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Lithium-rich garnets such as Li7La3Zr2O12 (LLZO) are promising solid electrolytes with
potential application in all–solid-state batteries that use lithium-metal anodes. The practical use
of garnet electrolytes, however, is limited by pervasive lithium-dendrite growth, which leads to
short-circuiting and cell failure. One possible mechanism for this lithium-dendrite growth is the
direct reduction of lithium ions to lithium metal within the electrolyte, and lithium garnets have
suggested to be particularly susceptible to this dendrite-growth mechanism due to high electronic
conductivities relative to other solid electrolytes [Han et al. Nature Ener. 4 187, 2019]. The
electronic conductivities of LLZO and other lithium-garnet solid electrolytes, however, are not
yet well characterised. Here, we present a general scheme for calculating the intrinsic electronic
conductivity of a nominally-insulating material under variable synthesis conditions from first
principles, and apply this to the prototypical lithium-garnet LLZO. Our model predicts that
under typical battery operating conditions, electron and hole mobilities are low (<1 cm2 V−1 s−1),
and bulk electron and hole carrier-concentrations are negligible, irrespective of initial synthesis
conditions or dopant levels. These results suggest that the bulk electronic conductivity of LLZO
is not sufficiently high to cause bulk lithium-dendrite growth during cell operation, and that any
non-negligible electronic conductivity in lithium garnet samples is likely due to extended defects or
surface contributions.

INTRODUCTION

All–solid-state batteries that combine a solid elec-
trolyte with a lithium-metal anode offer the potential for
significantly increased energy densities compared to con-
ventional lithium-ion batteries [1]. The development of
practical solid-state batteries requires reliable solid-state
electrolytes with optimised material properties [2]. The
principal requirement for a practical solid-electrolyte is
fast ion-conduction. As a consequence, significant re-
search effort has been expended on developing an un-
derstanding of the physical principles that govern fast-
ion transport [3–8] and on the discovery of new highly-
conducting solid electrolytes [9–12]. Other material prop-
erties are also desirable for the practical use of a solid
electrolyte, including good electrochemical stability over
a wide voltage operating range [13], sufficient mechan-
ical strength to impede dendrite propagation [14], and
low interfacial and grain boundary resistivities [2, 15].
The development of practical solid electrolytes for use in
all–solid-state batteries therefore requires a clear under-
standing of a broad range of relevant material properties
in candidate materials, and how these properties may be

controlled by tuning synthesis conditions or through tar-
geted chemical modification [16–18].

One key property that can affect solid electrolyte per-
formance is electronic conductivity. An ideal solid elec-
trolyte should have minimal electronic conductivity to
avoid gradual self-discharge [19, 20]. Non-negligible elec-
tronic conductivities have also been suggested as a pos-
sible contributing factor in lithium dendrite growth pro-
cesses wherein mobile Li+ is directly reduced to metallic
Li0 within the solid-electrolyte bulk [21–23] [24]. Re-
cent work by Han et al. has shown that this “bulk”
dendrite growth is more prevalent in solid electrolytes
with high electronic conductivities [23], leading to the
suggestion that electronic conductivity is a critical pa-
rameter that determines the degree to which a given
solid electrolyte is susceptible to this dendrite nucle-
ation and growth process. On this basis, Han et al.
have proposed empirical upper limit thresholds for to-
tal electronic conductivity for a solid electrolyte to re-
sist dendrite growth via this bulk nucleation mechanism
of 10−10 S cm−1 and 10−12 S cm−1 at current densities of
1 mA cm−2 and 10 mA cm−2, respectively [23].

Despite the potential impact of non-zero electronic
conductivities on the practical use of solid electrolytes
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in all–solid-state batteries—particularly in cells that
use lithium-metal anodes—a detailed characterisation of
solid electrolyte electronic conductivities, and their de-
pendence on factors such as synthesis conditions and
sample stoichiometry, is lacking for many materials. Ex-
perimental measurements of electronic conductivities are
usually performed on polycrystalline otherwise morpho-
logically complex samples, and non-negligible electronic
conductivity values are typically attributed to contribu-
tions from grain boundaries or surfaces [22, 25], with
any residual bulk contributions considered to be negli-
gible. While it may be the case that for many solid elec-
trolytes their macroscopic electronic conductivities are
dominated by “extrinsic” contributions, i.e., those arising
from to surfaces and grain boundaries, it is still useful to
characterise the “intrinsic” bulk electronic conductivities
of solid electrolytes. As one example, if the bulk elec-
tronic conductivity is small with respect to surface and
grain boundary contributions then this bulk value pro-
vides a lower limit to the net macroscopic electronic con-
ductivity that might be obtained even under “optimal”
morphological control (e.g., through sintering or surface
treatment). Solid electrolytes with bulk electronic con-
ductivities that are higher than the threshold values pro-
posed by Hen et al. therefore may be fundamentally in-
compatible with lithium metal anodes because they are
inherently susceptible to internal dendrite nucleation, ir-
respective of any subsequent processing [26].

The direct experimental measurement of solid elec-
trolyte bulk electronic conductivities can be technically
challenging, and has been reported for only a few cases
[20]. Bulk electronic conductivities, alternatively, can
be calculated entirely from first principles using schemes
based on electronic structure methods. These computa-
tional models are defined in terms of relevant thermo-
dynamic conditions, i.e., elemental chemical potentials
and temperature, and net stoichiometry. First-principles
models can therefore be used to map how bulk electronic
conductivities vary as a function of experimental vari-
ables, such as synthesis conditions or deliberate extrinsic
doping, which in turn can give insight into how exper-
imental synthesis protocols might be optimised to limit
the impact of residual bulk electronic conductivities on
overall electrolyte performance.

The electronic conductivity of a semiconductor, such
as a solid electrolyte, can be calculated from the prod-
ucts of the concentrations and mobilities of free electrons
and holes, which should be determined under relevant
operating conditions [27]. First principles models for cal-
culating carrier concentrations in semiconductors under
thermodynamic equilibrium are well established [28, 29],
and have previously been applied to a range of battery
materials [26, 30–34]. Electronic carrier mobilities for
semiconductors can also be calculated from first princi-
ples; either using highly accurate but computationally
costly density functional perturbation theory methods

[35–37] or more generally tractable schemes that intro-
duce some level of approximation while remaining fully
first-principles [38, 39]. These latter methods, when com-
bined with standard methods for calculating carrier con-
centrations, make it practical to calculate electronic con-
ductivities of even nominally-insulating semiconductors,
such as solid electrolytes, entirely from first principles.

Here, we give a detailed description of one such com-
putational workflow for a fully–first-principles calculation
of the bulk electronic conductivity of a solid electrolyte,
and demonstrate its use to calculate the electronic con-
ductivity of the prototypical lithium garnet solid elec-
trolyte tetragonal-Li7La3Zr2O12 (LLZO), as a function
of synthesis conditions (via the component chemical po-
tentials) and aliovalent (supervalent) doping. We find
that electrons and holes in LLZO have low mobilities
(<1 cm2 V−1 s−1) and electronic carrier populations are
vanishingly small under standard operating conditions in
both undoped and doped samples. These factors sug-
gest that the bulk electronic conductivity of LLZO is
not sufficiently high to cause lithium-dendrite formation
during cell operation by direct reduction of lithium ions
to lithium metal within the bulk material. We there-
fore conclude that non-negligible electronic conductivi-
ties measured in experimental lithium garnet samples,
and any associated potential for dendrite nucleation and
growth, are likely due to contributions from extended de-
fects or surfaces, and that morphological control is there-
fore critical to limit lithium denrite growth due to elec-
tronic conductivity.

THEORY

The electronic conductivity, σ, of a semiconductor is
given by

σ = n0qµn + p0qµp, (1)

where n0 and p0 are the concentrations of free electrons
and holes respectively, q is the magnitude of charge of
each carrier species, and µn and µp are the electron and
hole mobilities. For wide-gap materials, such as solid
electrolytes, the thermal energy at room-temperature is
insufficient to generate free carriers by directly exciting
electrons from the valence band to the conduction band.
The presence of point defects, however, can produce free
charge carriers [40, 41]. Point defects exist even in nom-
inally stoichiometric samples, due to configurational en-
tropy, and can also be introduced by deliberate (or inad-
vertent) doping with extrinsic species [34, 42, 43]. Alio-
valent doping of solid electrolytes is a common synthesis
strategy to increase ionic conductivities through modu-
lation of the number of ionic charge carriers [44–46]. A
secondary effect of aliovalent doping, however, is to shift
the position of the Fermi energy within the band gap.
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Figure 1. Schematic showing the workflow used to calculate the electronic conductivity from first-principles inputs.

Moving the Fermi energy closer to either the conduction-
band or valence-band edges increases the number of ther-
mally generated electrons or holes, respectively. Under
select synthesis conditions and doping protocols, there-
fore, the Fermi energy can move close enough to either
the valence- or conduction-band edge that the popula-
tion of thermally generated electronic charge carriers is
sufficiently high to give a non-negligible electronic con-
ductivity.

Electron and hole carrier concentrations can be calcu-
lated as functions of the Fermi energy, EF, and the bulk
electronic density of states, g(E);

n0 =

∫ ∞
0

1

e(E−EF)/kBT + 1
g(E) dE, (2)

p0 =

∫ ∞
0

1− 1

e(E−EF)/kBT + 1
g(E) dE, (3)

where kB is the Boltzmann constant [47]. Point defect
concentrations are given by

[Xq] = NX
0 exp

(
∆EX,q

f [EF,∆µi]

kBT

)
, (4)

where NX
0 is the density of available sites for defect X,

∆EX,q
f is the formation energy of defect X in charge-

state q, which in turn depends on the Fermi energy, EF,
and ∆µi are the chemical potentials of any atomic species
added to or removed from the system when forming each
defect [27, 48]. Equations 2, 3, and 4 are coupled by a
common Fermi energy, which itself is constrained by the
requirement that the system is net charge-neutral—the
charge-density contributions from electrons, holes, and
any charged point-defects must sum to zero;

ρ(EF) =
∑
Xq

q[Xq] + p0 − n0 = 0. (5)

Calculating equilibrium carrier concentrations under spe-
cific synthesis conditions—which define the external

chemical potentials—consists of finding a self-consistent
solution to Equations 2, 3, and 4, subject to the charge-
neutrality constraint expressed in Equation 5 [27, 29].

The effect of extrinsic dopants can be accounted for
by including an additional term in Equation 5 [29, 34,
43]. For a dopant M with relative charge r and fixed
concentration [Mr], ρ becomes

ρ(EF, r[M
r]) =

∑
Xq

q[Xq] + p0 − n0 + r[Mr]. (6)

In the dilute-defect limit there is no direct interaction
between dopants and native defects, and the doping re-
sponse does not depend explicitly on the choice of dopant
species and insertion site but only on the product r[Mr].

The necessary inputs to solve Equations 2––6 are the
reference elemental chemical potentials, which are re-
stricted by the condition that the defect host material
must be thermodynamically stable with respect to likely
degradation products; the native defect formation en-
ergies; the dielectric tensor for the material, which is
used to correct for spurious implicit interactions between
defects and their periodic images during formation en-
ergy calculations [49]; and the electronic density of states
for the non-defective system. These parameters can all
be obtained using first-principles methods such as Den-
sity Functional Theory (DFT) [28, 50]. The mobili-
ties of the electron and hole charge carriers—µn and
µp, respectively—can be calculated using the Feynman
variational solution for Fröhlich’s polaron Hamiltonian
and integrating the polaron-response function to obtain
a mobility [51, 52]. This method for calculating polaron
mobilities assumes that charge-carrier mobilities are lim-
ited by scattering by optical phonon modes, which is the
dominant factor for heteropolar crystals [53]. Because
the approach used here to calculating carrier mobilities
considers only one scattering process and one source of
electron–phonon coupling, we obtain an upper limit value
for the carrier mobilities in a perfect crystal. The in-
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puts for this calculation are the dielectric constant of the
solid electrolyte, Born effective charges, a characteris-
tic phonon frequency and charge-carrier effective masses:
again, these are all calculable using first-principles meth-
ods [54].

We have used this theoretical framework, illustrated
schematically in Fig. 1, to calculate the bulk electronic
conductivity of LLZO. All calculations were performed
on the low-temperature tetragonal phase of LLZO, as
opposed to the high–ionic-conductivity high-temperature
cubic phase. A key component of our model is the ac-
curate calculation of self-consistent point-defect popula-
tions. The high-temperature cubic phase of LLZO has
highly mobile lithium ions and high intrinsic lithium dis-
order. This violates the assumptions used in the deriva-
tion of Eqn. 4, which is formally valid only for systems
with an ordered ground-state [34]. Rather than intro-
duce unquantified errors—by assuming Eqn. 4 holds for
an inherently disordered system—we instead consider the
low-temperature lithium-ordered LLZO phase and as-
sume that the structural similarity between the ordered
and disordered LLZO phases—excepting the degree of
lithium disorder—means our results provide at least an
order-of-magnitude estimate of the electronic conductiv-
ity in practical lithium-garnet solid electrolytes.

RESULTS

Carrier Mobilities. The electronic conductivity is
given by the products of carrier concentrations and car-
rier mobilities, summed over contributions from both
electron and hole carriers (Eqn. 1). For the carrier mo-
bilities, we are interested in these values under typical
cell operating conditions, which we take as 298 K. Our
model assumes that the carrier mobilities do not vary
with changes in synthesis conditions or doping levels.
The carrier mobilities therefore act as fixed scaling fac-
tors that can be used to convert carrier concentrations—
which do vary according to synthesis conditions and dop-
ing levels—into electronic conductivities.

To solve Fröhlich’s polaron model, we first determine
the electron and hole effective masses. Carrier pop-
ulations in wide-gap insulators such as LLZO are low
compared to conventional semiconductors, and we there-
fore calculate “curvature” effective-masses at the conduc-
tion band minimum (CBM) and valence band maximum
(VBM) [55]. The band-structure for t-LLZO is shown
in Fig. 2, and the resulting curvature effective masses
are given in Table I. The lowest effective mass found for
charge carriers in LLZO at the band edges is 2.35me

[56]. Using these data to calculate room-temperature
carrier mobilities yields a maximum value (considering
both electron and hole mobilities) of 0.2 cm2 V−1 s−1 [57]

Carrier Concentrations. The electron and hole car-
rier populations are given by Eqns. 2 and 3, which
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Figure 2. The electronic band structure of t-LLZO calculated
using HSE06, plotted along a high symmetry path in the Bril-
louin zone according to the Bradley and Cracknell notation
[58]. The coloured points mark the band edges used to calcu-
late the effective masses, with numeric labels indicating the
corresponding entry in Table I.

Carrier Direction m∗ No.
electron Γ −→ N 2.35 1
electron Γ −→ Z 2.41 2
hole N −→ P 2.39 3
hole N −→ Γ 21.44 4

Table I. Curvature effective masses, m∗, for holes and elec-
trons determined by a parabolic fit to LLZO band edges
[59], and the relevant crystallographic direction for transport.
Numbers indicate the corresponding features in the electronic
band structure (Fig. 2).

are solved self-consistently along with Eqn. 4 (which
describes point-defect concentrations) under the con-
straint of net charge-neutrality (Eqns. 5 or 6). This self-
consistent calculation requires specifying the thermody-
namic conditions, i.e. defining the temperature, which
appears in Eqns. 2 and 4; and the reference elemental
chemical potentials, which affect the defect formation en-
ergies (Eqn. 4). While our model treats the elemental
chemical potentials as free parameters, in our analysis
we restrict this chemical potential space to values that
are, in principle, experimentally accessible; we consider
only sets of chemical potentials for which LLZO is ther-
modynamically stable with respect to competing phases
[34, 60]. The predicted region of thermodynamic stabil-
ity of LLZO spans a range of values in four-dimensional
{∆µLi,∆µO,∆µLa,∆µZr} chemical-potential space that
can be broadly characterised along an O-rich/metal-
poor→O-poor/metal-rich axis. To further restrict this
region to values corresponding to typical synthesis con-
ditions, we relate the oxygen chemical potential to the
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synthesis pressure, P , and temperature, T , via

∆µO(T, P ) =
1

2

{
(T − T0) (7)

−T
[
S0 + Cp ln

T

T0
+ kB ln

P

P0

]}
,

using the experimental value for the oxygen standard
entropy, S0 = 205 J mol−1 K−1 [61]. Assuming oxy-
gen behaves as an ideal gas, we use Cp = (7/2) kB
for the constant-pressure specific–heat-capacity per di-
atomic molecule. This reproduces well experimentally
tabulated values of ∆µO(T, P ), with a maximum error of
∼15 meV at the higher end of the temperature range un-
der which LLZO is typically synthesised (1500 K) [62, 63].
The full thermodynamic-stability region of LLZO is lim-
ited by the additional constraints we place on the oxy-
gen chemical potential, corresponding to synthesis tem-
peratures of 1000 K to 1500 K, and oxygen partial pres-
sures of 1 atm to 1× 10−10 atm. The reduced syntheti-
cally accessible chemical potential volume is plotted in
the {∆µLi,∆µO} plane in Fig. 3.

While LLZO is typically synthesised at high tempera-
ture (up to 1500 K), we are ultimately interested in pre-
dicting the electronic conductivity at much lower temper-
atures corresponding to typical operating conditions—
approximately 298 K. We assume that host-framework
point-defects, i.e. those involving La, Zr, or O, formed
during synthesis are “frozen in” during subsequent cool-
ing to operating temperatures. The kinetic barriers
for the reorganization of such defects within the host-
framework are large, which prevents the system from
fully re-equilibrating at low temperatures on experimen-
tally relevant timescales [64]. Because LLZO is a fast-ion
solid electrolyte, with highly-mobile lithium interstitials
and vacancies, we do, however, expect VLi and Lii de-
fects to re-equilibrate during cooling. Electron and hole

populations are similarly expected to re-equilibrate on
experimentally-relevant timescales [33, 65].

To obtain electron and hole carrier concentrations un-
der operating conditions, as a function of initial synthe-
sis conditions, we therefore first calculate self-consistent
defect and charge-carrier concentrations for the relevant
range of elemental chemical potentials at a characteris-
tic synthesis temperature of 1500 K. We then fix the
concentrations of all defects, except for VLi and Lii, and
recompute pseudo-equilibrium defect and charge-carrier
populations at a range of lower temperatures to predict
how carrier concentrations change during sample cooling.
For this second calculation, we impose the constraint that
there is no lithium exchange with the surroundings dur-
ing cooling, i.e., the net lithium stoichiometry is set by
the high-temperature synthesis conditions.

To illustrate the effect of varying synthesis condi-
tions on the resulting carrier concentrations, we con-
sider six chemical potential “limits”, which correspond
to the vertices of the estimated synthetically-accessible
chemical-potential space (Fig. 3). These chemical-
potential limits can be considered as two groups depend-
ing on whether they can be broadly characterised as O-
rich/metal-poor or O-poor/metal-rich. Fig. 4 shows the
calculated pseudo-equilibrium electron and hole carrier-
concentrations as a function of the re-equilibration tem-
perature, for each of these limits. For each set of
synthesis conditions (elemental chemical potentials) we
present data for undoped LLZO, with only intrinsic de-
fects present, as well as for aliovalently-doped LLZO,
where we introduce a concentration of 0.15 per formula
unit of a generic supervalent dopant with relative charge
r = +2—this models the effect of supervalent dopants
such as a M3+ dopant occupying a lithium site, i.e. MLi

(see Equation 6) [63, 66, 67]. Defect transition level di-
agrams and respective self-consistently calculated Fermi
energies are plotted in Fig. S1.

Under O-rich/metal-poor conditions (Fig. 4; top pan-
els) we predict p-type conductivity, but this can become
slightly n-type when the system is cooled. In contrast,
under O-poor/metal-rich conditions (Fig. 4; bottom pan-
els), we predict strong n-type behaviour. The total num-
ber of charge carriers (summing both electrons and holes)
under O-rich/metal-poor conditions, however, is smaller
than under O-poor/metal-rich conditions. These low
carrier concentrations are associated with a “mid-gap”
Fermi energy: within the considered chemical potential
space, the minimum calculated Fermi energy is 2.67 eV,
and the maximum calculated Fermi energy is 3.78 eV; the
calculated band gap, aligned to the valence band maxi-
mum, ranges from 0 eV to 5.9 eV. Ultimately, we predict
low carrier concentrations under all synthesis conditions
and doping protocols.

Electronic Conductivities. The results above predict
that under all considered synthesis conditions, carrier
concentrations are relatively high at the initial synthesis



6

0 250 500 750 100012501500

C
ar

rie
r c

on
ce

nt
ra

tio
ns

 / 
cm

-3

0 250 500 750 100012501500 0 250 500 750 100012501500

0 250 500 750 100012501500

Pseudo-equilibration temperature / K

0 250 500 750 100012501500

Pseudo-equilibration temperature / K

0 250 500 750 100012501500

Pseudo-equilibration temperature / K

ΔμLi = -1.9 eV, ΔμLa = -5.7 eV
ΔμO = -1.1 eV, ΔμZr = -7.1 eV 

C
ar

rie
r c

on
ce

nt
ra

tio
ns

 / 
cm

-3

100

103

106

109

1012

1015

1018

100

103

106

109

1012

1015

1018

ΔμLi = -1.8 eV, ΔμLa = -5.7 eV
ΔμO = -1.2 eV, ΔμZr = -7.5 eV 

ΔμLi = -1.8 eV, ΔμLa = -5.6 eV
ΔμO = -1.3 eV, ΔμZr = -7.0 eV 

ΔμLi = -0.9 eV, ΔμLa = -2.9 eV
ΔμO = -3.1 eV, ΔμZr = -3.4 eV 

ΔμLi = -0.9 eV, ΔμLa = -2.7 eV
ΔμO = -3.2 eV, ΔμZr = -3.1 eV 

ΔμLi = -0.8 eV, ΔμLa = -2.7 eV
ΔμO = -3.2 eV, ΔμZr = -3.5 eV 

n0

p0

n0 (doped)
p0 (doped)

O-rich /
metal-poor

O-poor /
metal-rich
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temperature of 1500 K, but decrease by many orders of
magnitude as the temperature is reduced under pseudo-
equilibrium conditions. The significance of this decrease
in carrier concentrations can be seen more clearly by plot-
ting approximate electronic conductivities (via Eqn. 1)
by scaling these predicted carrier concentrations by the
previously calculated maximum room-temperature car-
rier mobility of 0.2 cm2 V−1 s−1. The resulting “room-
temperature” intrinsic (undoped) and extrinsic (doped)
electronic conductivities are plotted in Fig. 5 for both
O-rich/metal-poor and O-poor/metal-rich conditions, as
a function of the temperature at which the e−/h• and
VLi/Lii populations re-equilibrate. In both cases, the
high carrier concentrations for as-synthesised samples
(1500 K) correspond to room-temperature electronic con-
ductivities well in excess of the threshold values proposed
by Han et al. For these high bulk electronic conductivi-
ties to be observed under operating conditions, however,
would require that the electron and hole carrier popula-
tions do not re-equilibrate during, or after, sample cool-
ing. Re-equilibration of the electron and hole carrier pop-
ulations (and the lithium vacancy and interstitial popu-
lations), however, greatly reduces the carrier concentra-

tions (Fig. 4) and the corresponding room-temperature
electronic conductivities are predicted to be well below
the threshold values proposed for intrinsic bulk lithium-
dendrite growth.

SUMMARY AND DISCUSSION

Minimising the electronic conductivity of lithium solid
electrolytes is crucial to the effective operation of a
solid state battery. In recent years. non-negligible elec-
tronic conductivity has been linked to lithium-dendrite
growth in lithium solid electrolytes, leading to cell failure.
[21, 23]. This raises the question of whether the intrinsic
electronic conductivity of various solid state electrolytes
makes them fundamentally incompatible with a lithium
metal anode. Motivated by this proposal, and to pro-
vide an estimate of the room-temperature bulk electronic
conductivities of lithium-garnet solid electrolytes, we pre-
sented a general fully–first-principles scheme for calculat-
ing bulk electronic conductivities of wide-gap semicon-
ductors, and have applied this to calculate the electronic
conductivity of the lithium-conducting solid electrolyte
LLZO, as a function of synthesis conditions and doping
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protocol.

We find that electronic carriers have low mobilities
(<1 cm2 V−1 s−1) owing to large hole and electron ef-
fective masses and strong electron–phonon interactions.
While the electronic carrier populations predicted un-
der typical synthesis conditions (∼1500 K) are sufficiently
high that the corresponding room-temperature electronic
conductivities would be well in excess of the thresh-
old values proposed by Han et al., these electronic car-

rier populations decrease significantly under subsequent
sample cooling. At room-temperature, assuming full re-
equilibration of e−/h• carriers (and VLi/Lii defects), car-
rier concentrations are predicted to be negligible, giv-
ing room-temperature electronic conductivities that are
well below the threshold values of Han et al. This re-
sult is consistent with recent experimental data that gave
a much lower electronic conductivity for single-crystal
samples of LLZO than previously reported for poly-
crystalline samples [20]. We note, however, that in exper-
imental samples there may be additional contributions
to electronic conductivity from electronic charge carri-
ers that are thermally excited at high temperature (e.g.,
directly after synthesis) and then kinetically trapped
during cooling, to give non-equilibrium carrier popula-
tions with higher electronic conductivities than we pre-
dict here.

In the context of understanding the possible contribu-
tion of electronic conductivity to dendrite nucleation and
growth, one limitation of the present study is that it con-
siders only bulk properties. Real-world solid electrolytes
possess surfaces and (typically) grain boundary inter-
faces, which may contribute to net electronic conductivi-
ties or otherwise promote lithium-dendrite growth. Pre-
vious theoretical work has observed dramatic band-gap
reductions at LLZO surfaces (Ebulk

g = 5.46 eV, Esurface
g =

2.19 eV) [25] and a recent combined experimental and
theoretical study predicts similar narrowing at grain
boundaries (Ebulk

g = 6 eV, Egb
g = 1 eV to 3 eV)[68].

Such band-gap narrowing is expected to greatly increase
the number of free charge-carriers at thermal equilib-
rium, potentially giving high local electronic conductivi-
ties that may facilitate dendrite nucleation and growth.
Grain boundaries and surfaces may also exhibit non-bulk
defect populations. Local variations in defect standard
chemical potentials can drive defect segregation to (or
from) these regions, causing local shifts in the electro-
static potential (band bending) and increasing (or de-
creasing) local free carrier populations relative to the
bulk [69, 70]. Lithium nucleation has been observed at
grain boundaries in LLZO in recent experimental studies
[22, 68], which illustrates the likely critical role of sample
morphology on dendrite growth in lithium garnets, and
underscores the need for the development of new theo-
retical methods that can accurately model equilibrium
defect and free carrier populations at interfaces, such as
grain boundaries and surfaces.

COMPUTATIONAL METHODS AND DATA
ACCESS

We have used DFT data taken from our previous
study of the intrinsic defect chemistry of tetragonal
LLZO [34], which are available as Ref. 71. Scripts
used to generate Figs. 2–5 are available at Ref. 72,
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and the raw data is available at Ref. 73. This anal-
ysis relies on several open-source Python packages, in-
cluding Pymatgen [74], matplotlib [75], pandas [76],
numpy [77], scipy [78] Phonopy-Spectroscopy [79]
vasppy [80, 81], tqdm [82], effmass [59], and the Ju-
lia package PolaronMobility.jl.[38] The code used to
model defect and carrier concentrations is available at
Ref. [83] a Python implementation of the Fortran code
SC-Fermi.[29]

All DFT data used in this study have been computed
using the plane-wave DFT code VASP [84–86]. Inter-
actions between core and valence electrons are described
using pseudopotentials within the projector-augmented
wave (PAW) method [87]. Unless otherwise noted, all cal-
culations used the hybrid-DFT functional HSE06 [88, 89]
and utilised a plane wave energy cutoff of 520 eV; opti-
mised lattice parameters were obtained by performing a
series of constant-volume geometry optimisation calcula-
tions, and fitting the resulting energy–volume data to the
Murnaghan equation of state [90]. k-point sampling was
selected to ensure energies converged to <1 meV/atom:
all LLZO calculations used a 2×2×2 Monkhorst-Pack
k-point mesh. k-point sampling for competing phases
and elemental reference calculations is described in the
supporting dataset.[73]

The high-frequency dielectric function was calculated
using the method of Gajdoš et al. [91], while the ionic
response was calculated using Density Functional Pertur-
bation Theory using the PBEsol GGA functional [92].
Effective masses are calculated from fitting to the LLZO
band structure, calculated non–self-consistently using the
charge density data computed during a single-point elec-
tronic structure calculation following geometry optimisa-
tion.

We use the supercell approach for calculating defect
formation energies [28, 50]. The defects considered in our
study are: lithium vacancies and interstitials, VLi and Lii;
oxygen vacancies and interstitials, VO and Oi; holes on
framework oxygen OO, lanthanum and zirconium vacan-
cies, VLa and VZr; zirconium interstitials, Zri; and cation
anti-sites LaZr, ZroctLi , ZrtetLi , ZrLa, LiLa, LaoctLi and LiZr –
a superscript oct or tet denotes a defect located at an
octahedral or tetrahedral Li site, respectively. Structural
relaxations for all defects were calculated with cell pa-
rameters fixed to the optimised values for stoichiometric
LLZO. Electrostatic potentials of the bulk and defective
calculations were aligned via the difference in spatially
averaged electrostatic potentials in the two simulation
cells. For this study, we have used the image charge
correction scheme of Lany and Zunger [49], adapted for
anisotropic systems by Murphy and Hine [93].
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lat, Y. Feng, E. W. Moore, J. VanderPlas, D. Laxalde,
J. Perktold, R. Cimrman, I. Henriksen, E. A. Quintero,
C. R. Harris, A. M. Archibald, A. H. Ribeiro, F. Pe-
dregosa, and P. van Mulbregt, SciPy 1.0: fundamental
algorithms for scientific computing in Python, Nature
Meth. 17, 261 (2020).

[79] J. M. Skelton, L. A. Burton, A. J. Jackson, F. Oba, S. C.
Parker, and A. Walsh, Lattice dynamics of the tin sul-
phides SnS2, SnS and Sn2S3: vibrational spectra and
thermal transport, Phys. Chem. Chem. Phys. 19, 12452
(2017).

[80] B. J. Morgan, vasppy (2019).
[81] B. J. Morgan, vasppy: A python suite for ma-

nipulating VASP input and output, (2018),
https://github.com/bjmorgan/vasppy.

[82] C. O. da Costa-Luis, tqdm: A fast, extensible progress
meter for Python and CLI, J. Open Source Soft. 4, 1277

https://doi.org/10.1021/acsenergylett.9b02537
https://doi.org/10.1103/PhysRevLett.67.2339
https://doi.org/10.1103/PhysRevLett.67.2339
https://doi.org/10.1103/PhysRevB.78.235104
https://doi.org/10.1088/2515-7655/aba081
https://doi.org/10.1088/2515-7655/aba081
https://doi.org/10.1103/PhysRevB.60.299
https://doi.org/10.1103/PhysRev.97.660
https://doi.org/10.1103/PhysRev.97.660
https://doi.org/10.1007/978-3-642-00710-1
https://doi.org/10.1007/978-3-642-00710-1
https://doi.org/10.1021/acs.jpclett.9b03398
https://doi.org/10.1021/acs.jpclett.9b03398
https://doi.org/10.1103/PhysRevB.99.085207
https://doi.org/10.21105/joss.00797
https://doi.org/10.21105/joss.00797
https://doi.org/10.1021/acs.chemmater.8b00649
http://www.amazon.com/CRC-Handbook-Chemistry-Physics-88th/dp/0849304881/ref=sr_1_5?ie=UTF8&qid=1302802093&sr=8-5
http://www.amazon.com/CRC-Handbook-Chemistry-Physics-88th/dp/0849304881/ref=sr_1_5?ie=UTF8&qid=1302802093&sr=8-5
https://doi.org/10.1146/annurev.matsci.35.101503.091652
https://doi.org/10.1039/C4CS00020J
https://doi.org/10.1063/1.371541
https://doi.org/10.1039/b300139n
https://doi.org/10.1039/b300139n
https://doi.org/https://doi.org/10.1016/j.ssi.2019.04.021
https://doi.org/https://doi.org/10.1016/j.ssi.2019.04.021
https://doi.org/10.1039/C8TA08366E
https://doi.org/10.1039/C8TA08366E
https://doi.org/10.1038/s41563-021-01019-x
https://arxiv.org/abs/2104.00623
https://doi.org/10.1038/s43588-021-00041-y
https://researchdata.bath.ac.uk/691/
https://researchdata.bath.ac.uk/691/
https://researchdata.bath.ac.uk/691/
github.com/alexsquires/llzo_elect_conductivity
github.com/alexsquires/llzo_elect_conductivity
https://doi.org/https://doi.org/10.1016/j.commatsci.2012.10.028
https://doi.org/10.1109/MCSE.2007.55
https://doi.org/10.1109/MCSE.2011.37
https://doi.org/10.1038/s41592-019-0686-2
https://doi.org/10.1038/s41592-019-0686-2
https://doi.org/10.1039/C7CP01680H
https://doi.org/10.1039/C7CP01680H
https://doi.org/10.5281/zenodo.2667551
https://github.com/bjmorgan/vasppy
https://doi.org/10.21105/joss.01277


11

(2019).
[83] B. J. Morgan, A. G. Squires, py-sc-fermi, https://

github.com/bjmorgan/py-sc-fermi.
[84] G. Kresse and J. Hafner, Ab initio molecular dynamics

for liquid metals, Phys. Rev. B 47, 558 (1993).
[85] G. Kresse and J. Hafner, Ab initio molecular-dynamics

simulation of the liquid-metal–amorphous-semiconductor
transition in germanium, Phys. Rev. B 49, 14251 (1994).

[86] G. Kresse and J. Furthmüller, Efficient iterative schemes
for ab initio total-energy calculations using a plane-wave
basis set, Phys. Rev. B 54, 11169 (1996).
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