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Floating Zone Crystal Growth, Structure, and Properties of a Cubic 
Li5.5La3Nb1.5Zr0.5O12 Garnet-Type Lithium-Ion Conductor   

Caleb Ramettea, Lucas Pressleyb,c,†, Maxim Avdeevd,e, Minseong Leef, Satya Kushwahab,g, Matthew 
Krogstadh, Suchismita Sarkeri, Paul Cardona, Jacob Ruffi, Mojammel Khanb,g, Kunimitsu Kataokaj, 
Tyrel McQueenb,c,g, Huiwen Jia,* 

As a promising candidate for solid-state electrolytes in Li-ion batteries, the garnet-type Li-ion conductor series 

Li5+xLa3Nb2−xZrxO12 (LLNZO) (0 ≤ x ≤ 2) exhibits high ionic conductivity at room temperature. However, no previous single-

crystal growth or characterization has been reported for LLNZO compositions with 0 ≤  x ≤ 1. To obtain a complete 

understanding of the trend in the structure-property relationship in this class of materials, we used the floating zone (FZ) 

method to grow a single crystal of Li5.5La3Nb1.5Zr0.5O12 that was 4 mm in diameter and 10 mm in length. Using Laue neutron 

single-crystal diffraction, two distinct Li sites were observed: tetrahedral 24d and octahedral 96h sites. The maximum 

entropy method (MEM) based on neutron single-crystal diffraction data was used to map Li nuclear density and estimated 

that the bottleneck of Li transport exists between neighboring tetrahedral and octahedral sites and that Li is delocalized 

between split octahedral sites. Room-temperature Li-ion conductivity in Li5.5La3Nb1.5Zr0.5O12 measured with electrochemical 

impedance spectroscopy (EIS) was 1.37 × 10-4 S cm-1. The Li migration activation energy was estimated to be 0.50 eV from 

EIS and 0.47 eV from dielectric relaxation measurements. The Li-ion jump attempt rate was estimated to be 1.47 ×1012 Hz 

while the time scale of successful migration is 10–7 to 10–6 s.

Introduction 

Development of all-solid-state lithium-ion batteries (LIBs) is a 

primary focus of research aiming to provide safer and more 

energy-dense secondary batteries for use in portable 

electronics and electric cars. In particular, solid-state 

electrolytes could significantly decrease risks of LIB leakage and 

flammability by replacing volatile liquid species used in current 

LIB electrolytes.1–3 Solid-state electrolytes could also be used to 

engineer batteries with high energy densities due to their likely 

compatibility with Li-metal anodes and high-voltage positive 

electrodes.4–7 Exhibiting wider chemical stability windows, 

oxide solid-state electrolytes are preferred over their sulfide 

counterparts.7–9 In particular, garnet-type oxides exhibit high Li-

ion conductivity and electrochemical stability against Li metal, 

making this class of materials a particularly promising candidate 

for all-solid-state LIB electrolytes.10–12 The prototypical garnet 

structure can accommodate a wide range of metal species. Li-

ion conductors adopting this structure share a general formula 

LiδB3C2O12 (commonly assigned space group Ia–3d), where B is 

an alkali earth or rare-earth element (e.g., La, Y, Pr, Nd, Sm, Ca, 

Ba) occupying the dodecahedral site 24c and C is a higher-valent 

element (e.g. Zr, Hf, Sn, Nb, Ta, Te, W) occupying the octahedral 

site 16a.12–20 Li ions occupy tetrahedral 24d and/or octahedral 

96h sites,21,22 of which the content δ can be continuously varied 

from 3 to 7 by element C substitution to systematically tune the 

ionic conductivity.10,12,23 The garnet-type Li-ion conductors 

Li5+xLa3Nb2−xZrxO12 (LLNZO) and Li5+xLa3Ta2−xZrxO12 (LLTZO) (both 

with 0 ≤ x ≤ 2) series exhibit particularly promising ionic 

conductivity as high as 10-3 S cm-1 at room temperature.24 The 

structure and properties of LLTZO have been widely reported as 

analogous to those of LLNZO.5,15,16,22,25–29 These systems 

undergo a tetragonal-to-cubic phase transition when the Li 

content falls below a threshold dependent on the dopant 

species and synthesis conditions.12,17,25,30 An overall trend that 

Li favors tetrahedral site occupancy at low concentrations and 

almost monotonically shifts to the octahedral site at high 

concentrations has been reported from both experimental and 

computational studies.31–34 This occupational shift is critically 
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important for inducing the structural phase transition and 

forming the Li-ion conduction pathway.35 

Although Li-ion garnets are most often synthesized and 

characterized in a powder form, single crystals are more 

desirable for investigating solid-state ionic conductors. 

Generally, polycrystalline pellets exhibit lower ionic 

conductivity than single crystals due to unwanted impedance 

from grain boundaries.16,21,36,37 When paired with a Li metal 

anode, single-crystal electrolytes better suppress Li dendrites 

that otherwise grow along grain boundaries and thereby reduce 

cycle life via short circuits and thermal runaway.7,38–43 

Furthermore, single crystals are indispensable for certain types 

of characterization. The correlation between lattice dynamics 

and ion transport has been speculated20–22,30,44,45 but still awaits 

experimental verification because the energy-momentum 

phonon dispersions must be measured using inelastic neutron 

scattering on sizable single-crystal samples. Single crystals are 

also preferred for the determination of crystal structures 

because well-resolved 3D k-space diffraction can be obtained to 

better solve the site distribution of the Li-ion sublattice.  

The floating zone (FZ) method has been previously used to 

synthesize large single crystals of various LLNZO (x = 1.5, 1.95, 

2)12,16,24 and LLTZO (x = 1.2, 1.4, 1.5, 1.6, 1.8)5,26 compositions 

with high Li contents. This container-free method is ideal for 

eliminating sample contamination, particularly from Al, and for 

reducing loss of volatile species, such as Li, by minimizing dwell 

time at high temperature.16,46–48 These studies demonstrated 

the exceptional difficulty or impossibility of stabilizing the 

molten zone during FZ crystal growths. The instability has been 

attributed to Li volatilization from the high-temperature molten 

zone.8,16 To offset Li loss and retain the target Li content, adding 

20% over-stoichiometric Li-containing reactants was necessary; 

however, additional Li increased the amount of volatized 

material and further contributed to molten zone 

instability.5,12,16,24,26 To mitigate molten zone instability, an inert 

gas was applied to reduce vaporization of volatile species from 

FZ growth49 and air flow through the sample chamber was 

implemented to counteract molten zone instability in 

previously reported LLNZO and LLTZO FZ growths.5,24,26 In 

addition, translating and rotating the feed and seed rods at high 

speed to reduce the dwell time at high temperature was 

necessary because complete stabilization of the molten zone is 

nearly impossible.12,16,24 

In this study, we report the growth of a centimeter-long single 

crystal of an LLNZO garnet with a low Li stoichiometry of 5.5/f.u. 

(x = 0.5): Li5.5La3Nb1.5Zr0.5O12 (Li5.5-LLNZO). Single crystal 

growth or characterization has not been previously reported for 

this Li content; this work, together with the aforementioned 

single-crystal studies on higher Li content compositions, 

establishes a more complete trend in this technically important 

class of materials. The crystal structure, especially the Li 

sublattice, was carefully characterized by neutron single-crystal 

diffraction to better understand the superionic conductivity 

mechanism when combined with electrochemical impedance 

spectroscopy (EIS) and dielectric relaxation measurements. Our 

detailed account of crystal growth and the issues encountered 

will facilitate similar studies in the future with in-depth 

characterizations of solid-state ion conductors only possible on 

single crystal samples. 

Experimental 

Single Crystal Growth 

The initial polycrystalline material was synthesized via a 

standard solid-state reaction. Lithium hydroxide (LiOH, ≥98%), 

lanthanum hydroxide (La(OH)3, 99.9%), niobium oxide (Nb2O5, 

99.9%), and zirconium hydroxide (Zr(OH)4, 97%), all from Sigma-

Aldrich, were mixed in a molar ratio of 6.6:3:1.5:0.025 for a 

nominal composition of Li6.6La3Nb1.5Zr0.5O12. The amount of 

LiOH contained 20% excess to offset loss of volatilized lithium 

during the high temperature growth procedure. A slurry was 

made by mixing the precursor powder in ethanol and milling 

(Retsch PM 400 planetary ball mill) at 180 rpm for 12 hours with 

intervals of 30 minutes with a 5-minute rest and reversal of 

rotation after each interval. Agate jars and balls were used for 

the milling process. The ethanol was removed by evaporation at 

383 K, after which the precursor was pressed into cylindrical 

pellets 13 mm in diameter with 2 tons of pressure in a stainless-

steel die. The pellets were sintered in a muffle furnace for 12 

hours on Au foil in alumina crucibles with covers at 1123 K. The 

pellets were then ground to fine powder with an agate mortar 

and pestle in a glovebox with argon (Ar) atmosphere and stored 

under argon. To prepare the seed/feed rods for crystal growth, 

the powder was packed into a cylindrical latex balloon with 

approximate diameter of 7 mm and length of 60 mm, degassed 

under vacuum, and hydrostatically pressed with approximately 

65 MPa of pressure. The rods were stored in a glovebox with 

argon atmosphere until the growth procedure.  

An optical high-pressure floating zone (HPFZ) furnace (ScIDre 

GmbH, up to 300 bar, PARADIM Bulk Crystal Growth facility at 

Johns Hopkins University) with one 5 kW xenon arc lamp in 

vertical 2-mirror geometry was used to grow the single crystals. 

The seed and feed rods were translated at a rate between 10 

and 20 mm/hr, which was varied as needed during growth to 

stabilize the molten zone. The seed and feed rods were initially 

rotated in parallel at 10 rpm, with rotation changed to 

antiparallel after a stable melt formed. Counter-rotation 

resulted in considerably better mixing and formation of higher 

quality crystal. Close monitoring and real-time variation of the 

pulling rate was necessary throughout the growth process to 

maintain a stable molten zone. To prevent contamination of the 

sample surface from ambient moisture or carbon dioxide, the 

growth was performed under an applied argon atmosphere. A 

pressure of ~10 bar under Ar atmosphere with a flow rate of 0.1 

L/min was applied to help control Li loss from vaporization and 

minimize obstruction of optical transmission from vapor coating 

the inside of the sample chamber.  

Compositional and Crystal Structure Analysis 

The crystal boule was visually inspected with a ZEISS Stemi 508 

apochromic stereo microscope. Digital images were taken with 

a ZEISS Axiocam 208 microscope camera attachment. Prior to 

any further analysis of the single crystal samples, the surface 
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was polished to remove any Li-deficient impurities given that Li 

loss occurs mainly on the outer surface. The relative 

compositions of Li, La, Nb, and Zr were measured via inductively 

coupled plasma atomic emission spectroscopy (ICP-AES, 

Galbraith Laboratories, Inc.) from a small portion of single 

crystal LLNZO ground to fine powder in an agate mortar and 

pestle under argon atmosphere. 

A STOE STADI P X-ray diffractometer was used in transmission 

geometry to collect all laboratory data with Mo anode Κ𝛼1 

radiation (λ = 0.70930 Å), a Ge(111) curved monochromator, 

and a Dectris MYTHEN2 detector. Data was collected at room 

temperature in static mode across the 2θ angle range of 2° to 

60° from a small Li5.5La3Nb1.5Zr0.5O12 crystal boule sample 

ground to fine powder. The sample was measured for 4.5 hours 

in triplicate across the full angular range, totaling 13.5 hours of 

measurement time. Refinement on laboratory XRD data was 

completed with GSAS-II software package. VESTA was used to 

visualize crystal structure results. 

Scanning electron microscopy (SEM) (FEI QUANTA (600F)) was 

used to image a polished segment from the counter-rotated 

portion of the crystal boule using a secondary electron detector 

with a 10 kV high voltage beam, magnification of 5000x, and 

working distance of 10.1 mm. Two-axis X-ray diffractometer 

measurements (Bruker D2 Phaser) were also performed with 

this polished segment using Cu K𝛼1 radiation (𝜆=1.5406 Å) and 

Cu K𝛼2 radiation (𝜆=1.54439 Å) at ambient temperature over a 

2θ range of 10-70° (30 kV, 10 mA) and detected with a 1D 

LYNXEYE, 192 channel detector with a scan time of 991 s. 

Single crystal Laue neutron diffraction data were collected on 

the KOALA diffractometer at the OPAL Research Reactor 

(ANSTO).50 First, several crystals of irregular shape were 

chipped off the boule and tested for quality. Each piece yielded 

excellent data (see Fig. 4 for a representative image). A crystal 

∼0.5 mm across was selected and 13 images were collected in 

15 ̊ rotation steps with exposure time of 6,600 seconds per 

image. Image data processing, including indexing, intensity 

integration, and wavelength distribution normalization was 

performed using LaueG.51 Crystal structure refinement was 

carried out using Jana202052 and maximum entropy analysis 

(MEM) was performed with Dysnomia.53 The crystal structure 

and neutron scattering density maps were visualized with 

VESTA.54  

The QM2 synchrotron beamline at CHESS was used to measure 

single crystal X-ray diffraction on a small crystal sample. Data 

was collected in transmission geometry with an incident beam 

energy of 37.0002 keV (𝜆 = 0.335092 Å), selected with a <111> 

diamond double-crystal monochromator. Scattered X-rays were 

measured with a Dectris Pilatus 6M (6 megapixel) photon-

counting pixel-array detector with a 1-mm-thick silicon sensor 

layer continuously counting as the sample was rotated with 

three tilted full 360° with a new exposure triggered every 0.1°. 

Data were processed using the NeXpy software package and 

reciprocal space volumes reconstructed using CCTW following 

previously established procedures.55 

 

Ionic Conductivity Analysis 

Alternating current (AC) EIS analysis was used to determine the 

Li-ion conductivity and activation energy of the LLNZO sample. 

A segment of single crystal with an unknown orientation from 

the best-quality counter-rotated segment was polished and 

sputter coated (Cressington sputter coater 108auto) with a thin 

film of Au on parallel faces to create Li-ion blocking electrodes. 

Kapton® tape was used to prevent coating the perpendicular 

sides of the crystal sample to prevent electronic bridging of the 

Au-coated faces. The sample was inserted into a leak-tight 

controlled environment sample holder (CESH) cell (BioLogic) 

under Ar atmosphere. EIS spectra were measured (BioLogic SP-

300) over a frequency range of 7 MHz to 100 mHz with an 

applied AC 10.0 mV in amplitude, 16 points per decade in 

logarithmic spacing, 0.10 s periods before each frequency, and 

5 measures per frequency. The CESH cell was placed in an oven 

(VWR INCU-line) and allowed to thermally equilibrate for at 

least two hours at each temperature before each measurement 

was conducted at 296.3, 303.2, 308.2, 313.2, 318.2, 323.2, 

328.2, 333.2, 338.2, and 343.2 K. The data was processed in 

ZView, including fitting EIS measurements to equivalent circuits. 

The thickness of the crystal segment was measured to be 

approximately 0.88 mm (Mitutoyo 547-500S digimatic thickness 

gauge) and the sample surface area was estimated to be 2.961 

mm2 from image analysis in ImageJ. 

Dielectric Measurement and Analysis 

For the dielectric measurement, a single crystalline sample was 

polished into a plate shape with area of 3.49 mm2 and thickness 

of 0.75 mm to achieve a parallel capacitor geometry. Electrical 

contacts were made with silver paint on the two flat surfaces. 

Pt wires were used to connect the sample to a custom-made 

measurement probe equipped with BNC cables and connectors. 

The capacitance and dissipation angle were measured at 

various frequencies from 5 kHz to 2 MHz using an E4980A LCR 

meter at a PPMS (Physical Property Measurement System, 

Quantum Design) from 400 K to 3 K while cooling. The measured 

capacitance and dissipation were converted to the dielectric 

constant (ε’) and dissipation (ε”) using: 

ε′ =
𝐶𝑑

𝐴ε0
,                   ε" = 𝐷ε′ 

where C is capacitance, D is the dissipation angle, A is the area 

of the sample, d is the thickness of the sample, and ε0is vacuum 

permittivity (8.854 ×  10−12 F/m). 

The same segment used for dielectric measurements was also 

used to measure the d.c. polarization of the Li5.5-LLNZO single 

crystal. The single crystal plate with silver paint contacts was 

placed into the leak-tight CESH cell (BioLogic) under Ar 

atmosphere, identical to the setup used for EIS measurements. 

D.C. polarization curves were recorded at 1.136 V, 1.636 V, 

2.136 V, 2.636 V, and 3.136 V. The final current values after 1-

minute relaxation at each volage were used to calculate the 

electronic conductivity from Ohm’s Law. 
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Results & Discussion 

Single Crystal Growth of Li5.5La3Nb1.5Zr0.5O12 

A crystal boule of Li5.5La3Nb1.5Zr0.5O12 (Li5.5-LLNZO) was 

synthesized in a single-lamp high-pressure floating zone (HPFZ) 

furnace. High-temperature pre-sintering of the seed/feed rods 

was avoided because sintering resulted in darkening of the 

material from white to tan, possibly due to contamination from 

alumina combustion boats used during sintering. Skipping rod 

sintering also avoided lithium loss prior to growth but inevitably 

lead to significant volume change between polycrystalline, 

melted, and crystallized material during crystal growth. This 

effect particularly affected feed rod material supplied to the 

molten zone, so the translation of the feed rod was consistently 

faster and more varied than that of the seed rod. 

The setup of the HPFZ furnace is shown in Fig. 1a, featuring a 

vertical double-mirror setup with a single xenon arc lamp 

located at the focal point of the lower mirror. Light from the arc 

lamp is reflected from the lower mirror through a shutter 

aperture to the upper mirror, where the rays are focused to a 

focal point in the center of the sample rod position. The lamp 

output is tunable due to the power shutter aperture system 

above the lamp, which allows an effective power output even 

less than the minimum power necessary to ignite the lamp. This 

finely-tunable power output was critical to growth because the 

minimum power of the xenon lamp was greater than the power 

needed to melt Li5.5-LLNZO. Therefore, the shutter system was 

necessary to limit and tune the power output in real time to 

achieve and maintain a stable molten zone. 

The growth was initiated with parallel rotation of seed and feed 

rods. The xenon arc lamp was operated at 4140 W and the 

power shutter aperture was set to between 25-28% to use 

roughly 25-28% of the lamp power. The molten zone had a 

metallic luster and was highly reflective, suggesting a high 

refractive index (Fig. 1b). The feed rod near the molten zone 

transitioned from white to a darker hue, likely due to 

densification of the unsintered feed rod near the molten zone 

and feed rod porosity driving capillarity of liquified material 

from the molten zone. Bubbles were observed forming near the 

upper solid-liquid interface and not in the main portion of the 

molten zone and vapor was observed leaving the surface of the 

molten zone, likely due to loss of lithium. Once a stable melt 

formed, the direction of rotation of the feed rod was reversed. 

Counterrotation of feed and seed rods was necessary for 

forming larger crystal grains, and a rotation speed of 10 rpm was 

maintained throughout the rest of the growth. During and after 

crystal growth, a layer of cloudy white coating formed on the 

inside wall of the quartz tube around the molten zone, 

indicating significant Li evaporation (Fig. S1). This evaporation 

was expected because 20% additional Li2OH was added to the 

precursor stoichiometry and the seed/feed rods were not 

sintered prior to growth. Since vapor coating of the quartz tube 

reduces light transmission to the molten zone and lowers the 

molten zone temperature, previous work has demonstrated 

that a high flow rate is necessary to prevent detrimental melt 

solidification during the growth process.56 In this study, a high 

Ar flow rate of 0.1 L/min was used to ensure vapor was carried 

away from the focal region of the upper mirror.  

The as-grown crystal boule is shown in Fig. 1c and d. The boule 

was about 4 mm in diameter and about 30 mm in length. 

Previous literature on crystal growth of the Li-richer LLNZO 

indicates that the growth tends to be along a random direction 

with low index numbers.5 A clear distinction can be made 

between parallel-rotated and counter-rotated segments (Fig. 

S2). Though the parallel-rotated segments appear cloudy and 

opaque, the counter-rotated segment is colorless and 

transparent due to better mixing in the melt during growth, 

especially the 10 mm-long portion toward the end of the crystal 

boule. Comparing top-lighting and back-lighting images under 

Fig. 1 (a) High-pressure single-lamp floating zone furnace setup. Figure adapted from Scientific Instruments Dresden GmbH.70 (b) In-progress growth of Li5.5-LLNZO rod showing 

feed rod (top), molten zone (middle), and crystal formation (below). (c, d) Crystal boule segment synthesized with counter-rotation imaged with top lighting (c) and backlighting (d). 
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an optical microscope shows a monolithic domain in the top 

counter-rotated segment and polycrystalline domains in the 

lower counter-rotated segments.  

Molten zone instability was often encountered during floating-

zone crystal growth. A representative series of time-elapsed 

images of an unstable molten zone and its restoration are 

shown in Fig. 2. The zone was quickly solidifying, became 

narrow, and the height decreased (Fig. 2a). To restore stability, 

the power shutter aperture was increased, which led to the 

rapid melting of the feed rod and crystal boule regions 

bordering the molten zone, shown by the molten zone 

expanding above and below the optical range marked by white 

arrows (Fig. 2b). A ring of solid was even observed between the 

previously narrowed zone and the newly melted band 

immediately above the solid ring. This expanded molten zone 

can easily collapse by overcoming the surface tension that 

maintains the shape of the molten zone, as seen by the normally 

concave molten zone profile transitioning to a convex profile 

(Fig. 2c). The downward translation of the feed rod was then 

slowed to stretch the molten zone (Fig. 2c) and restore it to a 

stable shape (Fig. 2d). 

Inductively coupled plasma atomic emission spectroscopy (ICP-

AES) elemental analysis was performed on a ground crystal 

piece to verify the relative amounts of Li, La, Nb, and Zr, which 

were determined to be 4.35, 47.6, 14.9, and 5.21 wt%, 

respectively. Due to errors in gross weight, the absolute values 

are less relevant than the relative ratios, which correspond to 

atomic ratios of 5.49:3.00:1.40:0.5 (Li:La:Nb:Zr) (Table 1) and 

are close to the expected 5.5:3.0:1.5:0.5 based on the chemical 

formula.  

Table 1 Elemental composition of Li5.5-LLNZO from ICP-AES analysis.  

         Element             wt%†         Atomic Ratio* 

Li 4.35 5.49 

La 47.6 3.00 

Nb 14.9 1.40 

Zr 5.21 0.5 

†Absolute weight percentages of Li, La, Nb, and Zr are less meaningful as the 
sample can absorb moisture during handling and initial weighing.  
*Atomic ratios of Li, La, Nb, and Zr from ICP-AES analysis are calculated by 
normalizing Zr to 0.5. 

Crystal Structure and Li Distribution  

Crystals were cleaved from the transparent counter-rotated rod 

and used for powder X-ray and single-crystal neutron diffraction 

measurements. Rietveld refinement of the powder diffraction 

pattern based on the Ia–3d space group was performed to 

verify the phase purity of the Li5.5-LLNZO sample (Bank 1 in Fig. 

3, Banks 2 and 3 in Fig. S3 and Fig. S4, respectively). The 

refinement results are summarized in Table 2. 

Scanning electron microscopy (SEM) imaging of a polished 

crystal plate demonstrated the absence of voids and grain 

boundaries, as only scratches and debris from the polishing 

process were observed (Fig. S5). To confirm that a single crystal 

was grown, a two-axis X-ray diffractometer in Bragg-Brentano 

geometry was used to measure a ~3×1×1 mm3 polished crystal 

plate taken from the counter-rotated segment (Fig. S6). Only 

the (752) peak was observed from the top crystal surface, which 

confirmed the single-crystal nature of the plate and that a 

monolithic domain in the boule is at least ~1 mm-sized. 

Because neutron scattering of Li has higher contrast with 

respect to La, Nb, Zr, and O compared to X-rays, Laue neutron 

single-crystal diffraction at room temperature was used to gain 

detailed structural insights about the Li-ion sublattice and 

determine the Li stoichiometry. Representative Laue images are 

shown in Fig. 4a and b. The sharp reflections and intensity 

profile indicate high crystal and data quality. The Laue neutron 

diffraction spots were successfully indexed with a cubic unit cell 

Fig. 2 Representative time-elapse images of unstable molten zone during crystal 

growth. (a) Narrow, unstable molten zone. (b) The molten zone quickly expanded after 

the lamp power was increased. (c) The speed of downward feed rod translation was 

reduced to stretch and stabilize the expanded molten zone. (d) Restored stable molten 

zone. White labels mark the optical range border, the yellow label points toward upper 

mirror focal point.  

Fig. 3 Rietveld refinement of X-ray powder diffraction pattern for Li5.5-LLNZO. The 

experimental data are shown as black circles, the calculated pattern in red, the 

difference profile in blue, and calculated Bragg reflection positions in green. 

Page 5 of 13 Journal of Materials Chemistry A



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 20xx, 00, 1-3 | 6  

Please do not adjust margins 

Please do not adjust margins 

Table 2 Refined structural parameters for Li5.5-LLNZO (M = 830.16 au) at 300 K from powder X-ray diffraction collected from ground powder of Li5.5-LLNZO crystal using Mo Kα1 

radiation. The unit cell was determined as a = 12.83406(7) Å, V = 2113.94(4) Å3, Z = 8 based on Space Group Ia–3d (#230), with wR = 12.9%, and GOF = 3.613.  

Atom         X        Y       Z          Occ.       Ueq [Å2]         Site 

Li1 0.37500 0.00000 0.25000 0.58330 0.18400 24d 
Li2 0.09720 0.68680 0.57900 0.31250 0.62110 96h 
La 0.12500 0.00000 0.25000 1.00000 0.00630 24c 
Zr 0.00000 0.00000 0.00000 0.75000 0.00330 16a 
Nb 0.00000 0.00000 0.00000 0.25000 0.00330 16a 
O 0.03179(26) 0.04895(30) 0.14478(31) 1.00000 0.0060(11) 96h 

Table 3 Refined structural parameters for Li5.5-LLNZO (M = 832.56 au) at 300K from Laue single crystal neutron diffraction. The refinement was done based on 1116 

reflections with R = 4.60%, wR = 5.01%, and GOF = 1.22 based on Space Group Ia–3d (#230) and a = 12.8341(7) Å, V = 2113.9(2) Å3 from powder XRD. 

Atom         X        Y       Z          Occ.       Ueq [Å2]         Site 

Li1 0.75 0.125 0 0.68(2) 0.0355(16) 24d 

Li2 0.6505(5) 0.1743(5) 0.0624(5) 0.297(8) 0.026(2) 96h 

La 0.25 0.125 0 1 0.00994(12) 24c 

Nb/Zr 0.25 0.25 0.25 0.75/0.25 0.0024* 16a 

O 0.19831(4) 0.28014(4) 0.10395(4) 1 0.01321(12) 96h 

* Fixed to the value from Kataoka, et al.36 

Table 4 Anisotropic thermal displacement parameters for Li5.5-LLNZO determined from 300 K single-crystal neutron diffraction refinement, except for the 16a Nb/Zr site. 

    Atom    U11 (Å2)        U22 (Å2)      U33 (Å2)                   U12 (Å2)    U13 (Å2)      U23 (Å2) 

Li1 0.046(3) 0.015(3) 0.046(3) 0 0 0 

Li2 0.037(5) 0.017(3) 0.023(3) -0.012(3) -0.017(3) 0.000(2) 

La 0.00887(17) 0.0121(3) 0.00887(17) 0 0.0022(2) 0 

O 0.0144(2) 0.0141(2) 0.0111(2) 0.00152(16) 0.00002(17) 0.00055(17) 

and space group Ia–3d (#230) (Table S1). No additional 

reflections of significant intensity indicating lower symmetry, 

such as I–43d (#220) or I213 (#199), were observed. The refined 

atomic coordinates, site occupancies, and equivalent isotropic 

displacements were determined (Table 3) along with the 

anisotropic thermal displacement parameters (Table 4). Since 

Laue technique cannot accurately determine unit cell 

parameters, they are fixed to the values determined from the 

X-ray powder data.51 The refined structural model is shown in 

Fig. 5a. Two distinct Li coordination environments were 

observed: tetrahedral Li1 and octahedral Li2 sites. While 

splitting Li2 site occupancy led to significantly better refinement 

statistics, splitting of Li1 site occupancy from 24d into 96h did 

not improve the refinement reliability values and Li1 remained 

close to 24d within one estimated standard deviation. The Li site 

anisotropic thermal displacements are visualized in the left half 

of Fig. 5b. The Li ellipses are elongated in the octahedral site 

along the Li2-Li2 direction but flattened in the tetrahedral site 

with density equally stretched towards the four nearby 

octahedral sites. Unconstrained refinement of Li occupancies 

indicates that the Li1 site is 68% occupied while the Li2 site is 

29.7% occupied, adding up to 5.60(11) Li per formula unit which 

agrees well with the target stoichiometry and the chemical 

analysis results. The maximum entropy method (MEM) was 

used because it reduces noise in the 3D densities by maximizing 

the information entropy. The obtained Li nuclear density iso-

surfaces are overlaid on the refined Li anisotropic ellipses and 

viewed down the [001] direction in Fig. 5b (right half). A color-

coded 2D nuclear density map in parallel to a possible Li-ion 

diffusion pathway along Li1-Li2-Li1-Li2-Li1 is shown in Fig. 5c. 

The split sites of Li2 have the same nuclear density but appear 

different in the color-coded map because they are slightly tilted 

out of the Li1-Li1 direction. This method demonstrates 

Fig. 4 (a) Representative Laue neutron diffraction image for Li5.5-LLNZO. (b) Enlarged 

area indicated in (a). Intensity profile through several selected reflections highlighted 

in yellow is shown in inset, illustrating high crystal and data quality. 
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overlapping and continuous Li density at a surface threshold of 

0.399 fm/Å3 between the two split sites within one octahedron 

whereas the density becomes disconnected between the 

tetrahedral Li1 and the octahedral Li2 sites, suggesting that Li 

ions are highly delocalized between split Li2 sites whereas the 

migration between Li1 and Li2 sites is significantly more 

hindered. The Li nuclear density along the Li2-Li1-Li2-Li1-Li2 

direction based on the MEM results is shown in Fig. 5d. The 

nuclear density between the two split Li2 sites is significantly 

higher than between Li1-Li2 sites. We can further estimate the 

one-particle potential or migration barrier between the two 

split Li2 sites based on Boltzmann statistics. Assuming the 

nuclear density distribution is a probability field, we apply the 

following equation: 

𝜌𝑆𝑃 = 𝜌0exp (−
𝐸𝑎

𝑘𝑇
) 

where  𝜌𝑆𝑃  and 𝜌0  are the observed nuclear density at the 

saddle point and equilibrium site, respectively, and can be 

extracted from Fig. 5d. The activation energy Ea is estimated to 

be only ~14 meV, suggesting facile Li motion between the split 

sites. Therefore, both Rietveld refinement and MEM analysis 

indicate that the bulk Li transport in Li5.5-LLNZO should be 

governed by the energy barrier between Li1 and Li2 sites.  

Synchrotron single-crystal diffraction revealed additional Bragg 

reflections that should otherwise be absent for an Ia–3d space 

group, as shown in Fig. 6 in the hk0 plane. These include hk0 

with h+k = 2n and h00 or 0k0 with h or k = 4n+2, respectively, 

which together indicate a lower-symmetry and non-

centrosymmetric space group I213 (#199), as observed in single-

crystal Li6.5La3Zr1.5Nb0.5O12. Note that the streaks spiraling from 

some Bragg spots are detector artifacts. Symmetry lowering 

was also observed in Ga-doped LLZOs with a space group I–43d, 

but in their diffraction images we noticed a few h00/0k0 spots 

with h or k = 4n+2 appearing with minimal intensity near the 

center, which would indicate a I213 space group but were likely 

too weak to change the refinement.57 The additional reflections 

we saw are two to three orders of magnitude weaker than other 

Bragg reflections from Ia–3d, so the detector used was sensitive 

to low intensity but saturated at the stronger Bragg spots. Such 

symmetry lowering was not detected by neutron Laue 

diffraction because of the white beam and the resulting peak 

overlap. For example, a (101) reflection, if present, would 

overlap with (202) because the wavelength that fulfills Bragg’s 

law for the former is exactly twice that for the latter, both of 

which are present in the Laue beam. Among high-index 

reflections that correspond to unique wavelengths in the white 

beam that has nearly zero intensity below 0.6 Å, we did not 

observe any reflections with significant intensity (I > 3σ) that 

breaks the Ia–3d symmetry. Given that our single-crystal sample 

was never exposed to moisture and is free from Li-substituting 

dopants such as Ga3+, the symmetry lowering, which is observed 

in Li contents ranging from Li5La3Nb2O12
58 to our Li5.5-LLNZO 

Fig. 6 (a) Synchrotron single crystal scattering pattern for Li5.5-LLNZO in the hk0 plane. 

(b) Enlarged region of hk0 scattering plane showing additional Bragg reflections in hk0 

with h+k = 2n and in h00 or 0k0 with h or k = 4n+2. 

Fig. 5 (a) Unit cell structure for Li5.5-LLNZO determined from neutron single-crystal 

diffraction. (b) Left: Anisotropic thermal displacements of Li sites. Right: Nuclear density 

iso-surfaces (0.399 fm/Å3) based on MEM analysis overlaid on displacement ellipsoids. 

(c) 2D nuclear density map from MEM analysis through Li1-Li1-Li1 direction. (d) MEM-

determined Li nuclear density along Li2-Li1-Li2-Li2-Li1-Li2 direction. 

Fig. 7 (a) Nyquist plot of Li5.5La3Nb1.5Zr0.5O12 single-crystal sample from EIS in argon 

atmosphere at 296.3 K. Inset: polished crystal plate for EIS measurements. (b) Arrhenius 

relationship and line of best fit for ln(σT) vs 1000/T impedance data from 296.3 to 343.2 

K (R2=0.998). Data shown as black circles, linear fit in red. (c, d) EIS spectra at progressive 

temperature points from 296.3 to 343.2 K. 

Page 7 of 13 Journal of Materials Chemistry A



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 20xx, 00, 1-3 | 8  

Please do not adjust margins 

Please do not adjust margins 

and in Li-richer LLNZOs, is more universal than previously 

thought and might arise from a second-order Jahn Teller (SOJT) 

effect of d0 elements such as Nb5+ and Zr4+.59 While the 

NbO6/ZrO6 octahedra are fully symmetrical for the Ia–3d space 

group, they are distorted along the C3 axis in the I213 space 

group according to one of the various d0 SOJT scenarios outlined 

by Goodenough60 in Fe-61 or Ga-doped62 LLZOs, or in hydrated 

LLZOs.63  

Ionic Conductivity and Dielectric Measurements 

Alternating current electrochemical impedance spectroscopy 

(AC EIS) was used to measure the Li-ion conductivity σ of a 

single-crystal segment of Li5.5-LLNZO in argon atmosphere. Fig. 

7a shows a Nyquist plot of Li5.5-LLNZO at 296.3 K with a single 

semicircle in the high-frequency region, indicating the absence 

of any grain boundary impedance. The data at 296.3 K was fit to 

an equivalent circuit consisting of one constant phase element 

(CPE) and resistor in parallel to account for bulk impedance with 

another CPE for ion-blocking electrode capacitance. The room-

temperature Li-ion conductivity in Li5.5La3Nb1.5Zr0.5O12 was 

estimated to be 1.37 x 10-4 S cm-1. EIS spectra were also taken 

on the same crystal from 303.2—343.2 in 5.0 K increments. The 

Li-ion conductivity was calculated at each temperature point 

with the aforementioned data fitting method. From the line of 

best fit in the Arrhenius plot of the relationship between 

temperature and ionic conductivity (Fig. 7b), the activation 

energy for Li5.5-LLNZO was estimated to be 0.50 eV, and the EIS 

measurements at each temperature point are shown in Fig. 7c 

and d. In addition, the d.c. polarization curves were measured as a 

function of time for a series of voltages (Fig. S7a). The steady-state 

current values after relaxation (Fig. S7b) were used to calculate the 

electronic conductivity σe = 5.89 × 10-9 S cm-1 from Ohm’s Law, 

confirming that Li5.5-LLNZO is electronically insulating. 

In solid-state electrolytes, the diffusion of Li ions (or vacancies) 

in the short range is equivalent to a re-orientation process of 

electric dipoles. This mechanism can be studied by dielectric 

relaxation measurements, which were performed on a second 

crystal plate from the same region in the crystal boule as that 

used for EIS. The temperature-variant dielectric constant ε’ and 

dissipation ε” between 3 to 400 K at various frequencies is 

plotted in Fig. 8a and b. The dielectric constant and dielectric 

loss tangent as a function of frequency at various temperatures 

are included in Fig. S5 and S6. The peak position of the dielectric 

loss tangent shifted to higher frequencies as temperature 

increased, indicating that this peak corresponds to dipolar 

relaxation, the dielectric loss that results from polarization of 

dipoles. A dissipation peak superimposed on a temperature-

dependent background was observed at roughly 281 K at a 

measuring frequency of 5,000 Hz. The peak gradually shifted to 

higher temperatures as the frequency increased to 2 MHz, 

suggesting that the origin of this peak must be a thermally-

activated process. The stepwise increase in dielectric constant, 

which is frequency-dependent and accompanied by a peak 

structure in loss, serves as a signature of the relaxation behavior 

of carrier charges.64 Between 3 K and 200 K, most charges 

contributing significantly to the dielectric constant are frozen 

out, leading to a substantial reduction in the sample's dielectric 

constant and a small loss value, with only molecular dipole 

Fig. 8 (a) Dielectric constant (ε’) and (b) dissipation (ε”) of single crystal Li5.5-LLNZO as a function of temperature at frequencies from 5-2,000 kHz. (c) Arrhenius fitting of frequency 

vs. temperature (R2=0.997). Data shown as black circles, linear fit in red. (d) Cole–Cole plots of the complex dielectric constant from 315-365 K in 5 K increments (symbols) and 

Havriliak-Negami function fittings (lines). (e) Arrhenius fitting of Havriliak-Negami relaxation time 𝜏𝐻𝑁 vs. temperature from 315-365 K (R2=0.998). Data shown as black circles, 

linear fit in red. (f) Distribution of relaxation time (DRT) as a function of time normalized to Havriliak-Negami relaxation time 𝜏𝐻𝑁 from 315-365 K in 5 K increments. 
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fluctuations remaining. As the temperature rises above 200 K, 

mobile charges—specifically Li ions in Li5.5-LLNZO—begin to 

migrate to different sites. This migration is highly responsive to 

electric fields, leading to a significant and irreversible increase 

in both the dielectric constant and loss. Above 350 K, additional 

charges—possibly electrons in the conduction band or 

interfacial charges between the sample and the ion-blocking 

electrode—become more prevalent. Arrhenius fitting was 

applied to the frequency vs. peak temperature relationship to 

obtain the relaxation parameters, shown in Fig. 8c. From the 

Arrhenius fitting, the activation energy of dipolar 

relaxation/rotation Ea was estimated to be 0.47 eV, which is 

very close to the energy barrier of 0.50 eV estimated based on 

EIS. This similarity indicates that the thermally-activated 

dielectric relaxation process is associated with Li-ion diffusion. 

A fitted pre-exponential factor of 1.47 ×1012 Hz is therefore 

interpreted as the migration attempt rate of Li ions. Together 

with EIS and MEM analysis, the activation energy is attributed 

to the migration barrier between the Li1 and Li2 sites.  

The hopping conduction mechanism can be used to model Li-

ion diffusion. Li-ion motion drags a negative counter-charge 

cloud. Successful Li-ion transport only occurs if this polarization 

cloud follows the Li-ion migration, which occurs over a 

temperature-dependent dielectric relaxation time 𝜏 . If the 

external electric field frequency 𝑓 is faster than 1/𝜏 , the 

external field suppresses Li-ion transport with a static 

polarization cloud that supports Li ions hopping back toward 

their initial positions. This suppression of polarization and 

opposition to Li-ion migration decreases the complex dielectric 

constant. Conversely, if 𝑓  is less than 1/𝜏 , the external field 

supports Li-ion transport with a dynamic polarization cloud that 

supports Li ions hopping away from their initial positions. This 

induced polarization supports Li-ion migration and increases 

the complex dielectric constant.64,65 Because of this direct 

correlation between polarization and Li-ion conduction, the 

relaxation time across a range of temperatures is technically 

important because it characterizes the dynamics of Li-ion 

migration. 

We extracted the temperature-dependent distribution of 

relaxation time by fitting the high-frequency region semi-circles 

of the ε ’ vs ε” plot with the Havriliak-Negami equation (Fig. 

8d):66,67 

 

ε′(𝜔) − 𝑖ε"(𝜔) =
ε𝑆 − ε∞

(1 + (𝑖𝜔𝜏𝐻𝑁)1−𝛼)𝛾 + ε∞ 

where 𝜔 = 2𝜋𝑓, 𝜏𝐻𝑁  is the Havriliak-Negami relaxation time, εs 

is the static dielectric constant with 𝜔 = 0 , and ε∞  is the 

dielectric constant with 𝜔 = ∞. The fitting program is written 

with MATLAB (available upon request) and the Havriliak-

Negami equation was fit with the constraint of (1 − 𝛼)𝛾 ≤ 1. 

Because the low frequency region seems to be dominated by 

electrode polarization effect, as is expected in ionic conductors, 

this region was excluded from the fitting. 

The obtained Havriliak-Negami relaxation time 𝜏𝐻𝑁  as a 

function of temperature (Fig. 8e) decreases as the temperature 

increases, confirming the thermally-activated process of Li ion 

transport shown by the Arrhenius behavior of the external 

electric field frequency demonstrated in Fig. 8c. From the 

Arrhenius behavior of 𝜏𝐻𝑁 , the migration energy Em associated 

with the Li-ion reorientation process of 0.46 eV and the pre-

exponential factor 𝜏𝑜 of 8.55 ×10-14 s were determined. Using 

the exponents 𝛼  and 𝛾  in the Havriliak-Negami equation, the 

distribution of relaxation time (DRT) as a function of time t can 

be calculated from the following set of equations:66,67 

 

𝐷𝑅𝑇(𝑡) =
1

𝜋
 (

𝑡

𝜏𝐻𝑁
)

(1−𝛼)𝛾

sin (𝛾Θ (
𝑡

𝜏𝐻𝑁
)) Ω (

𝑡

𝜏𝐻𝑁
) 

Ω (
𝑡

𝜏𝐻𝑁
) = [1 + 2 (

𝑡

𝜏𝐻𝑁
)

1−𝛼

cos(𝜋(1 − 𝛼)) + (
𝑡

𝜏𝐻𝑁
)

2(1−𝛼)

]

𝑡
2𝜏𝐻𝑁

 

Θ (
𝑡

𝜏𝐻𝑁
) = atan [

sin(𝜋(1 − 𝛼))

(
𝑡

𝜏𝐻𝑁
)

(1−𝛼)

+ cos(𝜋(1 − 𝛼))

] 

 

The DRTs at various temperatures were derived with this 

method and are presented in Fig. 8f. Compared to EIS, the DRTs 

have higher resolution toward relaxation processes with 

comparable time scales. With the current resolution, only one 

peak (process) was observed and can be assigned to bulk Li 

diffusion without any grain boundary contribution. The 

increased dispersion of the DRT with increased temperature 

appears to be correlated with higher Li thermal displacements 

and increased site disorder. 

While we were able to successfully grow a centimeter-long 

single crystal of the Li5.5-LLNZO garnet with the HPFZ method 

of sufficient size for single-crystal characterization, including 

single-crystal EIS and dielectric relaxation, the molten zone 

instability has prevented us from obtaining longer monolithic 

crystals as previously reported by Kataoka et al.12,16,24,68 Three 

major factors contributed to the instability of the molten zone. 

First, to minimize contamination and unwanted Li loss, we 

skipped the sintering step prior to floating-zone growth, a 

procedure previously adopted for LiFePO4 growth to minimize 

oxidation.69 This inevitably led to significant volume change due 

to densification during growth, as seen immediately above the 

optical range in Fig. 2. Second, due to the poor thermal 

transport between particles in a cold-packed rod, the initial 

power needed to melt the material far exceeds the power 

necessary to maintain the melt. To overcome this power 

mismatch, the shutter aperture had to be rapidly adjusted from 

26.3% to 22.3% once the tip of feed rod fracturing due to 

thermal shock. During growth, fine adjustments to the power 

transmitted through the shutter aperture were necessary to 

maintain melt stability because poor inter-particle thermal 

transport occasionally led to a narrower or wider molten zone, 

as seen in Fig. 2a and c. Third, evaporative loss of 20% excess Li 

during crystal growth gradually coated the inside of the quartz 

tube sample chamber, obstructing the transmitted light power. 
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We therefore had to increase the power shutter aperture from 

near 23% after initial melting of the seed rod to 28% at the end 

of the procedure to prevent the collapse of the molten zone. 

These three factors can be significantly mitigated in the future 

by rod pre-sintering and adding less over-stoichiometric Li to 

the precursor material. In addition, a twice-scanning growth 

could be performed to use pre-melted LLNZO as a densified 

feed rod and avoid crucible impurities in rod sintering. 

Once the single crystal sample was obtained, the structure and 

Li transport properties could be unambiguously determined 

with high-quality characterizations. The EIS measurement 

showed a room temperature conductivity of 1.37 × 10–4 S cm-1, 

which is comparable to the reported bulk conductivity of 

powder Li5.5La3Ta1.5 Zr0.5O12 (Li5.5-LLTZO, 1.03 × 10–4 S cm-1) but 

higher than the total conductivity of powder Li5.5-LLTZO (8.0 × 

10–5 S cm-1) because of the absence of grain boundaries in our 

single crystal samples. Similarly, the measured Li migration 

barrier of 0.47-0.50 eV is lower than that of powder Li5.5-LLTZO 

(0.536 eV for bulk, 0.561 eV total).25 

Our ionic conductivity is compared to single-crystal ionic 

conductivity measurements reported by Kataoka et al in Fig. 9, 

including analysis of both LLNZO and LLTZO systems.12,26 The 

ionic conductivity appears to follow an exponential increase 

with nominal Li content up to 6.5-6.6 Li/f.u. (open red circles 

and triangles in Fig. 9). The Li occupancy in octahedral and 

tetrahedral sites of Li5.5-LLNZO as resolved by neutron single-

crystal Laue diffraction fall along a generally linear trend of 

decreasing tetrahedral occupancy and increasing octahedral 

occupancy as the Li content increases (grey and blue ellipses in 

Fig. 9, respectively)16,22,24,25,27,28 until the reported cubic-to- 

tetragonal phase transition at the highest Li contents.12,25 

Notably, site splitting of the tetrahedral Li2 site was reported 

with a Wyckoff position of 96h from structural refinement of 

neutron diffraction of the cubic-phase single crystal of 

Li6.5La3Nb0.5Zr1.5O12 (Li6.5-LLNZO) made by Kataoka et al.;5 in 

contrast, neutron diffraction on our Li5.5-LLNZO sample in the 

same series refines favorably without the Li1 site splitting, 

resulting in a Wyckoff position of 24d.24 Higher Li content in 

Li6.5-LLNZO likely results in stronger Li-ion interactions that 

push Li ions away from the potential well minimum in the 

tetrahedral site and give rise to correlated Li-ion motion and 

higher ionic conductivity compared to Li5.5-LLNZO. 

Conclusions 

We have successfully grown single crystals of 

Li5.5La3Zr1.5Nb0.5O12 in a class of promising solid-state Li-ion 

conductors by using a single lamp high-pressure floating-zone 

furnace. The shutter aperture on the furnace was critical for the 

control of power to maintain a molten zone without prior rod 

sintering. The largest crystal obtained was 10 mm in length and 

4 mm in diameter, a sufficient size for a series of single-crystal 

characterizations. The crystal structure, especially the Li-ion 

sublattice, was resolved by neutron single-crystal Laue 

diffraction and MEM analysis to reveal nuclear density 

distribution and the bottlenecks in Li-ion migration pathways. 

Due to high crystal quality and absence of grain boundaries in 

our single crystal, EIS and dielectric relaxation measurements 

showed higher ionic conductivities and lower Li-ion migration 

barriers at room temperature compared to the reported 

powder Li5.5La3Ta0.5 Zr1.5O12.  

Data Availability Statement 

Additional data related to the crystal growth is available 

at https://doi.org/10.34863/xxxxx. Crystallographic data for 

Li5.5La3Ta0.5Zr1.5O12 has been deposited at the CCDC website 

under [accession number] and can be obtained from 

https://doi.org/DOI. 
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Fig. 9. Relationship between composition, Log(σ) at room temperature,12,26 and 

tetragonal (Tet.) and octahedral (Oct.) Li site occupancy16,22,24,25,27,28 for Nb-substituted 

Li5+xLa3Nb2−xZrxO12 (LLNZO) and Ta-substituted Li5+xLa3Ta2−xZrxO12 (LLTZO) compositions 

from x = 0 to x = 2. Trend in cubic LLNZO and LLTZO octahedral site occupancy increasing 

with Li content illustrated with blue ellipse and tetragonal site occupancy decreasing 

with increasing Li content illustrated with grey ellipse. The Log(σ) at room temperature 

for LLNZO and LLTZO compositions are highlighted in red. 
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