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nd lithium-ion diffusion pathway
of cubic Li7La3Zr2O12 studied by total scattering
and the Reverse Monte Carlo method

Haolai Tian, bc Guanqun Cai, d Lei Tan, e He Lin, f Anthony E. Phillips, g

Isaac Abrahams, g David A. Keen, h Dean S. Keeble, i Andy Fiedler, j

Junrong Zhang, kc Xiang Yang Kong *j and Martin T. Dove *alg

The lithium-ion conducting solid electrolyte Li7La3Zr2O12 has one crystalline phase that has the cubic garnet

structure, and this phase has one of the highest room temperature lithium-ion conductivities of any oxide.

Neutron and X-ray total scattering data, analysed by the Reverse Monte Carlo method, have been used to

examine the distribution of lithium ions over a wide range of temperatures, and to explore aspects of the

stability and flexibility of the basic oxide structure. We compare the results with those from supporting

molecular dynamics simulations. Unlike previous work, our method requires no prior assumptions about

the Li ion distribution. Using total scattering rather than solely Bragg scattering, we obtain much higher

real-space resolution than previously available. The combination of X-ray and neutron scattering allows

detailed characterisation of both the mobile and immobile sublattices. Only a small fraction of Li ions are

mobile at any one time; diffusion occurs primarily by movement between Li2 sites via empty Li1 sites.
1 Introduction

Recently, Li7La3Zr2O12 (LLZO)1–4 has attracted much attention
because one of its crystalline phases has both high Li+ ion
conductivity and stability at elevated temperatures. These are
properties that are required of any superionic conductor if it is
to have realistic applications in solid state batteries and other
ionic devices. In addition to its potential use in its own right,
LLZO is an ideal model material that allows us to work towards
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a more general understanding of the migration of lithium ions
across a wide range of temperatures based on the use of a wide
variety of techniques, such as those used in this paper.

LLZO and similar materials exist in two phases, of cubic5–13

and tetragonal symmetry.14–18 Normally, the tetragonal phase of
LLZO is the stable one at room temperature, while the cubic
phase of LLZO only exists at high temperature. However, it has
been shown that incorporation of some aluminium into the
crystal structure with the concomitant reduction in the number
of lithium atoms can preserve the stability of the cubic phase
down to room temperature.5 The two phases have quite
different Li+-ion conductivities.1,15

The cubic phase of LLZO, which is the phase with higher
conductivity, adopts the well-known garnet structure, with
space group Ia�3d. In this paper we study the distribution of
lithium ions in the cubic phase of LLZO to high temperatures
using the experimental techniques of neutron and X-ray total
scattering analysed by the Reverse Monte Carlo method, sup-
ported by molecular dynamic simulations. Our cubic-phase
sample, as understood by the careful study of Geiger et al.,5 is
likely to be stabilised at all temperatures due to the incorpora-
tion of some aluminium from the Al2O3 crucible used in sample
synthesis.

The garnet structure can be described as having a general
chemical formula of the form A3B2(TO4)3, where the (large) A
site has 8-fold coordination (Wyckoff site 24c with symmetry
222; fractional coordinates 1/8, 0, 1/4), the B site has octahedral
coordination (Wyckoff site 16a with symmetry �3; fractional
coordinates 0,0,0), the T site has tetrahedral coordination with
This journal is © The Royal Society of Chemistry 2023
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oxygen (Wyckoff site 24d with symmetry 4�; fractional coordi-
nates 3/8, 0, 1/4), and the oxygen atoms occupy sites of general
symmetry (Wyckoff site 96h). In LLZO the La3+ cations are in the
A sites, the Zr4+ cations are in the B sites, and the tetrahedral
sites, labelled Li1, are occupied by Li+ cations. Full occupancy of
these sites can only accommodate 3 of the 7 cations of the
chemical formula, and therefore they must be some other
positions, of general symmetry, occupied by the remaining Li+

cations. As shown by Rietveld analysis in previous work (see
next paragraph), and as conrmed and analysed in more detail
here, the tetrahedral sites are actually not fully occupied.

The atomic structure of LLZO has previously been studied by
two complementary methods, with a focus on identifying the
positions of the Li+ ions. The rst method is standard crystal-
lography, using both X-ray5–8 and neutron8–13 radiation, from
which Li+ sites can be identied and their site occupancies
rened. The second method is molecular dynamics simula-
tions,12,19 which have given results broadly consistent with the
crystal structure renements. The existence of the different sites
for the Li+ cations has also been conrmed by recent NMR
studies.20

The various diffraction studies of the cubic phase of LLZO5–13

have identied two possible additional sites for the Li+ ions,
which are shown in Fig. 1. The rst, labelled Li2, lies near the
half-way point between closest Li1 sites. Taking the standard
fractional coordinates of Li1 given above, one closest neighbour
site has fractional coordinates 1/2, 1/4, 1/8, at a distance of just
over 2 Å from the two Li1 sites (note that each Li1 site has four
neighbouring Li1 sites, in a distorted tetrahedral arrangement).
The half-way point between these two Li1 sites has fractional
coordinates 7/16, 1/8, 3/16. However, this is a site of lower
symmetry, Wyckoff position 48g, with the value of y = 1/8 being
xed by symmetry, and the x and z fractional coordinates having
the relationship (in this specic instance) of z = x + 1/4. Rened
values for the fractional coordinates of lithium atoms on this
site are close to the mid point between closest Li1 sites. A third
site, Li3, has frequently been introduced, whose fractional
coordinates are typically rened to a distance of around 0.4 Å
from Li2 and approximately on the line connecting Li2 to Li1. Li3
has general site symmetry (Wyckoff position 96h). We note that
Fig. 1 Network of lithium ion sites in the cubic garnet structure of LLZO,
LaO8 (red) and ZrO6 (green) polyhedra with a network of lithium sites sho
described in this paper (left); as a perspective view showing the lithium si
sites shown in projection down one of the cube axes (right). The three dis
indicated in the middle image. Atomic coordinates are from Li et al.11 Im

This journal is © The Royal Society of Chemistry 2023
different crystallographic studies have rened crystal structures
with different combinations of the Li2 and Li3 sites, and that
rened values of site occupancies are not always consistent
between different studies. X-ray studies tend to rene higher
values of site occupancies on the Li1 site than in neutron
diffraction. It can be argued that the identication of separate
Li2 and Li3 sites is an approximation to a more general distri-
bution of Li+ ions.

With more than one position available to the Li+ ions there is
no reason why the tetrahedral sites should be fully occupied,
and this partial occupancy as identied in the neutron diffrac-
tion studies8–13 may be what allows for three-dimensional ionic
conductivity. The occupancies of all three sites have been
rened in previous studies, giving values for the site occupan-
cies of all sites signicantly lower than 1.0. However, the small
distance between the Li2 and Li3 sites is below the resolution
limit of a typical diffraction study, and the positions of these
sites, together with atomic displacement parameters, may
simply be a way to represent a more continuous distribution of
Li+. Accordingly, Han et al.13 used a method based on maximum
entropy to obtain a distribution of scattering centres from
neutron diffraction data, and they associated regions of nega-
tive value with the distribution of Li+ ions (the neutron scat-
tering length of 7Li has the negative value of −2.22 fm (ref. 22))
and were therefore able to give a visualisation of the network of
pathways available to the lithium ions. This approach
conrmed that the major diffusion pathways are based on the
Li1–Li3–Li2 linkages.

In this paper we use neutron and synchrotron X-ray total
scattering methods together with the Reverse Monte Carlo
(RMC) method23–26 to analyse the Li+ site disorder over a wide
range of temperatures. In terms of the long-range distributions,
such an approach has similarities to the maximum entropy
method applied to Bragg diffraction data,13 but by focussing on
the total scattering data and associated pair distribution func-
tions (PDFs), this approach gives additional insights into short-
range structure. Furthermore, by using total scattering rather
than solely Bragg scattering, we obtain much higher real-space
resolution than obtained in previous studies.
shown as a perspective view of the background structure of connected
wn as the blue iso-density surface as obtained from the MD simulations
tes used in crystallographic analysis (centre); and with the same lithium
tinct crystallographic sites for lithium atoms as discussed in the text are
ages were produced using CrystalMaker®.21
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Fig. 2 Example of the quality of the Rietveld refinement of the crystal
structure of LLZO from neutron diffraction data (bank 4, average angle
= 60°) collected at 1100 K. Observed (+ symbols), calculated (line) and
difference (lower) profiles are shown with reflection positions indi-
cated by markers.
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X-ray scattering from any atom is directly proportional to its
atomic number, which means that the data for X-ray total
scattering will be mostly sensitive to the La3+ and Zr4+ ions, and
to a lesser extent to the O2− anions, but will have only low
sensitivity to the Li+ ions. On the other hand, neutron total
scattering will have enhanced sensitivity to the O2− anions and,
albeit to a lesser extent, the Li+ ions. The combination of the two
techniques allows for detailed characterisation of both the
mobile and immobile sublattices, improving the accuracy of the
description of the spatial distribution of the Li+ ions within the
garnet framework, while the complementary use of molecular
dynamics simulations provides a useful comparison.

The key question tackled in this study concerns the spatial
distribution of the Li+ ions. Oen crystal structure analysis of
a disordered material requires prior identication of a set of
sites for the disordered atoms (such as the Li2 and Li3 sites),
which gives the impression that these sites are a realistic
representation of the distribution of atomic positions. However,
in such cases, evidence of a reasonable t to the diffraction may
not be proof that the model describing the disordered atoms is
correct, and thus a total scattering method analysed using
a method with no prior assumptions, such as RMC, may yield
more denitive evidence for a model of the distribution of
disordered atoms.

2 Experimental methods
2.1 Synthesis

The precursor materials used were anhydrous LiOH (natural
isotopic composition; sample obtained from Alfa Aesar with
99.5% purity; dried at 200 °C overnight; 10 wt% excess being
used to compensate for the loss of lithia under annealing
conditions), La2O3 (Alfa Aesar, treated at 950 °C overnight), and
ZrO2 (Alfa Aesar, 99.7%). The reactants were ground together
with a mortar and pestle and calcined at 950 °C for 12 hours in
an alumina crucible. The resultant product was reground and
pressed into pellets. The pellets were transferred to an alumina
crucible and covered with mother powder, before sintering at
1140 °C for 20 hours to form the single-phase material.

Circular pellets of size 2 cm diameter and thickness 2–3 mm
were used for electrochemical impedance measurements (see
next part). Other pellets were ground, by hand, into powdered
form for the neutron and X-ray scattering measurements
(described in Sections 2.3 and 2.4 respectively). All samples were
stored in an argon-lled glovebox (<0.1 ppm O2, <0.1 ppm H2O)
to prevent reaction with moisture.

The samples prepared by this route were of the pure cubic
phase at room temperature, with no traces of the known
tetragonal phase or of other impurity phases. This was
demonstrated by the diffraction measurements reported in this
paper, and notably any features of other phases in the diffrac-
tion patterns that might be disguised at room temperature
would be expected to be revealed when heating across a wide
range of temperatures. As noted in the introduction, the
stability of the cubic phase at room temperature most likely
arises from the incorporation of some aluminium from the
alumina crucible.5 The amount incorporated is too small to be
25518 | J. Mater. Chem. A, 2023, 11, 25516–25533
detected by diffraction and scattering methods, at a level of 1%
by weight per formula unit,5 as discussed in Section 3.2.

2.2 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) experiments were
carried out within an argon-lled glovebox (<1 ppm O2, <1 ppm
H2O). For the electrical measurements, gold electrodes were
evaporated onto the LLZO pellet by thermal evaporation. The
electrical impedance spectra were recorded using a Solartron
ModuLab system, and contacted via a probe station on a hot stage
in the glovebox. EISmeasurements were performed using a 10mV
amplitude voltage over the frequency range of 50 mHz to 1 MHz.

2.3 Neutron powder diffraction and total scattering

Neutron powder diffraction and total scattering data were obtained
at a number of temperatures on the GEM diffractometer27 at the
ISIS spallation neutron source, Rutherford Appleton Laboratory,
UK. The sample of LLZO powder was contained in a cylindrical
thin-walled vanadium can of 8 mm diameter. This was mounted
inside a standard vanadium-foil furnace for measurements at and
above room temperature (at 293 K, 450 K, 600 K, 750 K, 900 K and
1100 K). Data were collected for 6 hours per temperature.

Measurements were also performed on the empty instru-
ment, the empty furnace, and an empty vanadium can within
the furnace to account for experimental background scattering
and sources of beam attenuation. A measurement was also
performed of scattering from a vanadium rod of 8 mm diameter
for normalisation. The data were processed using the GudrunN
soware.28 to obtain the scattering data and pair distribution
functions as described below, with amaximum scattering vector
of Qmax = 50 Å−1.

For Rietveld analysis, diffraction data were also corrected
and reduced using the Mantid soware.29 Rietveld renement
of the crystal structures was performed by the GSAS soware30

with the EXPGUI interface.31 An example of a typical t to the
data from one bank of detectors is shown in Fig. 2; details are
given in Section 3.2.
This journal is © The Royal Society of Chemistry 2023
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2.4 Synchrotron total scattering

Synchrotron powder diffraction and total scattering data were
collected on the XPDF beamline (I15-1 instrument) at the Dia-
mond Light Source (UK). The X-rays were monochromatised to
give a wavelength of 0.161 669 Å. The powder sample was sealed
within a thin-walled borosilicate capillary tube (diameter 1 mm,
50 mm length) for measurements at the same temperatures as
the neutron beam measurements. Temperature was controlled
using a gas-ow system. Data were also collected on the empty
instrument and an empty capillary tube for corrections for
background scattering and beam attenuation.

The raw data were initially reduced into one-dimensional
data using the program DAWN.32 The total scattering data
were further processed for data correction and normalisation
using the program GudrunX,28,33 with the nal range of data
extending between 0.5 # Q # 25 Å−1. Corrections for uores-
cence were applied in which the uorescence energy of La was
assumed to be 38.739 keV.
2.5 Pair distribution functions from total scattering data

Having introduced the experimental methods, here we discuss
briey the formalism used in the data analysis.24,26,34,35 The
differential cross section for the scattering of a beam of radia-
tion as integrated over all changes of energy is dened as:

1

N

ds

dU
¼ IðQÞ ¼ ISðQÞ þ iðQÞ (1)

where Q is the scattering vector, ISðQÞ ¼ P
m
cmhfm2i is the self-

scattering of all atoms, cm is the fractional proportion of atom
type m such that

P
m
cm ¼ 1, fm is the scattering factor of atom of

type m (in neutron scattering it is more common to use the
symbol bm, and the scattering factor is called the ‘scattering
length’), and the angled brackets, which denote averaging,
accounts for the incoherent contribution to the self scattering.
In neutron scattering the factor fm is independent of Q, but in X-
ray scattering fm is a function of Q and reects the Fourier
transform of the electron density of an atom. This has a direct
implication on the quantitative interpretation of i(Q) in terms of
the pair distribution function.

The function i(Q) is the total scattering structure factor. Here
we dene the partial PDF gmn(r) to represent the number of
atoms of type n within the shell between r and r + dr centred on
a particle of type m, namely of value 4pr2dr × cnr × gmn(r),
where r is the overall atomic number density. i(Q) can then be
written as:

iðQÞ ¼ 4pr

ðN
0

X
m;n

cmcnfmfnr
2½gmnðrÞ � 1� sin Qr

Qr
dr (2)

In the case of neutron scattering, where the values of the
scattering factors are constant with Q, the overall pair distri-
bution function is dened as:

DðrÞ ¼ 4prr
X
m;n

cmcnfmfn½gmnðrÞ � 1� (3)
This journal is © The Royal Society of Chemistry 2023
So that:

QiðQÞ ¼
ðN
0

DðrÞ sin Qrdr (4)

In turn, the function D(r) can be obtained as the sine Fourier
transform of Qi(Q), but in practice the transform is modied as:

DðrÞ ¼ 2

p

ðQmax

0

MðQÞQiðQÞ sin Qrdr (5)

where M(Q) = sin(pQ/Qmax)/(pQ/Qmax) is the Lorch function,
which is introduced to reduce the effect of nite maximum
scattering vector, Qmax.24,26,36–38

In the case of X-ray total scattering, the experimental value of
i(Q) was divided by hf(Q)i2 in order to approximately deconvolve
the electron density from the PDF that can be extracted from the
experimental measurement of i(Q). For systems containing
more than one atom type, which of course LLZO is, this
deconvolution is approximate.26
2.6 Reverse Monte Carlo analysis

The Reverse Monte Carlo (RMC) method, whilst initially devel-
oped for the study of highly-disordered (non-crystalline) mate-
rials,23 is in fact an excellent technique for the study of
disordered crystalline materials.25,39–42 The RMC method is
a way to visualise the atomic-scale structure of a material
through a simulation based on experimental data. It uses
a Monte Carlo method to minimise the difference between
experimental functions and the corresponding values
computed from the atomic conguration, as expressed in the
function

c2 ¼
X
j

X
i

�
yobsi;j � ycalci;j

�2

,
sj

2 (6)

where yobsi,j is the observed values at data point i in data set j,
ycalci,j is the calculated counterpart, and sj

2 is weighing function
that may represent the statistical accuracy of the data. In this
study, the data sets used include i(Q) from both neutron and
synchrotron power diffraction, D(r) from the neutron total
scattering data, and the Bragg data from the neutron diffraction
measurements; for reasons given earlier (Section 2.5) the X-ray
PDF was not used as a dataset in the RMC.

In the RMC method an atom is selected at random and then
moved by a random amount up to a specied maximum value.
The move is accepted if the value of c2 is lowered. On the other
hand, if the value of c2 increases by an amount Dc2, the move is
accepted with probability exp(−Dc2/2). Each simulation was run
until the value of c2 had reached a stable minimum value.

The RMC simulations were performed using the program
v6.7.43 The starting congurations of Li7La3Zr2O12

were generated from the results of Rietveld renement reported
in Section 3.2 using the program.44

Congurations were generated as 4 × 4 × 4 supercells of the
conventional body-centred cubic unit cell, with linear dimen-
sion of around 52 Å and containing 12 288 atoms. The full
stoichiometric formula of LLZO was used, rather than one
J. Mater. Chem. A, 2023, 11, 25516–25533 | 25519
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Fig. 3 Comparison of the relative sizes of the functions cmcnfmfn in
eqn (2) and (3) for all atoms pairs for both X-ray (top bar for each pair)
and neutron (bottom bar for each pair) total scattering. For X-ray
scattering, the value of fm used here is equal to the atomic number,
and for values for neutron scattering data are the standard compila-
tion.22 Both data sets are normalised here against the largest value in
each case (there is no direct comparison between the values for the
two radiation types). Note that Li has a negative neutron scatting
factor. In the case of X-ray scattering, the dominant terms are those
where the two atoms are heavy (i.e. not lithium) atoms. In the case of
neutron scattering, the dominant terms are for the metal–oxygen
pairs, this time including the lithium atom. What is clear is that in spite
of the large fraction of lithium atoms in the chemical formula, the
contribution from the Li–Li pairs is small for both types of radiation.
Colour scale from top to bottom is red to blue for X-ray scattering and
pink to green for neutron scattering.
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adjusted for trace incorporation of aluminium and reduction in
lithium context, because the sensitivity within the data is not
sufficiently high (see the discussion in Section 3.2).

Maximum atomic moves of La, O and Zr atoms were limited
to 0.05 Å, but moves of Li atoms were allowed to reach 0.1 Å.
Minimum distance constraints were applied within the RMC
simulation, together with bond-stretching and bond-bending
potentials within the ZrO6 octahedra, and a bond-stretching
potential for the La–O bonds. The RMC simulations were per-
formed with sufficient time to give around 300 accepted moves
per atom. Six independent RMC simulations were performed
for each data set, with results averaged over all six nal
congurations.

It should be noted that the experimental i(Q) functions were
convolved with a sinc function in order to compare with the
calculated functions obtained from the D(r) functions that are
formed from only the limited range of distances allowed by the
nite size of the conguration.45,46

It is important to note the contrast between the X-ray and
neutron total scattering data. The key point in the formalism,
for example eqn (2) and (3), is the factor cmcnfmfn. The relative
sizes of these factors for different atom pairs are compared for
both X-ray and neutron scattering in Fig. 3, using the values of
cm for LLZO. In the case of X-ray scattering, the dominant
contribution is for La–La pairs, but all pairs excluding cases
with Li as one ion are reasonably strong. The relative contri-
bution of O–O pairs comes from the fact that there are 4 times
as many oxygen atoms as lanthanum atoms, giving a relative
factor of 16 for cO

2 over cLa
2. In spite of the high composition of

lithium, the low atomic number still means that none of the
pairs containing lithium is signicant. Thus the X-ray data will
primarily contain information about the heavy metal cations
and the oxygen anions. On the other hand, the dominant pair in
the neutron scattering is the O–O pair. The other signicant
pairs are for metal cations and oxygen atoms, this time
including the Li–O pair. The pairs involving two metal cations
are rather less signicant. A similar benet from using both X-
ray and neutron total scattering was found in a study of the
hydrogen disorder in garnet-structured hydrogrossular, Ca3-
Al2(OH)12; the X-ray data largely determined the underpinning
metal oxide crystal structure and the neutron data provided the
sensitivity to the hydrogen disorder within this structure. Both
datasets were essential for a good structural model.47

Fig. 3 shows the complementarity of the synchrotron X-ray
and neutron total scattering data. The X-ray data provide
information about the network of the heavy cations (La and Zr)
and oxygen, and the neutron data give more weight to the
oxygen atoms, and a higher degree of sensitivity to the Li–O
pair. What is important to note is that there is very weak
sensitivity to Li–Li pairs in both synchrotron X-ray and neutron
total scattering data. This is despite the relatively high
concentration of lithium in this compound, cLi = 7/24 = 0.29.
This means that we might expect to be able to obtain good
information about the structure of the La3Zr2O12 network and
its uctuations, and about the density of the Li ions within the
channels in the network, but we are unlikely to be able to obtain
25520 | J. Mater. Chem. A, 2023, 11, 25516–25533
robust information on the Li–Li correlations. This is likely to be
the case in most similar studies of Li-containing materials.

The tted scattering functions i(Q) for both synchrotron X-
ray and neutron data are shown in Fig. 4, which presents both
the experimental data and the calculated curves from the RMC
for each temperature. Small disagreements at low-Q arise from
difficulties in the data correction and normalisation processes,
and in our opinion are not signicant. Very few studies use both
neutron and X-ray total scattering measurements,47 and
obtaining consistency in the data normalisation between these
two data sets is known to be difficult. The corresponding ts to
the D(r) functions, which were obtained from the sine Fourier
transform of the Qi(Q) functions (eqn (4)), are shown for both
radiation types in Fig. 5. In the case of the synchrotron PDF,
these data were not used in the RMC, as noted before, but the
D(r) functions were reconstructed from the RMC partial func-
tions gmn(r) for comparison with experiment (these functions
are normalised to give unit slope at low r). There are some small
discrepancies between the RMC calculation of the PDF and the
data at low values of r, which reects the fact that the low-r
region of any PDF is the part with the highest sensitivity to
errors in the correction and normalisation of the experimental
total scattering data. That said, we consider that the agreement
between the experimental and calculated PDFs for the case of X-
This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Synchrotron (top) and neutron (bottom) scattering functions
i(Q) for LLZO at the studied temperatures. A constant offset has been
applied to separate data from different temperatures, with the order in
temperature for both plots defined in the plot for neutron scattering. In
each case the data are shown as black points, and the results from
RMC modelling are represented by the red solid lines.

Fig. 5 Synchrotron (top) and neutron (bottom) pair distribution
functions D(r) obtained from Fourier transform of the scattering
functions. Experimental data for all temperatures are represented as
black points. The red solid lines in the case of the neutron PDF is the
result of the calculation by RMC, but in the case of the X-ray PDF
where these data were not used in the RMC, the red lines are the
functions reconstructed from the partial gmn(r) functions generated
from the RMC configurations with suitable scalings of atomic scat-
tering to match the meaning of the experimental function and nor-
malised. A constant offset has been applied to separate results for
different temperatures, and the order of temperatures is the same as
that given in Fig. 4.
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ray scattering, where we purposely did not include the X-ray PDF
in the RMC sets of data, is very good. Finally, in Fig. 6 we
compare the experimental Bragg scattering patterns with the
calculated proles from both RMC and Rietveld renement for
each temperature.
2.7 Molecular dynamics simulations

Classical molecular dynamics (MD) simulations were per-
formed using the package.48 Empirical force-elds
were used, which include the long-range Coulomb potential
and short-range Buckingham potential functions to describe
the energy between two ions of typem and n, Emn(r), assumed to
be functions of inter-ionic separation r only:

EmnðrÞ ¼ QmQn

4p30r
þ Amn expð �r=rmnÞ � Cmnr

�6 (7)
This journal is © The Royal Society of Chemistry 2023
The ions were treated as rigid entities with no induced
polarisation, and assigned formal charges, QLa = +3e, QZr = +4e,
QLi= +e,QO=−2e, where e is the positive unit charge value. The
parameters of the force eld were taken from the work of Wang
et al.,12 who used a combination of literature values (for
example, the parameters for the O–O interactions were taken
from the model for silica of Sanders et al.49) and new values; the
parameters of the force eld are given in Table 1. The starting
congurations were the same as used in the RMC work (linear
dimensions of around 52 Å, and 12 288 atoms), and simulations
were performed at the same temperatures as in the neutron and
X-ray total scattering measurements.
J. Mater. Chem. A, 2023, 11, 25516–25533 | 25521
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Fig. 6 Neutron Bragg diffraction data (black points) for LLZO
modelled using RMC analysis (red solid lines). Data for different
temperatures are shown with a constant offset as in Fig. 4 and 5.

Table 1 Force field parameters for the molecular dynamics simula-
tions, from the work of Wang et al.,12 with interactions between cations
assumed to be given only by the Coulomb interaction. Ions are
assigned their formal charge values. The parameters are defined by
eqn (7)

A (eV) r (Å) C (eV Å6)

Zr–O 1385.02 0.35 0
La–O 4579.23 0.3044 0
Li–O 632.102 0.2906 0
O–O 22764.30 0.1490 27.63

Fig. 7 Nyquist plots of the AC impedance data for LLZO at a number
of temperatures.
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Simulations were performed within thermodynamic
ensembles that were either constant-stress50,51 and constant
temperature,52,53 or the standard constant-volume constant-
energy microcanonical conditions. Simulations were per-
formed using a time step of 0.001 ps.
Fig. 8 Logarithm of diffusion constant D versus 1000/T for both
experimental conductivity data at lower temperatures (open circles)
and from MD simulation (filled circles). The two lines are fitted to the
parts of the data sets (dashed and continuous respectively) consistent
with the linear relationship. The two slopes give activation energies of
0.36 eV for the experimental conductivity data and 0.22 eV for the
simulation data.
3 Results and discussion
3.1 Ionic conductivity

3.1.1 Electrochemical impedance spectroscopy. Fig. 7
shows typical Nyquist plots derived from EIS measurements on
LLZO at selected temperatures. Only at room temperature is
a part of a semicircle visible at high frequencies, attributable to
the grain boundary contribution, followed by a low frequency
tail attributable to the build up of charge at the blocking gold
electrodes. At all other temperatures the semicircle lay outside
the frequency window of the measurements and therefore only
total resistances could be measured directly from the interpo-
lated intercept of the tail with the real axis. The total ionic
conductivity is found to be about 2.1 × 10−6 S cm−1 at room
temperature, about two orders of magnitude lower than in
previous studies,11 possibly reecting a greater contribution
from the grain boundaries to the total resistance measured in
25522 | J. Mater. Chem. A, 2023, 11, 25516–25533
the present work. On the other hand, the ionic conductivity is
still higher than that of the tetragonal phase.

The diffusion constant can be calculated from the conduc-
tivity using the Nernst–Einstein-equation:

D ¼ skBT

NQ2
(8)

where Q is the charge of the lithium and N is the concentration
of lithium ions. The dependence of the extracted values of log D
on 1000/T are given in Fig. 8. Assuming that D follows an
Arrhenius behaviour,

D = D0 exp(−Ea/kBT), (9)
This journal is © The Royal Society of Chemistry 2023
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Fig. 9 Dependence of the mean squared displacement of lithium ions
for temperatures over the range 293–1100 K calculated by MD
simulation.
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The data at higher temperatures are consistent with activa-
tion energy Ea = 0.36 eV. This is very close to the value Ea =

0.34 eV obtained over a narrower range of temperatures by Li
et al.11 The prefactor D0 = 45.0 Å2 ps−1.

3.1.2 Lithium-ion diffusion studied by molecular dynamics
simulations. The diffusion of lithium ions over time can be
obtained from the standard result for the mean-square
displacement of the ions, hr2i, over time, t, that is obtained
from a general diffusion equation:

hr2i = qiDt (10)

where qi is numerical constant that depends on dimensionality
and is equal to 6 for 3-dimensional diffusion. The variation of the
mean-squared displacements of the Li+ ions with time for the
different temperatures is shown in Fig. 9. From eqn (10) values for
the diffusion constant for different temperatures have been
extracted from the data of Fig. 9, and the results are compared
with experimental data in Fig. 8. The slope of the data at higher
temperatures yields an activation energy of Ea = 0.17 eV. This is
about two times lower than for experiment, but a difference is to
be expected since the MD results are purely for the bulk whereas
the experimental value contains contribution from diffusion
along the grain boundaries. The diffusivity pre-factor D0 in eqn (9)
is 1.43 Å2 ps−1. This is substantially lower than from experiment,
although the lower activation energy means that the diffusivity is
higher at lower temperatures, as seen in Fig. 8.
3.2 Crystal structure analysis

Rietveld renement of the crystal structure of LLZO from
neutron powder diffraction data was performed by describing
the crystal structure with sites Li1 and Li2 for the lithium ions,
with site occupancies constrained to ensure that the total
amount of lithium in the two sites was commensurate with the
stoichiometric chemical formula. Thus the respective site
This journal is © The Royal Society of Chemistry 2023
occupancies c1 and c2 were constrained as c1 + 2c2 = 7/3.
Attempts were made to include the Li3 site too, but unlike the
experience of previous workers, we found that it was hard to
produce stable renements. In any case, the aim was not to
characterise the lithium distribution using crystallographic
sites, but simply to check that our results were consistent with
previous work, although our measurements do extend beyond
the range of temperatures in previous studies.

We note that some previous authors attempted to include
site occupancies for aluminium,8,9,11 allowing the value to be
rened, and others treated the total lithium content as a rened
quantity by not adding constraints on the sum of all site
occupancies.5,9–12 However, the inconsistency of reported
results, and indeed our own experience with regard to the
stability of renements, and corresponding estimates of the
standard errors, suggests to us that the amount of aluminium
and reduction in the total amount of lithium is not signicant
when compared to the sensitivity of the data to exact chemical
composition in the Rietveld renements. Thus we have used the
stoichiometric chemical formula in the Rietveld renements
and in the subsequent RMC studies, whose initial congura-
tions are generated directly from the results of the Rietveld
renement (Section 2.6).

The structural parameters of LLZO obtained from Rietveld
renement of the neutron scattering data for all temperatures
are given in Table 2. The values of the atomic fractional coor-
dinates are consistent with previous renements.5–13,15,17 As
noted earlier, the rened values of site occupancies are not
consistent between previous studies. However, our value of c1 is
consistent with that obtained in an earlier neutron powder
diffraction study, although in that case a stable renement that
included the Li3 site was achieved. The renements suggest that
the region around the Li2/Li3 sites is nearly fully occupied by
one lithium ion, leaving the Li1 site with occupancy typically of
between 1/3–1/2, as suggested by previous renements.11,13 The
obvious conclusion from this is that diffusion occurs by atoms
moving between the Li2/Li3 sites via vacant Li1 sites.

The lattice parameters reported in Table 2 show a linear
thermal expansion. The coefficient of volumetric thermal
expansion from the data is aV = 11.8 × 10−6 K−1. This is slightly
lower than the value inferred from the data of Han et al.13
3.3 Local structure analysis

3.3.1 Behaviour of the La3Zr2O12 network. Selected partial
PDF (pPDF) functions gmn(r) are shown in Fig. 10, comparing
the results from both MD and RMC analyses. The larger
differences between the RMC and MD results are for the Li–O
pPDF (Fig. 10a), which we will discuss below (Section 3.4). The
La–O and Zr–O pPDFs (Fig. 10b and c) show close agreement
between the RMC and MD results. In the case of the La–O pPDF
(Fig. 10b) the rst peak is broader and the second peak narrower
in the MD results, compared to the corresponding RMC results.
A similar pattern is seen in the Zr–O pPDF (Fig. 10c) but to
a lesser extent. The O–O pPDF (Fig. 10d) shows some differences
between the RMC andMD results at low r, which may reect the
behaviour around the Li+ ions.
J. Mater. Chem. A, 2023, 11, 25516–25533 | 25523
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Table 2 Lattice parameters, atomic fractional coordinates and Li2 site occupancy of Li7La3Zr2O12 obtained from Rietveld refinement. The crystal
structure has space group Ia�3d. Zr has fractional coordinates 0,0,0, La has fractional coordinates 1/4, 0, 1/4, Li1 has fractional coordinates 3/8, 0,
1/4, defining the usual tetrahedral site in the garnet structure, and Li2 has fractional coordinates 1/8, y, y + 1/4. Note that the Li1 site occupancy is
constrained from the value of that of the Li2 site as described in the text. Occupancies for the data at 1100 K were unstable in the refinement and
their values were therefore set by hand. Standard deviations are given for the last significant figures in brackets

T (K) a (Å) O x O y O z Li2 y Li2 occ. Li1 occ.

298 12.92244(7) 0.10246(5) 0.19708(5) 0.28088(4) 0.1792(2) 0.987(3) 0.359(6)
450 12.95295(13) 0.10216(6) 0.19682(6) 0.28096(5) 0.1781(3) 0.877(4) 0.579(8)
600 12.98000(7) 0.10224(6) 0.19716(6) 0.28072(5) 0.1797(3) 0.909(12) 0.52(2)
750 13.00941(6) 0.10218(5) 0.19724(5) 0.28082(5) 0.1799(2) 0.942(3) 0.449(6)
900 13.04482(6) 0.10204(5) 0.19765(5) 0.28051(5) 0.1807(3) 0.972(3) 0.389(6)
1100 13.08637(7) 0.10175(6) 0.19752(5) 0.28051(6) 0.1804(3) 1 1/3

Fig. 10 The partial pair distribution functions g(r) calculated from RMC simulations (black curves) and MD simulations (red curves) for (a) Li–O, (b)
La–O, (c) Zr–O and (d) O–O atom pairs at low-r, shown for all temperatures as indicated in panel (a). A constant offset has been applied to
separate data from different temperatures, with the key to temperature values given in the Li–O function (a).
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The distributions of the Zr–O and La–O bond lengths from
both RMC and MD simulations at each temperature are shown
in more detail in Fig. 11. One very interesting feature from both
the RMC and MD results (actually more strongly seen in the
latter) is that the distribution of La–O distances is not
symmetric but shows a wider spread to larger distances. This
suggests quite a strong anharmonicity, and reects a similar
situation seen in CsPbI3 (ref. 54), albeit to a lesser extent. In the
crystal structure there are two distinct La–O bond lengths (2.53
and 2.63 Å at a temperature of 1100 K), but these are not
sufficiently different to explain the width of the distribution.
25524 | J. Mater. Chem. A, 2023, 11, 25516–25533
The distributions of O–Zr–O and O–La–O bond angles from
both RMC and MD analyses at the different temperatures are
shown in Fig. 12. The RMC and MD results are consistent in
most respects. The key features in the O–Zr–O distribution
reect a slightly distorted octahedron, with nearly right-angle
bond angles deviating from the ideal 90° by a few degrees.
The uctuations in the O–Zr–O bond angles are slightly larger in
the RMC than in theMD, and there are features to indicate a few
large distortions of around 20°.

The LaO8 polyhedron is not of regular shape. There are two
distinct La–O distances in the average structure as noted above,
This journal is © The Royal Society of Chemistry 2023
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Fig. 11 The distributions of La–O and Zr–Obond lengths (top and bottom respectively) at the different temperatures (blue to red corresponds to
293 K to 1100 K) in both the RMC and MD models (left and right respectively), each averaged over six independent configurations.
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and of the 28 O–La–O bond angles there are 10 distinct angle
values. Thus this distribution of O–La–O angles is rather more
complicated than for the angles within the ZrO6 octahedra, as
seen in Fig. 12. The MD and RMC results both capture this
distribution, with the peaks in the distribution from the RMC
simulation being slightly broader than from theMD simulation.
There is again evidence for some unreasonably low angles in the
RMC simulation, with the small peak around 50–60°.

The data for bond lengths and angles (Fig. 11 and 12
respectively) show that the ZrO6 and LaO8 polyhedra retain their
integrity across the full range of temperatures in both RMC and
MD calculations (aside from some low angles in the RMC
simulation), with only a slight broadening with increasing
temperature. Thus we conclude that the backbone network
structure with channels for Li-ion diffusion remains robust
across the studied temperature range.
3.4 Distribution of lithium ions

3.4.1 Visual representations of the lithium-ion density. By
collapsing the congurations, each of which contains 64 unit
cells, down into a single unit cell, then combining the atoms of
6 congurations at a time, and drawing only the lithium ions,
we can get a feel for the diffusion pathways. Examples from both
RMC and MD calculations (at 273 K) are shown in Fig. 13. The
two simulations are consistent with each other, particularly
with regards to the fact that the Li1 sites appear to be connected
via pathways passing through the Li2 sites. One key difference in
This journal is © The Royal Society of Chemistry 2023
these plots is that the distribution of atomic positions in the
RMC congurations appears to be broader than in the MD
congurations. Thus the spatial distribution of the network of
lithium positions is perhaps more easily seen in the distribu-
tion from the MD congurations.

Simply plotting atoms in a three-dimensional space is a poor
way to represent the quantitative density of atoms. Such a plot, in
which points are represented by nite-size spheres, tends to
exaggerate the visual representation of the lower-density regions
and masks the true density of the higher-density regions which
contain many overlapping spheres. In Fig. 14 we represent the
densities of lithium ions in the collapsed congurations as iso-
surfaces, and show results for the lowest and highest tempera-
tures for both the RMC andMD congurations. The density plots
show concentrations of atoms around the Li1 and Li2 centres (the
latter encompass the Li3 sites), and highlight the pathways
connecting Li1 sites via the Li2/Li3 centres. In Fig. 1 we show the
relationship between the network of lithium positions and the
rest of the crystal structure by plotting one of the lithium atom
density isosurfaces together with the crystal structure repre-
sented as connected ZrO6 and LaO8 polyhedra.

The shapes of the density isosurfaces show little differences
between the range of temperatures, except that there is
a bulging of the necks connecting the Li1 and Li2 centres. This
point is pertinent for the subsequent analysis: it appears that
even at high temperatures the lithium ions are mostly located
around the Li1 and Li2/Li3 centres.
J. Mater. Chem. A, 2023, 11, 25516–25533 | 25525
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Fig. 12 The distributions of O–La–O and O–Zr–O bond angles (top and bottom respectively) at the different temperatures (blue to red
corresponds to 293 K to 1100 K) in both the RMC andMDmodels (left and right respectively), each averaged over six independent configurations.
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Isosurface representations highlight the network containing
the distribution of positions of lithium atoms as a visual
representation, but are limited for more quantitative analysis.
Because the Li1–Li2 pathway does not lie in a simple crystallo-
graphic plane, projections of atomic density (integrating the
density in the perpendicular direction) are more useful than
slices taken through the three-dimensional crystal. Fig. 15
shows the projections of the lithium-ion densities onto
a surface perpendicular to the crystallographic 41 axis. To
reduce statistical noise, not only did we combine six indepen-
dent congurations in each case but we also applied some of the
symmetry operations. In the case of LLZO, the use of projections
is helped by the fact that there is limited overlap of the Li1
positions and no overlap of the Li2 positions, as seen in Fig. 1.

Representations of the lithium-ion density are shown in
Fig. 15 for both the RMC and MD congurations, for all
temperatures. The colour contour maps are shown in projection
down [001], and show a single unit cell in each case. The density
plots show clearly the accumulation of atomic density around
the Li1 and Li2 positions, as indicated in the top RMC image of
Fig. 15. There are three points to make. The rst is that the RMC
and MD congurations look different at rst sight, but we will
see that is because of the visual impact of the differences in the
distributions around Li2/Li3 centres and differences in the
lithium atomic density within the channels connecting lithium
sites, rather than because of differences in the major part of the
distributions. We will explore the differences quantitatively
25526 | J. Mater. Chem. A, 2023, 11, 25516–25533
below. The second point is that both the RMC and MD cong-
urations display a large concentration of the density of lithium
ions around the Li1 and Li2/Li3 centres, which are identied by
the red (Li1) and white (Li2) circles in one of the images in
Fig. 15. The third point is that the visual impression of changes
with temperature are only slight. At the highest temperatures
most of the lithium ions appear to still be associated with the
Li1 and Li2 centres. However, some increased density between
the centres following the lines of the network can be seen, and
this will be demonstrated more quantitatively next.

3.4.2 Quantitative analysis of the lithium-ion density. To
quantify the analysis of the lithium-ion density, we show in
Fig. 16 the density along four lines in the projections that
contain the Li1 and Li2 centres. These are illustrated by the red
lines in the image for the density projection for the MD results
at 293 K in Fig. 15. We consider each of these lines in turn.

Line 1: this line, parallel to the [100] axis, passes through
four Li1 centres at starting position x = 1/8 and separated by Dx
= 1/4. These peaks can be clearly seen in both the results from
the RMC and MD congurations. The distributions are slightly
broader in the RMC congurations.

The effect of temperature appears to show some broadening
of the peaks, but the clearer effect is the decrease in the heights
of the peaks.

Line 2: this line is parallel to Line 1, but is displaced by a/4
and passes through two Li1 centres at positions x= 1/4 and x= 3/
4, having a different orientation of the environment around the
This journal is © The Royal Society of Chemistry 2023
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Fig. 13 Distribution of the instantaneous positions of the lithium ions in
the RMC (left) andMD (right) configurations, at temperatures of 293 K (top)
and 1100 K (bottom). These images were obtained by collapsing each
configuration down to one unit cell and then adding the atoms from 6
separate configurations. The network of lithium positions is more easily
seen in the results from the MD configurations, but the same network
characterises the distributions of the RMC configurations. The positions of
one set of Li1 and Li2 sites are indicated in the plot of theMD results at 293
K (top right). These images were produced using CrystalMaker®.21
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individual Li1 centres (recall that the 4 nearest Li1 sites to any
other Li1 site form a distorted, not regular, tetrahedral arrange-
ment). Results from both the RMC and MD congurations show
Fig. 14 Density isosurfaces of lithium positions in the RMC (left) and
MD (right) configurations at 293 K (top) and 1100 K (bottom). The
positions of one set of Li1 and Li2 sites are indicated in the plot of the
MD results at 293 K (top right), as in Fig. 13. These images were
produced using CrystalMaker®.21

Fig. 15 Lithium-ion densities of LLZO, shown in projection down the
[001] axis, from RMC (left) and MD (right) configurations for each of 6
temperatures. Each square plot shows a single unit cell. The right-hand
side shows the colour scheme to indicate the density, with pink rep-
resenting zero density and yellow showing the maximum density. In
the top left panel the red circles highlight examples the tetrahedral Li1
sites, and the white circles highlight examples of the Li2 sites. The red
lines in the top right panel indicate four lines used in further analysis in
Fig. 16.

This journal is © The Royal Society of Chemistry 2023
the two peaks associated with the two Li1 centres. For the MD
congurations the peaks are slightly broader than for Line 1,
reecting the different orientation of the Li1 centres. It can be
seen from Fig. 15 that the Li1 site appears to have something of
a pancake shape. The major difference between the RMC and
MD results is that this line passes through areas of higher
lithium-ion density around the Li2/Li3 centres in the RMCmodel
that are not present in the MD congurations, reecting some
differences in the distributions around these centres.

The effect of temperature is the same as for Line 1. In the
case of the MD results the peak is simply broadened, but in the
case of the RMC results it can be seen that the reduction in the
heights of the peaks is offset by the increase in heights of the
peaks of the site bands coming from the overlap of the line with
the density associated with the Li2/Li3 centres.
J. Mater. Chem. A, 2023, 11, 25516–25533 | 25527
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Fig. 16 Lithium ion density profiles for thin slabs through the projections shown in Fig. 15 calculated from configurations generated by RMC (left)
and MD (right). From top to bottom are the slices indicated as lines 1 to 4 in the top-right panel of Fig. 15. Temperatures from 293–1100 K are
indicated by the colour change from blue to red. The range of x spans the full repeat distance across the unit cell.
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Line 3: this line is parallel to [110] and passes through Li1
centres in both orientations (crossing both Line 1 and Line 2), and
passes near the Li2 sites. The origins of the line are in an area of
the projection with low density of lithium ions within a square
dened by four Li1 sites. The line passes through one set of Li1
centres at positions x = 1/4, 3/4. It passes through a set of Li2
centres at x x 1/16, 7/16, 9/16 and 15/16. Between the Li1 and Li2
centres the line passes close to pairs of Li2 sites. For both the RMC
and MD data the peaks associated with the two Li1 sites and four
Li2 centres can clearly be seen in Fig. 16. The main difference
between the RMC andMD results lies in the density proles either
25528 | J. Mater. Chem. A, 2023, 11, 25516–25533
side of the two Li1 peaks, which reect the slightly different shapes
of the broad distributions associated with the Li2/Li3 centres.

The effect of temperature is a decrease in the heights of the
peaks as before. In the case of the MD congurations there is an
increase in the peaks associated with the distribution either
side of the Li1 peaks at x = 1/4, 3/4 associated with the line
passing near (not through) the nearby Li2/Li3 centres.

Line 4: this line is parallel to [120] and passes through the Li1
centres in both orientations as well as passing through the Li2
centres. The origins are within the attened lozenges dened by
four Li1 centres. One Li1 centre is at position x = 1/2, and the
This journal is © The Royal Society of Chemistry 2023
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other two in the alternative orientation are at x = 1/4, 3/4. The
Li2/Li3 centres that are intersected by Line 4 are positioned
between two Li1 centres either side of x = 1/2, and the line also
passes by the Li2/Li3 centres that lie the other side of the two Li1
centres of the alternative orientation. All of these features are
seen in the density proles in Fig. 16. The main difference
between the RMC and MD data concerns the height of the Li1
peak at x = 1/2, which is the same as the difference in Line 2.

Regarding the variation with temperature, the comments
made with regard to Line 3 apply to Line 4 also.

The key similarities in the distributions of the lithium ions
in the RMC and MD congurations as revealed by this analysis
is that in both cases the lithium ions are mostly clustered
around the Li1 and Li2/Li3 centres. The key differences are in the
details of the shape of the distribution around the Li1 sites,
where the distribution is more anisotropic in shape in the MD
congurations than in the RMC congurations, and in the
shape of the distribution around the Li2/Li3 centres, which is
not constrained by symmetry.

To quantify the differences between the RMC and MD simu-
lations with regard to the distribution of the lithium ions around
the Li1 and Li2/Li3 centres, and the way these change with
temperature, we analysed the number of lithium ions in the
vicinities of the Li1 site and the nominal Li2 sites, the latter being
Fig. 17 Lithium ion density distributions around the Li1 and Li2 sites (top a
positions, calculated from configurations generated by the RMC (left) and
the colour change from blue to red.

This journal is © The Royal Society of Chemistry 2023
located (for this analysis) half way between closest Li1 sites. There
is a small separation (around 0.1 Å) between this ideal position
and the position rened from the powder diffraction data11 (see
also Table 2). The results are shown in Fig. 17. For this analysis
we simply counted the number of lithium ions lying within
a certain radius of each Li1 and Li2 site. Fig. 17 shows the nor-
malised number density for a range of distances from the two
sites. We might have converted this to a distribution function by
dividing by the square of the distance, which would give a peak at
zero distance rather than zero value, but in practice we found
that this over-emphasises the statistical noise.

The data of Fig. 17 for the Li1 site show signicant differ-
ences between the results from RMC andMD results in terms of
the spread of distances. The key point is that the distribution is
broader for the MD congurations, reecting the pancake
distribution discussed earlier, and the distribution then merges
into that for the distant Li2 site. In both cases the distribution
around the Li1 sites broadens and the lithium cations move into
the channels connecting the Li1 and Li2/Li3 sites.

In contrast, the distributions around the nominal Li2 sites are
around 50% broader than around the Li1 sites in both cases, and
are similar in both the RMC and MD congurations in this view
of the lithium ion density, even though the actual distributions,
as seen in the density plots of Fig. 15, are different in shape. The
nd bottom respectively) as functions of distance from the nominal site
MD (right) methods. Temperatures from 293–1100 K are indicated by
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distributions around the nominal Li2 sites broaden slightly on
increasing temperature, and although there is an increase in the
density of lithium ions with temperature at larger distances there
is less of a decrease in the density near the Li2 sites.

In Fig. 18 we show the change in lithium-ion density with
temperature. These data have been calculated from the data in
Fig. 17 by averaging around a small region at distances of 0.8 Å
and 1.2 Å for the Li1 and Li2 sites, respectively. For both sites in
Fig. 18 Variation of the density of lithium ions around distances 0.8 Å an
from the configurations generated by the RMC (left) and MD (right) met

Fig. 19 The velocity autocorrelation functions (VACF) for Li, La, Zr and O
simulations. Temperatures from 293–1100 K are indicated by the colou

25530 | J. Mater. Chem. A, 2023, 11, 25516–25533
both the RMC and MD congurations we see the growth in the
density between Li1 and Li2/Li3 sites with temperature, but there
are differences between the two models. In the RMC results we
see growth in density in the channels near the Li1 and Li2/Li3
sites, but in the MD results we see much larger density in the
channels near the Li1 site than in the RMC results. The data in
both plots in Fig. 18 cannot reasonably be described by a simple
Arrhenius-like behaviour.
d 1.2 Å from sites Li1 and Li2, respectively, with temperature, calculated
hods.

atoms for all temperatures calculated from the molecular dynamics
r change from blue to red.

This journal is © The Royal Society of Chemistry 2023
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This detailed analysis has shown three things. Firstly, in
both RMC and MD models, most of the lithium ions have
positions around the Li1 and Li2/Li3 centres, with only a small
amount of lithium within the network of channels connecting
lithium sites. Secondly, there are differences in the shapes of
the distributions of the lithium ions around these two sites in
the RMC and MD models. We recall that the Li1 site is one of
special symmetry (�4), whereas the Li2 has no special symmetry
and thus the shape of the ionic distribution is not constrained
by symmetry. Thirdly, we can see that the effect of temperature
is to allow some of the lithium ions to leave the regions of
higher density around the Li1 and Li2/Li3 centres and move into
the network of channels connecting the lithium sites.

The main conclusion, when considering the information
common to both the RMC and MD modelling, is that the
lithium ions in LLZO aremostly located around the Li1 or Li2/Li3
centres, with some motion between centres enabled by thermal
excitation. In the next part, where we consider the dynamics
calculated by the MD simulations, we will see more evidence for
the localisation of the lithium ions.

3.5 Ionic vibrational density of states

From the MD simulations we calculated the velocity autocor-
relation functions (VACFs) as functions of time, t, from the set
of velocities vm(t) for each atom type m:
Fig. 20 The power spectra of Li, La, Zr and O atoms for all temperatur
Temperatures from 293–1100 K are indicated by the colour change from

This journal is © The Royal Society of Chemistry 2023
CmðtÞ ¼ hvmðtÞ$vmð0ÞiD
jvmj2

E (11)

where the angled brackets denote averaging over a range of
starting times in the simulation, and over all atoms of the same
type. The VACFs for each atom type were calculated for 6
different simulations and averaged, and are shown in Fig. 19. It
can be seen that there is little variation with temperature in
each case.

Fourier transformation of the VACFs gives the power spectra
Zm(f) for a range of frequencies f. The mass-weighted combi-
nation of the individual Zm(f) spectra gives the full phonon
density of states. Fig. 20 shows the power spectra for the four
types of atom, which we consider in turn below.

The lanthanum Z(f) shows a strong peak at low frequencies
centred on 5 THz. This lower frequency, as compared with the
other atom types, reects the fact that La has the largest mass.
The zirconium Z(f) shows a wider spread of frequencies, the
higher of which will be associated with Zr–O bond stretching
modes. The Z(f) includes the same peak at 5 THz seen for La,
a large peak at 7 THz, and other features at higher frequencies.
We note a peak seen at 13 THz. The oxygen Z(f) reects the
interaction of this anion with all three different cations, and has
a broad spectrum across the frequency range from 0–32 THz.
The shape of the spectrum has features reecting the peaks in
es obtained by Fourier transformation of the VACFs shown in Fig. 19.
blue to red.
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the zirconium Z(f), including the peak at 13 THz, but also has
features seen in the lithium Z(f), which we now discuss.

Lithium is the lightest element in the system and so, if
bonded to the wider network, will display features at higher
frequencies than La or Zr, which is indeed seen to be the case.
The Li Z(f) shows features seen in the power spectra of other
elements, such as the peaks at 5 THz (La); it has a peak at 12
THz which is slightly lower than the peaks at 13 THz seen in
ZZr(f) and ZO(f), but these distributions contain many more
frequencies than in single peaks so the difference is not
signicant. It can be concluded that over most of the frequency
range the lithium ion appears to be vibrating as a bound
particle, with the higher frequency reecting the light mass of
the atom compared with the other atoms. The coincidence of
the upper frequencies in the power spectrum of lithium with
that of oxygen suggests that the bound Li–O pair execute bond-
stretching types of vibration.

The lithium power spectrum, ZLi(f), shown in Fig. 20 also has
an interesting feature at low frequencies. For an ideal solid, it is
found that Z(f) f f2 at low frequencies, reecting the contri-
bution of the acoustic modes (the famous Debye function).
Finding this behaviour exactly is difficult in a simulation
because the Z(f/ 0) part of the power spectrum is the part most
susceptible to noise in C(t), and any noise might break the
equality

Ð
C(t)dt = 0 that is implicit in the expectation that Z(f =

0) = 0. Nevertheless, we see in the Z(f) spectrum for lithium
a non-zero intercept at f= 0 that increases on heating. This is to
be expected if some of the motions of the lithium atoms are
diffusion rather than vibration, with an increase in the value of
ZLi(f = 0) on heating as more ions are excited into diffusion
motions. Thus we can infer from the results for ZLi(f) shown in
Fig. 20 that the dynamics of the lithium ion reect some degree
of diffusion motion in addition to vibrational motion. However,
the contribution is small, and the main conclusion from the
ZLi(f) data is that lithium ions are primarily bound to the sites
identied in the structural analysis of the diffraction and total
scattering experimental studies and MD simulations, executing
vibrational motions, with only a small fraction of the motions
corresponding to diffusion.

4 Conclusions

In this paper we have explored the three-dimensional distri-
bution of lithium ions in the fast-ion conductor Li7La3Zr2O12

using a combination of simulation methods, namely the RMC
method based on both neutron and X-ray total scattering data,
and the MD method. There is a high degree of consistency
between the two methods, albeit with some differences con-
cerning the distribution of lithium positions around the Li2/Li3
centres. The backbone La3Zr2O12 network is robust at all
temperatures. The network denes a set of curved pathways for
the motions of lithium ions.

The results of the MD simulations are consistent with the
measurements of ionic conductivity measurements presented
in Section 3.1. Differences between results are likely to reect
inaccuracies in the interatomic potential and are not
signicant.
25532 | J. Mater. Chem. A, 2023, 11, 25516–25533
The key picture to emerge from this study is that in LLZO
only a small fraction of the lithium ions are mobile at any
instant in time. Instead most of the lithium ions are found
around either the Li1 or Li2 centres, bonded to oxygen atoms at
these sites, and participating in the higher frequency vibrations.
The Li2 sites are nearly fully occupied, whereas the Li1 sites
typically have around 2/3 vacancies. Thus lithium-ion diffusion
mostly occurs by the ions moving between the large Li2 sites via
empty Li1 sites.
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