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Anharmonic host-lattice dynamics enable fast ion conduction in superionic Agl
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A basic understanding of the driving forces of ion conduction in solids is critical to the development of new
solid-state ion conductors. The physical understanding of ion conduction is limited due to strong deviations from
harmonic vibrational dynamics in these systems that are difficult to characterize experimentally and theoretically.
We overcome this challenge in superionic Agl by combining THz-frequency Raman polarization-orientation
measurements and ab initio molecular dynamics computations. Our findings demonstrate clear signatures of
strong coupling between the mobile ions and host lattice that are of importance to the diffusion process. We first
derive a dynamic structural model from the Raman measurements that captures the simultaneous crystal-like
and fluidlike properties of this fast ion conductor. Then we show and discuss the importance of anharmonic
relaxational motion that arises from the iodine host lattice by demonstrating its strong impact on ion conduction

in superionic Agl.
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Solid-state ion conductors (SSICs) are promising materials
for replacing liquid ion conductors used in many important
technological applications such as batteries, fuel cells, and
supercapacitors, because they are typically nonflammable and
could enable higher energy densities [1]. Long-range ionic
diffusion in SSICs occurs via thermally activated site-to-site
hopping of mobile ions in a host lattice of nondiffusing ions
[Fig. 1(a)]. Hopping occurs when mobile ions obtain suffi-
cient thermal energy to overcome migration barriers in the
potential energy surface. In traditional ionic transport models,
the hopping frequency of the mobile ion is estimated using
a harmonic phonon description or included phenomenologi-
cally [2-7]. Therefore, these models cannot capture the effects
that arise when the mobile ion enters the saddle point region
between sites, an intrinsically anharmonic part of the potential
energy surface [Fig. 1(a)] [2,3,5,7]. In this region, the motion
of the mobile ion may become coupled to other vibrations in
the material, changing the potential energy surface of the mo-
bile ion, and potentially modifying the migration barrier [2].
Accurately describing the atomic motions in SSICs there-
fore requires a departure from the harmonic phonon model
of solids [2,3,5,8,9]. Some anharmonic effects, such as co-
ordinated hopping [10,11] and the breakdown of acoustic
modes [8,9], have been detected. However, anharmonic cou-
pling of the mobile ion to the host lattice is an overlooked
mechanism that may significantly influence ionic conductiv-
1ty.

Recent computational and experimental work does indeed
indicate that the host lattice impacts the ionic conduc-
tivity of SSICs in ways not yet captured by traditional

“david.egger@tum.de
Tomer.yaffe @ weizmann.ac.il

2475-9953/2020/4(11)/115402(7)

115402-1

theories [12-22]. Correlations established between ionic con-
ductivity and the physical characteristics of the host lattice,
such as mechanical softness, indicate important unexplored
coupling mechanisms [12—-15]. Specific coupling effects, such
as chemical bond frustration [16—18] and the “paddle-wheel”
mechanism [20-24] have been proposed with evidence for the
latter effect recently detected in state-of-the-art Na™ and Li*
conductors [21,22].

Major experimental and theoretical challenges hinder
the direct observation and identification of anharmonic ef-
fects arising from the host lattice. The direct detection of
these coupling effects requires a probe of finite-temperature
structural dynamics, rather than a static structural analy-
sis [8,9,16,17,20-22]. From the theoretical side, sophisticated
analyses of molecular dynamics computations are required to
detect host lattice/mobile ion interactions [16,17,19-22,25].
Experimental investigations of vibrational dynamics in SSICs
must contend with the dynamic structural disorder that orig-
inates from the hopping of mobile ions among partially
populated sites [Fig. 1(b), inset]. In fast ion conducting SSICs,
this can result in the breakdown of the phonon quasiparticle
picture [8,9], manifesting as broad features in their vibrational
spectra. These spectra are difficult to interpret because there
is no analytical foundation describing the spectral properties
of systems with dynamically broken translational symme-
try [8,26-29]. Therefore, a full interpretation of the vibrational
spectrum of even «-Agl, the best-understood and longest-
studied superionic SSIC, still remains unresolved [26-31].
Overcoming these issues to provide a detailed account of
vibrational coupling between the mobile ions and the host
lattice is anticipated to provide useful insights into the role
of significant anharmonicities in SSICs.

In this paper, we demonstrate an approach to over-
coming these challenges in «-Agl. We employ Raman
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FIG. 1. (a) Conventional ion transport mechanism: A mobile ion
(green circle) hops (green arrow) across barriers in the potential
landscape due to the host lattice (blue circles) and surrounding mo-
bile ions. (b) ¢-Agl Raman spectrum at 443 K. Inset: «-Agl crystal
structure, with I atoms (purple) located at the bce positions and Ag
atoms (dark gray) hopping (black dashed arrows) between empty
tetrahedral sites (white). (c) Vibrational density of states (VDOS) of
a-Agl calculated from AIMD at 500 K. The VDOS is decomposed
into contributions from each atomic species. The gray circle on the
y axis marks the zero-frequency finite VDOS from which a diffusion
coefficient of 3.1 x 1073 cm?/s was calculated.

polarization-orientation (PO) measurements to reveal unex-
pected signatures of order in the vibrational dynamics of
a-Agl. This finding enables the development of a micro-
scopic description of the vibrational properties of this SSIC

in terms of localized, coupled motion of Ag and I. Our Raman
measurements also reveal the presence of strongly an-
harmonic, relaxational atomic motions. Through ab initio
molecular dynamics (AIMD) computations, we show that
these relaxational motions involve the iodine host lattice and
are coupled to Ag" diffusion. This discovery signifies that
anharmonicity plays an important role in the functional prop-
erties of this material.

a-Agl exists at ambient pressure between 420 and 831 K.
a-Agl has a cubic structure with the time-average space group
Im3m, where I atoms occupy bcc lattice sites and Ag atoms
occupy interstitial tetrahedral sites [Fig. 1(b), inset] [32-38].
There are six tetrahedral sites available per Ag atom, and
the Ag" dynamically hop between these sites giving rise
to the observed ion conductivity. Since all Ag" participate
in hopping and have a mean residence time of just 2-3
ps [5,37,39,40], hopping breaks the translational order of the
Ag sublattice to below the unit cell level.

In materials with broken translational symmetry, optical vi-
brations are localized and lack well-defined wave vectors [41].
Consequently, the Raman spectrum of such a material is
expected to have contributions from all modes, reflecting
the vibrational density of states (VDOS) when corrected for
the Bose-Einstein (BE) population factor [41]. The VDOS
of a-Agl can be calculated from AIMD [see methods in
the Supplemental Material (SM) [42-45]], since it is accu-
rate in capturing the Ag™ diffusion coefficient [46] from the
zero-frequency VDOS [gray circle, Fig. 1(c)] [47]. Indeed,
the BE-corrected Raman spectrum [Fig. 1(b)] does reflect
the AIMD-computed VDOS [Fig. 1(c)], with both showing
very broad features near 40 and 100 cm~!. This observa-
tion is consistent with prior interpretations of the o-Agl
Raman spectrum, which have primarily ascribed the spec-
trum to disorder-induced scattering or a liquidlike scattering
response [28-31,48-53].

We now contrast the disorder-induced scattering picture
with measurements from a method typically employed to
characterize fully crystalline samples: PO Raman (Fig. 2).
In the PO method, the Raman spectrum of a single crystal
is excited with polarized light whose orientation is rotated
stepwise through 360° in the plane of the probed crystal face.
The resulting spectral response is filtered for polarizations
parallel and perpendicular to the excitation (see methods in
SM [42]) [54]. This method probes the components of the
Raman polarizability tensor, from which mode symmetries
and consequently a structural model can be derived [54,55].
Figure 2(a) shows intensity maps of the PO Raman re-
sponse of an «-Agl single crystal (preparation described in
SM [42,56,57]) for the parallel and perpendicular config-
urations at 443 K. Additional measurements covering the
stability range of «-Agl (583 and 723 K) are presented in
Fig. S1 [42]. Remarkably, all of the Raman spectral features
are found to exhibit clear periodicities in intensity as a func-
tion of orientation in both polarization configurations, which
establishes specific symmetries for these vibrational features.
This apparent crystal-like order in a-Agl, despite its broken
translational symmetry, is unique, since other materials with
broken translational symmetry, such as liquids or amorphous
solids, cannot show any modulation of intensity with orienta-
tion angle (Fig. S2 [42]).
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FIG. 2. PO Raman measurements of «-Agl. (a) PO intensity maps of Raman spectra taken at 443 K, at polarization orientation angles
of 0°-360° in parallel (||) and perpendicular (L) polarization configurations, including both Stokes and anti-Stokes scattering. The region
between —10 and 10 cm™! is cut off by a notch filter. Spikelike features seen near 10 cm™~! are due to interference effects from the notch filter.
(b) Representative Raman spectra and their fit components and envelope, for both polarization configurations, taken from the dashed lines in
(a). (c) Plots of the normalized intensity coefficient vs polarization orientation angle for all four features, for each of the three temperatures
measured. The expected response of the “local tetrahedral oscillator” model is also included (gray dashed line).

The discovery of crystal-like periodicities in PO motivates
the development of a dynamic structural model for a-Agl.
First, we identified and fitted each feature by employing the
symmetry filtering effect of PO Raman (see fit methodology
in the SM [42]); see Fig. 2(b) for representative spectra and
corresponding fits, and Table S1 [42] for all fit parameters.
The fitting process revealed the characteristic PO intensity
response for each Raman feature [Fig. 2(c)], uncovering the
four fundamental features of the «-Agl vibrational spectrum:
one central component (fit by a Debye relaxor [58-60]) and
three broad peaks (fit by damped Lorentz oscillators [61])
encompassing three distinct symmetries.

A conventional Raman analysis fails to explain the
observations in Fig. 2: On the one hand, ascribing the Raman
scattering to purely disorder-induced scattering as discussed
above cannot explain the crystallinelike symmetries observed.
On the other hand, a standard crystal symmetry analysis [62]
of the time-average Im3m structure predicts only two Raman-
active features of two distinct symmetries (Tables S2 and
S3 [42]). Moreover, if we consider only the host lattice, we
find that the bce structure has no Raman activity. Therefore,
neither method can capture the symmetry of the real-time
structure detected in the PO Raman measurement, which
evidently involves the coordinated motion of both Ag and I.

To reconcile this issue, we propose a “local tetrahedral
oscillator” model of vibrations that straddles the boundary
between crystalline and disordered materials. This model is
motivated by the fact that since the disorder in the Ag™ ions
exists even below the unit cell level, optical vibrations must be
localized to tetrahedral configurations of subunit cell size. The
critical innovation of our model is that the symmetry observed
in the PO response is established locally rather than through
the long-range order of a phonon model of vibrations. In our
model, when an Ag"™ hops to a tetrahedral site of the bcc
lattice, a transient, orientationally ordered [63], local Agl,
tetrahedral oscillator forms [Fig. 3(a)] whose symmetry is
probed by our PO Raman measurements (model details in SM,
Table S3, and Fig. S3 [42]). This model predicts the number of
Raman features we have observed in a-Agl, their symmetry,
and their PO response [Fig. 2(c), dashed line], and therefore
provides a comprehensive picture of the vibrational dynamics
in o-Agl.

The agreement of the local tetrahedral oscillator model
with the experimental data at all temperatures as shown in
Fig. 2(c) is also noteworthy. This agreement indicates that
order within the local oscillator is preserved up to 723 K.
This is in contrast to prior works that have suggested a
transition to completely fluidlike Ag™ cations near 700 K
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FIG. 3. (a) Diagram of the Agl, tetrahedral site of the bcc lattice,
with the I-I-I bond angle 6 analyzed in AIMD simulations indicated.
Lines of the same texture have the same length. (b) Time series of
0 for a-Agl AIMD simulation at 500 K with all atomic motions
allowed and (c) when Ag* is fixed to zero velocity at tetrahedral
sites. (d) Mean-square displacement as a function of time for Ag™,
and calculated diffusion coefficient D,,+, for the following cases:
All atomic motions allowed (black line), and I fixed at bec lattice
positions (yellow).

[49-51,64]. However, because our model is localized to a
single tetrahedral structure, it cannot rule out a loss of partial
order on the scale of several unit cells, as proposed in other
works [48,52,53].

The most interesting feature identified from the PO Raman
response is the central component (Fig. 2), which is a cate-
gorical sign of anharmonic motion. A central component is
a manifestation of relaxational motion (i.e., motion that has
no restoring force) in the frequency domain, characterized

by a peak centered at zero frequency with a width that is
determined by the characteristic relaxation time. The central
component we have observed has a width of ~25 cm™! (Table
S1 [42]) corresponding to a relaxation time of ~200 fs. This is
much faster than the polarizability changes directly due to ion
hopping (2-3 ps relaxation time; see Fig. S4 [42]) [5,39,65—
67], but similar to the timescale of relaxation in fluids (Fig.
S5 [42]) [68-72]. Our results provide further information on
the origins and significance of this feature [39,67]

Our quantification of the PO response of this broad central
component [Fig. 2(c)] reveals that it is actually composed of
two elements (Fig. S6 [42]), one that is orientation dependent
(OD), and one that is orientation independent (OI). Because
they have differing PO behavior, these elements must corre-
spond to relaxational motions of differing physical origin.

The PO response of the OI element is distinctly “liquid-
like.” As in a fluid, this element has no orientation dependence
and is depolarized since it has a high ratio of perpendicular to
parallel intensity (compare to the central component of Fig.
S2 [42]). The OI element is the only Raman feature with an
appreciable temperature dependence. It grows in prominence
with increasing temperature in both parallel and perpendicu-
lar configurations [Fig. 2(c), and Fig. S6 [42]], but remains
fully reversible and does not indicate, for instance, sample
degradation effects. The increasing dominance of this element
with increasing temperature suggests a continuous change to-
ward a more fluidlike condition throughout the stability region
of the o phase. This component may potentially be associ-
ated with the proposed loss of Ag™ partial order discussed
above [48,52,53].

The OD element of the central component is identified
by its symmetry as one of the fundamental modes of the
local tetrahedral oscillator model (Fig. S6, Table S3 [42]). If
the system was fully harmonic, this element would present
as a normal mode of finite frequency, typically the lowest-
frequency mode in a tetrahedral molecule according to its
symmetry [73]. However, our PO Raman measurements have
clearly established that the atomic motions involved are relax-
ational in nature. To explain this, we hypothesize that the OD
element of the central component arises from overdamping
of this vibrational mode of the local tetrahedral oscillator
through anharmonic coupling to Ag™ hopping. The very high
hopping rate of Ag* prevents this mode from completing even
a single period.

Stimulated by these observations, we investigate via AIMD
the relationship between iodine relaxational motion and Ag*
diffusion. Our approach is to temporally and spatially resolve
atomic motions in the Agl, tetrahedra of the local tetrahe-
dral oscillator model. Specifically, we investigate dynamically
changing tetrahedral geometries by computing trajectories of
the I-I-I bond angle 6 [Fig. 3(a)] in one selected Agl, tetra-
hedron. Any deviations of this bond angle from its expected
value, i.e., the 70.5° angle of the bcc lattice, indicate distor-
tions to the shape of the tetrahedron. The red curve of Fig. 3(b)
shows an AIMD trajectory of 6, which displays very large
angular fluctuations that appear on shorter but also longer
timescales (e.g., see the long-lived deviation at ~60 ps). As
discussed above, the most interesting aspect of the local tetra-
hedral oscillator model was the low-frequency relaxational
motion giving rise to the central component in the PO Raman

115402-4



ANHARMONIC HOST-LATTICE DYNAMICS ENABLE FAST ...

PHYSICAL REVIEW MATERIALS 4, 115402 (2020)

response. To probe the atomic motions associated with it, we
obtained trajectories of 6 [black curve, Fig. 3(b)] retaining
only the low-frequency (<5 cm™') dynamics (see SM for
further details [42]). This frequency regime exclusively con-
tains relaxational components that are not present in purely
harmonic systems. Figure 3(b) demonstrates that in the low-
frequency regime 6 undergoes fluctuations of up to 15° from
its expectation value, over a period of up to 10 ps, indicating
large, long-lived rearrangements of the iodine tetrahedron that
arise from anharmonic relaxation events. Although we can-
not exclude that yet another relaxational motion within the
material is actually causing the central component observed
in Raman scattering, both experiment and theory indicate
anharmonic relaxational motion in the iodine host lattice.

A pair of AIMD-enabled gedanken experiments establishes
the coupling between the iodine host lattice and Ag* mo-
tion. First, stipulating Ag* to be fixed with zero velocity at
tetrahedral sites, we find that the large amplitude oscillations
of 6 at low frequency disappear [black curve, Fig. 3(c)].
This indicates that Ag™ motion (either vibrational and/or
hopping) is causally connected with the relaxational motion
of the I lattice. Second, to assess how I motion impacts
Ag™ diffusion, we consider the mean-squared displacement
of Ag™® ions versus time [Fig. 3(d)], the slope of which is
proportional to the diffusion constant. Importantly, we find
that freezing I motion impedes Ag™ diffusion, which indicates
that the dynamic rearrangement of I is an important factor in
ion diffusion, consistent with prior findings [74-76]. Further
analysis shows that statically displaced I atoms, simulated
at instantaneous configurations obtained as snapshots of the
AIMD simulations, also lead to strongly reduced Ag* diffu-
sion (Fig. S7 [42]). These two gedanken experiments establish
the strong interconnections between anharmonic relaxational
I host-lattice motions and the dynamics of Ag™.

We suggest that a broad central component and corre-
sponding relaxational motion of the host lattice may be
indicators of a good ion conductor. While a broader survey
of materials is needed for confirmation, we do note that
several other highly conductive SSICs also show signs of a
broad central component in their Raman response [27,39,77].
Conversely, the much less conductive 8 phase of Agl and
non-ion-conducting quasiharmonic GaAs do not show a cen-
tral component (Fig. S5 [42]). The proposed indicator would
bring a physical understanding of microscopic dynamics to
ionic conductor design that is not available from current
empirical indicators [78,79]. Moreover, this indicator explic-
itly includes information about the requisite nature of the

lattice dynamics that can be tested with currently available
tools. The idea that anharmonic host-lattice dynamics are
required brings many disparate ideas under one umbrella:
Coupling mechanisms such as chemical bond frustration and
the “paddle-wheel effect” fall into this category and it is an-
ticipated these mechanisms will show the expected relaxation
phenomena.

In conclusion, using PO Raman measurements and AIMD
calculations, we developed an improved understanding of the
vibrational dynamics of the archetypal solid-state ion con-
ductor o-Agl. We introduced the local tetrahedral oscillator
model in which the a-Agl vibrational dynamics are localized
to an Agl, tetrahedral configuration. The success of our model
demonstrates the value of a local picture of vibrational dynam-
ics in materials with dynamic structural disorder. Within that
picture we have identified the presence of anharmonic relax-
ational motion in our Raman measurements and the AIMD
simulations, which demonstrated an anharmonic relaxational
component in the iodine host lattice. Our AIMD computations
indicate that iodine relaxation is causally connected to Ag*
motion, and vice versa Ag™ diffusion is strongly impacted by
iodine vibrations. These results show that anharmonic motion
of the host lattice is a critical component of the ion transport
process in «-Agl. We hope our findings revitalize the efforts to
understand the deep connection between vibrational dynamics
and ionic conductivity, and thereby may lead to new SSIC
design principles.
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