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Abstract

The elastic dipole method (EDM) is applied to predict the response of defect forma-
tion and migration energies to an external strain field (e;) within the elastic regime.
EDM provides an analytical expression for the energy variations in a system with a
point defect as a function of ¢;. Although EDM has so far been employed for various
simple semiconductors and insulators, it has not been yet applied for complex solid
ionic conductors that are used as solid electrolytes in all-solid-state batteries (ASSBs).
In the present study, we have considered two promising Li-based ASSB electrolytes,
namely Al-doped cubic Lig 25Alp25La3Zr, Oy, (Al-LLZO) and Li;¢GeP,S;, (LGPS) to
investigate the impact of elastic strain on Li-defect formation energy and migration
barrier by performing a direct method (manually-applied strain) and EDM. It is shown
that EDM can quantitatively provide accurate values for Li-defect formation energy as
a function of €;;. EDM can also predict, qualitatively, how the migration barrier varies
with €;. In both AI-LLZO and LGPS systems, the formation energy of Li* vacancy
decreases (increases) by applying a tensile (compressive) strain, which is because the
lattice parameters tend to expand by formation of a Li* vacancy. An opposite behavior
is found for the formation energy of interstitial Li*. In addition, both the direct method

and EDM show that the impact of strain on Li ion migration energy is not similar in
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Al-LLZO and LGPS. A compressive strain decreases the barrier in the former case,
while it increases it in the latter case. The lowering of migration barrier in AI-LLZO
is in spite of contraction of bottleneck width of Li diffusion in this system. A similar
finding has also been reported by a recent experimental study. Analysis of EDM results
shows that the lowering (rising) in the migration barrier of Li in AI-LLZO (LGPS) un-
der a compressive strain is due to tendency of the system to contract (expand) Li—O
(Li-S) bond lengths in the transition states where Li ions are at the bottlenecks of dif-
fusion pathways. We finally show that the result of Li migration barrier as a function
of strain in a non-doped solid electrolyte can be used to predict the global effect of
substitution/doping (lattice size variation) on the conductivity of that system.
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1. INTRODUCTION

All-solid-state battery (ASSB) is currently an active and critical area of research
and development [1, 2]. Despite relatively high thermal and mechanical stability of
developed solid electrolytes (SEs), there exist two major problems, namely low ionic
conductivity and poor chemical stability, to solve in order to use these materials for
ASSBs[1]. There are several strategies to tune the ionic conductivity of battery materi-
als, such as applying strain [3, 4, 5], doping [6, 7], nanosizing [8, 9], and tailoring the
microstructure [10, 11]. In fact, the last three procedures lead to creation, suppression,
or enhancement of lattice strain. Therefore, understanding the effect of strain on ionic
conductivity of SEs is essential. To achieve this goal, it is necessary to find the impact
of external strain on both formation and migration of charge carriers.

LigosAlgosLasZr, Oy, (Al-doped cubic LLZO, hereafter called Al-LLZO) and
Lij9GeP,S;; (LGPS) are of most widely-studied oxide- and sulfide-based SEs, respec-
tively [1]. Defect chemistry in Al-LLZO has been studied using experimental [12, 13]
and theoretical [14, 15] methods. Ab initio-based thermodynamics calculations in our
previous study [14] confirmed the formation of complex defects of Li* and O~ va-
cancies reported by experimental measurements. However, this theoretical study [14]
found that a negatively charged Li vacancy together with a positively charged intersti-
tial Li (Li Frenkel pair) is the dominant type of defect for a wide range of Fermi energy
and Li chemical potential values providing the charge neutrality in this system. This
result is in line with ionic conductive nature of AlI-LLZO. Oh et al. [16] have studied
the defect chemistry in LGPS using a similar approach to ref. [14] and shown that the
Li Frenkel pair is also a favorable defect type under the charge neutrality in bulk LGPS.

Mechanism of Li transport in c-LLZO as well as tetragonal LLZO and LGPS has
been extensively explored in many experimental and theoretical studies [17, 18, 19, 20,
21,22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37]. Regarding c-LLZO,
although a pure concerted mechanism for Li migration has been reported by Jalem et
al. [28], in other studies, it has been noted that the Li diffusion is either based on
pure single-jumps or a mixed of single-jumps and concerted mechanism [23, 19, 37].

The reported energy barrier for Li migration in c-LLZO is in the range of 0.19-0.33 eV



[34, 23,38, 39, 40]. Li migration in LGPS has been reported to follow highly correlated
motions of Li ions which is ultra-fast in 1 dimension (along the c-axis) and fast in 2
dimensions (within the ab-plane) with the energy barrier in the range of 0.17-0.23 eV.
[41,42, 18, 43].

The influence of external strain on Li migration has been previously investigated in
LLZO [24, 27] and LGPS [44, 45]. An ab initio molecular dynamics (AIMD) study by
Andriyevsky et al. [24] on tetragonal LLZO shows that a 10% compressive strain de-
creases the diffusion coefficient by 50%. Andriyevsky et al. have related this effect to
the reduced Dy value since they showed that the energy barrier even decreases by 5%.
AIMD simulation by Miara et al. [27] has demonstrated that 5% compression of lattice
parameters reduces the conductivity by almost one order of magnitude in c-LLZO at
1000 K. They have related this reduction in conductivity to increase in Li migration
barrier due to a contraction of the triangle diffusion bottleneck [27]. However in an-
other study, Zhang et al. [39] have recently investigated the effect of Zr substitution
on the bottleneck size and migration energy of Li in c-LLZO. Substitution of Zr with
tetravalent elements which have different ionic radius can affect the size of migration
bottleneck by changing O—O bond lengths. Surprisingly, they have indicated that a
dopant that has a smaller size than Zr decreases the bottleneck size, which can lower
the Li migration energy. They have emphasized that larger bottleneck size is not nec-
essarily in favor of Li* migration. These results are in contrast to the previous findings
of Andriyevsky et al. [24] and Miara et al. [27]. It should be noted that the large com-
pressive strains considered by Andriyevsky ef al. [24] and Miara et al. [27] might lead
to disordering of atomic arrangement and different results compared to that reported
by Zhang et al. [39] in LLZO. In an AIMD study by Ong et al. [44], £4% strains
were applied to LGPS and the resulting variation of Li diffusion coefficient and energy
barrier was evaluated. They found that the Li migration barrier increases by more than
two times, i.e. from 0.23 eV to 0.59 eV, upon a 4% (compressive) strain. However,
Chen et al. [45] reported that the Li migration barrier in LGPS decreases only from
0.26 eV to 0.18 eV upon a very strong strain of +12% along the c-axis direction and
from 0.31 eV to 0.15 eV upon +12% strain in the ab-plane.

The concept of elastic dipole method (EDM) [46, 47] has been applied to predict the



effect of external strain on formation and migration energy of point defects in various
materials [48, 49, 50, 51, 52, 53]. Our recent studies [52, 53], for example, have shown
that in LiCoO,, as one of the most commonly-used layered cathode material in Li-ion
batteries, a 1% compressive (tensile) in-plane strain can change the formation energy
of Li* vacancy by almost —0.04 eV (+0.04 eV) [52]. We have also shown that a 1%
compressive (tensile) out-of-plane strain increases (decreases) the migration barrier of
Li ion vacancy by about 0.07 eV (0.06 eV) [52]. It should be noted that the results of
direct method and EDM in our studies for LiCoO, [52, 53] are in fair agreement.
Here, we investigate the possibility of applying EDM for predicting Li defect for-
mation energy and migration barrier in AI-LLZO and LGPS solid electrolytes. A
comparison between EDM and the direct method (manually applying strain) is given.
Moreover, effect of doping-induced strain on the migration barrier of Li* ions is calcu-

lated and compared to the predicted values from EDM and direct methods.

2. Computational Details

Density functional theory (DFT) calculations and AIMD simulations were per-
formed using the Vienna ab initio simulation package (VASP) [54, 55] with the projec-
tor augmented-wave pseudopotential approach [56, 57]. The PBE exchange-correlation
functional [58] was applied to compute the total energies, stresses, migration barriers
(using climbing nudged elastic band (CI-NEB) with 8 images), and diffusion coeffi-
cients (AIMD). The convergence criteria for electronic self-consistency and geometry
steps were 107 eV and 107* eV/A, respectively. All the DFT calculations were spin-
polarized. A plane wave cutoff energy of 500 eV was used for all DFT and AIMD cal-
culations. Sampling of the Brillouin zone was performed using the following k-point
meshes: 1) DFT: 2x2x2 for c-, Al-, and Ta-LLZO, 3x2x2 for LGPS; ii) AIMD: 1x1x1
for c-, Al-, and Ta-LLZO, 3x2x2 for LGPS. The lattice parameters of the optimized
structures (see Fig. 1) are listed in Tab. 1.

The AIMD calculations were performed in the NVT ensembles from 800 K to 1600

K (interval of 200 K) for 40-50 ps with a time step of 1 fs. The mean squared displace-



ment (MSD) was calculated form AIMD simulations using the following equation
1
MSD(7) = — > Iri(r + 1) = ri (1), ey

Here, Ny is the total number of mobile Li ions. r;(¢) is the position of the i ™ 1i ion at
time ¢, while 7 is an interval of time taken by the ion to walk from r;(¢) to r;(t + ). The

diffusion coeflicients were then calculated using

DLi = lim MSD(T), (2)

T—00 dar

where d is the dimensionality of diffusion (i.e. equal to 3 for LGPS and LLZO struc-
tures). The diffusion energy barrier was obtained from the slope of Ln(D) plot versus
the inverse of kgT.

The Li-ionic conductivity was then determined by

212
q°F
oL = RT niDyi, 3)

where ¢, F,R, and T are charge of the carrier, Faraday constant, gas constant, and
temperature, respectively. ny; is the volumetric concentration of charge carriers (Li
ions) in the solid electrolyte.

The atomic structures and AIMD trajectories were visualized using VESTA [59]
and OVITO [60] programs, respectively. The MSD calculations were performed using
the python interface in OVITO.

3. RESULTS AND DISCUSSION
Defect formation energies of most probable point defects have to be first calculated

to explore the thermodynamics of defects in AI-LLZO and LGPS. We have recently

Table 1: Optimized lattice parameters (using DFT-PBE) of 1x1x1 unit cells of ¢-LLZO, Al-LLZO, Ta-
LLZO, and LGPS in A. The atomic structures of Al-LLZO and LGPS are illustrated in Fig. 1

Structure | ¢-LLZO | AI-LLZO | Ta-LLZO | LGPS
a 12.932 12.986 12.940 8.851
b 13.056 13.022 13.068 8.719
c 13.087 13.022 13.030 12.809
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Figure 1: Atomic structures of AI-LLZO (left) and LGPS (right). As an example, in each structure, one
Li-contained tetrahedral containing a bottleneck area for Li diffusion is shown in green. Li, Al, Zr, La, O,
and S are indicated with magenta, blue, gold, green, red and yellow, respectively. At this view, Ge ions in
LGPS are not visible.

reported the formation energies of a variety of possible defect types in unstrained Al-
LLZO [14]. It was shown that a Li Frenkel pair is the dominant type of defect in this
system. In this work, we calculated the formation energies of all possible point defects
in an unstrained bulk LGPS using the following equation (same approach used in Ref.

[14]):

AES = ES — ED + it + g(€r + evpm) + AEcor 4)

tot

i=Li, Ge, P, S,

where E4 and EP

e 1t are the total energies of defective and pristine structures, respec-

tively. n;, €r, and AE.,, are, respectively, the number of defects (+ for vacancy and —
for interstitial defects) in the supercell, Fermi level (referenced to the bulk valence-band
maximum (VBM) energy (eygm), and alignment of electrostatic potentials of defective
and pristine supercells as well as the correction of finite-cell size effect. u;(= ,u? + Auy)
is the chemical potential of defects referenced to the ground state chemical potential
,u?, which is equal to the total energy per atom of the reservoirs, i.e. Li, Ge, and P bulks
as well as molecular Sg. Ay; is considered to be within the range of possible chemi-
cal potentials where LGPS is thermodynamically stable, which was extracted from the
DFT study by Oh er al. [16]. Our defect formation energy results, in agreement with
the theoretical study of Oh et al. [16], show that interstitial and vacant charged Li ions

are of favorable defect types in LGPS under the charge neutrality condition.



Calculated values of Li defect formation energies as function of Ayy; for AI-LLZO
(see the computational details in ref. [14]) and LGPS are illustrated in Fig. 2. For
the Al-LLZO system with a large band gap (BG) of 5.8 eV [14], the values of AEy for
the entire range of possible Ayy; do not vary with Auy;. As explained in ref. [14], the
reason for this behavior is that the Fermi energy changes linearly with Auy; with a slope
of 1. Therefore, the n;Auy; + g;er term in Eq. 4 becomes a constant value since g; = —n;
for a Li defect with a charge state of +1 and a dilute concentration of n; = ¥1 in a large
supercell. However, for the LGPS system with a small BG of 2.9 eV [16], the values
of AE4 are constant only for a narrow range of —2.27 < Aup; < —2.22. Our calculated
values of AE4 for V[, and Li;:i in LGPS at Aup; = —2.27eV are +0.22 and +0.27 eV,
respectively. These values are in fair agreement with the value of +0.19 eV for V[ and
+0.24 eV for Li]; reported by Oh et al. [16] at a Fermi level of 1.51 eV. Based on our
results, the formation energies of Vi; and Liﬁi are much lower in AI-LLZO [14] than
those in LGPS.

To calculate the effect of external strain on the formation energy of Li defects
and migration barrier of Li ions, we used the direct approach and EDM. In the for-
mer method, we applied compressive and tensile strains (up to +2%) to the supercells

directly and calculated the formation energies and migration barriers. Within EDM,

Al-LLZO LGPS
010 o0s

—Vu —V

008 —e—Lj* ——i,

0.06

=0
004
02—
002

0.00 00
25 20 -5 0 05 22 21

AE}(eV)

20 -1.9
M, (eV)

£ (eV)

G0 05 00 22 21 20 -1

S0 s
(V) A (V)

ﬂ!;:‘
Figure 2: Formation energies of charged Li vacancy (Vi,) and interstitial Li (Li},) as a function of the Li
chemical potential in AI-LLZO (left) and LGPS (right). Fermi energy as a function of Li chemical potential
in AI-LLZO and LGPS is plotted for each case. The charge-neutrality condition is preserved by considering
all possible defect types, but here, AE;? only for Li defects are presented. AE;? and er values for Al-LLZO
are from ref. [14]



energy of a system with a defect density of ng = Ng/V under a strain field of ¢; is

expanded by

OE 1 0’E
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In Eq. 5, the first term is the total energy of the pristine strain-free structure. The
second term is zero since we assume that the defect-free system is fully relaxed and is
stress-free. In the third term we have elastic constants of the material which is assumed
to remain unchanged after creating a defect in the structure. This is justified by the fact
that ny is very small. The forth term contains the defect formation energy. The fifth
term contains the so-called elastic dipole tensor (G;;) which is defined as the negative

derivative of the defect formation energy E4 with respect to strain [52, 46, 47]

_0E4

Gij= ——=.
J 66,‘_]'

(6)

The formation energy of a defect as function of an external strain can then be esti-

mated by
AES (&) = AEGH = 3" Gijery (7)
ij
where AE;’fO) is the defect formation energy in the unstrained system.

Therefore, elastic dipole tensor can couple the formation energy of point defects to
the external strain. For instance, applying a tensile strain reduces the formation energy

of a defect with a positive relaxation volume and vice versa. To evaluate G;; in terms



of stress, we write the defect-induced stress in the system as

4 _ OE(ng, €))

g.. =
g (?e,-j

_ _ 0
= Z Cijuen —naGij = 0;; — naGij. ®)
]

In this equation, 0';‘} and (f?j are the stresses of the defective and pristine systems,
respectively. The elastic dipole tensor can then be calculated using the following equa-
tion by considering that the ionic positions can be relaxed but the lattice parameters are

fixed
- o)) = =VoAoy; ©)

where V) is the volume of supercell with a single defect.

The migration barrier is computed by subtraction of energy of system at initial state
(IS) from that at transition state (TS):
AEy(ey) = E™(e; = 0) - E(e;; = 0) - > GIYey; (10)
ij
where E™(e;; = 0) and EBS(g; = 0) are the total energy of TS and IS in the un-

strained material. GiTjS is the elastic dipole tensor at TS with respect to IS. The atomic

A (eV)

AE (eV)

isotropic strain & (%) isotropic strain & (%)

Figure 3: Formation energies of charged Li vacancy (V[;) and interstitial Li (Li};) in AI-LLZO and LGPS
as function of isotropic strain calculated using the direct approach and EDM. The values are referenced to
AE[= +0.042 eV and +0.051 eV for Vi, and Li7; in AI-LLZO, respectively, AE;’= +0.22 eV and +0.27

eV for V] and Lij; in LGPS, respectively.

Table 2: Li-defect-induced variation of volume with respect to the pristine AI-LLZO and LGPS structures.
Positive and negative signs indicate expansion and contraction, respectively.

Defective structure | Change in the volume AV (in %)
Vi, (AI-LLZO) +0.56
Li7. (AI-LLZO) -0.54
Vi, (LGPS) +5.35
Li7. (LGPS) —4.17
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Figure 4: Calculated variations of the migration-barrier (left and middle) and conductivity (right) with
isotropic strain in Al-LLZO and LGPS. In the left figure, the results from the direct method (AIMD sim-
ulation) and EDM (only for one diffusion channel) are plotted. In the middle figure, the results from the
direct method (NEB calculations) and EDM for one diffusion channel (along the c-axis) as well as the direct
method (AIMD simulation) for LGPS are presented. In the right figure, the diffusion coefficients that are
needed to calculate Li ionic conductivities are obtained from the AIMD simulations.

coordinates of the TS which are needed to calculate GI.TJ.S are obtained from the NEB

calculation of the unstrained case.

The calculated formation energies of V1, and Li;"; in AI-LLZO and LGPS as func-
tion of strain are illustrated in Fig. 3. The calculated values of AEy within EDM (using
Eq. 7) are in fair agreement with those of the direct method. In all four cases, the
deviation between the direct and EDM results becomes greater for larger strains since

it approaches towards the non-elastic regime. For both electrolyte materials, a tensile

Table 3: Calculated average migration barriers (in eV) and conductivity (in S.em™!) in pure c-LLZO, Al-
doped LLZO, Ta-doped LLZO, and LGPS using AIMD simulations corresponding to Figs. 5 and 6.

System ‘ AEy(e = 0) ‘ o at RT

c-LLZO 0.30 4.6x107°
Al-LLZO 0.37 5.6x1077
Ta-LLZO 0.20 6.7x107>

LGPS 0.23 1.5x107*
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Figure 5: Integrated Li ion trajectories for (a) c-LLZO, (b) Al-LLZO, (c) Ta-LLZO and (e, f) pristine LGPS
at 1200 K. Li ions and their pathways are in magenta color. Al and Ta dopants are indicated with blue and
yellow colors, respectively.

strain leads to a decrease in AEq of V[ ;. This is due the fact that the formation of V[,
tends to expand the lattice parameters (see Tab. 2). However, formation of Li; tends
to shrink the lattice parameters (see Tab. 2), and, for this reason, a compressive strain
leads to a decrease in the formation energy of Li/,. Effect of strain on formation energy
of Li defects is found to be larger in AI-LLZO than in LGPS. Percentage of the defect-
induced variation of volume is larger in LGPS than in AI-LLZO (see Tab. 2) since the

defect-free lattice parameters of the former case are shorter (see Tab. I).

To study the effect of strain on migration barrier, we first started with LGPS since
the degree of atomic displacements and disordering upon Li transport is smaller in this
system than in AlI-LLZO. Considering Li migration along the c-axis direction (see Fig.
5(d)), we calculated diffusion barrier using DFT-CI-NEB for different lattice parameter
values (i.e. compressive and tensile strains between —2% and +2%). Fig. 4 shows that
the migration barrier AE}(€) increases only slightly (less than 5 meV) by compressive
strains. However, AEy(€) decreases more significantly with tensile strains. Neverthe-
less, the change in the barrier is very small, i.e. less than 22 meV for strain values
between —2% and +2%. Although both the EDM and direct method show that AEy
increases (decreases) with compressive (tensile) strain, the values calculated using the
former method are not quantitatively in agreement with those computed using the lat-
ter one. Therefore, EDM can not accurately describe the effect of strain in complex
electrolyte systems. However, as we will discuss later, EDM can help us to understand
the trend in variation of migration barrier as function of strain.

We continued our study with applying AIMD simulations to estimate the average
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Figure 6: Arrhenius plots of diffusion coefficients in pure c-LLZO, Al-doped LLZO, Ta-doped LLZO, and
LGPS. Calculated Li migration barrier and diffusion coefficient for room temperature at each case is shown.

diffusion barrier as function of strain for AlI-LLZO and LGPS systems. The integrated
Li trajectories in Al-LLZO and LGPS are illustrated in Fig. 5(a)-(e). It can be seen
from the trajectories that the diffusion pathways in AI-LLZO and LGPS are in 3D. In
LGPS, although the migration barrier along the c-axis is lower (ultra-fast) compared
to the ab-plane (fast), lots of Li jumps can be seen in the ab-plane which shows its
contribution to the whole diffusion process. This finding has also been reported in
previous studies [41, 42, 18, 43]. Besides Al-LLZO, we performed AIMD simula-
tion for pristine and Ta-doped c-LLZO. These calculations can help us to investigate
effect of doping-induced lattice size change on Li migration barrier in c-LLZO. Fig-
ure 5-b clearly shows depletion of Li ions close to the Al cations. However, in the
case of Ta-LLZO, we observe larger Li migration even compared to c-LLZO. Thus,
the (averaged) diffusion barriers are calculated to be as the following order (Table 3):
AEw(Ta — LLZO) < AEy(c — LLZO) < AE,(Al — LLZO).

The calculated values of AE}, as function of strain (Fig. 4) show that a compressive

Table 4: Average area as well as variation in area of bottleneck of Li diffusion pathway. Positive and negative
signs indicate expansion and contraction, respectively. The bottleneck area in AI-LLZO and LGPS are
referred to the one triangle of O or S tetrahedrals, respectively.

System Strain

Al-LLZO 2% | 0% | +2%
Absolute values (in A?) | 4.16 | 433 | 4.51
Change in values (in %) | —4.01 0 +3.99
System Strain

Pristine LGPS 2% | 0% 2%
Absolute values (in A?) | 6.29 | 6.56 | 6.84
Change in values (in %) | —4.06 0 +4.15
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strain lowers the migration barrier in Al-LLZO, while it enhances it in LGPS. A similar
behavior to what we found in LGPS [45, 44] has been also reported for ion migration
in many other ionic crystals such as LiCoO,, UO,, SrTiOs, and several perovskite-
structured oxygen conductors [52, 48, 61, 62, 63, 64]. A compressive strain leads to
narrowing of bottleneck width of Li diffusion (see Tab. 4) and increasing of diffusion
barrier in LGPS. Although a compressive strain also reduces the width of bottleneck
of Li migration in Al-LLZO (see Tab. 4), but it does not suppress Li diffusion as it has
been also reported by Zhang et al. [39].

Based on EDM results, this behavior is due to the tendency of lattice size and Li—O
bond lengths to contract at TS (at the bottleneck). This can be seen in Tab. 5 showing
large compressive stresses in two directions. However, in the case of LGPS, the lattice
sizes and Li—S tend to expand, which, as can be seen in Tab. 5, tensile stresses arise in
three direction at TS of Li migration in LGPS.

Regarding the effect of doping on Li transport in c-LLZO, we find that two param-
eters control the averaged migration barrier: i) site preference for dopant (local effect)
and ii) lattice parameter change (global effect). Occupation of Li sites by cation dopant
suppresses Li migration significantly since Li ions are repelled by the large positive
charge on the dopant. For this reason, in spite of volume contraction of 0.27% and
more 4 Li vacant sites per unitcell, the average migration barrier in Al-LLZO is 0.07
eV higher than that in ¢c-LLZO, which is due to the blocking of Li pathway by Al
cations that are located in Li sites. The contraction of unitcell of AI-LLZO can be
understood by comparing the ionic radius of AI** (0.67 A) compared to Li* (0.90 A).
However, if the dopant occupies the other site types, the global effect plays a key role in
determining of the migration barrier. The example is Ta dopant which occupies Zr site.

Assuming the effect of strain on bottleneck width and migration barrier in c-LLZO to

Table 5: Arising isotropic stresses at the transition state point for one migration pathway in AlI-LLZO and
LGPS. Negative and positive values indicate compressive and tensile stresses, respectively. All values are in
kBar.
System | Py | Py | P
AI-LLZO | -1.17 | -1.36 | +0.86
LGPS +0.50 | +0.25 | +0.41
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Table 6: Volume change (in percent) upon doping of c-LLZO with Al and Ta. The reference volume is
¢c-LLZO. Positive and negative signs indicate expansion and contraction, respectively.

dopant | AI-LLZO | Ta-LLZO
AV (in%) | -027 | -022

be similar to that in AI-LLZO, we estimated the effect of Ta-doping on the Li migration
barrier in c-LLZO as follows. Tab. 6 indicates that a Ta-doping of 12.5% (with respect
to total 16 Zr ions in the conventional unit cell of ¢c-LLZO in Fig.1) in c-LLZO shrinks
the volume by 0.22%, which is about an isotropic strain of —0.6%. In spite of forma-
tion of 2 Vii, the unitcell volume of Ta-LLZO is smaller than that of c-LLZO, which is
due to the small size of Ta>* (0.78 A) compared to Zr* (0.86 A). Figure 4 shows that a
compressive strain of —1% decreases the migration barrier in AI-LLZO (or c-LLZO) by
0.1 eV. Calculated migration barrier for Ta-LLZO in Fig. 6 is 0.2 eV which is also 0.1
eV lower than that for strain-free c-LLZO. The dopant-induced (isotropic) compressive
strain in Ta-LLZO is 0.4% smaller than the compressive strain of —1% that has been
considered to compute AE}, in Fig. 4. However, calculated AEy, in Ta-LLZO is similar
to that in AI-LLZO with a —1% strain. The further decrease in the migration barrier
for Ta-LLZO, in spite of smaller compressive strain than —1%, can be due to the more
number of vacant Li sites in Ta-LLZO compared to c-LLZO.

Calculated variation of ionic conductivity (o ;) with strain (Fig. 4) shows that a
compressive strain of —2% can enhance o; by 1 order of magnitude in LLZO. How-
ever, a tensile strain of 2% can reduce o; by a factor of about 0.5. Nevertheless, a
tensile strain of 2% can enhance o; of LGPS by a factor of 5, while a compressive

strain of —2% reduces o ; by 2 orders of magnitude.

4. CONCLUSION

In this article, we have studied the effect of strain on formation energy of Li de-
fects as well as migration barrier of Li ions in complex solid electrolyte materials such
as Al-LLZO and and LGPS. In particular, we investigated whether a computationally
efficient approach, the elastic dipole method EDM, can be applied to predict impact

of strain on the aforementioned quantities. It was found that this method can predict

15



the strain dependency of formation energy of charged interstitial Li (Lif,) and Li va-
cancy (V{;) in AI-LLZO and LGPS with a reasonable accuracy. In both systems, a
compressive strain makes formation of Liii more favorable, while VLi less favorable.
Furthermore, we found that EDM can not quantitatively predict the impact of an ex-
ternal strain on Li migration barrier. Nevertheless, it can qualitatively predict whether
the barrier would decrease or increase by applying a strain field. Our further AIMD
simulation shows that the effect of strain on Li migration in LGPS is similar to simple
ionic crystals such as LCO where a compressive strain increase the energy barrier due
to the contraction of the bottleneck width of Li diffusion. However, in agreement with a
recent experimental report, we found that a compressive strain decreases the bottleneck
width but it lowers the migration barrier in AI-LLZO. Our further calculations indicate
that we can predict effect of doping on Li migration barrier in solid electrolytes if we
have a plot of migration barrier as a function of strain. For example, when a Zr cation
is replaced by Ta dopant, the lattice parameter of c-LLZO contracts. This global effect
of Ta-doping contracts the bottleneck width of Li migration leading to the decrease in
the migration barrier in c-LLZO. However, for the case of AlI-LLZO, where Al ions sit
at Li sites, the local effect of Li blocking plays the key role in Li transport resulting
in increase in the migration barrier in c-LLZO. Finally, we showed that the impact of
strain on the value of Li ionic conductivity of solid electrolyte materials can be as large

as 2 orders of magnitude.
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