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Mobile lithium ions in a cubic garnet Li7La3Zr2O12 (Al-stabilized) were studied using 7Li NMR
spectroscopy for membrane and powder samples, the latter of which was ground from the membrane.
Lithium diffusion in a micrometer space was measured using the pulsed-gradient spin-echo 7Li NMR
method between 70 and 130 ◦C. When the observation time (∆) was shorter than 20 ms, the echo
attenuation showed diffusive diffraction patterns, indicating that the Li+ diffusing space is not free but
restricted. For longer ∆, the values of apparent diffusion constant (Dapparent) became gradually smaller
to approach an equilibrated value (close to a tracer diffusion constant). In addition, the Dapparent depends
on the pulse field gradient strength (g) and became smaller as g became larger. These experimental
results suggest that the lithium ions diffuse through Li+ pathways surrounded by stationary anions
and lithium ions, and are affected by collisions and diffractions. One-dimensional profiles of the
membrane sample of thickness 0.5 mm were observed from 65 to 110 ◦C and the area intensity,
as well as the lithium occurrence near the surface, increased with the increase in temperature. The
temperature-dependent area intensity showed a correspondence to the number of Li+ carrier ions
estimated from the ionic conductivity and the equilibrated diffusion constant through the Nernst-
Einstein relationship. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4973827]

I. INTRODUCTION

A garnet-type conductor Li7La3Zr2O12 (LLZO) and
related materials have attracted much attention because of
their large ionic conductivity and possible safe application
to all-solid lithium ion batteries. Recent studies of garnet-
type conductors for lithium batteries have been reviewed by
Thangadurai et al.1 From the discovery of fast ion conduc-
tion in a garnet-type LLZO,2 extensive studies on synthesis
and structure analysis using X-ray analysis and conductivity
measurements have been performed and indicate the existence
of two crystalline structures, i.e., cubic and tetragonal crys-
talline structures.3–5 It was noticed that the synthesized LLZO
included a small amount of Al from an Al-crucible. In addition,
under open circumstances, H2O easily reacts with Li and the
exchange occurs between proton and Li+. The formed LiOH
reacts with atmospheric CO2 to form Li2CO3. The structure
is unstable.6–9 Then, CO2-doped LLZO was prepared,6 and
the structural stability was shown to be related with hydration
studied by X-ray analysis7–9 and 6Li NMR related with 1H
coupling.9 The addition of metals such as Al, Ga, Sr, Zr, Nb,
Sb, Te, Ba, Ta, and others was attempted to increase the struc-
tural stability and ionic conductivity.10–23 The synthesis of new
conductors, of which structures are always studied by X-ray
analysis, and their fast ionic conduction are most important
subjects.12–15,17,18 Furthermore, magic-angle sample-spinning

a)Author to whom correspondence should be addressed. Electronic mail:
hayamizu.k3@gmail.com

(MAS) solid-state NMR spectra of 27Al, 6Li, and 7Li have
been observed to study the structures and Li mobility.10,11,15

Nanowires and particles were used to synthesize cubic and
tetragonal LLZO.24 The synthetic procedure was monitored
using in situ neutron diffraction to find out rational processes
for garnet electrolytes.25

The phase transformations between the tetragonal and
cubic phases of LLZO have been studied. The tetragonal phase
is stable owing to the crystalline structure and the cubic phase
transition occurs above 700 ◦C. The ionic conductivity of
cubic-LLZO is higher than that of tetragonal-LLZO at room
temperature. In this situation, origin of the phase transition
and the mechanisms of lithium ion conduction have been stud-
ied.26–29 In addition to the high-temperature phase transition,
the tetragonal crystal was shown to have a phase transfor-
mation at low temperature (LT) between 100 and 150 ◦C to
form a LT cubic phase studied by X-ray diffraction (XRD)
observation.23,30–32

Lithium conduction pathways and lithium distribution in
the LLZO have been reported using neutron diffraction, and
the Li+ transport was proposed through short-range pathways
in nm order.33,34 Computational methods have been applied to
understand lithium local structure and dynamics.27,35–38 Esti-
mation for the number of mobile lithium ions was proposed
for garnet-type solid conductors.22,39,40

The important focus on these materials has been high ionic
conductivity, which originates from lithium ion migration.
Although direct measurements of the lithium position can-
not be obtained by the XRD method, neutron diffraction can
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provide information on lithium ion distribution. Magic-angle
sample-spinning solid-state NMR methods have been applied
to study the structures of LLZO and related conductors
using 6Li, 7Li, 27Al, and 71Ga resonances.9–11,14,15,38,41,42

Steady-state 7Li spectra without motional narrowing are broad
and affected by quadrupolar couplings (nuclear spin I of
7Li = 3/2).42–45 The motional narrowing of the 7Li spectral
lines takes place with an increase in temperature by lithium ion
vibration and jumps. The local mobility of lithium ions can be
observed by the 7Li relaxation times, which are assumed to be
related with fast ion conduction and observed in wide ranges
of temperature and frequency, and precise analysis has been
developed about the fast lithium jump.42–47 The 7Li relaxation
is mainly influenced by one or several jumps of lithium ions
in a time scale of 10�4 (below room temperature) to 10�9 s in
10�10 m space. These studies have been devoted to understand
atomic-scale details.

Since solid-conductors are used mainly in micrometer
or larger sizes for electrochemical devices, information is
required for lithium migration on longer scales, including grain
boundaries. The pulsed-gradient spin-echo (PGSE) 7Li-NMR
method can provide migration in µm space. Up to now, we
have measured self-diffusion constants of lithium ion, anions,
and solvents in various solution electrolytes, in which the
electrolyte systems are homogeneous and not required to intro-
duce the concept of diffusion distance,48–50 except for polymer
electrolytes.51,52 The lithium ion migration circumstances in
solid conductors are complicated in µm space and not a sim-
ple extension of the ion migration in atomic-scale space or
homogeneous circumstances.

We have measured lithium migration in a garnet-type
LLZO-Ta53 and sulfide-type solid conductors54–56 using the
PGSE NMR method and found that the lithium migration
depends on observation time ∆ and pulse-field gradient (PFG)
strength g. These phenomena suggest that the lithium ion
migration in µm space is distributed heterogeneously and
polydispersively in the solid conductors.

In our previous studies, lithium ion diffusive diffractions
were observed for short ∆, in which lithium ions migrate very
quickly. Diffusive diffraction patterns for short ∆ were insen-
sitive to temperature throughout the range studied. Generally,
the diffusive diffraction phenomena have been studied by the
PGSE-NMR method under the concept of restricted diffusion
for molecules confined in various types of space and analyzed
by experimental and theoretical approaches.57–62 When the
diffractive patterns are observed, the echo attenuations are
plotted in q-space (q = γδg/2π) and the inverse of the first
diffraction minimum is related to the radius of the restricted
space. The systems hitherto developed have been concentrated
to neutral fluid molecules such as H2O diffusing in neutral cir-
cumstances such as polymers, glasses, and so on.57–62 The
significance was suggested for the fluid-surface interaction in
the q-space data.60 Generally, mass transfer in mesoporous
materials was reviewed by Kärger and Valiullin.63

In this study conduction is carried by Li+ ions and migrat-
ing 7Li species are charged positive and stationary La3Zr2O12

must be charged negative. For the fast 7Li+ migration in the
solid, the long-range lithium pathways are formed through
walls charged negative. The distribution of negative charge

on the wall of La3Zr2O12 has not yet precisely studied. The
diffractive patterns in short ∆ clearly suggest that the Li+

ions do not diffuse in free space and must be affected by the
coulomb interaction. The 7Li diffusive diffraction patterns in
solid conductors53–56 showed quite unexpected behaviors from
the well-established restricted diffusion models. To analogy to
the restricted diffusion, the echo attenuations were plotted in
the q-space and diffraction minimum is assumed to give the
distance until collision.61,62 The analysis will give important
information on structures of the walls and long-range lithium
pathways. The mobile lithium ions diffuse accompanied by
repeated collisions to stationary walls and diffractions. The
diffraction manners were scattered over several µm, depending
on the observation time, ∆, and the PFG strength, g, and also
internal structures in µm space of solid conductors. In some
meanings, the diffractive patterns are snapshots for migrating
lithium ions.

In this study, we observed the 7Li NMR spectra and
lithium ion migration behaviors of cubic LLZO between room
temperature and 140 ◦C for membrane and powder samples to
compare the sample size effects. The 7Li spectra of both sam-
ples obtained by steady-mode NMR were composed of narrow
and broad components. The linewidth of the narrow compo-
nent became sharper with increasing temperature, allowing
diffusion measurements possible above 70 ◦C using the PGSE
NMR method. The target of the diffusion measurements was
limited to the narrow component. At 140 ◦C the broad compo-
nent was observed in both the samples and this fact is different
from our previous studies in solid conductors, in which the
broad component disappeared at a high temperature in cubic
LLZO-Ta,53 and an amorphous sulfite solid conductor.54–56

Lithium diffusion was observed by changing ∆ and g.
We also measured the ∆ dependent apparent diffusion

constant (Dapparent) to approach an equilibrium value (close
to tracer diffusion constant) to compare the ionic conductivity.

Since the membrane sample can provide a good disk
shaped with a thickness of 0.5 mm and a diameter of 3 mm,
one-dimensional 7Li profiles in the thickness direction were
observed with increasing temperature. The area intensity
increased with temperature and related with the number of
charge carrier lithium ions estimated from the ionic conduc-
tivity and the tracer diffusion constant through the Nernst-
Einstein relationship.

The 7Li NMR diffusion measurement results were com-
plicated and we tried to confirm our experimental results for
different types of solid conductors. About one year after the
sample preparation, we remeasured the LLZO samples which
were kept in flame-sealed NMR tubes at ambient tempera-
ture. The results were almost reproducible within experimental
errors, and we found that the diffraction patterns were reduced
and the linewidth of the broad component decreased. We
assume that slow structure relaxation exists in µm space for
the present solid conductors.

II. EXPERIMENTAL DETAILS
A. Sample preparation

The membrane sample of cubic LLZO (Al-stabilized
one) was purchased from TOSHIMA Manufacturing, Co., Ltd
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(Saitama, Japan). The structure was confirmed as a pure cubic
crystal using the powder XRD pattern. The thickness of the
membrane was controlled to be 0.5 mm. The powder sam-
ple was prepared by grinding the membrane by hand in an
Ar-filled glove box. The membrane and powder samples were
inserted in an NMR sample tube equipped with an inner glass
tube, BMS-005J (Shigemi, Tokyo, Japan) with a height of
5 mm in the grove box and flame sealed. The LLZO sample
was confined in a small space and exposure to Ar gas was mini-
mized. A disk sample with a diameter of 3 mm was prepared by
punching the membrane sample and placed in the NMR tube
horizontally and flame sealed to observe one-dimensional 7Li
profiles in the direction of the thickness.

B. Ionic conductivity measurement

AC impedance measurements were performed on a dense
pellet using platinum layers sputtered on both sides of the
membrane, and Pt meshes and wires were attached to current
collectors. The ionic conductivity (σ) was measured on [stain-
less steel (SUS)/electrolyte sample/SUS] hermetically sealed
cells and determined using the complex impedance method
with an AC impedance analyzer (VSP, Bio-Logic, 200 kHz–50
MHz; applied voltage: 10 mV) between 373 and 333 K at 5 K
intervals while cooling the samples. The samples were ther-
mally equilibrated at each temperature for at least 90 min prior
to measurement.

C. Scanning electron microscopy (SEM)
measurements

Scanning electron microscopy (SEM; JCM6000, JEOL,
Tokyo, Japan) was used to characterize the surface morphology
of the LLZO pellet and powder samples.

D. NMR measurements

The 7Li NMR spectra were measured on a Tecmag
Apollo spectrometer (Houston, TX, USA) equipped with
a 4.7 T wide-bore magnet using a PFG probe (JEOL).
Generation of a well-shaped rectangular PFG is possible
using a JEOL probe and amplifier (50 A) as shown in
Fig. S11 of the supplementary material. The precise calibra-
tion of PFG strength g and duration time δ was performed
using D2O and an ionic liquid, 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)amide (EmimTFSA)64 as shown
Fig. S13 of the supplementary material. In Figs. S12 and S14
of the supplementary material, the 1H signals of EmimTFSA
are shown to remain in the same positions without and with
PFG application. We can assume negligible background DC
current and monopolar pulse sequences can provide accurate
experimental results. The 7Li NMR spectra were measured
at 78.4 MHz. Lithium diffusion was observed by the stimu-
lated echo (STE) PGSE-pulse sequence shown in Fig. 1(a).
One-dimensional 7Li profiles were observed using the pulse
sequence in Fig. 1(b).

Since the aim of this study is the observation of Li+ migra-
tion in a µm space, all of the measurements were performed
between 30 and 140 ◦C by a steady mode with 90◦ pulse of
approximately 10 µs. Since the values of 7Li T1 and T2 are nec-
essary to set the measurement parameters, the determination

FIG. 1. The pulse sequences of (a) STE-PGSE in which two PFGs of strength
g and duration time δ are applied with the time interval ∆ and (b) one-
dimensional profile with read gradient fields of height G and t during whole
echo acquisition and t/2 during FID after the first 90◦ pulse.

of T1 and T2 was performed by the pulse sequences of 180◦-
τ-90◦-acquisition (FID signal) and 90◦-τ-180◦-τ-acquisition
(half echo signal), respectively. In the PGSE experiments, the
first PFG marks the initial position to encode lithium ions
and the second PFG detects the position of migration for the
encoded lithium ions after ∆. The echo attenuation does not
include any information on the procedure during ∆.

The echo attenuation E is related to the experimental
variables (g, δ, and ∆), and the diffusion coefficient, D, can
be obtained using the Stejskal and Tanner equation for a
homogeneous space,65,66

S(g, δ,∆) =
E
E0
= exp(−γ2δ2g2D(∆ − δ/3)) = exp(−bD),

(1)

where γ is the 7Li gyromagnetic ratio (1.039 77× 108 s�1 T�1).
In general, the echo attenuation can be observed on either a
fixed g value by varying δ or with a fixed δ value by varying
g. In homogeneous systems, both measurements provide the
same D value, which is independent of g and ∆, but this is
not always true in LLZO-Ta.53 A single-exponential diffusion
plot using Eq. (1) shows the free diffusion of a single diffusion
species. In this study, g was set to a value between 4.8 and
13 T m�1. For a fixed value of g, δ was varied between 0.2
and 4 ms (16 increments) with τ = 4.4 ms. Since 7Li T2 of
solid conductors are generally very short, we confirmed the
validity of the PGSE NMR measurements for samples having
short T2 values. As an example, testing procedures of diffusion
plots are shown in Fig. S15 of the supplementary material for a
sulfide-type solid conductor (T2 = 2.8 ms at 25 ◦C). In the pulse
sequence in Fig. 1(a), ∆, g, and δ are maintained in the same
conditions and the τ value was changed from 4.2 to 6.8 ms
to observe the echo attenuations. Although the sensitivity was
influenced significantly by the τvalues, the plotted patterns and
the Dapparent values were almost unchanged. In this situation,
we did not recognize eddy current effects. The echo signals
were averaged between 32 and 256 times depending on the
measurement conditions.

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-146-014703
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-146-014703
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-146-014703
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-146-014703
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The one-dimensional 7Li profile was measured by the
pulse sequence shown in Fig. 1(b), in which the amplitude
G of the read gradient field was 3.4 T m�1, and t = 2.56 ms.
The corresponding pixel was 7 µm (like spatial resolution)
calculated by k = γtG/2π [m�1]. The profile scale agreed well
with the actual membrane size.

III. RESULTS AND DISCUSSION
A. SEM and ionic conductivity

SEM images of the membrane and powder samples are
shown in Fig. S1 of the supplementary material. Clearly, grind-
ing effects are shown in the images of the powder sample. An
Arrhenius plot of the ionic conductivity is shown in Fig. S2
of the supplementary material for the membrane sample. The
activation energy was about 71 kJ mol�1.

B. 7Li spectral pattern
7Li spectra of the membrane and powder samples were

observed from room temperature to 120 ◦C. An example is
shown in Fig. S3 of the supplementary material for the mem-
brane sample at 80 ◦C and indicates that narrow and broad
components coexist. Because lithium ions in rigid states are
known to show very broad lines,42,43 motional narrowing pro-
cesses exist in the present temperature range. Each spectrum
was fitted by an overlap of two Lorentz-type curves using Ori-
gin 9.0 software. The temperature dependences of the line
widths of narrow and broad components obtained by fitting
the spectral patterns of two Lorentz-type curves are shown in
Fig. S4 of the supplementary material for the membrane and
powder samples.

In general, the line width was smaller in the membrane
sample than in the powder sample, especially in the low tem-
perature region. The sample forms and sizes of the solid
conductors affect the 7Li spectral patterns. Although the tem-
perature dependence of the line width for the narrow compo-
nent was small (0.4 to 0.3 kHz for the powder sample and
slightly sharper for the membrane sample), the broad com-
ponent showed a large temperature dependence (8 to 2 kHz).
The narrow component may include a quadrupolar −1/2 to 1/2
transition of the broad component. Actually, the line width of
echo signals of PGSE measurements became slightly smaller
than that of the corresponding narrow component. The ratio
of area intensity of the narrow component increased slightly
with the increase in temperature and the narrow component
was about 60% in both the membrane and powder samples at
120 ◦C. The 7Li echo signals do not include a broad component
in the cubic LLZO samples. We kept the samples at an ambient
temperature sealed in a NMR sample tube. After one year, we
found that although the T1 and T2 values and the line width of
the narrow component remained unchanged, the line width of
the broad component became slightly smaller at 120 ◦C than
that for the samples just after preparation, suggesting slow
structure relaxation in less mobile lithium ions.

C. 7Li T1 and T2

The observation of T1 and T2 of the narrow component
was performed for the membrane and powder samples, as

shown in Fig. S5 of the supplementary material. The decay
curves for the relaxation measurements (both T1 and T2) were
analyzed by a single-component exponential decay. The data
of T1 and T2 for the membrane and powder samples agreed
within experimental errors. Almost the same activation ener-
gies of T1 were obtained as 10.2 ± 0.1 and 10.6 ± 0.1 kJ mol�1

for the membrane and powder samples, respectively. The sam-
ple size was insensitive to the 7Li T1 and T2. As the temperature
increased, T2 became longer from 0.7 to 4 ms, and longer T2

was better for the sensitivity of the PGSE NMR. Conversely,
T1 became shorter with the increase of temperature from 0.15
to 0.06 s, and longer accumulation of the echo signals was
required for the long ∆measurements. The PGSE NMR could
be performed above 65 ◦C (T2 > 2 ms).

D. ∆-dependent diffusion

As shown previously for LLZO-Ta53 and sulfide-type
lithium conductors,54–56 the diffusion plot following Eq. (1)
was dependent on g and ∆. As examples, ∆-dependent dif-
fusion plots of the powder sample at 70 ◦C and of the
membrane sample at 120 ◦C are shown in Figs. 2 and 3,
respectively.

Clearly, ∆-dependent diffusion plots were observed for
both the membrane and powder samples. The diffusive diffrac-
tion plots were observed for ∆ = 10 and 20 ms. From the initial
linear decay of the echo attenuation, the Dapparent was estimated
using Eq. (1). As described later, the diffractive patterns at
∆ = 20 ms disappeared after one year.

The ∆-dependence of the Dapparent value was plotted in
Fig. 4 for the membrane and powder samples obtained at 70
and 120 ◦C between ∆ = 20 and 70 ms. The small differ-
ence in values of the Dapparent for short ∆ is noticeable. As ∆
became longer, the values of Dapparent became smaller and scat-
tered in each observation. The value of Dapparent approached
an equilibrium value for ∆ = 70 ms.

Clearly, as∆became longer, the values of Dapparent became
explicitly smaller. From ∆ = 20 to 70 ms, the lithium diffu-
sion values were reduced to less than approximately 10%. To

FIG. 2. ∆-dependent diffusion plots of the powder sample at 70 ◦C under a
fixed g = 9.8 T m�1 and δ was varied from 0.2 to 4 ms (16 increments). The
initial decay of ∆ = 10 (square) and 20 ms (circle) gave Dapparent = 31 and
5.9× 10�12 m2 s�1, respectively. The echo attenuations at∆= 30 (up-triangle),
50 (down-triangle), and 70 ms (diamond) could be fitted to give Dapparent

values of 18, 3.6, and 3.1 × 10�13 m2 s�1, respectively. The Dapparent value
was 3.0 × 10�13 m2 s�1 at 200 ms (not shown).

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-146-014703
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-146-014703
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-146-014703
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-146-014703
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-146-014703
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FIG. 3. The diffusion plots of the membrane sample at 120 ◦C for
∆ = 10 (square), 20 (circle), 30 (up-triangle), 50 (down-triangle), and 70
ms (diamond) in which g was fixed at 9.8 T m�1 and δ was varied from 0.2
to 4 ms (16 increments). The Dapparent values were 31, 11, 4.3, 1.9, and 1.6
× 10�12 m2 s�1, for ∆ = 10, 20, 30, 50, and 70 ms, respectively. The scattering
behaviors depending on ∆ are a kind of snapshots.

our knowledge, these phenomena are observed for lithium ion
diffusion in solid conductors.

E. g-dependence

Previously, we have reported g-dependent lithium diffu-
sion in LLZO-Ta53 and sulfide solid conductors.54–56 In this
work, the g-dependent diffusion was observed with a fixed
g varying δ measurements and confirmed with ∆ = 50 ms at
120 ◦C for both samples. The diffusion plots were almost linear
with ∆ = 50 ms, as shown in Fig. 5.

Clearly, the Dapparent value became smaller as g became
larger. Generally, quickly diffusing species in liquids can be
observed using a small g, and when the diffusion is slower,
larger g is required to obtain enough decays of the echo atten-
uation for a smaller diffusion constant. The Dapparent values
obtained at g = 12.4 T m�1 and ∆ = 50 ms are close to the
values obtained at g = 9.8 T m�1 and ∆ = 70 ms. In this
work, similar to our previous papers concerning LLZO-Ta
and sulfide solid conductors, clear g-dependent diffusion was
observed in both the powder and membrane samples at high

FIG. 4. Dapparent plotted versus∆ for the membrane (down-triangle) and pow-
der (up-triangle) samples at 120 ◦C (open) and 70 ◦C (solid). For∆= 20 ms, the
diffraction patterns were observed for the four measurements and the Dapparent
values were estimated from the initial linear decays. When ∆ was longer, the
diffusion plots were almost linear in the whole range measured.

FIG. 5. g-dependent diffusion plots of (a) membrane and (b) powder samples
observed at 120 ◦C with a fixed ∆ = 50 ms from g = 4.8 to 12.4 T m�1, in
which δ was varied from 0.2 to 4 ms (16 increments). The Dapparent values
were 4.0, 2.6, 2.0, and 1.7 × 10�12 m2 s�1 (membrane sample) and 2.4,
2.2, 1.4, and 1.3 × 10�12 m2 s�1 (powder sample) for g = 4.8, 7.3, 9.8, and
12.4 T m�1, respectively.

temperature. Similar g-dependent diffusion was observed also
at lower temperatures and shorter ∆. The phenomenon of g-
dependence may be interpreted in terms of an inhomogeneous
system in which lithium ions diffuse in heterogeneous and
polydispersive manners. Within the same time interval, lithium
ions move in scattered diffusion constants and we cannot
specify a unique value of diffusion coefficient at a certain
temperature. When the diffusion measurements are performed
with a fixed value of δ varying g in Eq. (1), the value of
Dapparent became larger than with a fixed g varying δ. We
believe that careful measurements with proper setting condi-
tions may approach a unique equilibrated value, which is the
smallest value under various measuring conditions. However,
many scattered values obtained experimentally tell insight of
the micrometer-order inner structures.

F. Temperature dependence

∆-dependent Dapparent values approached an equilibrated
value at longer ∆ and larger g as shown in Figs. 4 and 5,
respectively. In this situation, we observed the temperature-
dependent diffusion at ∆ = 70 ms at a fixed g of 9.8 T m�1.
The diffusion plots on the fixed measurement conditions are
shown between 70 and 120 ◦C in Fig. 6.

Arrhenius plots for the Dapparent values obtained at
∆ = 70 ms and g = 9.8 T m�1 are shown in Fig. 7(a) and the
values were slightly larger in the membrane sample than in the
powder sample at every temperature. The activation energies
were almost the same (33.3 ± 0.7 and 32.2 ± 1.4 kJ mol�1)
for the membrane and powder samples, respectively. These
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FIG. 6. Temperature-dependent diffusion plots for (a) the
membrane and (b) powder samples measured at∆ = 70 ms
and g = 9.8 T m�1. The echo attenuation was obtained by
varying δ = 0.2 to 4 ms. The Dapparent values were 3.5, 6.4,
9.9, 14, and 19 × 10�13 m2 s�1 at 70, 88, 102, 117, and
128 ◦C for the membrane sample, respectively. They were
3.1, 4.9, 7.2, 10, and 13 × 10�13 m2 s�1 at 70, 82, 95, 108,
and 120 ◦C, respectively, for the powder sample.

values were about three times larger than the activation ener-
gies of 7Li T1 in the same temperature range (10.2 ± 0.1 and
10.6± 0.1, for the membrane and powder samples, respec-
tively), but about half that of the ionic conductivity. About
one year later, we re-measured the Dapparent at 120 ◦C for
the samples. The absolute values were slightly smaller for
both LLZO samples, although the trend of ∆-dependence was
unchanged.

The temperature-dependent mean square displacement
(MSD)

√
2Dapparent∆ in the µm space is shown in Fig. 7(b),

in which the diffusion distance was slightly larger in the
membrane sample and increased as the temperature increased
in the micrometer space.

FIG. 7. (a) Arrhenius plots of Dapparent values observed with g = 9.8 T m�1

and ∆ = 70 ms, and (b) MSD plotted versus temperature for the membrane
(circle) and powder (square) samples.

G. Diffractive patterns for short ∆

When ∆ became short, the diffusion plots showed diffrac-
tive patterns in the present samples, as shown in Figs. 2 and 3.
The Fourier-transformed (FT) echo attenuations show phase
changes near minimum positions in a diffusive diffraction plot
for electrolytes. Experimentally, the spectral phase changes are
commonly encountered, but we cannot explain the phenom-
ena theoretically for collisions between charged particles and
environments. Then we always plot the magnitude-mode FT
spectra of echo attenuations in Eq. (1) because the real-mode
FT spectra pass through negative values. We confirm that if a
plot were linear, the plots in real- or magnitude-mode data are
not much different.

As reported previously, the diffractive patterns were insen-
sitive to temperature, and in this study the LLZO was also
insensitive to temperature. Here, we showed the diffractive
patterns at 72 ◦C for four different ∆ values from 5 to 20 ms,
which are shown in q-space plots in Fig. 8(a) membrane and
Fig. 8(b) powder samples. About one year later, we found that
the diffracted patterns were reduced, as shown in Figs. 8(c)
and 8(d). The reciprocals of q at the first diffusion minimum
in the membrane sample were 4.2, 2.8, 2.1, and 1.8 µm for
∆ = 5, 10, 15, and 20 ms, respectively, at the first measure-
ments. For the later measurements, they were reduced to 3.0
and 2.1 µm for ∆ = 5 and 10 ms, and no diffraction was
observed for the longer ∆. Similarly, the diffraction distances
of the powder sample were 3.8, 2.6, 2.0, and 1.6 µm for
∆ = 5, 10, 15, and 20 ms, respectively, at the initial measure-
ments and reduced to 2.7 and 1.8 µm for ∆ = 5 and 10 ms,
respectively, after one year. This phenomenon is probably
related to decrease of the line width of the broad component
of 7Li spectra described above which contribute reduction of
the collision.

The diffractive patterns are related to the inner and surface
structures in theµm space. By the PGSE-NMR method, the dif-
fusing procedures cannot be observed during the interval of the
two PFGs. In a short time scale of less than 20 ms, we clearly
observed the collision and diffraction for traveling lithium ions
on walls composed of stationary lithium and anion species
in the solid cubic LLZO. For longer ∆, the diffusive diffrac-
tion patterns were not observed due to averaging processes



024701-7 Hayamizu, Seki, and Haishi J. Chem. Phys. 146, 024701 (2017)

FIG. 8. Echo attenuation plots in q-
space for (a) the membrane and (b) the
powder samples for ∆ = 5, 10, 15, and 20
ms at a fixed g = 9.8 T m�1 with vary-
ing δ up to 4 ms. The plot profiles are
observed at 72 ◦C. About one year later,
the same measurements were performed
for the flame-sealed samples for (c) the
membrane and (d) powder samples.

including collision and diffraction. After one year, the diffrac-
tion patterns were reduced and the experimental results suggest
that the lithium pathways in µm space became smoother to
decrease the collisions owing to the structure relaxation in
rigid parts of the solid conductors.

The MSD in Fig. 7 showed temperature dependence
and the values were about 0.2 to 0.5 µm during 70 ms. At
∆ = 10 ms, the estimated MSD value was about 0.7 µm
and decreased with longer ∆ (till 50 ms) and increased a
little at ∆ = 70 ms. The averaged traveling distances were
much smaller than the diffraction distances. Then, within a
short period, positive lithium ions migrate spontaneously in
negatively charged circumstances on diffractive manners with-
out thermal activation in the present temperature range. The
diffractive migration may contribute little to the measured
value of ionic conductivity.

H. One-dimensional 7Li profile
of the membrane sample

Using the pulse sequence in Fig. 1(b), temperature-
dependent one-dimensional profiles were observed for the
cubic-LLZO disk (diameter 3 mm and thickness 0.5 mm)
in the direction of the thickness (z-gradient direction). The
temperature was between 51 and 111 ◦C as shown in Fig. 9.

FIG. 9. One-dimensional profiles for a membrane disk (thickness = 0.5 mm)
in the temperature between 51 and 111 ◦C. The τ value was set to 2.1 ms. One
pixel was 7 µm. The measuring parameters were kept constant except for the
repetition time, for fully recovered signals (five times T1).

The area intensity of the one-dimensional profiles
increased as the temperature increased, which must be related
to the number of mobile lithium ions giving the 7Li echo
signals (τ = 2.1 ms). The area intensity is plotted against
temperature in Fig. 10. Mobile lithium ions can produce 7Li
echo signals and must be related closely to the number of
charge-carrier ions in the solid conductors. It was necessary
to confirm the influence of T2 on the area intensity. The mea-
surements of one-dimensional profiles were performed at a
fixed temperature, 74 ◦C by varying the τ value as shown
in Fig. S6 of the supplementary material. The shape of the
profiles changed little, but the area intensity decreased with
longer τ and the decay curve was analyzed with T2. The area
intensities shown in Fig. 9 were plotted versus temperature in
Fig. 10 and the T2 effect was estimated. The temperature
dependent echo intensities at (τ = 2.1 ms) were observed
and plotted together in Fig. 10. Clearly, the area intensities
are influenced by T2, but the plots were not parallel in the
temperature range observed.

FIG. 10. Temperature dependence of the area intensity of one-dimensional
plots for the membrane disk of the cubic LLZO in Fig. 9, the echo signal height
at τ = 2.1 ms, and the ratio of numbers for lithium carrier ions calculated using
the NE relation of Eq. (2).

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-146-014703
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Since anions do not contribute to ionic conductivity, the
Nernst-Einstein relation can be simplified to67

D(T ) =
kT

Ne2
σ (T ) , (2)

where e is the electron charge, and k is the Boltzmann’s con-
stant. In the present situation, N is the number of mobile
lithium ions that contribute to the ionic conductivity, i.e., the
number of charge-carrier ions at a given temperature. Using
the ionic conductivity in Fig. S2 of the supplementary material
and the values of Dapparent in Fig. 6, the temperature depen-
dent carrier ion number N in Eq. (2) was estimated at each
temperature and plotted in Fig. 10 together with the area inten-
sity in Fig. 9 and peak height of echo signals at τ = 2.1 ms.
The number of the carrier ions increased with temperature
together with the area intensity and peak height of the echo
signal.

In addition to the increase of area intensity with the
increased temperature, the number of lithium ions in the sur-
face area increased. This specific pattern suggests that thermal
activation is necessary for mobile lithium ions to approach the
surface area. This feature is quite different in the lithium pro-
files in polymer electrolytes, in which the surface area was
always filled by 7Li profile at any temperature.68 Thermal
expansion has been reported as an evolution of the lattice con-
stant during the heating step for LLZO (0.3 wt. % Al) studied
by XRD.69 The increased of presence of mobile lithium ions
in the surface area may relate to the thermal expansion. It was
reported that the surface microstructure influences the cycle
performance.70 The one-dimensional profiles for the presence
of lithium ions near the surface will give information on the
surface morphology.

IV. CONCLUSION

A garnet-type cubic LLZO was studied in membrane
and powder samples using 7Li NMR spectroscopy to observe
lithium ion migration in µm (10�6 m) space. The PGSE-NMR
method can vary the observation time length, in which the
lithium ions diffuse more quickly in shorter time intervals and
collide with the stationary anions and immobile lithium ions
and are diffracted in short time intervals. The lithium ions
in the membrane sample can travel slightly longer distances
before collision than in the powder sample. For the longer
observation time in ms order, the lithium ions gradually lose
speed in migration owing to averaging processes including
collisions and diffractions and approach an equilibrated value
(Dequilibrated, close to tracer diffusion constant). The membrane
sample had slightly larger values of Dapparent than with the pow-
der samples while the activation energies were almost the same
at 33 and 32 kJ mol�1 for the membrane and powder samples,
respectively. The lithium ion diffusion phenomena depend on
the PFG strength, suggesting that the lithium ion migration
distributes widely in µm space with heterogeneous and poly-
dispersive manners. The time and PFG depending lithium ion
diffusion was also observed in LLZO-Ta and sulfide-type solid
conductors, and lithium ion migration in µm space showed
common features.

One-dimensional profiles indicated that the area inten-
sity increased with increased temperature under influences of

elongated T2. Interestingly, the population near the surface
area also increased as the temperature increased. The increase
in the number of charge-carrier ions was estimated using the
Nernst-Einstein relation from the ionic conductivity and the
lithium equilibrated Dapparent value close to the tracer diffusion
constant in the µm space. The feature resembled the increase
of the area intensity of the one-dimensional profiles in which
migrating lithium ions have long T2 values.

SUPPLEMENTARY MATERIAL

See supplementary material for the additional figures of
SEM images, ionic conductivity, 7Li spectrum at 80 ◦C, tem-
perature dependences of the 7Li line widths for narrow and
broad components, 7Li T1 and T2, and one-dimensional pro-
files depending on τ at 74 ◦C (supplementary material 1) and
good rectangular PFG shapes of our hardware, calibration of g
and δ, negligible background DC current effect, and the PGSE
NMR measurements for short T2 (supplementary material 2).
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J. Mater. Chem. A 3, 5683 (2015).

10C. A. Geiger, E. Alekseev, B. Lazic, M. Fisch, T. Armbruster, R. Langner,
M. Fechtelkord, N. Kim, T. Pettke, and W. Weppner, Inorg. Chem. 50, 1089
(2011).
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