diffusion time.
Li atoms therefore interact only very weakly as they move
through Si, facilitating its insertion at high concentration.

II. METHODS

A. Kinetic ART

All simulations presented here are performed using the
kinetic activation relaxation technique [28,29]. This algorithm
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introduces three significant improvements over standard ki-
netic Monte Carlo (KMC) [30,31] in order to treat correctly
the kinetics of complex materials.

To allow off-lattice motion, one of the main limitations
of standard KMC, k-ART introduces a topological classifi-
cation using NAUTY [32] for both local environment and
events. This approach makes it possible to handle with the
same ease both crystalline and disordered states, as well as
interfaces, surfaces, and alloys. K-ART also uses the efficient
ART nouveau algorithm [33,34] to identify on-the-fly events
associated with new environments, reducing the amount of
computation to be performed at the onset of the simulation.
This approach ensures that events associated with new atomic
states are fully considered, without overloading the catalog
with conformations that will never be visited. Finally, short
and long-range elastic deformations are computed exactly by
reconstructing and reconverging all relevant transition state
energies at every step.

While the k-ART algorithm is described in more details in
previous publications [28,29,35–38], we present here a brief
description of its implementation. After a k-ART step, the
local topology of each atom is reassessed using the topological
analysis package NAUTY [32]. For this, all atoms within a
certain radius surrounding an atom (here: 6 Å) are selected
as vertices of a graph. Edges are drawn between atoms
separated by less than a first neighbor cutoff (here: 2.8 Å). The
automorphic group of the resulting graph is then computed,
providing a unique identifier and sufficient information to
recover permutations and symmetry operations between two
automorphic configurations.

All atomistic environments belonging to the same automor-
phic group are considered to share a common list of events.
This hypothesis can be verified at the event-reconstruction
stage. When it fails, new cutoffs are introduced, to ensure a
unique correspondence between topology and geometry. After
each k-ART move, event searches are launched for all newly
identified topologies. A few extra event searches are also
performed for common configurations using ART nouveau,
an efficient open-ended transition state finding algorithm
[33,34,39].

Topology keys are computed for all local configurations
generated during the event search and are associated with local
minima and first-order transition states. Identified topologies
are the set of all local minima generated during a simulation
while visited topologies refer to the set of different topologies
on the kinetic path corresponding to the system’s evolution.

Twenty five independent and random ART nouveau
searches are launched for each new topology. An event is
defined as an ensemble of three configurations: initial local
minimum, saddle point, and final local minimum.

In the Li-Si system, k-ART typically finds an average of
three to four different events with an activation energy below
5 eV per topology. Once the event catalog is updated, events are
ordered as a function of their rate, computed using transition
state theory, with a constant prefactor of 1013 Hz. Events
within 99.99% of the total ascending cumulative rate are fully
reconstructed and their transition state is relaxed to a precision

of 0.02 eV Å
−1

, to take into account all elastic and geometric
particularities, leading to an energy precision for each specific

saddle point energy of 0.01 eV or better. Following standard
KMC [30], a time step is computed according to:

�t = − ln(μ)/
∑

i
ri , (1)

where μ is a random number uniformly distributed between 0
and 1 and ri is the transition rate of event i; an event is then
selected with a probability proportional to its relative weight.

Flickering states, i.e., states of similar energy separated
by a relatively low activation energy that do not lead to
diffusion, are handled using the basin-accelerated mean-rate
method (bacMRM) [29] based on the the mean rate method
(MRM) of Puchala et al. [40]. As connected flickering states
are discovered, they are added into a basin. The basin’s internal
kinetics are solved directly and exit rates are corrected for
the internal motion. This minimizes the computational efforts
of handling the nondiffusive motion while ensuring correct
kinetics. Finally, the average time of exit basin

∑
k〈τk〉 is used

as KMC step in the current implementation of kART.

B. Force fields

Force fields are obtained from the large-scale
atomic/molecular massively parallel simulator (LAMMPS)
[41] through the coupling of its library to k-ART, providing
access to a very large catalog of well-tested and efficiently
programmed force fields. To accelerate the computation, a
double parallelization allows both event generation and force
calculations on multiple processors [38]. In the present study,
we use the reactive force field (ReaxFF) [42] with the LiSi
parameters developed by Fan et al. [27].

C. Simulated systems

1. Input parameters chosen

We characterize the diffusion pathways of lithium inter-
stitials in a crystalline box of 4096 Si atoms with periodic
boundary conditions. For each system, containing between one
to four and 10 Li interstitials, we perform runs at 300 K. For
the system with only one Li, we consider three different initial
states: interstitial, substitutional, and antisite. We test that this
box is large enough to ensure convergence by comparing the
local minimum and activation energies for the mono-Li and
the di-Li systems with a 8000-atom box (at constant density),
finding a maximum of 0.001 eV energy difference for an
overall error on relative energies of at most 0.002 eV.

The length of each run is set as a function of the system’s
kinetics and complexity. Li-interstitials are created by adding
Li atoms in octahedral sites. In all cases, the simulation box
is a cubic box with a length of 43.44 Å, corresponding to a
lattice parameter of 5.43 Å in agreement with the literature
for the Si diamond structure at 300 K). The system’s energy
is first minimized at T = 0 K before k-ART simulations are
launched at 300 K.

2. Analysis

The formation energy, i.e., the energy cost to remove NLi

Li atoms from the pure Li bcc cristal and insert them in the Si
bulk of NSi Si atoms, is defined as

Econf
f = Econf − (

N conf
Si εSi + N conf

Li εLi

)
(2)
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TABLE I. Comparison of formation (Ef ) and activation (Ea)
energies for different configuration of the mono-Li interstitial
obtained by different groups using density functional theory (DFT)
and various methods for identifying the activation energies: the
nudged elastic band method (NEB) or molecular dynamics (MD).
The experimental value for the migration energies of lithium diffusion
is between 0.57 eV and 0.79 eV [44]. Energies are in eV.

Our work Literature
k-ART (ReaxFF) DFT or MD

E
1-LiTd
f −0.973 −1.42[45] (DFT)

−1.359[46] (DFT)
1.17[45] (DFT)

E
1-LiSub
f 3.22 3.09[47] (DFT)

6.602[46] (DFT)
E

1-LiAnti-site
f 2.392[46] (DFT)

4.18 4.05[47] (DFT)
0.52[46] (DFT)
0.58[46] (DFT/NEB)

ETd-Hex-Td
a 0.520 0.58[48] (MD/REAXFF)

0.60[49] (DFT)
0.61[45] (DFT/NEB)

E1-LiSub
a 2.02

0.35
1.93

E1-Liantisite
a 2.26

2.63
2.87

where Econf is the system’s total energy, and N conf
Si and N conf

Li

the number of Si and Li atoms, respectively. εi is the per
atom cohesive energy calculated for the perfect crystal systems
for species i. Here we use ReaxFF’s cohesive energy: εLi =
−1.63 eV as obtained from a 1024 Li bcc crystal, in excellent
agreement with the literature (−1.63 eV [43]) while εSi =
−4.756 eV is measured from a 4096 Si diamond crystal, in
good agreement with the literature (−4.63 eV [43]). For each
result, we give the formation energy of the lowest energy state
found in the current system then we compare other metastable
states according to this lowest energy state which is set to 0.

The binding energy for various clusters is defined as:

Ex-mer
b = Ex-mer

f − Ny-merE
y-mer
f , (3)

where the number of defects in the y-mer is smaller than in
the x-mer. For example, the binding energy of the Li dimer is

Edimer
b = Edimer

f − 2Emonomer
f . The sign of the binding energy

determines the thermodynamic stability of different bound
compound according to the monomers at infinite distance.

III. RESULTS

In this section, we characterize the various configurations
associated with a Li impurity in a box of Si and then describe
the structure and stability, the dominant state, and the diffusion
mechanism for systems containing one to four and 10 lithium
interstitials.

A. Comparison with the state of the art

Table I summarizes energies of minima and saddle points
for various configurations associated with a single lithium
atom impurity in crystalline Si and compares our results to
previously reported results for the formation and activation
energies of these various states. At −0.97 eV, the Reaxff
formation energy for the Li interstitial is 0.4 eV above DFT
predictions (−1.42 or −1.36 eV, depending on the source). The
migration energy for the ground state transition, associated
with the motion of the Li interstitial from one tetrahedral
site to another through a hexagonal site, is, however, in good
agreement with DFT and experiment, at 0.52 eV.

More energetic defects, such as the Li in substitutional
and antisite configurations, with the Si positioned in a
neighboring tetrahedral interstitial site, also show generally
good agreement with Morris et al. DFT calculations [47], that
differ significantly from Wan et al. [46] and Malyi et al. [45].
Since in the absence of Li formation energies of self-interstitial
configuration is of the order of 3.31 eV [50], the energy cost
of creating an antisite configuration should be higher than a
substitutional configuration, supporting Morris et al.’s DFT
calculations as well as our work.

For Li in substitution, we find only one type of event that
involves a concerted motion leading to the formation of two IV
pairs composed of the initial substitutional Li and one of the
four neighboring Si, 1.79 eV above the initial configuration.
While the presence of a Li decreases significantly the activation
energy associated with the formation of this defect, with an
activation energy of 2.02 eV compared to 4.75 eV [51,52] for
the perfect Si crystal, this defect is unstable, with an inverse
activation energy of 0.21 eV, and will generally anneal before
the vacancy or the Si interstitial can diffuse.

FIG. 1. Diffusion mechanism for 1-LiT d in c-Si. (a) Initial state: 1-LiT d states. Ef = −0.973 eV. (b) Saddle point state: hexagonal position.
Ea = 0.52 eV. (c) Final state: 1-LiT d states. Ef = −0.973 eV.
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TABLE II. Formation (Ef ) (top line) and activation energies
connecting the three dominant states for the mono-Li-interstitial
complex. Values in parenthesis represent events found in the catalog
but not executed during simulation. Energies are in eV.

�������To
From

Td IV pair+1-Li(1) IV pair+1-Li(2)

Ef −0.973 0.777 1.187
Td 0.520 (0.23) (0.11)
IV pair+1-Li(1) (2.00)
IV pair+1-Li(2) (2.29)

For the antisite configuration, we find four different
transitions involving primarily the Li atom, with activation
energies between 1.93 eV and 2.87 eV (see Table I) leading
to unstable configurations, with inverse activation energies
between 0.05 eV and 0.32 eV. Three of these transitions
correspond to the transition observed in the substitutional
case (formation of two IV pairs) where the interstitial Si
atom is only weakly affected. The fourth transition, with an
activation energy of 2.87 eV, corresponds to the positioning of
the substitutional Li in adjacent tetrahedral empty site, creating
a IV pair.

A transition centered on the Si interstitial is also found with
an activation energy of 0.35 eV. This transition represents
the motion of the Si interstitial from one tetrahedral site to
another through a hexagonal site, only 0.01 eV above the
ground state, moving away from the Li that remains in its
initial substitutional site.

B. Monointerstitial

A k-ART run for the Li monointerstitial is launched from an
initial configuration consisting of one isolated Li atom placed
in a tetrahedral site of the silicon crystal and run for 389 KMC
steps, representing 6.37 ms of simulation time. The ground
state of the Li monointerstitial system places the impurity in
a tetrahedral (Td) site, with a formation energy of E

1-LiT d

f =
−0.973 eV. Local lattice deformations are almost nonexistent
around the lithium atom: The distance between the interstitial
Li and its nearest-neighbor Si atoms is dLi-Si1 = 2.420(1) Å,
only 0.07 Å longer than the equilibrium Si-Si distance, in
agreement with the 2.44 Å predicted by DFT [45].

The nearest-neighbor jump through the hexagonal (Hex)
site (four equivalent directions), illustrated in Fig. 1, requires
crossing a 0.52 eV activation energy, in agreement with
DFT and experiments as discussed previously. Averaging
the square displacement of the single lithium over the 389
KMC steps, we find a Li diffusivity in Si bulk at 300 K of
D = 2.47 × 10−12 cm2 s−1. Since the diffusion mechanism
is a one step process, the migration energy is equal to the
Td-Hex-Td activation energy leading to a prefactor of D0 =
2.67 × 10−3 cm2 s−1, in agreement with experiment [44] from
1.9 × 10−3 to 3.8 × 10−3 cm2 s−1, which supports our choice
of an attempt frequency of 1013 Hz.

For a single Li interstitial, k-ART identifies 25 topologies,
including topologies centered on the Li and on the Si atoms,
and visits eight of them during the simulation. All visited
topologies are associated with the Li in Td state, the only one
visited during the simulation. From this state, k-ART finds
25 events that correspond to three different transitions along
various directions.

Table II summarizes the properties of the three transitions
found by ART nouveau associated with these events. The first
transition corresponds to the Li Td-Hex-Td jump, from ground
state to ground state. The two others lead to the formation
of a two interstitial-vacancy pair of Si with the Li in first
or second nearest-neighbor position, denoted, respectively, as
2 IV pairs+1-Li(1) (see Fig. 2) and 2 IV pairs+1-Li(2). As
expected, these IV pairs at 300 K do not form spontaneously as
their average time of formation are 4 × 1020 s and 3 × 1025 s,
respectively, 25 to 30 orders of magnitude longer than the
5 × 10−5 s for the Li diffusion.

C. Di-interstitial

1. Structure and stability

A k-ART simulation with two Li interstitials is launched
from an initial configuration with the two Li atoms positioned
in adjacent tetrahedral sites and run for 1226 KMC steps, repre-
senting 8.76 ms of simulated time. Since binding energies and
elastic deformations are small for this system, we ensure that
the bound compound is sampled by starting from the ground
state. With Li atoms moving between tetrahedral interstitial
sites, di-lithium configurations are labeled as 2-Li(i) where i is
the distance in lattice-site spacings between the two Li.

After minimization, the ground, or dimer, state, 2-Li(1),
is obtained with a formation energy of Edimer

f = −2.004 eV

FIG. 2. 2 IV pairs formation with 1-Li(1). Beige: Si atoms; purple: Li; blue: empty Si sites. (a) Initial state: 1-LiT d states. Ef = −0.973 eV.
(b) Saddle point state. Ea = 2.00 eV. (c) Final state: 2 IV pairs+1-Li(1), Ef = 0.777 eV.
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FIG. 3. Representation of the dominant states for 2-Li in c-Si. Bond lengths are displayed according to the scale on the right of each panel.
Beige: Si atoms; purple: Li. (a) State dimer Ef = −2.004 eV; Eb = −0.057 eV. (b) State 2-Li(2) Ef = −1.978 eV; Eb = −0.031 eV. (c) State
2-Li(3) Ef = −1.959 eV; Eb = −0.012 eV. (d) State 2-Li(4) Ef = −1.956 eV; Eb = −0.009 eV.

in agreement with Malyi et al. [45] result (−2.43 eV) or
−1.002 eV per Li atom, leading to a binding energy of
Edimer

b = −0.057 eV corresponding to only � 2.2kBT at
300 K. In this state, the two Li are on adjacent tetrahedral
sites separated by dLi-Li = 2.50 Å, only slightly deforming the
crystalline lattice characterized by a Si-Si distance of 2.35 Å.

While the binding energy calculation here is near that
obtained from ab initio calculations [45,46,49], which varies
from 0.1 to 0.488 eV, the sign of the interaction is different:
while we find a weak attraction, DFT calculations predict that
two Li atoms slightly repel. This DFT result is surprising
since the amorphization of the lattice occurs with a very low
concentration of Li, suggesting that Li atoms must attract
to increase the local effective concentration [6,11–13], in
agreement with ReaxFF’s description. Since published DFT
predictions for Li-Li interactions were calculated on very small
cells, 64 to 216 atoms, elastic and electrostatic size effects
would be sufficient to change these energies by a few tenths
of eV, sufficient to change the sign of the binding energy.

2. Details of the energy landscape

K-ART identifies 128 topologies and visits 30 of them
during the simulation. These topologies are associated with

FIG. 4. Evolution of the energy landscape associated with Li
atoms only as a function of KMC steps for the two-Li-atom system.
Left axis: activation energy for the available (green symbols) and
selected (red symbols) events. Right axis: number of available
activation energies per KMC steps (blue symbols). Grayed regions
indicate the presence of a di-Li bound state.

seven states, with the two Li positioned at various distances
from each other, from 2-Li(1) to 2-Li(5) and 1-LiTd with the
four first states illustrated in Fig. 3. Because of the cutoff for
the topological construction, all configurations where the two
Li are further than 6 Å show the same list of topologies. The
bound compound represent the collection of states from 2-Li(1)

to 2-Li(4).
At 0.024 ms (KMC step 26), the bound compound dis-

sociates and the two monomers diffuse freely up to 3.9 ms
(KMC step 543) where the bound compound is reforms, lasting
0.18 ms (from KMC step 543 to 659). Figure 4 shows selected
and available activation energies as a function of KMC step
as well as the number of event in catalog per step for events
involving the Li atom. Figure 5 presents the energy landscape

FIG. 5. Evolution of the di-Li system in a bound state (KMC
steps 500 to 700). Top panel: energy histogram for the initial states
with δE measured from the ground state set at 0.0 eV. Middle panel:
histogram of the corresponding activation energies. Bottom panel:
energy histogram of the final states. Initials states are color coded:
2-Li(1) in blue, 2-Li(2) in red, 2-Li(3) in green, 2-Li(4) in yellow, and
2-Li(5) or higher in cyan and purple. Colors are propagated throughout
the activation energy and the final state histograms.
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TABLE III. Details of the energy landscape for the two Li-atom system. Top three lines: distance between the two Li atoms, formation and
binding energies (Ef , Eb). Bottom part: activation energies for pathways between the six dominant states for the Li di-Li complex. Multiplicity
of transition is indicated in parenthesis where A and B labels differentiate between the two Li atoms. Energies and distances are in eV and Å,
respectively.

�������To
From

dimer 2-Li(2) 2-Li(3) 2-Li(4) 2-Li(5) 2-Li(6)

Distance 2.50 3.83 4.53 5.44 5.92 6.66
Ef −2.004 −1.978 −1.959 −1.956 −1.947 −1.944
E2-Li

b = Ef − 2ET d
f −0.057 −0.031 −0.012 −0.009 0 +0.003

dimer 0.438 (1A,1B)
2-Li(2) 0.464 (3A,3B) 0.524 (2A,2B) 0.52(2A,2B)
2-Li(3) 0.543 (2A,2B) 0.53 (2A,2B) 0.518 (1A)
2-Li(4) 0.54 (1A,1B)
2-Li(5) 0.523 (1A,1B) 0.52 (2B)
2-Li(6) 0.53 (1A,1B) 0.52(2A,2B)
2-Li(7) 0.511 (2A,2B) 0.52 (1A,1B)
2-Li(8) 0.52(1A,1B)
2-Li(9) 0.52 (2A)
2-Li(10)

2-Li(11) 0.52 (1B)

for the bound di-Li compound. Configurations are color coded
from the initial local minimum and the color propagates
throughout the activation energy histogram (middle panel) and
the final local minimum histogram (bottom panel).

The bound compound, composed of the GS and 2-Li(2) (see
Fig. 3 and Table III), can diffuse by oscillating between these
two states crossing alternating activation energies of 0.46 eV
and 0.44 eV. This move represents 60% of the selected events
between KMC steps 500 and 700 as shown in Fig. 5.

Table III summarizes the energy landscape for the di-Li
bound compound, providing information regarding formation,
binding, and transition energies for states with the Li atoms in
1st to 6th nearest neighbor positions along with the multiplicity
of each transition. With six identical pathways leading from
the GS to 2-Li(2), the compound can move in any direction.
From 2-Li(2), however, only two saddle point states, out of six,
bring the system back into the GS: each Li can jump to one
of four available neighbor sites, but only one leads to the GS;
two other transitions for each Li bring the system in 2-Li(3)

with an activation of 0.54 eV and the last one, in 2-Li(5) with
an activation energy of 0.52 eV. Configurations for Li in first
to fifth neighbor show the same event list for the two Li. This
symmetry breaks only for the atoms in sixth nearest neighbor
position where a transition from 2-Li(6) to 2-Li(3) can take
place for only one Li due to the relative orientation of the two
tetrahedrons formed by each Li atom.

3. Average lifetime of the di-Li bound compound

The maximum diffusivity for the Li dimer, calculated
using the oscillation between the GS to 2-Li(2), is D =
3.69 × 10−10 cm2 s−1, two order of magnitude higher than for
the single Li, suggesting that the dimer could play an important
role in diffusing Li through Si.

To assess this role, it is necessary to also evaluate the
lifetime of this compound. This is straightforward as k-ART
provides complete information regarding the energy landscape
for the di-Li system.

Defining the bound compound as consisting of the four
closest states shown in Fig. 3 and the escaping states as 2-Li(5),
2-Li(6), 2-Li(7) states, we use the Mean Rate Method to find
a lifetime of 65.4 μs. Since the timescale associated with the
displacement from GS to GS is about 0.99 μs, at 300 K, the
di-Li bound compound diffuse for 65 steps on average before
dissociating.

D. Tri-interstitial

1. Structure and stability

A k-ART simulation is launched from an initial structure
with three Li atoms placed in adjacent interstitial tetrahedral
sites in the Si crystal and run for 682 KMC steps, representing
2.43 ms of simulation time. The various visited states are
labeled 3-Li(i,j,k), where {i,j,k} refers to the the relative
position of each pair in terms of lattice distance. Since the
three Li atoms are identical, the {i,j,k} triplet is sorted in
ascending order.

After minimization on the first KMC step, the ground state,
3-Li(1,1,2) (or trimer), is reached with a formation energy
of Etrimer

f = −3.014 eV. Comparing the binding energies
of the tri-Li system with both previous systems, we find
: Etrimer

b − 3E
1-LiT d

b = −0.094 eV(� 3.6 kBT ) and Etrimer
b −

Edimer
b − Emonomer

b = −0.037 eV(� 1.4 kBT ).

FIG. 6. Representation of the 3-Li(2,2,2) (left) trigonal and (right)
ring states. Li occupied and empty sites are displayed in purple and
red, respectively. Si atoms are represented in beige.
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FIG. 7. Evolution of the energy landscape associated with Li
atoms only as a function of KMC steps for the three-Li-atom
system. Left axis: activation energy for the available (green symbols)
and selected (red symbols) events. Right axis: number of available
activation energies per KMC steps (blue symbols). The gray and blue
region indicated the presence of tri-Li and di-Li bound compounds,
respectively.

These allow us to group all observed states into three
classes of various stability. First, the compact states, with a
binding energy generally below −0.06 eV. This class counts
at least 14 states with five dominant ones: 3-Li(1,1,2), 3-Li(1,2,5),
3-Li(1,2,3), and two 3-Li(2,2,2) states: a trigonal conformation
with an empty tetrahedral site in the center of the complex
and a ring conformation where the center of the complex
is occupied by two Si atoms (see Fig. 6), which creates a
local constraint largely responsible for the 40 meV energy
difference between the trigonal and ring states as reported in
Table IV. The second class corresponds to the di-Li bound
compound with an isolated mono Li which is characterized
by the binding energy interval between −0.06 eV and 0.0 eV.
The third class corresponds to the three unbound Li.

Table IV displays the binding energies for ten states
which are the most frequently observed. K-ART identifies
689 different topologies and visits 47 of them during the
simulation. For the first 0.12 ms (200 KMC steps), the system
evolves between the tri-Li and di-Li bound compound. At
0.05 ms (KMC step 152), one Li breaks apart and diffuses
separately from the di-Li complex (see Figs. 7 and 8). At
0.12 ms (KMC step 200) the di-Li complex also breaks apart.
In the absence of strong elastic deformation, Li atoms are not
attracted to each other and never come closer than 8.03 Å
(corresponding to the ninth NN position) for the rest of the
simulation (2.43 ms).

2. Diffusion and lifetime

There are two main diffusion processes for the ground
state 3-Li(1,1,2). The first process is a three-step mechanism
corresponding to a translation along the 〈110〉 direction
(Fig. 9): From 3-Li(1,1,2), a Li atom jumps to 3-Li(1,2,5) state
by crossing an activation energy of Ea = 0.455 eV, a second
Li atoms moves, corresponding to an overall translation of the
3-Li(1,2,5) cluster with an activation energy of Ea = 0.393 eV;
the final step brings the cluster into the ground state with

FIG. 8. Evolution of the di-Li system in a bound state (first 150
KMC steps). Top panel: energy histogram of the initial states with
δE measured from the ground state set at 0.0 eV. Middle panel:
histogram of the corresponding activation energies. Bottom panel:
energy histogram of the final states. Initials states are color coded.
Blue: trimer 3-Li(1,1,2); red: 3-Li(1,2,5); green: 3-Li(2,2,2) ring; first
yellow bin at 0.013 eV: 3-Li(1,2,3); cyan: dimer+monomer; purple at
0.047 eV: 3-Li(2,2,2) trigonal; orange: di-Li bound compound. Colors
are propagated throughout the activation energy and the final state
histograms.

an activation energy of Ea = 0.454 eV, leading to a global
displacement along the 〈110〉 the direction of c = 1.97 Å and a
diffusion time of �t = 3.766 μs. With D ≈ c2

�t
, the diffusivity

for the translational process is D = 9.74 × 10−11 cm2 s−1.
The second process is a three-step move associated with

a rotation (Fig. 9): A Li first moves from the ground
state to 3-Li(1,2,3) by crossing an activation energy of Ea =
0.476 eV, the second step involves a symmetrical mechanism
from 3-Li(1,2,3) to 3-Li(1,2,3) with an activation energy of
Ea = 0.405 eV, and the last steps bring the system back into
GS configuration with an activation energy of Ea = 0.463 eV.
The total diffusion corresponds to a 54.5◦ rotation of the

FIG. 9. Representation of the (left) translational and (right)
rotational mechanism for the 3-Li system. Li and Si atoms are
displayed in purple and beige. The purple arrow points to the
displacement of Li atoms throughout the entire mechanism.

134118-8
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trimer from one 〈110〉 plane to another, leading to a global
displacement along the 〈331〉 direction of c = 1.50 Å and a
diffusion time of �t = 4.83 μs. With D ≈ c2

�t
, the diffusivity

for the rotational process is D = 4.65 × 10−11 cm2 s−1. While
a transition from the GS to 3-Li(2,2,2) trigonal conformation is
also shown in Table IV, with a 0.385 eV activation energy,
this move does not lead to diffusion but to an oscillation with
a 0.54 μs characteristic time at 300 K.

Taken together, the diffusivity for the 3-Li bound compound
is D = 1.3 × 10−14 cm2 s−1, two orders of magnitude lower
than for the 1-Li and four orders of magnitude lower than the
2-Li. This species contributes therefore very little to the mass
transfer. Its lifetime establishes whether it is also a trapping
state.

The tri-Li bound compound is defined as the collection
of 3-Li(1,1,2), 3-Li(1,2,5), 3-Li(2,2,2) tetragonal, and 3-Li(1,2,3)

states with associated exiting states presented in Table IV,
corresponding to an average lifetime for the tri-Li bound
compound of 1.6 μs, significantly lower that the average
fastest diffusion time (translation mechanism) of 3.8 μs for
this system. The tri-Li bound compound will therefore break
before diffusing at 300 K.

E. 4 Li atoms

A k-ART simulation is launched from the initial structure
with the four Li atoms placed as a compact state where one
Li atom is surrounded by the three others in first neighbor
position. The simulation runs for 510 KMC steps, representing
1.7 ms of simulation time. After the first KMC step, the
tetramer ground state is reached from the initial structure with
an activation energy of 0.28 eV by a first nearest-neighbor
jump, decreasing the energy by 0.08 eV. The tetramer ground
state is described as four 2NN Li atoms forming a tetrahedron
with an empty available interstitial site in its center. Its
formation and binding energies are Etetramer

f = −4.082 eV and
Etetramer

b = −0.190 eV, respectively (see Table V).
K-ART finds two transitions from the ground state and

four from the compact state. The first transition from the
ground state leads back to the compact state with a 0.36 eV
activation energy. The second transition from the ground state

TABLE V. Details of formation, binding, and activation energies
for the four Li-atom system, including formation and binding
energies (Ef , Eb) and, in the bottom part, the activation energies for
pathways between the six dominant states for the Li tetra-Li complex.
Multiplicity of transition are values in parenthesis. Energies are in eV.

�����To
From 4Lia 4Li

compact 4Lib 4Lic1 4Lic2 4Lic3

Ef −4.082 −4.002 −4.012 −4.012 −4.012 −4.012
Eb −0.190 −0.110 −0.120 −0.120 −0.120 −0.120
4Lia 0.28 (1) 0.52 (1)
4Li 0.36 (4) 0.47 (1) 0.47 (1) 0.47 (1)
compact
4Lib 0.59 (12) (1) (1) (1)
4Lic1 0.46 (3) (1)
4Lic2 0.46 (3) (1)
4Lic3 0.46 (3) (1)

FIG. 10. Evolution of distance between 5 Li pairs out of 45 for
the 10-Li system as a function of simulated 10. The horizontal dashed
black corresponds to the 5th NN distance (5.92 Å).

is associated with 1NN jump on different available empty
sites with activation energies of 0.59 eV and a multiplicity of
12 events (i.e., three for each Li atom). This transition breaks
the tetramer by pulling a Li atom away from the cluster, to a
state at 0.07 eV above, 0.01 eV lower than the compact state.

The first transition from the compact state that leads
to the ground state as already been mentioned. The three
other transitions break the compact state with degenerate
activation energy of 0.46 eV and reduce the energy by 0.01 eV.
This activation energy determines the 4-Li bound compound,
defined by the ground state and the compact state, with an
average calculated lifetime of 1.6 μs.

With a lowest activation energy to break the 4-Li bound
compound at 0.46 eV, this compound, as for smaller Li
clusters, is short lived. Its low binding energy with respect
to dimers of Etetramer

f − 2Edimer
f = −0.07 eV is not sufficient

to overcome the configurational entropic cost of assembling
the four Li. Indeed, in the 4-Li simulation, the bound state
breaks at KMC step 111, after 1.4 μs, and is never revisited.

F. 10 Li atoms

To assess the interaction between various clusters, the final
system we consider consists of 10 Li initially distant from
each other in the Si crystalline box. This system is run for
993 KMC steps representing 0.76 ms of simulation time. The
lowest energy configuration, reached for the first time at KMC
step 253 in 0.14 ms, consists of a trimer, a dimer, and five
monomers. The distance between the trimer and the dimer is
13.7 Å, the closest monomer to the trimer is at 12.83 Å. Its
formation energy is E10-Li

f = −9.88 eV, corresponding to a
binding energy of E10-Li

b = −0.15 eV, represents mostly the
sum of the trimer and dimer binding energies. The evolution of
a subset of 5 Li-pair distances (out of 45) is shown in Fig 10;
the two pairs in first or second nearest neighbor around 0.14 ms
are associated with the trimer.

K-ART identifies 1506 topologies and visits 284 of them
during the simulation. From Fig. 11, which provides the
energy distribution for the various states visited during the
simulation, we see that the energy spectrum of the accessible

134118-9
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FIG. 11. Evolution of the 10-Li system during the 993 KMC
steps. Top panel: energy histogram for the initial states with δE

measured from the ground state set at 0.0 eV. Middle panel: histogram
of the corresponding activation energies. Bottom panel: energy
histogram of the final states. Initial states are color coded with colors
assigned based on initial energy. Colors are propagated throughout
the activation energy and the final state histograms.

states becomes denser than for previous systems, as activation
energies are affected by elastic deformations, even if these
are weak. These long-range effects are not sufficient to attract
Li into large clusters: Over the 0.76 ms simulation, k-ART
recovers the entire catalog of events from the three previous
systems (i.e., mono-Li, di-Li, and tri-Li) but the system does
not visit states associated with the 4-Li or larger clusters.

IV. DISCUSSION AND CONCLUSIONS

The Si matrix can absorb a high concentration of Li,
making it a potential candidate for anodes [1–3], although the
volume expansion associated with structural transition makes
it challenging to use in applications [5,9,10]. To understand
this large capacity, we characterize here the energy landscape
at relatively low concentrations of Li impurities in c-Si using
the kinetic activation-relaxation technique coupled with the

reactive force field (ReaxFF) developed by Fan et al. [27], an
approach that allows the construction of a detailed picture of
the first steps of insertion of Li in this material.

K-ART recovers the basic migration energy of the mono-
Li interstitial already identified in previous work in addition
to finding a number of other transitions such as the IV-pair
formation in first or second neighbor position with respect to
the Li atom with activation energy of 2.00 eV and 2.29 eV,
respectively. After characterizing the energy landscape of Li in
substitutional and antisite configurations, we turn our attention
to small Li clusters.

Li atoms that first move in silicon, therefore, do not see
each other and fail to aggregate into trapped states: Small
clusters display only very weak stability and rapidly break
apart as they are formed. As more Li atoms are added to
the box, we find that these impurities interact only very
lightly between themselves: Two, three, and four Li clusters,
for example, have lifetimes of only 65.3, 1.6, and 1.6 μs,
respectively, at 300 K. Since lifetimes for bound compound of
three- and four-lithium cluster are considerably smaller than
for dimer, large clusters are unlikely to grow even at relatively
high Li concentration, ensuring full and uniform packing
which explains experimental observations [2,53,54]. Although
weak, it could be sufficient, however, to favor clustering and
the transition to the high Li-concentrated phase observed
experimentally at the anode surface.

Our results provide an essential microscopic and kinetic
picture for the onset of Li insertion into Si. They form a
solid basis for pursuing the characterization of this system’s
evolution as Li concentration leads to structural transformation
of the underlying structure, contributing valuable information
towards the complete understanding of this fascinating com-
plex.

V. CODE AVAILABILITY

Various ART nouveau implementations are available freely
for download from http://normandmousseau.com. The k-ART
code is available from the authors upon request.
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