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Abstract: This study explains the ionic conductivity in the mineral sugilite (idealized formula:
Fe:Na:xK[LisSi12Os0]) by resolving the dynamic disorder of both Li and Na cations using synchrotron
X-ray single-crystal diffraction from 298 K to 1023 K. Non-zero anharmonic atomic displacement
parameters at Na and Li sites at 1023 K adumbrated long-range charge transport routes for Li and
Na cations commonly parallel to the (a-b) plane. Temperature-enhanced diffuse residuals in Fourier
maps could unambiguously localize two interstitial sites suitable for Li, as well as three for Na. Each
two-dimensional (2D) network of Li and Na interstitials was formed parallel to each other,
providing Li and Na hopping pathways. The higher concentration of Na cations hopping in short
distances of 2.0962(4)-2.3015(5) A could be the main reason for the higher bulk conductivity values
evaluated by impedance spectra of sugilite in comparison to those of its structural relatives with
low Na contents, e.g., the mineral sogdianite ((Zr,Al,Fe)2Nao3sK[LisSi12030]). Bond valence sum
landscape maps supported the critical role of dynamic disorder of Na* over densely packed 2D
interstitial networks for combined ionic conductivity along with mobile Li* in sugilite-type
compounds.

Keywords: combined Li-Na ionic conductivity; sugilite; X-ray single-crystal diffraction; impedance
spectroscopy; dynamic disorder; anharmonic atomic displacements

1. Introduction

Over the last three decades, enormous efforts have been devoted to advancing Li*-
and Na+*based all-solid-state batteries by exploiting a variety of electrode and electrolyte
materials ([1-9], literature therein). Considering the limitation and shortage of Li
resources on the one hand and the molar weight of Na being much heavier than Li on the
other hand, the use of combined Li-Na ionic conductors can help manufacture alternative,
superior systems with a high number of charge carriers for energy storage and conversion.
In this respect, it is worthwhile to continue research for prototype structures containing
both Li and Na. A desired solid-state electrolyte based on combined Li-Na ionic
conductivity may exhibit several relevant properties, such as: the presence of short
pathways available for the hopping of Li* and Na*; the presence of a crystal-chemical basis
for the formation of solid solutions and defect engineering; a high mechanical and thermal
stability; a high number of charge carriers conducting in the same direction; etcetera.

In exploring prototype structures for Li-Na ionic conductors [10,11], the milarite
family is regarded as a highly interesting candidate due to a highly flexible choice for its
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framework and non-framework constituents with general formula A2BC[T(II)sT(I)12030]
(A =Sn*, Ti*, Zr*, Fe¥, Al*; Mg?; Zn*; B =Na*, H20, vacancy; C = Na*, K*; T(I) = Si*-, Al*;
T(I) = Li*, Be?, Mg?, Zn**) [12-16]. These structure group members show the hexagonal
space group symmetry P6/mcc witha=~10 A and c~ 14 A.

Among Li-bearing milarite-type compounds [10,11,17-22], sogdianite contains Zr*
as the main element at the octahedral A site but is mostly empty at the B site (6+3)-
coordinated with framework oxygens, while sugilite is Fe3*-rich at the A site (Figure 1a),
and Na fully occupies the B site (Figure 1b). A DC conductivity value of 1.7 x 102 S-cm™
of sugilite at T =943 K, which was estimated from a frequency-independent part on Bode
plots of impedance spectra (IS) ([23] and this study), is two orders of magnitude higher
than that of sogdianite [10]. Hence, the ionic conductivity in this topology can be dictated
by the amount of Na at the B site for the same amount of Li at the T(II) site. Na cations
compensate electrostatically the negative-charged framework unit [Fe2LisSi120z0]* but
also may play a critical role for the charge transport in sugilite.

Figure 1. Representative plots of structural properties of sugilite: (a) double six-membered rings
(6MRs) of T(I)O4 (T(I) = Si) in blue are interconnected to each other via LiOs (yellow) and FeOs (red)
units to form a 3D framework. K cations (green) reside in the middle of large cages bounded by
double 6MR cages; (b) Na cations (orange) are in 6MR opening channels directly below FeOs
moieties.

To simplify the chemical content at the A site exclusively with Fe* while having the
maximal Na content at the B site, a sugilite analogue, Fe3*Na:K[Li35i12030], was synthesized
under mild hydrothermal conditions [11]. In this previous study, we detected diffuse
density distribution of neutron scattering lengths (nsl) of Li and Na from difference
Fourier (AF) maps evaluated with high-resolution neutron powder diffraction (HRNPD)
data from 298 to 1123 K. This observation pointed to a high dynamic disorder of Li and
Na in Fe?*Na:K[LisSi12Os0] and their 2D hopping paths, which were strongly anisotropic
parallel to the (a-b) plane. In the sugilite structure, there were several interstitials around
12-membered rings (MRs) of LiOs+—FeOs polyhedra (Figure 2a), other spacious interstitial
sites around K at the C site (Figure 2b), and empty 6MRs in the middle of two neighboring
B sites (Figure 2c). Using HRNPD, we could resolve only two interstitial sites: one Li
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interstitial site possibly at (0.3333, 0, 0.25) around 12MRs of LiOs+~FeOs and another one
for the Na interstitial at (0.5, 0.5, 0) between neighboring B sites.

Figure 2. Interstitials and large cages found in sugilite-type compounds: (a) there are several
interstitials suitable for small Li cations around 12MRs of LiOs+—FeOs-units; (b) large K* species are
12-fold coordinated with oxygens of double 6MRs of SiOs; (c) Na is (6+3)-fold coordinated with
oxygens of neighboring double 6MRs of SiOs. Between the two nearest NaOy polyhedra, there are
6MR interstitials suitable for conducting Na*.

Furthermore, atomic displacement parameters (ADPs) of Li and Na in
Fe3*Na:K[LisSi12Os30] could not be described even by harmonic terms as there were triangle-
like residual diffuse nsl densities around the B site on the (a-b) plane. In addition,
depletion of Na in the upper and lower direction from the B site was speculated, with a
large value of ADP in the crystallographic ¢ axis (Uss). However, HRNPD data did not
allow determination of the high orders of anharmonic ADPs of Na, and second
anharmonic ADPs (non-distorted thermal ellipsoids) of Li could not be refined without
high correlations.

Determination of such relevant structural parameters demands neutron single-
crystal diffraction (NSD) with a large single crystal. However, no synthetic sugilite crystals
that were large enough and of high quality were available. Fortunately, we obtained a
rarely occurring single crystal of the mineral sugilite. Its size was not sufficient for NSD
but large enough for X-ray single-crystal diffraction (XSD). To refine anharmonic ADPs in
the present study, synchrotron XSD was performed with a short wavelength of 0.6 A.
Analyses with XSD data sets gave more reliable structural information and accurate
locations of the Li and Na interstitials available for hopping Li* and Na*. Consequently,
the charge transport mechanism in sugilite could be understood, as follows.

2. Materials and Methods
2.1. Materials

Two different mineral samples of sugilite were characterized by this study. One
sample was a high-quality single crystal with a size of 0.3 mm diameter and 1 mm length
(denoted Sugilite#1), originating from Wessels Mine, Kalahari, South Africa. Sugilite#1



Minerals 2023, 13, 620

4 of 21

was used to collect synchrotron XSD data sets for structure analyses. Another dense mass
of fine crystalline sugilite sample (denoted Sugilite#2) from Dara-i-Pioz Massif, Tajikistan,
was used to carry out IS and HRNPD, which required a high sample amount.

2.2. Electron Probe Micro Analysis (EPMA)

EPMA was carried out using an electron microprobe (Camebax 5X100). It was
operated at 15 keV acceleration voltage and 20 nA beam current. Synthetic periclase (Mg),
hematite (Fe), natural ilmenite (Mn, Ti), synthetic wollastonite (Si), natural albite (Na, Al),
and orthoclase (K) were used as standards, and matrix correction was performed by using
the PAP procedure [24]. Unlike traditional ZAF procedures, PAP is a general model for
the calculation of X-ray intensities. Raw data processed by ZAF software are usually lower
by ca. 1%, as demonstrated by Hunt et al. [25]. The reproducibility of standard analyses
was <1% for each element routinely analyzed. The light element Li was not determined
by EPMA.

2.3. High-Resolution Neutron Powder Diffraction (HRNPD)

HRNPD was conducted at the instrument SPODI [26] (neutron facility FRM2,
Garching near Munich, Germany) to identify phases in the natural mass sample Sugilite#2
ahead of IS data acquisition. About 1 g of powder taken from Sugilite#2 was finely ground,
packed into a V can, and positioned within a high-temperature furnace under vacuum at
973 K. Using a wavelength of 1.5481 A’ (Ge(551) monochromator), HRNPD data were
collected on 80 vertically aligned PSDs with 300 mm high collimators in a 20 range of 1°-
155° in steps of 0.05°.

2.4. Impedance Spectroscopy (IS)

A thin plate (1 mm thickness, 3.5 x 5 mm? in area) was cut from the mass of Sugilite#2.
The plate surface area was covered with Pt paste and tempered at 473 K to remove organic
glue. The sample was positioned between two Pt electrodes and brought into a homemade
HT probe to acquire impedance spectra using a Hewlett Packard 4284A LCR meter. A
NiCr-Ni thermocouple located next to the sample was connected to a temperature
controller maintaining a constant sample temperature with the accuracy of +1 K. For data
evaluation with less grain boundary effect, we used the IS recorded at cooling from 1064
K down to 300 K in steps of 30 K in the frequency interval of 20 Hz to 1 MHz.

2.5. Synchrotron X-Ray Single-Crystal Diffraction (XSD)

The single crystal in a size of 0.036 mm? cut from Sugilite#1 was fixed tightly with
fibrous glass wools within a silica glass capillary for XSD data collection from 298 K up to
1023 K using a N2 gas stream heater.

XSD was performed on a four-circle kappa single-crystal diffractometer at the
instrument F1 (DORIS, HASYLAB, DESY). Intensities were registered with a CCD camera
(marCCD 165) positioned 60 mm from the crystal with a wavelength of 0.6 A (Si(111)
monochromator). To ensure a high-resolution range up to 0.4 A and a high redundancy,
several ¢ scans were conducted at 20 =0°, w =0, x =0°, and A¢ = 1° with an exposure time
of 10 sec/frame; 20 = -60°, w =0, x = 0°, Ap = 1° with 30 sec/frame; and 20 =-60°, w =30, x
=60°, A = 1° with 30 sec/frame.

Using the software package XDS [27], data reduction was performed for indexing,
Lorentz—polarization correction, integration, scaling, and cell parameter refinements. The
obtained hkl files were corrected for oblique phosphor incidence using the program
PHOSCOR [28]. An anisotropic absorption correction was performed semi-empirically
with direction cosines of reflections using the program SORTAV [29]. Data reduction of
XSD data sets resulted in data quality residual Rmerge, as given with experimental
parameters in Table 1.
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Table 1. Experimental and refinement parameters of synchrotron XSD on a sugilite single crystal
(Sugilite#1) using a wavelength of 0.6 A (Si(111) monochromator). The space group symmetry
P6/mcc (#192) was valid for this compound at all the measuring temperatures below. Semi-empirical
absorption correction was applied to obtain minimal and maximal transmission Twin and Twmax,
respectively.

Temperature (K) 298 423 573 723 873 1023
. . a(A) 10.039 (3) 10.039 (2) 10.046 (3) 10.055 (1) 10.062 (1) 10.073 (2)
Lattice metric o
c(A) 14.050 (5) 14.053 (3) 14.063 (9) 14.080 (1)  14.0940 (1)  14.106 (1)
V (A3) 1226.3 (7) 1226.5 (4) 1229.1 (9) 1232.8 (2) 1235.8 (2) 1239.5 (4)
Density (g/cmd) 2.781 2.780 2.774 2.766 2.759 2.751
Data range h -25~12 -23~12 -25~25 -25~25 -25~24 -17~24
k —24~24 -20~13 -25~25 -25~24 -22~25 -25~25
1 -24~23 -16~21 -19~23 -23~21 -21~23 -23~21
Total reflections 48,020 24,125 46,778 48,630 48,951 49,317
Unique reflections 2887 2446 2828 2844 2857 2865
Absorption correction T/ Toe: 0.6983 0.7437 0.7437 0.7437 0.7437 0.6983
0.7093 0.7530 0.7531 0.7532 0.7532 0.7094
Rmerge 0.024 0.048 0.040 0.030 0.026 0.025
Goodness of fit 2.867 2.995 2.609 3.750 3.710 2.254
wR (against I) 0.073 0.057 0.068 0.045 0.045 0.034
Weighting w 1/02(T) 1/02(T) 1/02(I) 1/02(I) 1/02(1) 1/02(I)
sinO/A (A1) 1.2496 1.2496 1.2499 1.2496 1.2498 1.2493
Apma; Apmin (€/A3) 0.11;-0.17  0.34,-0.58 1.15;-1.02  0.21;-0.31  0.17,-0.20  0.12;-0.07

2.6. Structure Analysis

Rietveld refinements with HRNPD at 973 K were carried out using the program
package JANA2006 [30] with an initial starting model delivered by the Rietveld analyses
with HRNPD data at 923 K from our previous study [11]. The background was fitted with
a Legendre polynomial. Profile parameters were described by pseudo-Voigt function. The
occupancy parameter (OCC) at the A site was fixed with respect to a normalized nsl value
of Fe coexisting with Mn and Al based on their atomic ratios resulting from EPMA
analyses on Sugilite#2. The other OCCs were fixed to full occupation according to the
idealized formula unit (see Results and Discussion). Under this condition, all possible free
atomic parameters, including anisotropic ADPs at all sites, were refined with a small
negative nsl of Li (-1.90 fm) and allowed determination of a direction-independent ADP
at T(II) only.

Structure refinements with XSD data were carried out by the least-squares method
against the squared structure factor (F?) with an option for difference Fourier (AF)
synthesis implemented in JANA2006. As a starting model in structure refinements with
298 K XSD data, we took the structure model refined by Rietveld analysis with HRNPD
of Fe3*Naz2K[LisSi2Os0] at 300 K [2]. The resulting model was used as the successive starting
models for further analyses with XSD data sets collected at higher temperatures. For each
structure refinement, all atomic sites were constrained to be fully occupied based on
results from EPMA. The occupancy parameter at the A site was fixed to 0.925, which
corresponds to full occupation of Fe statically distributed with Mn, Al, and Mg according
to their chemical contents in Sugilite#1. Anisotropic ADPs for all atomic sites at all
measuring temperatures could be refined. In addition, non-zero third order anharmonic
ADPs of Li at the T(I) site and third and fourth anharmonic ADPs of Na at B sites were
determined at the highest measuring temperature, 1023 K.

Bond valence sum (BVS [31]) values were derived from individual bonding distances
of the refined structure models. The isosurfaces of energy landscape maps [32] for Li* and
Na* were obtained from BVSs from 1023 K XSD data analyses using an interface, BondStr,
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Intensity (arbitrary unit)

imbedded in the package FullProf Suite [33]. Refined structure models were visualized
using the program VESTA [34].

3. Results and Discussion
3.1. Results from EPMA

EPMA on the single crystal sample Sugilite#1 resulted in the atomic ratios of Nazoq:
Koss@: Fe1e73): Mno.i@): Aloas): Mgo.oa): Sirzooon) with a trace of Mg. The light species Li could
not be determined reliably using EPMA, but it is well known that there are 12 Si and 3 Li
atoms at T(I) and T(II) sites, respectively, for 30 O per formula unit (pfu) in sugilite-
sogdianite solid solutions [10,11,17-22]. Fe¥ is the main species occupying the A site in
sugilite with various minor species such as Mn?*, Al**, and Mg?. Considering a high
uncertainty in the minor component Mg and ensuring the electrostatic neutrality, we
could suggest an idealized formula unit (FeizMnoiAloiMgoe1)Na:K[LisSi2Os0] for
Sugilite#1.

EPMA on the crystalline mass sample Sugilite#2 gave rise to Kuo: Nazow: Fevse:
Mnosq):  Alosqy without Mg trace and, hence, an idealized formula unit
(Fe1sMnosAlos)Na2K[LizSi120z0].

Both mineral compounds showED the maximal number of Na at the B site with
varied static disorder at the A site, belonging to the Fe-rich endmember
FeaNa:K[LisSi12Os0] of the sugilite-sogdianite solid solution.

3.2. Phase Identification of Sugilite#2 Using HRNPD

The aim of Rietveld analysis with 973 K HRNPD data was to check the pure phase
along with the thermal stability of the sample Sugilite#2, on which IS were probed up to
1064 K. HRNPD data analysis confirmed the sugilite compound
(Fe1.sMno3Alos)Na2K[LisSi12030] as the single phase in Sugilite#2, graphically presented in
Figure 3 with a good agreement factor, wRprofile = 0.052. Lattice parameters of Sugilite#2
were a =10.0794(7) A and ¢ =14.1057(19) A at 973 K. Refined atomic parameters are listed
in Supplementary S1.

Suglllte N32K1(Fe173M n073A|074)[Li3Si120301
T=973 K

o Observed profile
- Calculated profile
Bragg positions
- Difference profile

wR =0.052

profile

ol

MMWW WMMWWWMMW

DTN | 00U 00N OO OO O OO 0O O

10.0 z0.

z0.0 40.0 50.0 80.0 0.0 s0.0 20.0 100.0 110.0 120.0 120.0 140.0

26 (neutron, wavelength = 1.5481 A)

Figure 3. Rietveld calculation with HRNPD data of Sugilite#2 confirmed the pure sugilite compound
(Fe1sMnosAlos)NazK[LizSi2Osz0].
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3.3. Thermally Activated Relaxation Modes and Activation Energies from IS

Nyquist plots (the real part Z’” against imaginary part Z” of impedance Z acquired on
Sugilite#2) showed incomplete, large semicircles for high resistivity below 550 K, but,
above 550 K, at least two semicircles superimposed from high- to low-frequency (LF)
regions were visible (Supplementary S2). Both HF and LF semicircles decreased at
elevated temperatures, indicating thermally activated charge transport processes. Both
resonances were associated with the HF and LF relaxation modes v (HF) and v (LF),
respectively. Their shifts toward higher-frequency regions at elevated temperatures could
also be clearly seen by plotting Z” against the logarithmic scale of frequencies (Figure 4).

b C

A Z (676 K) 9x10% 1
o Z (646K)
¥ Z (615K) 5001 3
® Z (585K) V(HF) + V(LF) X Z (1064 K)
A Z (854K) o * Z (1034K) v
.. 4004 | v Z (1005K)
_— e Z (976K)
. o o Z (946 K) ¥
o . 1 Z (916 K
- . g MEE AL V(HF) + v(LF)
& = <
N . N 2004 >
. . v o
3x10¢ -
& . O%Q o
& e 1007 Yy v<> o.
b AR
o MR LR
1 2 3 4 5 6
log f log f

Figure 4. Plots of imaginary parts Z” of impedance against the logarithmic scale of AC frequency f,
probed on Sugilite#2 ((FersMnosAlo4)Na2K[LisSi120z0]). v(HF) and v(LF) peaks shifted towards
higher frequencies at elevated temperatures and, hence, were assigned to thermally activated
motions in the bulk sample. (a) In the low-temperature range, v(HF) and v(LF) were well resolved;
(b) v(LF) moved fast into the regime of v(HF) above 700 K; (c) both resonances started to move out
of the measuring frequency range above 900 K.

As shown in Supplementary S2a,b, IS from 615 K up to 827 K could be fitted to two
serially connected RC circuits where R represents resistance of the mobile species, and Q
is the frequency-independent constant phase element. The latter derives from a capacitor
with phase angle shift in the impedance complex planes with depressed semicircles [35].
The HF mode is associated with the bulk conductivity [11]. The LF mode is probably
related to the grain boundary resistance with a discrete nature in our compact sample
Sugilite#2. The subscript ‘1" of Ri and Qi represents the v(HF) mode of the bulk intragrain
conductivity, while the subscript 2" of R2 and Q: is the v(LF) mode assigned to the charge
transport in grain boundaries. As an example, Figure 5 presents results from fitting the IS
of Sugilite#2 ((Fe1sMnosAlos)Na2K[LisSi2Oz0]) at 646 K.
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m  data at 646K
—Fit

3E+06
E 2E+06 A
O
X v(HF)

1E+06 -

v(LF)
OE+00 . T .
0E+00 1E+06 2E+06 3E+086

Z(Ohm)

Figure 5. An impedance spectrum of Sugilite#2 probed at 646 K (squares) was fitted (line) well with
two serially connected RC circuits. v(HF) was assigned to the bulk conductivity, while v(LF) was
probably assigned to intergrain relaxation processes. Further IS observed and fitted are provided in
Supplementary S2.

In Figure 4, it can be clearly seen that v(LF) moved fast into the regime of v(HF) above
700 K, and both resonance modes were nearly out of the measuring frequency range above
900 K. The inductive tail at the LF end was very possibly due to relaxation from electrode
interface effects. Accordingly, IS in the high-temperature region 857-1064 K
(Supplementary S2c) could be fitted with an additional Warburg impedance element (W).
This describes a contribution of electron diffusion to/from the Pt electrode to impedance.
This supported ionic bulk conductivity in our sugilite powder sample.

DC ionic conductivity values estimated from fitted HF semicircles increased from
3.08 x 10-% S-cm! at 585 K to 6.18 x 105 S-cm™ at 827 K. Those from fitted LF semicircles
showed higher conductivity values, i.e., 9.30 x 107 S-cm™ and 2.46 x 10 S-cm™ at 585 and
827 K, respectively. One might mention that IS acquired on a fragile pellet of the synthetic
powder sample of Fe2Na:K[Lis5i12030] [11] resulted in lower bulk conductivity values, e.g.,
1.2 x10° S-cm™ at 923 K. A comparable value resulted from the HF semicircle at 767 K on
Sugilite#2. This discrepancy can be assigned to fast intergrain charge transport in the
naturally occurring compact mass of Sugilite#2, implying that the intergrain charge
transport process dictates the bulk conductivity in pressings of fine crystallites.

Arrhenius plots with DC conductivity values from fitted HF and LF semicircles
allowed the delivery of the respective activation energies (Ea), as shown in Figure 6: Ea(HF)
=1.39(1) eV in 585-916 K and Ea(LF) = 1.49(7) eV in 676-827 K. The former was associated
with the energy barrier for intrinsic ionic motions in Sugilite#2, and the latter with
extrinsic charge transport over grain boundaries. An ionic conductivity value of 2.04 x 10-3
Scm™ was estimated at 1064 K with Ea(HF) = 1.06(3) eV for the bulk ionic conductivity in
the high-temperature range of 946-1064 K.
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Figure 6. Arrhenius plots with DC conductivity values evaluated from HF and LF modes from
impedance spectra of Sugilite#2 ((FersMnosAlo.4)Na2K[LisSi120s0]).

The IS study concluded that sugilite-type materials are suited for electrochemical
cells operated at high temperatures ([36], references therein). The bulk ionic conductivity
in sugilite is much higher than that in its narrowly related silicates with six-membered
rings (6MRs) and chains (6MCs) so far investigated [10,11,23,37-40]. This can be explained
by the unique topology of sugilite, described in the following sections.

3.4. Results from XSD
3.4.1. Thermal Stability

The lattice metrics expanded by 0.34% and 0.40% in a and ¢ from 298 K to 1023 K
with a small volume change of 1.1% (Table 1; Supplementary S3). This was comparable to
the synthetic counterpart of the pure-Fe endmember Fe2Na:K][LisSi120z0], showing 0.30%
and 0.48% expansions from 298 K to 1123 K in a and ¢, respectively [11]. Such direction-
dependent thermal behavior in the sugilite-type compounds reflects the (2+1)-
dimensional framework properties as the double 6MRs of rigid [SiO4] tetrahedra were
connected to each other strongly in the (a-b) plane via [LiO:+~AOs] chains. Sugilite-type
compounds were thermally persistent at least up to 1123 K while retaining the hexagonal
space group symmetry P6/mcc (#192) ([11], this study]).

3.4.2. Site Symmetry of Na and Thermal Motions

The refined structure model of (FeizMno.1AloaMgo.1)Naz2K[LisSi120s0] (Sugilite#1) had
Na at a special site at (2/3, 1/3, 0) with the Wyckoff letter 4d in P6/mcc, not like sogdianite,
which had Na at 81 (2/3, 1/3, z) and z = 0.481(4) at 300 K with a splitting probability. In the
sogdianite case, the determination of the Na location was an ambiguous try because of the
low site occupancy with an extremely low atomic ratio of Na: vacancy = 0.36: 1.64 pfu at
the B site [10]. Furthermore, the ADPs of Na in ¢ (Uss) were much larger than those
perpendicular to ¢ in synthetic sugilite [11], indicating a high correlation of z and Uss. In
the current study, using synchrotron XSD data, we could unambiguously determine the
correct Na site 4d. Fourier synthesis without Na was executed to inspect the maximum
electron density (p (e/A3)) distribution at and around the expected Na site. As highlighted
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by ‘X’ in Figure 7a, the highest p value was found exactly at 4d with z = 0. Accordingly,
this special site at (1/3, 2/3, 0) could be assigned to the right position for Na at 298 K. The
p distribution around the Na site was elongated in the ¢ direction. However, the fashion
of p distributions around Na showed several characteristic changes at elevated
temperatures such that (1) its p distribution became elongated on the (a-b) plane (Figure
7b); (2) there were several temperature (T)-induced diffuse p peaks around Na (Figure 7b).
However, the maximal p value was located at z = 0, valid for all measuring temperatures
(Supplementary S4). Hence, Na was fixed to the special site at (1/3, 1/2, 0) with full
occupation while refining all atomic parameters (Table 2), including their harmonic ADPs,
for all measuring temperatures (Supplementary S5). The resulting ADPs at the B site
commonly showed large values parallel to ¢, i.e., Uss >> Ui = Uz from 298 K up to 1023 K,
even though the direction of the elongated p distribution around Na changed from
parallel to perpendicular in the ¢ direction with increasing temperatures (Supplementary
54). In this regard, along with the T-enhanced diffuse peaks around Na in the Fourier
maps, two conclusions can be drawn: (1) dynamic disorder of Na is the main reason for
diffuse electron density residuals around Na rather than static disorder; (2) thermal
motion of Na cannot be described by harmonic ADP terms. The current study delivered
third and fourth anharmonic terms of Na and the third ADPs of Li only at 1023 K. At lower
measuring temperatures, these anharmonic ADPs values were too small, with large errors.
The determined non-zero anharmonic ADP terms at 1023 K (Table 3) were indicative of
dynamically disordered Li and Na on the (a—b) plane. Furthermore, Uss(Na) at 1023 K was
smaller than at 873 K (Supplementary S5). These unusual thermal motions adumbrated
the onset of long-range dynamic disorder of Na cations parallel to the (a-b) plane at
elevated temperatures.

¥=0.3330

¥=0,3330

T=1023 K

0.08

0.04

0.00

=0.04

-0.08

0.66 0.66 0.76 *

Figure 7. Fourier synthesis maps observed using synchrotron X-ray single-crystal diffraction data
on Sugilite#1 without Na in the model. Positive (reddish) and negative electron density (greenish)
contours (e/A3) are presented by solid and broken lines, respectively: (a) at 298 K, a strong positive
electron density (red) was exactly centered at a special position X (0.6667, 0.3333, 0), suitable for Na
atoms. The electron distribution around this site was extended along z; (b) diffuse electron densities
(reddish) around X (0.6667, 0.3333, 0) were obviously seen at 1023 K. A complicated thermal motion
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of Na could be described with anharmonic ADPs, but there was a strong correlation of site depletion
with dynamic disorder of Na at B sites with increasing temperature.

Table 2. Atomic parameters of a single-crystal sugilite sample, Sugilite#1
(FerzMno.1AloaMgoa)KNaz[LisSi12030]), refined with synchrotron XSD data at 298 K, followed by the
measuring-temperature-dependent atomic coordinates for Si and three O positions.

T(K) Site Type N Coor;l,lnates , Occupancy Multiplicity
A Fe 0.333333 0.666667 0.25 0.9255 4
B Na 0.333333 0.666667 0 1 4
C K 0 0 0.25 1 2
208 T Li 0.5 0 0.25 1 6
T Si 0.35553 (1) 0.11899 (1) 0.38711 (1) 1 24
01 O 0.39699 (6) 0.13771 (6) 0.5 1 12
02 O 0.22207 (3) 0.94497 (3) 0.36246 (3) 1 24
o3 O 0.50823 (3) 0.16506 (3) 0.33023 (3) 1 24
T! Si 0.35535 (1) 0.11910 (1) 0.38727 (1)
423 O1 @) 0.39686 (9) 0.13753 (9) 0.5
02 O 0.22217 (4) 0.94518 (3) 0.36274 (4)
o3 ®) 0.50785 (3) 0.16526 (4) 0.33030 (3)
T Si 0.35519 (2) 0.11916 (1) 0.38734 (1)
573 01 O 0.3968 (1) 0.1380 (1) 0.5
02 @) 0.22223 (5) 0.94532 (4) 0.36282 (5)
o3 O 0.50773 (4) 0.16543 (4) 0.33036 (4)
T! Si 0.35492 (1) 0.11939 (1) 0.38756 (1)
793 O1 @) 0.3966 (1) 0.1374 (1) 0.5
02 @) 0.22220 (4) 0.94560 (3) 0.36276 (4)
o3 ®) 0.50725 (3) 0.16570 (3) 0.33061 (3)
T Si 0.35471 (1) 0.11963 (1) 0.38772 (1)
873 01 O 0.3969 (1) 0.1381 (1) 0.5
02 @) 0.22234 (5) 0.94590 (3) 0.36273 (5)
o3 O] 0.50689 (3) 0.16604 (4) 0.33064 (4)
T Si 0.35435 (1) 0.11991 (1) 0.38778 (1)
1023 01 @) 0.3974 (1) 0.1387 (1) 0.5
02 O 0.22248 (5) 0.94620 (3) 0.36241 (4)
O] O 0.50637 (3) 0.16624 (4) 0.33073 (3)
§ Corresponding to full occupation of Fe at A sites, as normalized by the atomic number of Fe
according to the atomic ratios Fe; Mn: Al: Mg from EPMA.
Table 3. Non-zero third (Cix) and fourth (Dju) anharmonic ADPs of Li at T(II) and Na at A sites at
1023 K, refined with synchrotron XSD data of Sugilite#1. Refinements of these anharmonic ADPs
gave rise to a slightly improved structure model with the agreement factors wR (against F2) = 0.032
and goodness of fit = 2.230 in comparison to refinements of harmonic ADPs (Table 1).
Li at T(II) Cuz = 0.0008(3); C12s = C113 = 0.0008
C111 = 0.0034(2); C112=0.0033(2); C122 = C112-C111 = =0.00007; Cz22 = —C111 = —0.0034
Naat A

D133 = —0.00047(8); Di233 = 0.5; D133 = —0.00023; D2233 = D113z = —=0.00047; Ds333 = —0.0005(2)

The principle mean square ADPs (Ui, i = 1-3) of all atomic sites with respect to the
Cartesian system are listed in Supplementary S6. Na at the B site showed much larger Ui
than Li at the T(II) site at every measuring temperature, indicating high dynamic disorder
of Na. It is worthwhile to mention that the regression lines of Ui(Na) towards 0 K gave
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non-zero Ui terms at 0 K i.e., U1 = U2=0.0165(4) A2 and Uss(Na) = 0.077(9) A2 (Figure 8).
This indicates the presence of static disorder, i.e., a splitting probability of Na, particularly
in the ¢ direction if the anharmonic ADPs terms are ignored. As aforementioned, our XSD
data sets gave no clear sign for static disorder of Na within the experimental resolution
(Figure 7a). Fourier peak mapping around Na obviously represented anharmonic
dynamic disorder of Na heaving from its equilibrium site X at (1/3, 2/3, 0) once thermally
activated. Indeed, the maximal p height at X at 1023 K was only about 25% of that at 298
K (Figure 7b), and there were several diffuse peaks located away from X. These
observations show that the thermal motion of Na is not locally restricted at elevated
temperatures. More interestingly, relatively strong p residuals were seen at z + 0.04 above
and below X at z = 0, which is indicative of thermal depletion of a part of Na from its
equilibrium position at 1023 K. This is a relevant finding because we found hopping paths
for Na cations over interstitials not only at z = 0 but also at z ~ 0.04, as described in the
following section.

0.16

B U,(Na)=U, (Na)

® Uy(Na) °
0.14 linear fit Uy(Na) -

linear fit U,(Na) = U, (Na) Y ' /////
0.12 o — °
e
e

P U, at 0K =0.077(9) A2

U,(Na) [A?]

0.04 4 -

/

0.02 % G = u, at0 k = 0.0165(4) A2

0.00

I
0 100 200 300 400 500 600 700 800 900 1000 1100
Temperature [K]

Figure 8. Principle mean square APDs Ui (i = 1-3) of Na at the B site (1/3, 2/3, 0) were linear fitted
against the measuring temperatures and extrapolated down to 0 K. Interestingly, at the highest
measuring temperature 1023 K, Us became smaller than at 873 K, which is related to the non-zero
anharmonic thermal motions on the (a-b) plane for long-range dynamic disorder.

The probability density function (PDF) corresponds to the distribution of the space-
and time-averaged atomic density as the Fourier-transformed Debye-Waller factor (DWF)
including anharmonic terms ([41-45], literature therein). The possible migration pathways
of mobile species can be expressed by the so-called one-particle potential (OPP) V(x),
which is related to the PDF by Boltzmann statistics V(x) = —ks T In[PDF(x)/PDF(x0)], where
ks T >> V(x); x is the displacement vector; Xo is the equilibrium position; ks is the Boltzmann
constant; and T is the absolute temperature. Non-zero anharmonic ADP terms of Li and
Na for the distortion of simple Gaussian distributions were included in their DWFs via
Gram-Charlier expansion [41,45] using XSD data at 1023 K to describe their complex
migration pathways. The joint probability density function (jJPDF) was obtained from a
superposition of individual atomic PDFs in a Cartesian system, leading to a continuous
distribution of density between adjacent sites [46]. In Figure 9a, a jPDF is drawn with the
second, third, and fourth anharmonic ADP terms of Na, exhibiting a migration direction
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towards interstitials located between two neighboring B sites. In Figure 9b, a jPDF is
evaluated with the second and third ADPs of Li, and the harmonic terms of Fe (i.e., its
second anharmonic ADPs) resolves Li hopping over interstitials between T(II) sites. This
jPDF does not show site-exchanging Li between T(II) and A sites.

a b T=1023 K
e3=0.0 e3=0.0
2.0 R 2.0 T
e2 e2
1.0 1.0 at T(”) site
0.0 0.0 .,
=
Fe at A site
-1.0 . -1.0
2.0 2.0 U
2.0 -1.0 0.0 1.0 2.0 2.0 -1.0 0.0 1.0 2.0

el=0.0 el=0.0

Figure 9. Plots jPDF at 1023 K, indicating site-exchanging directions: (a) Na at the B site with the
second, third, and fourth anharmonic ADPs; (b) jPDF of Li with the second and third anharmonic
ADPs along with the second anharmonic ADPs of Fe.

Assuming that the diffusion of ions is governed solely by the OPP V(x), the minimum
density in the deformation map of V(x) corresponds to a maximum potential accounting
for the barrier for charge transport. Hence, from mapping OPP V(x) we can estimate the
activation energy for migration En comparable with the activation energy Ea from IS [46].
In the sugilite case at 1023 K, OPP V(x) evaluated with jPDF of Na (Figure 10a) and that of
Li (Figure 10b) gave rise to unrealistic, high energy barriers of 5-6 eV for hopping Na and
Li cations over the respective large distances 5.8 and 5.0 A. This is unrealistically far for
the bulk ionic conductivity at Ea=1.06(3) eV, as evaluated with IS in the high-temperature
range of 946-1064 K (Figure 6). This large discrepancy between Em from OPP V(x) and Ea
from conductivity measurements demands another concept for Na and Li dynamics. The
current XSD study reveals a common mechanism for diffusion of Na and Li cations over
several interstitials present in the sugilite topology.
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Figure 10. Deformation maps of OPP V(x) in the sugilite structure at 1023 K: (a) V(x) evaluated from
jPDF of Na; (b) V(x) evaluated from jPDF of Li. These give rise to unrealistic, high activation energies
5-6 eV according to one-particle potential mechanisms with large hopping distance 5.8 and 5 A for
Na* and Li*, respectively.

3.4.3. Locations of Interstitials

Careful inspection of difference Fourier (AF) maps obtained from XSD data at 1023 K
allowed us to find electron density residuals at two interstitial sites: LiX1 at (0.3397, O,
0.25) and LiX2 at (0.7230, 0.8630, 0.25). These are four-fold coordinated with framework
oxygens and were suitable for residing Li (Figure 11a). Highly distorted tetrahedral LiOs
(i.e., Li at T(II)), LiX104, and LiX204 moieties were connected by common edges and faces
to form a densely connected 2D network parallel to the (a—b) plane, as illustrated in Figure
11b. Accordingly, small interatomic distances (d) were present in this 2D network as
possible paths for hopping Li* over d(Li-LiX1) = 1.6147(4) A and d(LiX1-LiX2) =
1.7818(1)~1.8106(4) A. These are much shorter than 5.0 A based on the OPP V(x) model.

As Na interstitials, three different sites could be found: NaX1 at (0.66667, 0.33333,
-0.0372), NaX2 at (0.6193, 0.1084, 0.4389), and NaX3 at (0.5, 0.5, 0), as shown in Figure 12.
NaX3 was located between two neighboring B sites at the level z = 0 (Figure 12a), while
NaX1 and NaX2 were at the offsite z=+0.04 (Figure 12b). NaX1 was located directly above
the B site and was regarded as the T-induced depletion of a part of Na. It is to be stressed
that no splitting probability was introduced in the refined model. Thus, the OCC at the B
site was fixed to full occupation in our analyses even with high-temperature XSD data
sets. It was possible to refine the occupancy parameters (OCC) at B, NaX1, NaX2, and
NaX3 with a constraint: OCC(B) + OCC(NaX1) + OCC(NaX2) + OCC(NaX3) = 1. However,
low and diffuse p distributions, particularly connecting NaX1 and NaX2 interstitials, did
not allow this strongly constrained OCC refinement. The more relevant finding was that,
parallel to the 2D (Li-LiX1-LiX2) network, there were two other 2D layers for Na hopping
over the interstitial sites in the short distances d(NaX2-NaX1) = 2.0962(4) A and d(NaX2-
NaX2) =2.3015(5) A at z =+0.04 (Figure 13a), and, in between, there was another 2D layer
at z = 0 with a hopping distance d(Na-NaX3) = 2.9078(4) A (Figure 13b). The latter
corresponds to half of the jumping distance 5.8 A in the OPP model.
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The presence of these pristine interstitials makes it easy for long-range dynamic
disorder, i.e., charge transport by mobile Li and Na cations. Based on results from XSD,
their diffusion paths are commonly parallel to the (a—b) plane in the sugilite structure,
requiring an activation energy much lower than the energy barrier 5-6 eV according to
OPP. An E. of 1.06(3) eV was obtained from the HF mode in the IS of Sugilite#2. Hence,
interstitial hopping mechanisms can explain a combined Li-/Na ionic conductivity in
sugilite-type compounds.

z=0.2500

Figure 11. Interstitial sites LiX1 and LiX2 available for hopping Li cations: (a) These interstitial sites
were found by residual electron density distribution around AOs-T(II)O4 chains in AF maps after
refinement of harmonic ADPs of all atoms at 1023 K. Fe at A and Li at T(II) are highlighted in red
and yellow, respectively; (b) the Li* diffusion succeeded over the 2D network (yellow), which was
configured by edge- and face-sharing LiOs-LiX104-LiX20Os in the (a-b) plane in sugilite.
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a T=1023 K b

o2

Figure 12. AF maps around Na at B sites (orange) evaluated using XSD data at 1023 K: (a) at z =0,
high-electron-density residuals were located at one interstitial site available for Na: NaX3 at (0.5,
0.5, 0), as highlighted in yellow; (b) there were two further Na interstitials: NaX1 at (2/3, 1/3, -0.0372)

directly below B sites and NaX2 at (0.6193, 0.1084, 0.4389) indicating dynamical depletion of a part
of Na from z = 0.

Figure 13. Two different 2D networks allowed charge transport via Na*: (a) at z = 0, Na at B sites
and NaX3 formed a 2D network involving a hopping distance, d(Na-NaX3) = 2.9078(4) A; (b)atz=

-0.04, there was another 2D network involving short distances d(NaX2-NaX1) = 2.0962(4) A and
d(NaX2-NaX2) = 2.3015(5) A available for easy Na* hopping.
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3.4.4. BVS Landscape Maps

The respective bond valence sum (BVS) values of 0.865 and 0.946 valence units (v.u.)
for Na* at the B site and Li* at the T(II) site were lower than their common oxidation state
1+ (Table 4). On the other hand, BVS values at the interstitial sites found from XSD near to
1+ (Table 5) support the suitability of those interstitials for residing Li and Na cations. More
importantly, BVS landscape isosurfaces of Li* and Na* (Figure 14) traced the 2D networks
of Li-LiX1-LiX2, Na-NaX3, and NaX1-NaX2. However, the BVS landscape isosurface of
Li* with a potential threshold AV = 1.0 v.u. exhibited a broken isosurface only around the
T(II) site (Figure 14a). This simply implies possible localities for local dynamic disorder of
Lit at 1023 K. At AV = 0.5 v.u., a continuous 2D isosurface of Li* was realized, where Li*
was not highly bonded to framework oxygens (Figure 14b) and, hence, moved over the
2D network in the (a-b) plane. In contrast, the fashion of the continuous BVS landscape
isosurface of Na* featured no differences between a potential threshold AV = 1.0 (Figure
14c) and 0.5 v.u. (Figure 14d), which is an indirect proof, for ease, of long-range dynamic
disorder of Na cations. Those BVS landscape isosurface maps support that the charge
transport can happen by hopping Li and Na cations toward the common direction parallel
to the (a-b) plane in the sugilite topology (Figure 15). Hence, sugilite-type compounds can
be regarded as an interesting material class of combined Li/Na ionic conductors.

Table 4. Interatomic distances, individual bond valences (BV), and bond valence sum (BVS) of each
cation, resulting from XSD data analysis at 1023 K (* = symmetry equivalent sites). The bond valence
parameters do and Bo applied in this study are given in Supplementary S7.

Site (Type) Ligands Bonding Distance (A) BV (v.u.) BVS (v.u.)
A (Fe) 03 (x6) 2.0048 (4) 0.515 (1) x6 3.088 (1)
B(Na) O1 (x3) 2.4257 (10) 0.186 (1) x3

03 (x9) 2.9023 (4) 0.051 (0) x9 0.865 (1)

C(K) 02 (x12) 3.0074 (5) 0.094 (0) x12 1.126 (0)
o1 1.6271 (3) 0.992 (1)
Tt (Si) 02 x1.6217 (3) 1.006 (1)
02 * 1.6207 (5) 1.009 (1)

03 1.5797 (4) 1.127 (1) 4134 (2)

T1 (Li) 03 (x4) 1.9994 (4) 0.237 (1) x4 0.946 (0)

Table 5. Interatomic distances between framework oxygens and Li interstitial sites LiX1 at (0.3397,
0, 0.25) and LiX2 at (0.7230, 0.8630, 0.25), as well as Na interstitial sites NaX1 at (0.66667, 0.33333,
-0.0372), NaX2 at (0.6193, 0.1084, 0.4389), and NaX3 at (0.5, 0.5, 0), are given with theoretical BVS
values for hypothetical 100% occupation at each interstitial site. These interstitials could be
unambiguously localized in AF maps evaluated with XSD data at 1023 K (* = symmetry equivalent
sites).

Site (Type) Ligands Bonding Distance (A) BV (v.u.) BVS (v.u.)
o 02 (x2) 1.8874 (5) 0.320 (0) x2
Lix1 (L) 03 (x2) 2.0269 (3) 0.220 (0) x2 1.080 (1)
o2 2.3354 (4) 0.095 (0)
o2 * 1.8061 (5) 0.399 (1)
o o2+ 2.3568 (5) 0.090 (0)
LiX2 L o2* 1.7918 (5) 0.415 (1)
03 2.4579 (4) 0.069 (0)
03 * 2.4686 (3) 0.067 (0) 1.134 (1)
01 (x3) 2.4818 (12) 0.160 (1) x3
NaX1(Na) 03 (x3) 2.4886 (4) 0.157 (0) x3 0.949 (1)
o1 2.5528 (13) 0.132 (0)
NaX2 (Li) o1+ 2.2990 (9) 0.262 (1)

o1+ 2.5592 (11) 0.130 (0)
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o2 2.2098 (5) 0.391 (0)
03 2.1504 (4) 0.333 (0)
03 2.7205 (3) 0.084 (0)
03 2.8429 (4) 0.060 (0) 1.391 (1)
01 (x2) 21133 (9) 0432 (1) x2
NaX3(Na) 03 (x4) 2.8986 (4) 0.052 (0) x4 1.072 (2)

oxj3e 3o
fi

6
. jf@l’% @K\:\?(/‘/@

Figure 14. Isosurface of Li* and Na* based on BVS calculations with the structure model refined with
1023 K XSD data of a sugilite single crystal (Sugilite#1): (a) isosurface with a potential threshold AV
= 1.0 of Li* (Li at T(II) sites is presented by large spheres in pale yellow); (b) continuous isosurface
of Li* at AV =0.5; (c) isosurface of Na* (small spheres in yellow) at AV = 1.0 v.u.; (d) isosurface of Na*
atAV=05v.u.

— f

Figure 15. Sugilite exhibited 2D layers available for the combined Li-Na ionic conductivity over
several interstitials parallel to the (a-b) plane.
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At last, it is worth noting the structural parameters impacting the bulk ionic
conductivity in Li-bearing six-membered-ring (6MR) and -chain (6MC) silicates related to
sugilite (Table 6). In comparison to sogdianite, sugilite shows a two orders of magnitude
higher ionic conductivity value, mainly for the higher Na content. The topology of
zektzerite is like sugilite, with the same Na content (2 pfu), but shows much smaller ionic
conductivity values. This is due to its framework property with double 6MCs of SiOs
connected by ZrOs-LiOs chains where one of three Li pfus is not occupied. Under this
circumstance, in comparison to sugilite, the hopping distance for Li* is large for the small
number of charge carriers. Pezzottaite exhibits a framework with single 6MRs of
[(ALSi)O4], and there is only one Li pfu without the additional charge transporting Na,
having the lowest ionic conductivity values of those shown in Table 6. Such a comparison
makes it clear that Li-bearing double 6MRs-containing framework structures are
geometrically and chemically advantageous for the pristine 2D layers of Na and Li
interstitials.

Table 6. Comparison of bulk DC conductivity of sugilite relatives along with the Na:Li ratio pfu.
Note that the contribution of grain boundary charge transport to the bulk conductivity is significant
to the compact microstructure of Sugilite#2, when comparing to [11].

Ionic Conductivity Na:Li Ratio  SiOs

Compound (S:cm™) (pfu) Configuration
Sugilite mass (Fe,Al,Mn)2Na2K[LisSi12Oz0] ([23], this study) 1.7-103 at 943 K 2:3 double 6MR
Sogdianite (Zr,Al,Fe):NaoseK[LisSi120s0] L [001] [10] 41105 at 923 K 0.36:3 double 6MRs
Synthetic powder sample Fe2Na2K[Lis5i12030] [11] 1.2:10°at 923 K 2:3 double 6MRs
Zektzerite Zr:NazLixSi12050 highest || [001] [37,38] 3105 at 1173 K 2:2 double 6MCs
Pezzottaite Cs[(BezLi)Al:SisO1s] [40] L [001] 8.3-10 at 1093 K ,

— I [001] 1110 at 1093 K 0:1 single 6MRs

4. Conclusions

The current XSD study, using a synchrotron radiation source, could comprehend
details of dynamic disorder of Li and Na cations in the sugilite structure, especially with
anharmonic ADP terms at 1023 K. AF maps and BVS calculations supported thermally
activated hopping mechanisms for both Li and Na cations over the several interstitial sites
found in this study. At an activation energy of 1.06(3) eV, long-range dynamic disorder of
both cations contributed to the bulk ionic conductivity 1.7-10% S-cm™ at 943 K. This high
conductivity value has not been obtained at ambient conditions with the sugilite so far
investigated. However, sugilite-type compounds can be further developed as combined
Li-Na ionic conductors, providing several pristine, short-distance interstitials, making 2D
networks parallel to the (a—b) plane over which Li and Na cations can move quickly. Such
a structure-related unique property may be desired when manufacturing thin-film
electrolytes with a combined Li-Na cationic conductor where direction-dependent, fast
charge transport across the electrolyte might overcome the thin-film phase boundaries.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/min13050620/s1. S1: Atomic parameters refined with
HRNPD at 973 K of (Fe132Mnoso.1Aloao.1)Nazo@Krosm[LisSitzo03Os0], refined with HRNPD at 973
K; S2: Observed and simulated impedance spectra of Sugilite#2; S3: Change of the lattice metrics a
and cin A in sugilite with increasing temperatures, determined by synchrotron X-ray single-crystal
diffraction data of Sugilite#1; S4: Observed Fourier maps evaluated with synchrotron X-ray single-
crystal diffraction data of Sugilite#1 without Na at B sites at all measuring temperatures from 298
up to 1023 K; S5: Components of harmonic ADP parameters Uij, refined with synchrotron XSD data
of Sugilite#2; S6: Principle mean square APDs from XSD data of Sugilite#1; S7: The bond valence
parameters (do, Bo) for Zachariasen formula (s= exp{(do-d)/Bo}) applied in this study.
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