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Figure S1: Lattice parameters (left) and unit cell angle and volume (right) of the Rietveld
refinement of the neutron and the x-ray data. The error bars of the volume are smaller than the
dots.
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Figure S2: Combined Rietveld fit to the neutron diffraction data (top, bank 5) and x-ray

diffraction data (bottom) of Liz-xIni«ZrxCle with x=0.
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Figure S3: Combined Rietveld fit to the neutron diffraction data (top, bank 5) and x-ray
diffraction data (bottom) of Lis-xIn1-xZrxCle with x=0.2.
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Figure S4: Combined Rietveld fit to the neutron diffraction data (top, bank 5) and x-ray
diffraction data (bottom) of LizxIn1xZrxCls with x=0.3.
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Figure S5: Combined Rietveld fit to the neutron diffraction data (top, bank 5) and x-ray
diffraction data (bottom) of LizxIn1xZrxCls with x=0.4.
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Figure S6: Combined Rietveld fit to the neutron diffraction data (top, bank 5) and x-ray
diffraction data (bottom) of Liz-xIni-xZrxCle with x=0.5.
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Figure S7: Confirmation of the validity of the chosen equivalent circuits to fit the AC-
impedance spectra by the Kramers-Kronig analysis. The examples chosen here are from the

material LisxInixZrkCle with x=0.5 at 50 (high temperature L-R-CPE), 30 (medium
temperature L-(R)(P)-CPE ) and low temperature (L-(R)(CPE)-(CPE) at -9.4 °C.
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Figure S8: Arrhenius Relationship extracted from the AC-impedance measurements of the

materials LizxIn1xZr«Clg for x=0-0.5.
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Figure S9: Relaxation rates of Li in LizInCls measured at three different larmor frequencies
plotted on logarithmic scale. 116MHz corresponds to ’Li measured on a 300MHz, 155MHz to
’Li on a 400MHz and 44MHz to SLi on a 300 MHz spectrometer. The contribution of the
individual jump processes to the relaxation rate are shown in red and black (same processes in
all plots) and illustrate which process the datasets are sensitive to.
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Figure S10: The relaxation data of Lis-xIn1-xZr«Cls at x=0 and fits of the different models (1-4)
as described in the main text (BPP model with one jump process only). The fits are visualized
with the Tz in the y-axis, as the differences in the models can be seen more clearly. The plot
shows that both empirically modified datasets fit the data well, with a small preference for the
modified 2D model (4) as indicated by the smaller BIC.
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Figure S11: The relaxation data of Lis-xIn1-xZrxCls x=0.3 and fits of the different models (1-4)
as described in the main text. The fits are visualized with the Ty in the y-axis, as the differences
in the models can be seen more clearly. The plot shows that both empirically modified datasets
fit the data well, with a small preference for the modified 2D model (4) as indicated by the
smaller BIC.
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Figure S12: The relaxation data of LizxIn1xZrxCle x=0.5 and fits of the different models (1-4)
as described in the main text. The fits are visualized with the Ty in the y-axis, as the differences
in the models can be seen more clearly. The plot shows that both empirically modified datasets
fit the data well, with a small preference for the modified 2D model (4) as indicated by the
smaller BIC.
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Figure S13: Comparison of the data for LizxIn1xZr«Cls (x=0.3). The data from Helm et al.!
represents approximate values obtained using plot digitize
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Figure S14: Left: Variable temperature ’Li static NMR spectra of LisInClg at 9.4T (156 MHz)
at T =233 K (top) and T = 493K (bottom). Already at 233K the line is motionally narrowed
but at 493K the residual broadening is so small that sharp features emerge. Right: The high
temperature spectrum at 493K can only be approximated by taking into account a residual
quadrupolar coupling of about 6kHz as well as CSA with a span of 3 ppm and a skew of -0.76.
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Figure S15: "Li static NMR spectra of Liz.xIn1xZrxCle, at 9.4T (156 MHz) at T = 493K. The
central transition is motionally narrowed in all three samples. The shape of the satellites can
only be approximated by a combination of quadrupolar coupling as well as chemical shift
anisotropy, see Figure S14. The shape is most pronounced in LizInCls, and slightly flattens for
the doped samples. The residual chemical shift anisotropy that resolves at the satellites indicates
that the motion of the Li-ions across the different sites does not average out completely.



Weighted 1) irioe] | Infwtos] | zr[wioe] | destr.
AN2020.12.002 amount [g]
Li3In(1-X)ZxCI6 x=0 | 0,0295 28 270 |59 ARFHF
Li3In(1X)ZrxCI6 x=0.1 | 0,0249 57 206 |26 ARFHF
Li3In(1-X)ZxCl6 x=0.2 | 0,0257 55 | 258 |48 AR+HF
Li3In(1-X)ZxCl6 x=0.3 | 0,0282 53 |227 |72 AR+HF
Li3In(1X)ZrxCl6 x=0.4 | 0,0301 52 203 |98 ARFHF
Li3In(1-X)ZxCl6 x=0.5 | 0,0298 51 170|126 | AR+HF
ZiCla 0,0207 372 | AR+HF
InCI3 0,0248 28,2 AR+HF
Li3In(1X)ZrxCI6 x=0 | 0,0288 56 317 |00 AR
Li3In(1-X)ZxCl6 x=0.1 | 0,0292 51 267 |21 AR
Li3In(1X)ZrxCI6 x=0.2 | 0,0290 56 | 261 |46 AR
Li3In(1-X)ZxCl6 x=0.3 | 0,0273 54 232 |72 AR
Li3In(1X)ZrxClI6 x=0.4 | 0,0206 52 206 |95 AR
Li3In(1-X)ZxCI6 x=0.5 | 0,0265 5.1 173|125 | AR
ZiCla 0,0280 377 | AR
LiCl 0,0369 155 AR+HF

Table S1: Elemental compositions resulting from ICP (inductively coupled plasma)
spectrometry. AR stands for Aqua Regia (HNOs + 3 HCI). The Zr dropped out as ZrF4 when
dissolved with AR+HF, which is why the measurements with AR were used



R dR thickness | dthickness | A sigma |dsigma/sigma | dsigma
X [Ohm] | [Ohm] | [cm] [cm] [cm2] |[S/cm] | [%0] [S/cm]
1,77E- 8,86E-

05 |719 10,243 |01 0,005 0,785 |03 5,004% 05
1,96E- 9,84E-

04 |648 0,184 |0,1 0,005 0,785 |03 5,008% 05
2,02E- 1,01E-

0,3 /62,88 /0,078 |0,1 0,005 0,785 |03 5,002% 04
1,71E- 8,57E-

0,2 |74,29 (0,056 |0,1 0,005 0,785 |03 5,001% 05
1,70E- 8,48E-

0,1 |751 0,074 |01 0,005 0,785 |03 5,001% 05
1,52E- 7,61E-

0 83,72 /0,178 |0,1 0,005 0,785 |03 5,005% 05

Table S2: Error propagation according to formula
Ao Ad\2 = [AR\2 AT\ 2
El \/(7) +(F) +zrx(3)
Were d is the pellet thickness, R the parameter fit of the pellet resistance and r the radius of the

pellet. The deviation of the radius was assumed to be zero and the errors of the parameter fits
are small, rendering the error in the thickness to dominate the total error.

E_Activation

X | AE_Activation,rel / % |[eV] dEa [eV]
0.5 [3.32 0.28271 0.00939
0.4 |2.39 0.28964 0.00693
0.3 {3.83 0.277 0.0106
0.2 |2.67 0.29745 0.00796
0.1 {2.20 0.33806 0.00742
0.0 {6.36 0.30638 0.01949

Table S3: Error of the activation energies, obtained from the fits of the temperature dependent
ionic conductivity, see Figure S8.



LisxInixZr 7o [S] Ea[eV] B Easlope [eV] Reference
xC|6

x=0 1.5e-11 0.189, - 0.106, This work

0.131 BPP 0.0212

x=0.3 (3.3+1.7) x103 | 0.30+0.02 | 0.29+0.04 0.142 This work

x=0.5 (6.6 +2.5)x1013 | 0.28+0.02 | 0.26+0.02 0.12 This work

x=0 Not provided 0.291 0.22 I.d. Helm et al'
x=0.1 Not provided 0.203 0.44 I.d. Helm et al*
x=0.2 Not provided 0.143 0.63 I.d. Helm et al'
x=0.3 Not provided 0.117 0.65 I.d. Helm et al'
x=0.4 Not provided 0.116 0.66 I.d. Helm et al*
x=0.5 Not provided 0.136 0.57 I.d. Helm et al*

Table S4: Fitting parameters of the spectral densities used to fit the relaxation data (to, Ea, PB).
The standard errors reported here are those that raise chi-square by 1. For comparison,
activation energies extracted from the high temperature slope of the data (Eas), I.d. stands for
insufficient datapoints (a minimum of 5 points were used to fit the line). VValues from literature
included for comparison (see column Reference).



LisxIni- | To[s] Ea[eV] B Corr | Corr | Corr | Reference

xZr xCls t0-Ea |T0-B | Ea P

x=0.3 1.46+0.2x1071! | 0.146+0.005 | BPP -0.993 | - - This work

300MHz

x=0.3 1.18+0.8x10*? | 0.257+0.003 | 0.365 |-0.997 | 0.962 | -0.978 | This work

300MHz

x=0.3 1.49+0.1x 10** | 0.140+0.0003 | BPP -0.991 | - - This work

400MHz

x=0.3 0.12+0.2x10** | 0.256+0.001 | 0.427 |-0.998 | 0.971 | -0.984 | This work

400MHz

x=0.3 1.00+0.2x 101 | 0.082+0004 | BPP -0.98 | - - Fit in this

300MHz work, data
digitized
from Helm
et al®

x=0.3 1.46+ x 107! 0.16+0.004 0.437 |-0.996 | 0.978 | -0.991 | Fit in this

300MHz work, data
digitized
from Helm
etal'

X =0.3]- 0.117 0.65 - - - Helm et al'

300MHz

Table S5: Parameters of individual fits as shown in Figure S12 and their correlations.

lonic conductivity impedance [S/m] |1.52E-01

charge carrier per unit cell 6.00

unit cell volume [A"3] 425.60

unit cell volume [m”3] 4.26E-28

n charge carrier concentration [#/m3] | 1.41E+28

e"2 [C"2] 2.56697E-38

ko [J/K] 1.38E-23

Dimpedance 1.72E-12

Jump process NMR A B

E. NMR [eV] LILE | LO%E

T ls] 3.34E- |3.71E-
09 08

Dnmr [M%/s] i'244E- iélgE-

Table S6: Calculation of the diffusion coefficient from the Impedance measurement at room
temperature and the corresponding diffusivities calculated from the fitting parameters from the
NMR fits (Table S4). The jump process A contributes ~10 more to the diffusivity than the jump

process B.







Sl Text 1: Solid-state NMR for diffusion

Solid-state NMR can yield information about the diffusion mechanism in the material using
following probing mechanisms:

e Fitting of the In(1/Ty) vs. 1/ksT curves gives access to the spectral density function,
which is the Fourier transform of the correlation function of motion. This gives access
to motion on the order of the inverse larmor frequency (1/w; ~ 1078 s), hence is, in
contrast to impedance spectroscopy, sensitive to back and forth hopping.

e The field dependence of T: measurements can be an indication of diffusion
dimensionality?.

e Fastand three dimensional motion would lead to motional narrowing of the line-shapes.
If there is chemical shift anisotropy (CSA) in the structure, and the motion is not three

dimensional, the CSA does not average out completely.

While diffusion in a real system is probably not perfectly one , two or three dimensional, the
use of such models is helpful as they can be considered as an idealized description of anisotropic
materials®.

Spin lattice relaxation NMR

Spin-lattice relaxation times T1 were recorded with a saturation recovery pulse sequence and fit
with a single exponential function using the program ssnake*. This was repeated for the
temperature range accessible on the setup; 20-200 C at 116.6 MHz ’Li frequency (44MHz SLi)
and -60 — 200C at a ’Li frequency of 155.5 MHz.

The temperature dependence of the relaxation time is a complex curve governed by the motional
correlation function (or it’s Fourier transform, the spectral density J), and a functional
depending on the spin interaction(s) in the material. Spin interactions are interactions that can
lead to energy transfer between the observed spin and the external heat bath (the lattice). Most
interactions are magnetic in nature (dipolar, chemical shift anisotropy, spin rotation), except for
the quadrupole interaction which describes the interaction of the quadrupole moment of the
spin>1/2 with electric field gradients in the material, which is an interaction of electric nature.
As the chemical shift range is generally small for Li in dielectrics, the chemical shift anisotropy
can be expected to lead to a minor contribution®. There are also no rotating polyatomic units in
the structure, so also spin rotation can be excluded as a relaxation mechanism. This leaves
dipole and quadrupole relaxation due to translational motion. The small quadrupole moment of
®Li and "Li lead the system to relax effectively via the dipolar mechanism, a generally accepted
fact in Li-NMR-relaxometry literature.

Relaxation due to dipolar interaction:

For the dipolar relaxation, the functional for translational motion has following functional:

TL = Kp /1 (@) + 4J5(2(wp)]
1,D



2 h\?
9 #OVE
8 a1

D=

In this paper, we assumed the shape of the functional to be

= C[J1(wo) + 4J2(2(wy)]

Tl,sat
Where C was used as a fitting parameter.

The more difficult problem lies at identifying the correct spectral density function. Many useful
spectral densities are introduced in the review by Beckman®. In this report, we have used three
spectral density functions. The spectral density first developed by Bloembergen, Purcell and
Pound (BPP model) for three dimensional uncorrelated motion’.

T

Cc
J(@) = 1+ w?t?
The BPP spectral density is a normalized form of the Fourier transform of an exponential
correlation function®. Further, an empirical spectral density function was used which is a
modified version of the BPP spectral density (MBPP)8. The spectral density was developed for
layered conductor Na-B-Alumina. A parameter  is introduced, which accounts for correlations
of the motion of the observed nuclei with the lattice or itself

Tc

J(@) = 1+ (wto)HF

Due to the mathematical form of spectral density, it is not possible to calculate the
corresponding time domain, as it is for the BPP spectral density. The parameter 3 describes a
modification of the BPP model, but no physical model is behind the parameter.

A semi-empirical model for two dimensional diffusion was supposed by Richards (MR)°.
Taking the limiting values into account, the spectral density results in the empirical
expression®10

J(w, ) =C * ln(l +%)
wT¢
The problem becomes very complex, when dimensionality effects appear at the same time as
correlations due to coulomb interactions of the moving ions. While the dimensionality effects
affect the high temperature slope of the curve, such correlation effects result in a reduced slope
on the low temperature side. If both such effects are present, the peak can appear almost
symmetric peak (like expected for the 3D case) can appear®®. Such a spectral density also
introduces a similar parameter B (MMR)

J(w, 1) =C * ln(1+wﬁ—rcﬁ)



The correlation time Tc IS (assumed to be) an exponential function in all the above spectral

densities:
Tc=ToeXp|T—=

When plotting the natural logarithm of the inverse of T1 against inverse temperature, the models
predict a curve with two slopes on the low and high temperature end with opposite sign, and a
maximum at the temperature where the inverse of the correlation time is in the same order as
the Larmor frequency. The high-temperature slope can be used to calculate jJump activation
energies.

Measuring at a different field, and hence a different Larmor frequency, will shift the curve and
display processes at different frequencies. This can be used to improve accuracy of the model
by combined fitting, or in materials with different jump processes to vary the time scale of the
probe. Li has two NMR accessible nuclei, éLi and ’Li, to access larger changes in frequency at
the same fields.

Using the correlation times z obtained from the fit, and an estimate for the average jump distance
a, the diffusion coefficient can be calculated:

a2

Dymr = _Zd‘L'
c

Where d stands for the dimensionality of the diffusion process. To compare this entity with
results from AC-impedance measurements, the diffusion coefficient from the impedance
measurements can be calculated using the Nernst-Einstein relationship:

neZZZDAC
Oac = — 1 +
kyT

Where n is the charge carrier density, e the electronic charge and z the charge of the diffusing
ion. The diffusion coefficients from NMR and AC-impedance are measured on different time
and length scales and do not necessarily match.

The diffusion coefficient measured from NMR is on the timescale of 108Hz, and is hence most
comparable to the hopping diffusion coefficient used in theoretical work!?:

1 2
Dhopp = Ed F

Where d is the distance between hops of two sites and I the frequency those hops occur. The
diffusion coefficient measured with AC-impedance, is on the order of the frequencies of the
DC-plateau, so approximately 103-10° Hz. This diffusion coefficient is closer to the tracer
diffusion coefficient, arising from the mean square displacement of the diffusion atom (x?)
within a time t*

(x?)
Diracer = T

Those two diffusion coefficients are theoretically corrected by the correlation factor 2



Dtracer
f=

Dhop

The value of f can give information about possible rate limitations, correlations or the diffusion
mechanism and is . In experimental studies these exact measurements are not accessible, and it
is usually talked about the Haven Ratio HR

DAC _ Dlong range

HR = =
DNMR Dshort range

The HR is usually between 0 and 1, where 0 means no long range diffusion and only local
hopping, and 1 means every individual jump probed with NMR leads to long range diffusion.
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