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Frustration in Super-Ionic Conductors Unraveled by the Density of

Atomistic States

Shuo Wang, Yunsheng Liu, and Yifei Mo*

Abstract: The frustration in super-ionic conductors
enables their exceptionally high ionic conductivities,
which are desired for many technological applications
including batteries and fuel cells. A key challenge in the
study of frustration is the difficulties in analyzing a large
number of disordered atomistic configurations. Using
lithium super-ionic conductors as model systems, we
propose and demonstrate the density of atomistic states
(DOAS) analytics to quantitatively characterize the
onset and degree of disordering, reveal the energetics of
local disorder, and elucidate how the frustration enhan-
ces diffusion through the broadening and overlapping of
the energy levels of atomistic states. Furthermore,
material design strategies aided by the DOAS are
devised and demonstrated for new super-ionic conduc-
tors. The DOAS is generally applicable analytics for
unraveling fundamental mechanisms in complex atom-

istic systems and guiding material design. )

Introduction

Frustration is a physical phenomenon widely existing in
magnetism,!" spin lattice,” water ice,” and quantum many-
body systems,” in which a plenitude of competing states
exist with similar energy levels. The frustration of the
mobile-ion sublattice in a solid makes a super-ionic con-
ductor (SIC), a type of material exhibiting exceptionally
high ionic conductivities compared to typical solids. SICs are
of great technological importance as solid electrolytes or
electrodes for batteries, fuel cells, and novel electrochemical
devices.”! In particular, Lithium SICs such as Li;(GeP,S;,,”
Li,P;S,,,") argyrodite LisPS;X (X=Cl, Br, I),"” NASICON-
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type Li;3Aly5Ti,;(PO,),®  lithium-garnet Li;LayZr,0,,,"
with high ionic conductivities of >1mSem™' at room
temperature, are the key materials to enable the next-
generation all-solid-state lithium batteries.

An SIC features a disordered mobile-ion sublattice with
partial site occupancy, allowing a large fraction of ions to
migrate with low energy barriers. By contrast, a typical solid
exhibits a mobile-ion sublattice “locked” in its ground-state,
ordered configurations, hence giving poor ion conduction. A
super-ionic transition (SIT) turns a material into a SIC
above the critical temperature T, through the disordering of
the mobile-ion sublattice. The disordered mobile-ion sub-
lattice has a large number of distinctive ion configurations in
the crystal structure with similar energies, which can be
understood by the frustration mechanism."”! Having a large
number of possible configurations within a close range of
energy levels allows many possible transitions among them,
which correspond to ion hopping in the crystal lattice. Those
transitions with lower energy barriers are predominantly
activated, giving an overall low activation energy for ion
conduction in SICs.['%&11]

A key strategy of designing SIC materials is to lower T,
by enabling the frustration of mobile-ion sublattices over a
wide temperature range. To achieve this, it is critical to
understand the frustration mechanisms of ion sublattice
during SIT. A number of frustration mechanisms caused by
distorted sites, sublattice symmetry, mixed ionic-covalent
bonding, and poly-anion rotation, which can be described by
specific descriptors, such as the geometry of mobile-ion sites,
symmetry groups, local bond characters, and collective ion
motions, respectively, are identified by computation studies
in a range of SIC materials."”! Besides these descriptors,
unified quantitative measures and characterization of frus-
tration mechanisms across different SIC materials are still
lacking, impeding the capability to design new SIC materi-
als.

The computation analytics for the frustration is urgently
needed at the fundamental level, that is, quantifying,
evaluating, and assessing a large number of atom config-
urations and their corresponding energy levels in a disor-
dered lattice. Such computation analytics would be helpful
in quantitatively elucidating and characterizing the onset
and the degree of frustration in SICs and during SIT.
Furthermore, these analytics can also help answer scientific
questions for understanding the frustration in SICs. For
example, the study of SICs often deals with questions
regarding how frustration and disordering change local
atomic configurations and energetics. Another important
scientific question is how the ion diffusion mechanisms are
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changed in a disordered mobile-ion sublattice of a SIC and
how the energy barriers are lowered under frustration.

To answer these questions across different SIC materials,
quantitative analytics from atomistic modeling that can be
generally applicable is essential. However, a long-standing
challenge is that analyzing a large number of disordered
configurations of the atomistic systems and their energies
using first principles computation is computationally expen-
sive. Here, with the aid of machine learning interatomic
potential (MLP)!"? to accelerate atomistic modeling and to
provide atomistic energies of individual atoms™ we
propose the density of atomistic states (DOAS) for
quantitatively analyzing, elucidating, and characterizing the
energetics for a large number of atomic states with
disordered configurations in frustrated materials. The
DOAS is demonstrated as highly effective analytics in
unraveling the frustration mechanisms during the SIT in the
SICs, and is further employed in guiding the rational design
of new SIC materials.

Results and Discussion
Frustration through super-ionic transition

We study the SIT in the model system Li;YCl,; (LYC), which
is a Li-ion conductor with both high ionic conductivity and
good electrochemical stability for solid-state batteries.[']
The LYC has a P3m1 trigonal lattice composed of hexagonal
close-packed (hcp) Cl™ sublattice with alternating Y-rich
and Y-poor layers in which Y*" and Li* occupy the
octahedral (Oct) sites (Figure 1d). A machine-learning
interatomic potential (MLP) using the Deep Potential (DP)
formalism!'*! is trained through the active learning scheme
implemented in the DP-GEN package!™ (Methods). The
trained DP MLP accurately reproduces the energies, atomic
forces, and lattice parameters, in agreement with density
functional theory (DFT) calculations (Figure S1 and Ta-
ble S4). Thanks to its lower computation cost, the MLP
significantly extends the time scale of the MD simulations,
and thus enables the observation of a large number of
diffusional events in MD simulations at lower
temperatures,'® leading to accurate quantification of Li*
conductivities in agreement with experiments.'"”! An SIT is
observed at a T, of 425K in the Arrhenius plot of Li*
conductivity (Figure 1a), in agreement with MD simulations
in Ref. [18]. Below T, the extrapolated oy is 0.02 mScm™,
in good agreement with the experimental value of
0.0l mScm™ for LYC with high crystallinity.'**'? The
ordered Li* sublattice below 7, has Li ions occupying only
octahedral Li (Oct-Li) sites (Figure 1d), consistent with the
structures from neutron powder diffraction refinement.!'*!
During the SIT, the crystal structure framework of Cl™ and
Y?" remains the same (Figure 1c and d), and the only
change is the order-disorder transition of the Li* sublattice.
Above the T, of 425K, the disordered Li* sublattice is
confirmed by the peak broadening of the Li radial distribu-
tion function (RDF) (Figure S3), and exhibits partial
occupancies in Oct-Li and tetrahedral Li (Tet-Li) sites
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(Figure 1c). The LYC is a SIC exhibiting a low activation
energy of 0.24eV in agreement with the AIMD
simulations“! (Figure S2).

Frustration characterized by the DOAS

The DOAS of Li-ions is proposed and demonstrated to
quantitatively elucidate and characterize the SIT and
frustration in the LYC SIC, in particular, the atom
configurations and their corresponding energy levels of the
mobile-ion sublattice (Figure 2 and S4). The Li DOAS is
calculated as a histogram of atomistic energies of the Li-ion
states. Each Li-ion state corresponds to a distinct local
configuration of a Li-ion with different configurations of
surrounding cations and vacant sites (Figure 2), and its
atomistic energy is obtained from the MLPs. The Li DOAS
is constructed by evaluating every Li-ion in the structure
snapshots, which are sampled from MD simulations and are
then statically relaxed to eliminate the energy fluctuations
from thermal vibrations (Methods). Through this static
relaxation, the effects of larger vibration magnitude around
the site equilibrium positions at higher temperatures are
eliminated, and the energy changes originated mostly from
the different Li-ion configurations, given the non-Li sub-
lattice remains the same.

The disordered Li* sublattice corresponds to a large
number of ion configurations with a range of energies, as
shown by the DOAS of the total energy of the Li* sublattice
(Figure S5), confirming the frustration during the SIT. In
addition, the average energy of the Li* sublattice shows a
clear thermodynamic transition of the Li* sublattice at T,
(Figure S7). This transition of Li* sublattice coincides with
the transition in the Arrhenius plots of Li* ionic conductiv-
ity (Figure 1). Therefore, the disordering and frustration of
Li* sublattice are responsible for activating LYC into a SIC.

The DOAS of individual Li* clearly elucidates the local
states of Li*™ and their energy levels (Figure 2, Figure S4).
For the ordered Li* sublattice at low temperatures (e.g.
300 K), the Li DOAS shows two peak states, corresponding
to the two Oct-Li in the Y-poor and Y-rich layers,
respectively (Figure 2a). After the SIT above T, as shown in
the Li DOAS, these two peak states broaden into a large
variety of local configurations, i.e., Li-ion states, with a
range of small energy differences (Figure 2b). This plenitude
of Li states with small energy differences manifests the
frustration of the Li* sublattice. The DOAS of Li-ions
effectively illustrates the frustration in SICs during SIT.

In addition, as shown in Li DOAS (Figure 2b), a large
number of Tet-Li states are activated after SIT, in agree-
ment with the structures observed in MD simulations
(Figure 1c). The activation of Tet-Li can be explained by the
greatly reduced energy barriers between Oct- and Tet-Li
states, as shown by the overlapping among broadened
energy levels of Oct- and Tet-Li states (Figure 2b). In
consistency with the disordered local configurations after
SIT (Figure 1c), the increase of Tet-Li states, in turn, leads
to a large variety of local cation configurations of Oct-Li
states (Figure 2b). By contrast, the activation of Tet-Li sites
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Figure 1. Super-ionic transition in Li;YClg. a) Arrhenius plot of Li* conductivity in P3m1-LYC and b) the Li-ion migration pathways in the crystal
structure. c), d) The crystal structures of P3m1-LYC with Oct-Li (green), Tet-Li (orange), Y (grey), and Cl (light-green), c) after and d) before the SIT,
respectively. d) Below T, in the ordered Li* sublattice, Li ions occupy Oct-Li sites. ) Above T, the disordered Li* sublattice has partial

occupancies in Tet-Li sites (orange) that are not face-sharing with Y.

in the ordered Li* sublattice is impeded by the large energy
gaps between Oct- and Tet-Li states as shown in the Li
DOAS (Figure 2a). In summary, the DOAS unravels how
the SIT and frustration are caused by the changes of local
configurations and energetics of individual atoms.

Facilitated diffusion under frustration

The mechanisms of Li-ion diffusion can also be illustrated
and analyzed as the transitions among Li-states in the
DOAS. The hcp Cl-anion framework of LYC has two
diffusion pathways (Figure 1b), Oct-Oct channels along the
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¢ axis, and Oct-Tet-Oct pathways connecting Oct-Oct
channels.'* In the ordered Li-ion sublattice below 7,, Li*
migrations along the Oct-Oct pathways correspond to
transitions between the two Oct-Li states in the Li DOAS
(Figure 2a, Figure 3a), but this pathway cannot percolate
without the formation of an extra Li vacancy, which has a
high formation energy (Figure S8). For the Oct-Tet-Oct
pathway, Li* migrates through intermediate Tet- and Oct-
sites, shown as the small high-energy states in Li DOAS
(insets in Figure 2a, and Figure 3a), and exhibits a high
energy barrier of 0.46 eV calculated by nudged-elastic-band
(NEB) method (Figure 3c). Therefore, in the ordered Li*
sublattice, Li-ion migrations are impeded by the lack of
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Figure 2. Frustration and SIT elucidated by the density of atomistic states (DOAS). a), b) The Li DOAS and representative local configurations of Li
states with neighboring Oct-Li (green), Tet-Li (orange), Y (grey), a) before and b) after the SIT in P3m1-LYC. The energy levels are referenced to the

lowest-energy state among the entire range of temperatures studied.

percolation among the limited number of accessible Li-states
as illustrated in Li DOAS (Figure 3a).

How does the frustration of the mobile-ion sublattice
enhance ion diffusion in SICs? (Figure 3). As elucidated by
the Li DOAS above T, disordered Li" sublattice has a large
number of Tet- and Oct-Li states, which have many different
ion configurations (Figure S16) and thus a range of broad-
ened energy levels (Figure 2b). As a result of a large number
of local Li* configurations, many Oct Li* ions have more
vacant Oct-sites nearby due to the disordering and the
activated occupancy of Tet-sites, thus opening many local
diffusion pathways for hopping and the long-range percola-
tion in the crystal structure, as observed in MD simulations
(Figure S15). Furthermore, the transitions among these Li
states, i.e., Li-ion migrations among these Li sites, have
significantly lower energy barriers (Figure 3b), because the
broadened energy levels for a large number of Tet- and Oct-
Li states have partial overlap and reduced gaps of energy
levels (Figure 2b). Li-ion migrations along Oct-Tet-Oct
pathways as observed in MD simulations are calculated to
have lower energy barriers of 0.03-0.25 eV (Figure 3d and
S9). The Oct-Oct pathways also have low barriers of 0.08-
0.24 eV thanks to the overlapping of the broadened Oct-Li
states (Figure 3e and S10). Given a large number of possible
ion-hopping pathways with significantly lower energy bar-
riers, many of which are dominantly activated for ion-
hopping, leading to a low overall activation energy for ion
conduction. Therefore, the broadening of Li* states induced
by the frustration reduces the energy barriers for ion
diffusion, as elucidated by the Li DOAS (Figure 3b).

Design super-ionic conductors by facilitating frustration

The DOAS can guide the design of new SIC materials. New
SICs can be designed by facilitating the frustration of
mobile-ion sublattice specifically through 1) introducing
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higher-energy states or 2) broadening the states of mobile-
ions (Figure 4a—). These induced mobile-ion states have
narrowed energy gaps to the activated states, thus yielding
low energy barriers for ion diffusion. Here these two design
strategies are demonstrated through the modification of the
cation or anion sublattice in LYC.

For the SIC with modified cation sublattice, we study the
Pnma LYC polymorph of the orthorhombic structure with
identical hcp Cl-anion sublattice but a different Y-cation
sublattice (Figure S13), which was synthesized by annealing
LYC at 480 K. As illustrated by the Li DOAS (Figure 4b),
new high-energy Oct-Li states are introduced by the distinct
Y?" cation sublattice in the Pnma structure (Figure 4h and
S14). The new Oct-Li states have narrowed energy gaps to
Tet-Li states, facilitating the SIT. In the MD simulations,
the Pnma phase exhibits SIT at a lower 7, of 380K
(Figure 4e) than the original P3m1 phase. The narrowed
energy gaps in Li DOAS also lead to lower energy barriers
for Li-ion migration, in agreement with the lower activation
energy in the Pnma phase than in the P3ml phase. The
lower diffusion barrier and lower T, lead to a higher RT
ionic conductivity.?”

For the other SIC design strategy, mixed-anion substitu-
tion is induced to create diverse local anion-coordination of
Li sites, which are broadened to a large number of Li states
(Figure 4c). A candidate SIC trigonal Li;YBr; sCl,s (LYBC)
is created by randomly substituting 25 % of Cl with Br in P
3m1-LYC, and as a result, Oct-Li states have a variety of
mixed Cl/Br anion-coordination with a close range of energy
levels as observed in the Li DOAS (Figure 4i and S14). A
large fraction of broadened Oct-Li states has narrowed
energy gaps with Tet-Li states, facilitating the activations to
disordered states of a SIC and leading to lower diffusion
barriers. As a result, mixed-anion LYBC has a lower SIT T,
of 360 K and a higher Li ionic conductivity of 0.35 mScm ™
at RT (Figure 4f) compared to 425K and 0.02mScm’,
respectively, in LYC (Figure 4d).
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Figure 3. Diffusion mechanism before and after frustration. a), b) Schematic illustration of Li-ion migration (right) and corresponding state
transitions in the Li DOAS (left) a) before and b) after the SIT. c)—e) The energy profile calculated by NEB methods for representative Li-ion

migrations in c) ordered and d), ) disordered Li* sublattice of LYC.

The SIC design strategies can be generalized to other
means that broaden mobile-ion states or introduce higher-
energy states. For example, the modification of cation or
anion sublattices can be achieved by high-entropy mixing of
multiple cation or anion elements, which may cause
extensive broadening of mobile-ion states for designing
SICs.”"! The DOAS can be generally applied to unravel
other types of frustration mechanisms, including distorted
sites, geometric symmetry, and anion rotation, in other
SICs.™ As revealed by computational studies in known Li
SICs,[1%PLel the crystal structure frameworks of SICs feature
mobile-ion sites that are enlarged or distorted. These
enlarged sites allow multiple positions for mobile-ion
occupancy, thus broadening the mobile-ion states,'”¢! and
the distortion of the mobile-ion sites increases the site
energies for the mobile-ions.'"™ Correspondingly, the
materials design strategies that enlarge and distort mobile-
ion sites have successfully designed new SICs.[02efe11a.22]
Therefore, our DOAS provides a unified physics picture for

Angew. Chem. Int. Ed. 2023, 62, €202215544 (5 of 8)

a range of frustration mechanisms across many SIC materi-
als and for the design strategies of new SICs.

Conclusion

In this work, we propose the analytics of the DOAS and
demonstrate it in effectively unraveling the disordering
mechanisms in atomistic systems, such as the SIT and
frustration of mobile-ion sublattice in SIC. The evaluation
of atomistic DOAS is straightforward using most MLPs,
which provide atomistic energies of individual atoms by
fitting the total lattice energies from DFT calculations. As
demonstrated by studying the SIT in SICs, the DOAS has
unique strengths in illustrating and understanding the
mechanisms of frustration and disordering as follows.

1) The DOAS quantitatively characterizes the onset and
degree of disordering by elucidating the energy distribu-
tions of local atomic states. For example, during an SIT,
the frustration and disordering of mobile-ion sublattice
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2)

3)
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correspond to a large number of locally disordered
atomistic configurations with similar energy levels, which
are characterized by the broadening of atomic states in
the DOAS (Figure 2).

The energies and atomic configurations of states shown
by the DOAS reveal the atomistic mechanisms that
cause frustration and disordering. For example, as
revealed by the Li DOAS, the SIT in LYC involves the
activation of Tet-Li sites and locally disordered Oct-Li
configurations (Figure 2), and the SIT in Li;YBr, sCl, 5 is
facilitated by the high-energy states of Li with mixed-
anion coordination (Figure 4).

The DOAS effectively elucidates the transitions among
states and their barriers in disordered materials. For
example, fast ion diffusion in the frustrated ion sublattice
of SICs is elucidated by the DOAS as the transitions
among the broadened energy states of mobile ions with
narrowed energy gaps (Figure 3, 4).

Our proposed DOAS is quantitative analytics and
characterization that are generally applicable to disordering
mechanisms. Other atomistic level mechanisms causing
frustration such as dynamical bonding and anion rotational
disorder in other SICs,'™d can also be elucidated and
analyzed by the DOAS. Furthermore, the DOAS can be
further generalized and utilized for a wide range of
phenomena, including glass  transitions,”  phase
transitions,” nucleation and growth,”™ and complex fluid
systems,”! in which locally disordered atomistic configura-
tions and energetics play crucial roles in the physical
processes.™! In addition to gaining insight and understand-
ing, the DOAS can be used to guide the rational design of
new SIC materials, as demonstrated in this study. Further-
more, our study illustrates a promising opportunity of
combining atomistic modeling and ML techniques to extend
and empower conventional physical analyses for unraveling
fundamental mechanisms and guiding materials design.
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