Anharmonic cation-anion coupling dynamics assisted lithium-ion diffusion in sulfide solid

electrolytes
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Abstract: Sulfide-based lithium superionic conductors often show higher Li ion conductivity than

other t rolyte materials. In this work we unveil a unique Li ion conductive behavior in

{

these mate pugh the perspective of anharmonic coupling assisted Li-ion diffusion. Li hopping

Y

event c@h WEPPEASimultaneously with various types of lattice dynamics, while only a statistically
important chiignization of motions may indicate coupling. Here our method enables a direct

evaluation o coupling strength between these motions, which more fundamentally decides if a

S

specific typ laftice motion is really anharmonically coupled to the Li hopping event and whether

9

the coupling can@facilitate the Li diffusion. By comparing the anharmonic phonon coupling

calculation§at 0 K with the ab-initio molecular dynamics calculations of Li ion conductivity and

£

vibrational of states at room temperature, our study unveils a unique phenomenon in

d

prototype sulfide electrolytes in comparison with typical halide ones that Li ion conduction can be

boosted by th armonic coupling of low-frequency Li phonon modes with high-frequency anion

\

stretching or flexing phonon modes, rather than the low-frequency rotational modes. The coupling

[

pushes Lii d the diffusion channels for reduced diffusion barriers. The result from our lower

temperatu @ (0 K ~ 300 K) of simulation could also be more relevant to the application of

solid-state

uth

Keywords: conductor; Diffusion dynamics; Stretching mode; Vibrational DOS; Anharmonic

couplin
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Introduction

rip

Sulfide-based lithium ionic conductors often show higher ionic conductivities than the oxides and

organic po and have excellent mechanical properties for compatibility with scaling-up

oG

engineerin ures, negligible grain-boundary resistance, and synthesis convenience at low

]

temperature[ 3 erefore, the sulfide-based lithium ionic conductors are promising solid-state

u

electrolyte materials to replace the commercial liquid electrolytes and polymer separators,

£

[4, 5]

which may, ectively combine with lithium metal anode without dendrite penetration™ ~,

d

increasing the saféty and energy density of solid-state batteries (SSBs).

M

As to one @f the most important performance metrics of ionic conductivity, a deeper understanding

[

of the phy, jgin of fast ion transport in existing electrolytes is the key to further design

G

advanced superionic conductors. Previous pioneering works have mainly focused on three aspects to

N

help u (or Na) diffusion mechanisms in these materials: crystal structure or static
mechan%y[”], concerted cation diffusion®'® and ion-lattice interaction dynamics™ 2. For
the ion-lat raction, three main categories of interaction mechanisms were discussed on the

A
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[11, 17, 21]

paddle wheel effect "**>?2 the soft phonon related effects , and anharmonic effect!® 224

respect

Dt

cfl

In 1972, a as proposed to connect the high ionic conductivity of Li ions with polyanion

[25]

rotational @isordeging in a-Li,SO, > in the temperature range of 635~ 790 °C. The model proposes

that tetrahednal S@,> polyanion rotation can widen the diffusion pathway for lithium ion hopping,

$

eventually ing lithium ionic conductivity, which is also called the “paddle-wheel”

Ul

[26, 27]

mechanism he rotational behavior of SO, polyanion was later observed by neutron

n

diffraction nts at 650 °C &, Although similar effect was also reported in other sulfate and

d

borohydri with fast alkali metal ion conductions in high or medium temperature ranges,

such as [29] LiAgSO4[29], LiBH,®? Li,By,H,%Y and Na,Bi,H,PY 32 there was actually an

V]

[33-36]

intensi bout the effect especially in the sulfates , partly because the direct

observatiofiy of such an ultrafast dynamic effect on the atomic scale in both experiment and

f

computati@lenging. For example, ab-initio molecular dynamics (AIMD) simulation could not
find sufficient Li hopping events well correlated with SO, rotation events simultaneously, although
the rot anion was observed in the simulation®®. Meanwhile, the work discussed the

{

complexity, dynamics beyond polyanion rotation in Li,SO, and suggested the importance of

U

inelastic n iffraction for a further study.

A
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{

FurthermoPe, recent investigations of the paddle-wheel phenomenon in sulfide electrolytes were

mostly in ture crystalline phases with large free volume for polyanion rotation, such as

P

|
Liz25Po7sSidES.™ and NasPS,?%, although there was one report of the effect in glass

0.75Li,S-0.25P,S; 1) at room temperature. In addition, although experiments like X-ray and neutron

diffraction ect the existence of polyanion rotation, the direct correlation of the rotation with

SC

Li ion hop nt is more challenging and often has to resort to AIMD. We notice that the

U

reported A ult of Liz 25Pg 75Si0.255.*" was at > 600 K and that of Na;;Sn,PXs, (X = S and Se)™

Fl

was at > hen the paddle-wheel effect was discussed. For these crystalline phases of

superionic€o rs, the large free volume and/or kinetic energy of atoms in the high temperature

d

phases he rotation prominent. However, it has been discussed widely in the field that

extrapo igh temperature computations to project room temperature behavior may cause

M

problems™. Although polyanion rotation may persist down to low temperature (0 K ~ 300 K) for

[

(1413 whether the rotation can help Li ion diffusion is less investigated in

certain types aterials
this low te re range of more relevance to the application in solid state batteries. In other

words, explgiting the effect near room temperature still presents a great challenge.

4

Aut
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On the other hand, some recent works emphasized the effect of the soft phonon on activation

energy cation conduction, mainly based on low temperature (0 ~ 300 K) measurement

{

and comp he softer lattice dynamics or higher lattice polarizability gives lower frequency

P

for the EEnTEME™thium phonon density of states (DOS), which was found to show a nice correlation
with smalleggactigation energy barrier and higher lithium ion conductivity in Li;PO,-based LISICON,

LigPSsX (X= CI,'BY, 1)-based argyrodite, and NasPS,,Se, families™ > 2 |t is worth noting that such a

S

material-d d descriptor, as far as we know, has not been found yet based on the

paddle-wheel effdét. The soft phonon effect™® * 2! was further discussed within the scope of

3

Meyer-Nelflel rule™®, emphasizing the importance and complexity of entropy and lattice vibrational

[

spectrum diffusion. Particularly, soft phonon increases the cation oscillation amplitude for

d

[11, 18, 39]

a higher hopping probability , While simultaneously soft lattice also decreases the oscillator

1:[17, 21]

frequency an attempt frequency of the hopping even . Related to this complicated

V]

tradeoff effect, a study also suggests that the descriptor should be used for structurally and

[

]

chemically ilagm conductors after studying broader families of electrolytes™. For example,

although s ften show superior ionic conductivity than halides, it was found that sulfides

usually als ow higher frequency of lithium phonon band centers than halides®”.

n

{

U

Although anharmonicity is often considered to be equivalent to lattice softness, they

empha rent aspects. Especially, the anharmonic phonon coupling effect can couple different

A

6
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modes in a wide frequency range for advanced phenomena, as recently discussed in strongly
correlatMne materials of cuprate superconductors'*®*?. As to superionic conductors,

Delaire et ly emphasized the importance of anharmonic phonon effect on ionic and heat

conductioriSmEIon > Ag ion®, and Na ion™ electrolytes, where low frequency broad peaks at a
few meV re gbserved from inelastic neutron scattering measurements at room and lower

temperatures, attributed to complicated motion of cations (i.e., Cu, Ag, or Na). For Na;PS, %] the

S

possibility ling Na ion diffusion with other motions of PS, units beyond rotation was

3

suggested from th@ir AIMD simulations, because freezing rotation of PS, was found to show little

influence the calculated Na phonon DOS while freezing all motions of PS, did show significant

£

change of . In addition, among these non-rotational motions, a type of low frequency

d

wiggling motion of PS, was particularly mentioned.

M

In this woglk, borrowing from an ab-initio computational method that was recently developed to

£

[40, 41]

calculate t monic coupling effect in strongly correlated materials , we were able to

G

directly inve all the anharmonic phonon couplings at 0 K for superionic conductors, which

allows te the types of mode couplings in these electrolyte materials for the first time.

{

Further co ith AIMD evaluation of ionic conductivity and vibrational phonon DOS (VDOS) at

U

300 K, we n understanding that is more relevant to the temperature range of interest to the

practic tion of these materials in solid state batteries. We unveil a relationship between

A

7
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anharmonic phonons and Li ion conductions in a few representative sulfide and halide solid

eIectroIMng Li;P3S11, LiigGeP,S1,, B-LisPS,, LisYBrg (space group: C2/c) and LisErClg (space

group: P32 gifically, we find that for sulfide-based lithium superionic conductors, the smaller

P

activati&h SRV Barrier of Li diffusion is often related to the asymmetric redistribution of Li VDOS
more towagd the low-frequency vibrational direction, driven by the anharmonic coupling with

high-frequen ion stretching or flexing modes, rather than the low-frequency rotational modes.

S

Through s n@hharmonic phonon coupling, Li ions are pushed by the modes moving toward the

diffusion channe|8for a reduced diffusion barrier. In contrast, such a redistribution is largely

U

symmetricffoward high- and low-frequency directions in halide electrolytes that we evaluated.

fl

Further un ing along this direction may provide a new route to design superionic conductors

d

with higher alkaline ion conductivity for solid state battery applications.

M

Results and discussion

f

O

Vibrationaljdensity of state (VDOS) from the room temperature AIMD simulations includes the

I

[12]

anharm temperature effects'™”, reflecting the cation-anion coupling dynamics that is

L

usually not inclu by conventional phonon calculations if the anharmonic effect is not explicitly

3

consider performed the AIMD simulations at 300 K for some typical lithium ionic conductors,

A
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including Li;PsSy;, LijoGeP,S1;, [-LisPSs, LisYBrg and LisErCls, and calculated the corresponding Li

project

VDOS, Alns were performed under two different conditions of fixing polyanions and no

constraﬂtm!ively, corresponding to cases without and with cation-anion coupling, as shown

in Figure 10
The Li VDTibutes upon cation-anion coupling, where the number of medium-frequency Li

explore and separate the contribution from cation-anion coupling dynamics to

t

reases, and the number of both low-frequency (Ni,) and high-frequency (Nyigh)

vibration g
modes in o0 quantitively compare such redistribution of VDOS toward high and low

c
frequency ms upon the coupling, we take their difference (Njoy - Nhign) for these materials and

find a re correlation with their activation energy barriers (E,), as presented in Figure 1f. A
larger - Nhign means that the increase of the mode number toward low-frequency is

greater ths that toward the high-frequency modes, leading to an asymmetric redistribution of

VDOS mor s low-frequency. Figures 1a and 1f clearly show Li;P3S;; superionic conductor
with the sm E, corresponds to the largest such asymmetric redistribution of VDOS upon
cation- g. It is worth emphasizing that N,y - Ny, of the two halides are much smaller

T

than thoseﬁs, giving a much more symmetric coupling-induced redistribution of VDOS.

<
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We also find that Li VDOS with cation-anion mode coupling at low frequency < 1 THz (Figure 2a)

strictly follo above trend for the five lithium ionic conductors, so that ionic conductors with

more Ligy D@Sydiigsgd THz correspond to smaller £, (Figure 2c). This is not in conflict with the Einstein

43
|[ ]’

mode igPwhiclthe amplitude of thermal displacement of a mobile ion is inversely proportional

Cr

to the squadre @f vibrational frequency, and small E, for ion diffusion is usually associated with large

S

displacement amplitude from its equilibrium site. In contrast, Li VDOS without cation-anion mode

LI

coupling re reflects the influence from the static environment around Li, such as the local

[

coordinatidh a @ bnding strength (Figure 2b), giving a less clean correlation with E, due to the lack

d

of the interac etween cation and anion vibrational modes as in the coupling case. Specifically,

\

the poorer correlation with E, in the noncoupled case is mainly caused by the order switch of the

[

low-freque de numbers between Li;PsS;; and Li,GeP,S;,, which suggests the effect of

O

coupling is y prominent in Li;P3S;1. Although the value of 1 THz cutoff here has no absolute

meanin that if the cutoff is increased to 2 THz, Li;;GeP,S;, and LisPS, in the cation-anion

uth

coupled c slightly switch the sequence in Figure 2c with the general trend of the five

compoun eing kept, thus giving a less clean trend than the 1 THz cutoff. This suggests that
10

A
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coupled modes below 1 THz are particularly relevant to the Li ion diffusion of the two materials of

Li,oGeP,S;, iPS,. Note that the 1 THz cutoff found here is also very close to the low-frequency

peaks fg@mgiRelasiic neutron diffraction measurement at 0.85 THz for AgCrSe,, 1.2 THz for Na;sPS,,
-

and 1.6 TH®rSe2 superionic conductors'®** %!l Therefore, both the known conductivity trend

of these mnd the neutron diffraction results of related materials suggest that the 1 THz

cutoffis a relevanShoice to the problem of interest here.
To eIucidammistic dynamics behind above observations, we further performed the phonon

caIcuIatioEEb%Sn, B-LisPS, and LisYBre. As illustrated in Figure 3 in the low-frequency range
consid tional modes vibrate toward the diffusion bottleneck, i.e., the gate for diffusion,
to maximi! the hopping possibility along the right local diffusion pathway and thus are “good” for

lithium ior@n. While toward high-frequency ranges more Li modes vibrate toward the
S-S(Br-Br) ed long the Li-S(Br) apex, which are not diffusion pathways and thus are “bad” for
lithium ﬁr Therefore, the relationship between VDOS redistribution and E, discussed in
Figure 1 is o the fact that for a given material if the cation-polyanion coupling moves more

vibrational to the low-frequency range (i.e., larger Nioy, - Npign), then there will be more “good”

modes @on diffusion, giving smaller E, for the material. Note that we chose a 75% cutoff

11
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to define “good” or “bad” frequency as stated in Figure 3 caption, which simply requires that a

“good” Mould exhibit more “good” modes. If the 75% is moved to a lower value like 55%,

a bit mor frequency will be labeled as “good”, while the transition to “medium”

frequerféy SREIME®und 1 THz.

To further @btain ifisights into the mechanism of cation-anion mode coupling, we directly performed

SCI

the anhar onon coupling calculations for Li;P3S11, B-LisPSsand LisYBrg, as shown in Figure 4.

U

More detai ulating anharmonic coupling strength for a pair of phonon modes can be found

N

[40, 41]

in our pr rks on cuprate superconductors , where the corresponding origin from

electronic ructure dynamics has also been extensively analyzed and discussed. Our

a

calculatio s a distribution of the anharmonic cation-anion coupling strength between different

M

mode ree lithium ionic conductors (Figures 4a, c, e). A careful analysis shows that the

medium-| frequency Li vibrational modes anharmonically couple with the high-frequency

f

polyanion ®al modes, while the medium-high frequency Li vibrational modes prefer to
anharmonica ple with the low-frequency polyanion vibrational modes, corresponding to the
two pe ve and positive mode index differences, respectively, on the two sides of Figures

{

4b, d, f. T aks are referred as low- and high-frequency Li anharmonic peaks, respectively.

U

The anhar ation-anion coupling modes with relatively high coupling strength are shown in

Table S

A

12
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Furthermot, !or Li;P3S;; the low-frequency Li anharmonic peak is much stronger than the high
frequency igure 4b, suggesting that the anharmonic Li-polyanion coupling strength for

I I
medium-los frequency Li modes are much stronger than that for the high-frequency Li modes. Thus,

the VDOS @Jtion upon cation-anion coupling more toward the low-frequency direction in
Figure 1la md to the stronger coupling of low-frequency Li vibrational mode with the
high-frequ anionic vibrational modes. Particularly, these high-frequency polyanionic modes

ﬁlexing modes, as shown in Table S1. Such couplings benefit lithium ionic

are stretc

conductivi@y help Li oscillate with large amplitude toward the direction of diffusion channel,

eventually lea o the smaller E, of Li;P3S;,. While the high-frequency Li vibrational modes, which
anhar ple with the low-frequency rotational modes of polyanion (Figure S1), usually
vibrate r cling to the Li-S apex (Table S2), indicating the rotational modes of PS,polyanion

would not help lithium ion diffusion in Li;P3S4;.
For ﬂ-LigPﬂre 4d, similar trend is observed, consistent with the VDOS redistribution more

toward Io*freﬁu'cy for Li vibrational modes (Figure 1c). However, quantitively, the value of Li

VDOS at Iow-:rejency (<1 THz) of B-LisPS,, through coupling with high-frequency polyanion

stretchi& modes, is smaller than those of Li;PsS;; and Li;oGeP,S;, (Figure 2), thus giving

13
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the third largest value of Ny - Nhgn (Figure 1f). The rotational modes of PS, polyanion are also
observew-frequency range, as shown in Figure S2, but they nearly have no anharmonic
coupling rational modes. In addition, we find that there is a special Li vibrational mode
for the Tt/@WEEFEPLI sites with a frequency of 11.06 THz (mode #50 of Li3PS, in Figure 3b, vibrational
structure ingdlab}e, S3) that shows the anharmonic coupling with almost all polyanion modes in the

full-frequenc ge (the horizontal pink line at 11.06 THz in Figure 4c). Such phenomenon would

S

form a trap ct to the tetrahedral Li and worsen Li ion diffusion.

nu

In contras two sulfides, for the halide electrolyte of Li;YBrg the low and high frequency Li

anharmoni re with similar strength in Figure 4f. Thereby, Li VDOS redistributions toward

d

low-freq d high-frequency directions are comparable, and the increased number of low- and
high-fr ibrational modes are almost the same, leading to a very small N, - Npign value

(Figure 1f,slose to zero). Furthermore, there is almost no low-frequency (< 1 THz) Li vibrational

mode whe ions are fixed, which is much less than those sulfides. Even after turning on the
cation-anion ing, VDOS of the low-frequency Li modes is still far less than that of those sulfides
(Figure Additionally, the low-frequency Li modes coupling with the high-frequency

{

polyanion ave relatively small vibrational amplitude in Li;YBrs, as shown in Table S4,

U

suggesting 3YBrg electrolyte will benefit less from the good mode couplings to reduce E, for

lithium sion. Moving toward high-frequency, Li vibrational modes of Li;YBrg anharmonically

A

14
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couple with the low-frequency rotational modes of YBrg polyanion (Figure S3), which are usually

mediude types for lithium ion diffusion, as shown in Table S5 and Figure 3b, indicating

that the in @ igh-frequency Li anharmonic peak here in comparison with sulfides (Figures 4b,

d, f) wolll I8 cause an increase of £,. These factors together may cause the generally higher E,

in halide Slmwconductors than that in the sulfide ones.

In summary, mbining the ab-initio molecular dynamics simulations with the anharmonic

US

phonon co alculations, this work investigated the effects of the Li-polyanion coupling

n

dynamics conduction in Li;P3S;y, Li;oGeP,S1,, [-LisPS,, LisYBrgand LisErClg. Viewed from Li

VDOS, upo anion coupling, the number of medium-frequency Li vibration modes decreases

.

and the n of both low- and high-frequency modes increases. It is found that the smaller E, of

V]

Li ion the sulfide-based lithium superionic conductors are often related to the

asymmetri@redistribution of more Li VDOS toward the low-frequency vibrational direction, driven by

[

the anhar upling with the high-frequency polyanion stretching or flexing modes, through

Q

which Li ion ushed by the coupled modes moving toward the main diffusion channels for

reduce rrier. In contrast, in halides, the increased number of low- and high-frequency Li

{

vibrational re comparable upon cation-anion coupling, because of comparable low- and

U

high-frequ anharmonic peaks. Additionally, the coupling between low-frequency Li and

high-fr polyanion modes in Li;YBrgshows relatively small vibrational amplitudes, suggesting

A

15
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that halide electrolytes will benefit less from such good mode couplings to reduce E, for lithium ion

diffusio predicted here among these materials agrees well with the known experimental

{

trend of th dgeonductivities, suggesting the importance of the proposed mechanism.

erip

Importantlfgwe figd that the rotational modes of polyanion at low-frequency anharmonically couple

with the high-{#ffeqllency Li vibrational modes, which would not help lithium ion diffusion. It is also

S

worth not although the beneficial effect for hopping due to the large amplitude of

U

low-freque onon mode may in principle be diminished by the reduced jumping attempt

frequency e-exponential term for conductivity, the additional anharmonic coupling of the

low freque de with high frequency stretching or flexing polyanion modes found in this work

al'l

can help iffusion. Specifically, the anharmonic coupling may help increase the successful rate

M

of the makes the Li move directly toward the diffusion channel, and also help maintain

the attemply frequency at a relatively high level in a soft lattice, due to the coupling with the high

f

frequency These are additional factors that can also contribute to higher conductivity, in

O

addition to duced E,. Such coupling might contribute to similar low-frequency peak as

h

observ lastic neutron diffraction measurements of Na, Ag, Cu-ion based superionic

{

[16, 23, 24]

conductor temperatures We suggest more systematic experiments and

U

computati vestigate such Li-polyanion anharmonic coupling dynamics for Li-ion diffusion, as

A
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it may lead to a new “anharmonic descriptor” for the design of advanced superionic conductors

upon a Mrstanding.
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Figure 1. (a-e) Vibrational density of states (VDOS) of Li ions from AIMD simulations at 300K for
Li;P3Sy1, Li;gGeP,S1y, B-LisPS,, LisYBre, and LisErClg respectively. Red and green curves are Li VDOS with
and wit-anion coupling. The orange and blue areas represent the VDOS redistributions
upon catio % coupling. The effect of such redistribution is quantified by a weighted VDOS
integra N -SVIDOSI- (f_...cr — f)df, where feqe is the weighted center of the total VDOS without
cation-ani g; (f) the weighted mode number difference (Niow-Nhigh) between the low- and

high-frequé@ncy rafiges upon cation-anion coupling vs. the experimental activation energy barriers

Cr

(E,, from Refis. B ") of five lithium ionic conductors.

-
C
(O
=
. -
®,
L
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<
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Figure 2 -frequency (< 1 THz) Li VDOS of five lithium superionic conductors with and

h

withou n coupling; (c) the mode number integrated from the low-frequency (< 1 THz) Li

i

VDOS withfand without cation-anion coupling, respectively.
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good mode bad modes for lithium diffusion
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Figure 3. :al modes for Li ion diffusion. (a) Schematic diagrams of the good and bad

vibratio e for lithium ion diffusion in S-LisPS,, (b) the frequency distributions of the good,
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medium and bad Li vibration modes, and the fraction of good Li vibrational modes at each frequency
for Li;P3Sy;, B-LisPS, and LisYBrg. Li vibrational modes obtained by processing the eigenvalues of

phonon ca jons. The direction of the Li vibration mode along the S;(Br;) face center is good for

lithium ion%g while the directions of these Li vibration modes along the S-S(Br-Br) edge and
Li-S(Br) Bap&y@av@mbad for lithium ion diffusion. All Li modes in lattice are considered for the
vibrational% analysis. At each frequency, if more than 75% Li modes are good for lithium ion

diffusion, this vibpgdtional frequency is colored as green. If more than 75% Li modes are bad for

€

lithium ion giffgsign, this vibrational frequency is colored as red. Other vibrational frequencies are

S

regarded a d modes, marked in orange color.

Author Manu
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Figure 4. I@ns between phonon mode anharmonic coupling. Anharmonic cation-polyanion
phonon m ling for (a) Li;P3Sys, (c) B-LisPS, and (e) LisYBrg, respectively. Normalized coupling
strengt airs of cation-polyanion modes with the same mode index difference (i-j, i and j
are the indéx for cation and polyanion modes, respectively) for (b) Li;P3sS:4, (d) B-LisPS4 and (f) LisYBre,

respectively. The drequency increases with the increase of mode number. The large normalized

coupling str f the pair of cation-polyanion modes with a large positive i-j means the strong
coupling ion between the low-frequency Li modes and the high-frequency polyanion modes;
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the large normalized coupling strength of the pair of cation-polyanion modes with a very negative i-j

means the strong coupling interaction between the high-frequency Li modes and the low-frequency

t

P

polyanion

I I
Methodo
All caIcuIaWe carried out in the framework of density functional theory (DFT)® using the
projector aBd wave method™® as implemented in the Vienna ab-initio Simulation Package

(VASP). Theé generalized gradient approximation (GGA)[SO] and Perdew—Burke—Ernzerhof (PBE)

f

[ [48]

exchange was employed. Structural relaxations were performed by using the

d

d[51]

spin-po method””, and the plane-wave energy cutoff was set to 520 eV. The

Monkhorst— ethod™ with the k-points meshes of 4x2x2, 3x3x2, 4x3x2, 2x2x2 and 2x2x2

)

were employed for the Brillouin zone sampling, respectively for the structural relaxation calculations

I

of unit-cell 11, Li1oGeP,Sy,, B-LisPS,, LisErCls and LisYBrg. The convergence criterions of energy

and force @ 0 107 eV/atom and 0.05 eV A™Y, respectively.

th

The vibrati sity of states (VDOS) of lithium ion (polyanion) were calculated by the Fourier

U

transform of t corresponding velocity-velocity autocorrelation function from the AIMD

simulati ich fully include the anharmonicity and temperature effects® **. Li VDOS were

A
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normalized by the number of the total Li vibrational modes in the simulated cell, that is integrating
the norrwos within the whole frequency range would get a value equal to three times the
number of. The number of Li VDOS at the low-frequency range (N,,) was calculated by
integratfhg™®HeOrMmalized Li VDOS from 0 to an upper limit that was determined by the intersection
of the two i V@DS curves at the low-frequency range with and without cation-anion coupling.

Similarly, the er of Li VDOS at the high-frequency range (Ny,n) Was calculated by integrating the

S

normalize from a lower limit at the other intersection of the two curves at high frequency

to infinity. All Al calculations were performed without spin-polarization in an NVT canonical

3

ensemble &t elevated temperatures with a Nose—Hoover thermostat®>. A smaller plane wave energy

cut-off of 3

o

0 eV was chosen for AIMD simulations of the supercells with a Gamma-centered

C

1x1x1 k-point grid, and the simulation supercell sizes were at least 10 A along each lattice direction.

Time step was o 2 fs, and all supercell systems were simulated for a short time with a total of

VA

50000 steps.

Generally, th ittle difference of phonon DOS distribution between room temperature and 0 K,

such as "and GaNP® systems, and previously checked solid electrolyte systems in either

thor

11 12]

simulation imen , Which justifies the relevance of our phonon calculation at OK to the

room tem AIMD result and experimental report. The phonon calculations were performed

U

based nsity functional perturbation theory, as implemented in the Phonopy code®™. The

A
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phonon modes are enumerated at the Gamma point in the unit cells of Li;PsS;1, S-LisPS;and LisYBre.
For LbPWresentative phonon modes out of the total 126 modes were selected for the
anharmonoupling calculations. The other modes were excluded for phonon coupling
calculatf®n"BEEFESe they have similar atom movements to the selected representative modes and
the limitedgco tational sources. Similarly, 30 out of 96 modes and 30 out of 120 modes
respectively -Li3PS, and LisYBrgwere selected for the anharmonic phonon coupling calculations.
For each p f#€ation-polyanion phonons, Li ions were chosen as the “perturbation mode” and
polyanion as thESfrozen mode”. The atomic vibrational amplitudes from the normal phonon
calculatio@ed to both the frozen mode and perturbation mode in lattice. Seven dependent

self-consis (SCF) calculations were performed on each perturbation mode with the scaled

amplitude of -0.6, -0.4, -0.2, 0, 0.2, 0.4 and 0.6, respectively. The seven SCF energies were used to fit

a parabola enEproﬂle If the two modes have no anharmonic coupling, the energy potential

would follow the term of W2Q (w and Q denote the frequency and normal coordinate of mode,

respectivelh)ing harmonic oscillations, and the energy minimum of this potential profile will

be at Q = Qi3 de of the perturbation mode, as depicted in Figure S4. If there is an anharmonic

coupIinﬂwum of the fitted parabola profiles would shift to a non-zero amplitude, and the

absolutW the equilibrium position was defined as the strength of anharmonic phonon

coupling, as deplc d in Figure S4. More method details of calculating anharmonic coupling strength

for a pair of modes can be found in our previous work on cuprate superconductors[4°’ M
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By comparin e anharmonic phonon coupling calculations with the ab-initio molecular dynamics

calculation dy unveils a unique phenomenon in sulfide solid electrolytes in comparison with

halide one§ythat Li ion conduction can be boosted by the anharmonic coupling of low-frequency Li

g

{

phonon ith high-frequency anion stretching or flexing modes, rather than the

ional modes.
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