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Soft Phonon Mode Triggering Fast Ag Diffusion in
Superionic Argyrodite Ag;GeSe,

Xingchen Shen,* Michael Marek Koza, Yung-Hsiang Tung, Niuchang Ouyang,
Chun-Chuen Yang, Chen Wang, Yue Chen, Kristin Willa, Rolf Heid, Xiaoyuan Zhou,*

and Frank Weber*

The structural coexistence of dual rigid and mobile sublattices in superionic
Argyrodites yields ultralow lattice thermal conductivity along with decent
electrical and ionic conductivities and therefore attracts intense interest for
batteries, fuel cells, and thermoelectric applications. However, a
comprehensive understanding of their underlying lattice and diffusive
dynamics in terms of the interplay between phonons and mobile ions is
missing. Herein, inelastic neutron scattering is employed to unravel that
phonon softening on heating to T, = 350 K triggers fast Ag diffusion in the
canonical superionic Argyrodite Ag;GeSeg. Ab initio molecular dynamics
simulations reproduce the experimental neutron scattering signals and
identify the partially ultrafast Ag diffusion with a large diffusion coefficient of
10~* em=2 s7. The study illustrates the microscopic interconnection between are
soft phonons and mobile ions and provides a paradigm for an intertwined
interaction of the lattice and diffusive dynamics in superionic materials.

1. Introduction

Tailoring thermal conductivity « is at the core of various mod-
ern microelectronic and energy conversion devices.'! A high

k is indispensable for electronic cir-
cuit substrates and thermal interfaces
to enable efficient heat dissipation from
thermal hot spots.I'® In contrast, a low
k is desired to minimize heat transport
in thermoelectric materials (TEMs),!*ed]
thermal insulators,!’ and thermal barrier
coatings.!'fl In principle, the total thermal
conductivity of a solid consists of contri-
butions from the various excitations, such
as electrical carriers (holes or electrons),
lattice vibrations (phonons), electromag-
netic waves, and spin excitations. For
electronic reasons best-performing TEMs
semiconductors and semimetallic
compounds, and their overall thermal
conductivity is hence dominated by the
lattice thermal conductivity ;. Therefore,
the phonon contribution to the heat
transport has to be reduced to optimize thermoelectric perfor-
mance of materials.

Different mechanisms and strategies are employed to mini-
mize k; in TEMs.[? In general, structural complexity reduces
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Figure 1. (Black solid line) Schematic diagram of the temperature depen-
dence of the energy of a typical soft phonon in a second-order phase tran-
sition, such as a ferroelectric one. (Red solid line) Soft phonon behav-
ior observed in AggGeSeg undergoing a superionic phase transition upon
heating.

the relative number of propagating acoustic and thus heat car-
rying excitations. The formation of low-energy and strongly lo-
calized optical phonon modes by alloying with heavy elements
expands the phase space of phonon—phonon Umklapp scatter-
ing processes. A pronounced anharmonicity arising from weak
chemical bonding enhances the probability of phonon—phonon
scattering events. A particular mechanism and prominent source
of lattice anharmonicity is the effect of soft phonon mode, such
as in the vicinity of structural phase transitions.*]

A continuous structural phase transition is accompanied by
a soft phonon mode, i.e., a normal collective mode that fea-
tures an anomalous decrease of its frequency to zero when ap-
proaching the phase transition temperature T,_.*l In the con-
text of the Landau theory and anharmonic interactions pro-
posed by Cochran, mean-field theory describes the temperature-
dependent soft phonon mode energy w, asl*l

@ (q,.j) = A|T - T¢| (1)

where ¢, and j are the wave vector of the soft mode and its branch
index, respectively. A is a material-specific constant and T is the
absolute temperature. This temperature response is sketched in
Figure 1. The model predicts that a specific phonon of the high
symmetry phase softens progressively approaching the phase
transition temperature T.. The phonon energy reaches zero and
its displacement pattern freezes into a static lattice distortion at
T.. In the distorted phase, the phonon energy hardens again and
corresponds to an optic mode at the zone center. This soft mode
scenario has been verified in many materials, where the proto-
typical ferroelectric SrTiO; was among the first.[’!

However, here we study the case of a superionic phase transi-
tion in the Argyrodite Ag,GeSe,, where the soft mode does not
freeze into a static distortion but rather triggers solid state diffu-
sion upon crossing T,. Consistently, no phonon hardening is ob-
served in the superionic phase above T, and the soft mode main-
tains its over-damped character as indicated in Figure 1. This du-
ality of lattice and diffusive dynamics in the superionic phase is
responsible for intriguing thermal transport properties, and pro-
vokes interest for applications in rechargeable batteries,®! fuel
cells,”l and especially thermoelectrics.!®]
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Besides the well-known canonical superionic conductors (Cu,
Ag),Sel and (Ag, Cu)CrSe, ' Cu- and Ag-based Argyrodites,
such as Ag,GaSeg, 'l AggSnSey,!'?l and Cu,PSe '3 have re-
cently attracted considerable interest as potential TEMs,!™*] as
they show a T-independent and ultralow & of 0.3 W m~" K~".[8%]
Argyrodites contain an enormous abundance of chemical com-
positions with the general formula of A*,, B"*j,_,, X*7 (A"
- Li+, Cu+, Ag+, BVH— — A13+, G33+, Si4+, Ge4+, Sn4+, P5+, ASS+,
and X?~ = S%7, Se?", Te?"). They undergo multiple phase transi-
tions toward a high-temperature superionic face-centered cubic
structure,’! yielding rich physical and chemical material prop-
erties. Their atomic lattice consists of two sets of independent
sublattices formed, on one hand, by a rigid framework of tetrahe-
drally coordinated [BX4]®~*) polyanions attached to X?~ anions
and, on the other, by weakly bonded A* cations.['>®] It is these
weakly bonded A* cations, which can continuously hop into the
adjacent vacant sites in the superionic phase forming a mobile
sublattice in the framework of the rigid sublattice.

So far, Ag-based Argyrodites have been extensively studied for
their macroscopic thermal transport properties. Investigations
of their complex phase transitions behavior, and intriguing lat-
tice dynamics properties as well as diffusive mechanisms remain
sparse. Herein, we report results from inelastic neutron scatter-
ing (INS) and quasielastic neutron scattering (QENS) as well as
synchrotron X-ray diffraction (SYXRD) and ab initio molecular
dynamics (AIMD) on the representative silver-based Argyrodite
Ag.GeSe,. Our SYXRD results identify the multiple phase tran-
sitions and provide a map view of the Ag atomic diffusion path-
way. The INS results uncover phonon softening yielding fast Ag
diffusion approaching T, which originates from low-lying Ag-
dominated phonons. We elucidate a maintained over-damped
soft phonon mode in the superionic phase and a prominent
QENS signal as a footprint of an extraordinarily high Ag mo-
bility. We approximate from AIMD results the experimental INS
and QENS signals, and elaborate the fast Ag diffusion behavior
in Ag,GeSe,.

2. Results and Discussion

2.1. Multiple Phase Transitions and Crystal Structures

In a previous work,/”] some of us reported on the high-
temperature crystal structures of Ag;GeSe, observed via lab-
based X-ray difftraction (XRD) and specific heat measurements.
The study disclosed an inconsistency in the number of phase
transitions. Our XRD data identified a single-phase transition
from a room-temperature orthorhombic phase (Pmn2,) to a high-
temperature cubic phase (F-43m). Whereas several phase transi-
tions were revealed through endothermic peaks in the heat capac-
ity measurements in an equivalent temperature range. To solve
this apparent discrepancy, we performed high-resolution SYXRD
in an extended temperature range from 250 to 600 K and com-
plemented the structural study by heat capacity data toward very
low temperatures. The results of this experiment are compiled
in Figure 2a—c and Rietveld refinements of the SYXRD data are
reported in Figure Sla—d of the Supporting Information section.

The present SYXRD results reveal phase transitions at
T =269, 317, and 350 K and thus confirm that Ag,GeSe, adopts
an orthorhombic structure at room temperature and a cubic
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Figure 2. a,b) Contour plots of the temperature evolution of SYXRD of a AggGeSeg powder sample. c) Corresponding temperature-dependent lattice
parameters deduced by Rietveld fitting. (Inset) Heat capacity measurements of AggGeSeq (green and blue solid lines). Phase transition temperatures

are specified in the plot (vertical red dashed lines).

phase above 350 K. Endothermic peaks observed in the heat ca-
pacity measurements (inset in Figure 2c) are in line with these
findings. However, specific heatindicates an additional transition
at 413 K, which is undetected by SYXRD. This additional tran-
sition might be associated with changes in the local structure of
Ag ions and requires further investigations which are beyond the
scope of the current report. The sequence of phase transitions is
indicated in Figure 2c along with the refined lattice parameters
of the respective phases. We conclude from Rietveld refinements
that the orthorhombic phase coexists as a major fraction with a
monoclinic structure (P112, 8%) below 265 K, and with a tetrag-
onal phase (P-42,m, 2.5%) in the temperature regime 270-315 K
(Figure Sle, Supporting Information). Ag,GeSe, forms a single
tetragonal phase from 320 to 350 K and ultimately enters into a
single superionic cubic phase (F-43m) above 350 K as indicated
in Figure 2c.

2.2. Ag Diffusion Pathway

Our SYXRD analysis shows that high-T cubic phase of Ag,GeSe,
consists of structural motives formed on one hand by Se and Ge,
and by Ag on the other displayed in Figure 3a. Se occupies fcc po-
sitions and forms with Ge tetrahedral GeSe, units located at the
mid-points of the fcc cell edges. The crystal symmetry allows the
Ag cations to be located on three different sites Agl-Ag3 leading
to their random partial occupation, and thus structural disorder
and extensive free space in the Ag sublattice. This partially-filled
sublattice features a channel network for Ag diffusion. To explic-
itly visualize the Ag diffusion channels in the superionic phase,
we show the 2D electron-density maps (EDMs) deduced from
Rietveld refinements in Figure 3b. The T-dependent 2D-EDMs
in the (1 1 —1) plane display well-defined spots for Ag atoms at
T < 350 K. At 350 and 600 K, we note progressive overlap of
the electron density between Ag2-Agl-Ag2 positions best seen
in the (1 1-1) plane, which implies that Agl and Ag2 sites are
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interconnected and form effective diffusion channels. The T-
dependent EDMs verify that the Ag atoms become strongly delo-
calized and diffuse into unoccupied lattice sites on entering the
high-temperature cubic phase at T, & 350 K.

2.3. Phonon Softening and Quasielastic Neutron Scattering

Phonons are the main heat carriers in AggGeSe, and responsi-
ble for the reported!'”] ultralow lattice thermal conductivity of
~0.3-0.4 W m~! K-!. Therefore, we performed neutron spec-
troscopy measurements to investigate the lattice dynamics prop-
erties. The experiments were performed on the thermal neutron
time-of-flight spectrometer PANTHER located at the European
Neutron Source Institut Laue Langevin in Grenoble, France. A
wide range of temperatures from 2 to 600 K was exploited with
three incident energies E; = 12.5, 30, and 50 meV. This allows to
analyze the full Phonon density of states (PDOS) of the different
phases as well as the diffuse scattering close to zero energy trans-
fer in search of fingerprints of the diffusion processes. Here, we
focus only on the results obtained with the best energy resolution
using E; = 12.5 meV. The analysis of data with higher incident
energies is shown in Figures S2, S3, and Note S1 (Supporting In-
formation). We note that AIMD simulations, which we also use
below to investigate the neutron scattering intensities and diffuse
scattering, are in good agreement with the PDOS deduced from
our experimental data.

Contour maps of neutron scattering intensity, the dynamic
structure factor S(|Q|, E), are shown in Figure 4a—c for various
temperatures below and above the superionic phase transition
temperature T.. Most prominently, we observe the signature of
a Ag-dominated (see Figures S3, S4, and Note S1 in the Sup-
porting Information) low-lying optic phonon mode of 3 meV
at room temperature (white arrow in Figure 4a) which cannot
be distinguished anymore from the elastic scattering at higher
temperatures (Figure 4b,c). We investigated the behavior of this
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Figure 3. a) Crystal structure of AggGeSeg in the high-temperature cubic phase (F-43m). Allowed Ag positions are shown with their partial site occupancy
(red/gray), while Ge and Se atoms are shown in purple and green, respectively. b) 2D electron density maps at 300, 350, and 600 K in (11 —1) planes.
Lattice vectors in (b) refer to the respective out-of-plane directions.
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Figure 4. a—c) Experimental S(|Q|, E) at T = 300, 400, and 600 K, respectively. d—f) Simulated S(|Q|,E) based on AIMD computed for corresponding T.
White and orange vertical arrows and dash orange line in (a) denote characteristic wave vectors |Q| exploited in our analysis of the soft phonon mode
(see Figure 5) and the diffusive motion of Ag (see Figure 6).
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Figure 5. a) Measured S(|Q|, E) at |Q| = (2.88 + 0.125) A=1 at T = 300, 334, 355, and 400 K. b-d) Same data sets (open black circles) with the fitting
profiles approximating the soft phonon mode (DHO) and elastic contribution (Gaussian). e) Temperature dependence of the damped soft-phonon

energy and damping ratio from 2 to 400 K.

distinct phonon signal analyzing constant-momentum spectra
at |Q] = (2.88 + 0.125) A~ where this signal is best visible.
The constant |Q| spectra (Figure 5a; and Figure S5, Support-
ing Information) were modeled by approximating the phonon
signal with a damped harmonic oscillator (DHO) function!'®!
and the elastic line with a delta function both convoluted with
a Gaussian-shaped resolution of 0.6 meV full-width at half-
maximum (FWHM) (Figure 5b—d). The derived characteristic en-
ergy of the DHO reveals a continuous softening of the phonon
peak above 300 K (Figure Se). This softening continues up to
the transition temperature T, at which the phonon peak becomes
overdamped evidenced also by the damping ratio (Figure 5e) and
its characteristic energy is indistinguishable from zero energy.
Interestingly, upon further heating the phonon does not recover
a finite energy value as expected for a 2nd order phase transition
outlined above.[*]

On the contrary, the overdamped DHO signal develops into
a persistent QENS signal well-visible at all temperatures in
the superionic phase. A QENS signal is the footprint of en-
hanced structural relaxation, such as a translational diffusion
process. In summary, Ag;GeSe, is characterized by a phonon
softening on heating toward the superionic phase transition.
This soft phonon turns into a temperature-independent over-
damped phonon above the phase transition where mass trans-
port becomes apparent. This is in contrast to other continu-
ous structural phase transitions featuring a soft phonon mode,
such as antiferrodistortive transitions in ferroelectric**!% or
charge-density-wave transitions,[?”) where the soft mode re-
covers finite energies both above and below the transition
temperatures.
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To obtain deeper insight into the vibrational and diffusive
properties of Ag,GeSe,, we employ AIMD calculations to sim-
ulate the experimental signals. This is in particular important
as the experimentally monitored neutron scattering response
consists of coherent and incoherent contributions whereby in
Ag.GeSe, it is dominated by the coherent scattering and, specif-
ically at low energies, by the coherent response of the Ag
atoms. The low-temperature crystal structure can currently not
be assessed by the applied AIMD method since the large unit
cell is beyond our computational limits as outlined in the Ex-
perimental Section. As for the room- and higher-temperature
phases, the good agreement with the measured PDOS (see
Figure S3, Supporting Information) indicates that the lattice
dynamics are well-captured by our AIMD simulations. Here,
we focus on the low-energy transfers/processes visible in our
high-resolution INS measurements (Figure 4a—c). We use the
MDANSEP! software package to simulate the corresponding
neutron scattering intensities based on the AIMD simulations
and find close resemblance between theory (Figure 4d-f) and ex-
periment (Figure 4a—c). We highlight in particular the matching
optic phonon mode at 3 meV at 300 K (white arrow in Figure 4a,d)
and the broad QENS intensities at higher temperatures
(Figure 4b,c,e f).

2.3. Experimental and Simulated Constant Momentum Inelastic
Intensities

Diffuse scattering can be best studied at low |Q| where phonons
are hardly detectable due to their Q?-dependent structure
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Figure 6. a) Measured S(|Q|, E) with results from QENS fits at |Q| = (1.0 + 0.125) A= at 300 and 600 K. b) AIMD simulated incoherent S;,.(|Q|, E)
with QENS fit results. AIMD data are represented by open black circles, total QENS fit results by red solid lines. The fit components of a Gaussian,
Lorentzian, and two DHO functions are indicated by blue, orange, green, and pink dashed lines, respectively. The Lorentz function was convoluted with
the Gaussian-like resolution function. c) Lorentzian T derived from the fits of the incoherent signal (open circles) at 600 K. Solid lines represent fits of
the Chudley—Elliot model of jump-diffusion to the data. Atomic mean-square displacement (MSD) computed from AIMD at d) 300 K, e) 400 K, and f)
600 K. The red, blue, and orange solid lines denote Ag, Ge, and Se atoms, respectively.

factors. Our data show that phonon intensities start to rise a |Q|-dependent broadening of a Lorentzian-shaped S, .(|Q|, E)
for momenta larger than 1.5 A~! (Figure 4a—c). Hence, we ex-  response as

tract data based on a smaller |Q| and analyze atomic diffusion

by analyzing the experimental S(|Q|, E) over the |Q| range of 2h sin (|Q| d)

(0.8, 1.4 A~"). At room temperature the data show a resolu- Lo, amn (1Q]) = - - W (2)
tion limited Gaussian-shaped elastic contribution and an es-

sentially featureless inelastic regime (see black solid line in
Figure 6a). All spectra in the supersonic phase (T > T, =
350 K) exhibit an essential resolution function and an addi-

with the Planck constant 7. The parameters can be related to a
microscopic diffusion coefficients D, as

tional Lorentzian contribution centered at zero energy (e.g., red P
line at 600 K in Figure 6a) accounting for the observed QENS ~ Dmic = or G
signal.

To shed light on the individual dynamics of the Ag atoms, we In view of the afore presented SYXRD results, it is appro-

compute from the AIMD data the purely incoherent scattering  priate for the present relaxation case as it was successfully
signal. As highlighted in Figure 6b the S; . 1\p(|Q), E) of Agwas  used for the analysis of diffusion processes in other solid-state
approximated by an elastic contribution, two DHO functions ac-  compounds.!?}] Selected spectra at 600 K with fitted profiles are
counting for residual phonon signals, and a Lorentz function  shown in Figure 6b and the approximated I' . ,;\s, are reported
for the diffusive signal centered around zero energy at 600 K.  in Figure 6c. At 600 K the CE model yields a short residence time
The Lorentz function as well as the elastic line took account of a  of 1.7(1) ps, a large average jump distance of 3.5(2) A and a large
Gaussian-shaped resolution with FWHM = 0.38 meV which re-  diffusion coefficient D, ;. ~ 1.23 x 10™* cm~? 57!, indicating ul-
sulted from the computation of the S, s\p(|Q], E). The FWHM  trafast diffusion dynamics in the superionic phase of AgyGeSe.
= 0.38 meV of the resolution function was chosen because it was In contrast to the S, o;\p(|Q], E) analysis the computation of
the higher limit value of our AIMD simulations. The S, (|Q], E)is  diffusion parameters from mean square displacement (MSD) of
the Fourier transform of the self-correlation function of Ag com-  the atoms comprises processes on length and time scales of the
prehending information on the speed and geometry of a poten-  box size and period of simulation, respectively. In Figure 6d-f, we
tial diffusion mechanism. For translational relaxations in solid  highlight that the MSDs disclose the Se and Ge atoms as being
state matter a widely used concept is the jump-diffusion model =~ immobile at any temperature and time of the simulation. This
by Chudley and Elliot (CE).??] It is built upon the assumption  holds as well for MSD of Ag at 300 K. However, from 400 K on,
that atoms execute jumps with an averaged finite length d be-  the MSDs of Ag give evidence of a temperature-activated pro-
tween some lattice sites at which they are locked for a residence  cess. Approximating the MSD with a linear fit yields the macro-
time 7 between consecutive jumps. The CE model anticipates  scopic diffusion coefficients D,,,. ~ 6.70 X107/ cm~2 s~ at 400 K,
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Table 1. Temperature-dependent diffusion parameters of Ag atoms based

on AIMD data. D, are calculated from Ag mean-square displacements.

TIK Dye [1076 cm=2 s71]
400 0.67(6)
500 1.73)
600 25(2)

1.70 X 107 em™2 s7! at 500 K, and 2.50 X 107° cm~? s~! at 600 K
(Table 1), implying a slower diffusion of Ag on the macroscopic
length and time scales. Our combined experimental and theoret-
ical results suggest that multiple diffusion processes of a wide
range of time and length scales are present in AgyGeSe,.

3. Conclusion

We implement a comprehensive study on lattice and diffusion
dynamics and elaborate on the interconnection between soft
phonons and mobile ions in superionic Argyrodites. Our AIMD
analysis indicates that the investigated Argyrodites Ag,GeSe,
feature partially fast Ag diffusion expressed in a microscopi-
cally diffusion coefficient D, = 10~* cm~2 s~! at 600 K, which
is higher than that of other reported superionic thermoelec-
tric materials, such as Cu,Sel?* (D ~ 107°-1077 cm™2 s7! over
500-700 K), AgCrSe,!?®! (D ~ 1.5 x 10> cm~? s~'at 600 K),
CuCrSe,?9 (7.2 x 107® cm™ s7! at 495 K), and Cu,PSey?*!
(D = 2.31x107> cm™2 s7! at 500 K). This rapid diffusion is
in line with our INS data indicating a visible QENS signal
in the superionic state of Ag;GeSe,. However, beyond this ex-
ceptionally high D, ;. an analysis of the AIMD-derived MSD
of Ag gives evidence of a coexistence of slower diffusion pro-
cesses on macroscopic length and time scales. With a computed
Do ® 107¢ cm~2 s7! for temperatures in the superionic state the
AIMD data point at a rich multiplicity and complexity of Ag diffu-
sion processes. As consequence of the large variation of diffusion
coefficients in terms of microscopic and macroscopic time scales,
further experimental investigations and customized theoretical
modeling are required to quantify the Ag diffusion dynamics.

The aforementioned INS studies of diffusion processes in dif-
ferent superionic TEMs utilized cold neutron time-of-flight tech-
niques with an energy resolution of ~0.1-0.3 meV. In this study,
we used thermal neutron time-of-flight spectroscopy with an en-
ergy resolution of ~0.6 meV to shed light on vibrational and re-
laxational properties in an excessive temperature range from the
ground state up to the superionic phase of Ag;GeSe,. In the pres-
ence of relaxational scenarios as rich as those observed in the su-
perionic TEMs, varying experimental conditions with cold and
thermal neutrons might have a filter effect on the diffusion pro-
cess detected. The high resolution but reduced dynamic range
of cold neutrons make them more sensitive to slower processes
than thermal neutrons offering a wide dynamic range at a mod-
erate resolution.

Most prominently, our temperature-dependent experiments
and calculations reveal that phonon softening precedes and trig-
gers fast Ag diffusion in the superionic phase in Ag;GeSe,. The
damped Ag-dominated soft phonon transforms into Ag diffuse
scattering upon entering the superionic state, which is different
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from the typically observed hardening of a soft phonon below as
well as above a second-order phase transition. Apart from this dis-
tinctly unique over-damped soft phonon inducing Ag diffusion,
Ag.GeSe, still exhibits crystalline vibrational properties. Note,
that the bulk of phonon modes persevere in the superionic phase,
unveiling an inherent solid-like rather than liquid-like diffusion
character. The applicability of the Chudley-Elliot jump diffusion
model with an average jump distance and residence period is a
consequence of the solid-like diffusion character.

Above all, these soft phonon modes do not only facilitate Ag dif-
fusion but they enable a boosted scattering of acoustic phonons
efficiently impeding thermal transport. In the superionic phase
where the soft phonons are over-damped they are conjectured
to induce diffuson-mediated thermal transport.?*] The diffuson-
dominated thermal transport signifies a breakdown of phonon
quasiparticles and its wavelike nature leading to thermal conduc-
tivities lower than the hypothetical glass limit as they have been
reported in the literature.[23¢24]

Recent neutron scattering experiments on Cu, PSe; Argyrodite
have identified the largely anharmonic effects associated with
the Cu-dominated low-frequency phonon modes and observed
QENS signal of the mobile Cu atoms.[?3¢] They also observed
that the vibrational modes associated with Cu contributions are
strongly damped in the superionic phase, which corresponds
to the breakdown of phonon quasiparticles.?3¢] Recent Raman
spectroscopy investigations on ionic conductors, such as Agl(%]
and Na,P(S/Se),,?°] have demonstrated the significant coupling
between mobile ions and host lattice within the soft mode lat-
tice instabilities. However, the core interconnection between soft
phonon and atomic diffusion has not been well-established and
elucidated in Ag-based Argyrodites. After the submission of our
manuscript, we became aware of a similar study,!?”! which is con-
sistent with our results. In this study, we highlight Ag,GeSe, as
a show case to explicitly elucidate the interconnection between
strongly damped soft phonons and mobile ions. Therefore, this
exploration will establish an intertwined understanding to com-
prehend the connection between lattice and diffusive dynamics.
It will also provide essential insights into the underlying mech-
anisms of macroscopic heat conduction and ion transport in su-
perionic Argyrodites. We suggest that other Ag-based superionic
Argyrodites might also hold these interesting features with simi-
lar interconnection between soft phonon and diffusive dynamics,
and these compounds can be explored for further studies in the
area of INS, QENS, Raman spectroscopy, and AIMD.

4. Experimental Section

Materials Synthesis:  For the synthesis of the polycrystalline AggGeSeg
sample with an amount of 20 g, the melting-annealing method was uti-
lized. The stoichiometric admixture of high-purity Ag (Shot, 99.999%), Ge
(Shot, 99.999%), and Se (Shot, 99.999%) elements were weighted out,
loaded into a cone-shaped sealed and evacuated (~107* Pa) quartz tube.
A homemade crystal-growth furnace was used for the sample synthesis.
The quartz container was slowly heated to 1323 K over 24 h, followed by a
dwelling at this temperature for 12 h. It was subsequently cooled to 873 K
within 6 h and kept at this temperature for another 72 h. Finally, the sample
was slowly cooled to room temperature over 72 h. The highly crystalline
product was grounded into fine powders for the synchrotron and neutron
experiments.

Synchrotron X-Ray Diffraction Characterization: T-dependent syn-
chrotron X-ray diffraction experiments with a wavelength 0.7749 A were

© 2023 The Authors. Small published by Wiley-VCH GmbH

85UBD1 T SUOWILLOD dAIIe.1D) 3[cedl|dde au Ag peusenob afe saoie YO ‘8sN JO Sa|nJ 10} Aeiq1aul|uO AB[IM UO (SUOIPUOD-PUB-SWS)/LID™AB| 1M Afe.d Ul [Uo//Sciy) SUOIPUOD pue S 1 8L 38S *[£202/80/TE] U0 ARiqiauliuo A8|im ‘@ifojouyde 1“4 uonmuisul eynsie A 8r0S0£202"[IWS/Z00T OT/I0P/W0d" A8 |1mAeiq1puljuo//sdny wouj pepeojumod ‘0 ‘62895TT



ADVANCED
SCIENCE NEWS

sl

www.advancedsciencenews.com

conducted on a powder sample of 1 mg from 250 to 600 K at the beam-
line of TPSO9A at the National synchrotron radiation research center of
Taiwan photon source (NSRRC). A cryostat was used to perform the low-
temperature measurements from 250 to 350 K and utilized a heating fur-
nace to conduct high-temperature measurements from 350 to 600 K. All
synchrotron X-ray diffraction data were analyzed with the Rietveld method
by using the GSAS (General Structure Analysis System)[?8] and FullProf
programs.

Inelastic Neutron Scattering Characterization: Inelastic neutron scat-
tering and quasielastic neutron scattering experiments were performed
on a powder sample of ~#10 g at temperatures between 2 and 600 K at
the thermal neutron time-of-flight spectrometer PANTHER at the Euro-
pean Neutron Source Institut Laue Langevin in Grenoble, France.?° The
nominal incident energies E; of 30 and 50 meV for the study of phonons
and 12.5 meV for monitoring the low-energy phonon and QENS signal
with a resolution of about 0.6 meV at the elastic line were applied. A
standard cryostat was utilized for measurements at 2, 100, 200, and 300
K with the powder sample loaded in an aluminum sample holder. Ac-
quisition periods varied between 1.5 and 3 h depending on E; and tem-
perature determining the inelastic intensity. Measurements between 300
and 600 K were carried out in a high-temperature furnace with the sam-
ple loaded in a niobium sample holder. Data were recorded for 1.5 and
2 h at 300, 400, 500, and 600 K. The temperature evolution of the QENS
signal in the regime of multiple phase transitions was carried out upon
cooling from 500 K to room temperature with E; = 12.5 meV. An ac-
quisition period of 10 min resulted in a temperature difference between
spectra of 5 K and less. Ancillary measurements of empty sample hold-
ers, sample environments and vanadium were carried out for a stan-
dardized data correction procedure and conversion of the corrected sig-
nal to the dynamic structure factor S(|Q|, E) and generalized density of
states G(E). The Mantid software package was applied for the correction
and conversion computing.[3°] Spectra at constant momentum transfers
|Q| = 0.8-1.4 and 2.88 A1 were extracted at various temperatures from
S(|Q|, E) with a |Q] bin of 0.25 A=". The resolution was determined from
low-|Q| scattering at T = 300 K in the absence of QENS (black line in
Figure 6a).

Computational Methods: Input configurations for the temperature-
dependent effective potential (TDEP) of the orthorhombic phase of
AggGeSeg were generated by AIMD on a 2 X 2 X 2 supercell compris-
ing 240 atoms at 300 K. Nonspin polarized density functional theory
(DFT) calculations were performed using the projector augmented wave
(PAW) 31l method as implemented in the Vienna ab initio simulation pack-
age (VASP).132] The PBE functionall33] of generalized gradient approxima-
tion (GGA) was applied as the exchange-correlation functional. An energy
convergence criterion of 1 x 1078 eV and a plane wave energy cutoff of
500 eV were used during the self-consistent electronic calculations. To ac-
curately calculate the atomic forces, a Monkhorst—Pack k-meshl[34] of 2 x
2 x 2 was used to sample the Brillouin-zone of the 240-atom supercell.
The renormalized second-order force constants were extracted using the
TDEP scheme as implemented in hiPhive.[3°] The cutoff distances for the
second- and third-order terms were set to 9.0 and 5.0 A, respectively. The
root mean square error (RMSE) of the fitted forces was below 0.094 meV
AT,

To simulate the partial occupation of lattice sites of Ag atoms in the cu-
bic phase of AggGeSeg, AIMD simulations were performed on a 240-atom
supercell at a temperature range of 300-600 K. AT point mesh combined
with an energy convergence of 1073 eV was applied to the AIMD simula-
tions. The duration of AIMD simulations was 200 ps with a 5 fs time step.
The orthorhombic structure of AggGeSeg obtained from X-ray diffraction
refinement was applied as the initial configuration of the AIMD simula-
tions at 300 K. The partial occupancy of Ag atoms in the high-temperature
cubic phase of AggGeSeg was simulated by mixing 32 Ag atoms with 88
vacancies (120 Ag partial occupation lattice sites) with the special quasir-
andom structure (SQS) algorithm!3¢] as shown in (Figure S6, Supporting
Information). The SQS structure was used as the initial configuration of
AIMD simulations of the cubic phase at 400, 500, and 600 K. PDOS were
obtained by calculating the Fourier transform of the velocity autocorre-
lation function based on AIMD simulations under the NVT ensemble at
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300, 400, 500, and 600 K. Before data collection, all systems were initially
equilibrated for at least 10 ps under the NVT ensemble with Nose—Hoover
thermostat. The mean square displacement (MSD) was calculated using

SN (5 () = 1 ()

MSD (t) = o

4
where N is the number of atoms and r;(t) is the position of atom i at
time t.

Neutron Spectroscopy Simulations:  Simulations of neutron scattering
intensities based on AIMD simulations were performed via MDANSE[?']
software based on the initial input file of trajectory from AIMD
simulation.[?l The trajectory provides the detailed information of the
atomic motions by tracing the atomic coordinates at specified time in-
tervals, and enables us to investigate properties of the static structure and
lattice dynamics behavior captured in the dynamic structure factor S(|Q],
E). Importantly, the measured S(|Q|, E) consists of a coherent and an in-
coherent part

S (lQl'E) :Scoh (lleE)+Sinc(|Q|'E) (5)

While our experiment cannot discriminate between the two contributions,
simulations via MDANSE can easily simulate the total S(|Q|, E) or only

sinc('le E) or Scoh (lle E)'

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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