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Superionic conductors are fascinating systems representing a state of matter intermediate between solids
and liquids, yet their underlying physics remain poorly understood. Correlations in jump dynamics have
been theoretically proposed as a key mechanism underlying superionic diffusion, but a direct experimental
demonstration remains elusive. Here, we report the direct observation of collective cation hopping in the
argyrodite compound Cu;PSg, using single-crystal neutron scattering to access the full four-dimensional
space-time correlations of ionic motion. By leveraging the rarely used coherent scattering channel in
quasielastic neutron scattering, together with diffuse scattering, we reveal pronounced short-range
dynamical correlations between diffusing Cu ions, providing direct experimental evidence of collective
hopping in a superionic phase. Machine-learned molecular dynamics simulations quantitatively reproduce
all our measurements and pinpoint the dominant collective hopping mechanism. Furthermore, we establish
through both experiments and simulations that the collective diffusive hops originate from the breakdown
of low-energy phonons dominated by the Cu motions in the parent ordered phase, demonstrating a key link
between phonon precursors and the activation of facile collective hops. This work presents the first direct
experimental evidence of collective hopping in superionic argyrodites and identifies wave-vector-resolved
soft phonons as its physical origin, advancing the microscopic understanding of ionic transport in

superionic solids.

DOI: 10.1103/Ix5w-x6wl

I. INTRODUCTION

Superionic conductors (SICs) constitute a unique class of
condensed matter systems in between liquids and solids,
featuring highly mobile ions with liquidlike diffusivity
within a rigid framework [1,2]. SICs could enable a wide
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range of important technologies, from all-solid-state bat-
teries to fuel cells and ionotronic devices [3-5]. Yet, a
deeper understanding of the microscopic mechanisms
underlying the emergence of the superionic regime is
needed for the rational design of next-generation SICs
[6-8]. Among many proposed mechanisms, collective
diffusion has emerged as a core paradigm enabling supe-
rionic conductivities [9-14]. Concerted ionic hopping
could help lower migration barriers, thereby facilitating
diffusion [10-12], and could also increase charge diffu-
sivity compared to tracer diffusivity, directly improving the
conductivity [13]. Collective ionic diffusion could be a
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widespread phenomenon, as suggested by recent system-
atic machine-learning analyses of a variety of fast ion
conductors [14]. However, the direct experimental probing
and assessment of these theoretical predictions has
remained a formidable challenge, requiring the selective
measurement of four-dimensional (4D) space-time corre-
lations in the motions of mobile ions.

Commonly used experimental techniques, such as
nuclear magnetic resonance and electrochemical imped-
ance spectroscopy, typically probe only single-particle
dynamics or macroscopic transport properties and lack
the spatial (or wave-vector) resolution to resolve spatially
correlated ionic diffusion [15]. While dielectric and optical
experiments have been used to suggest temporally corre-
lated hops in ionic conductors, these methods rely on
indirect signatures and provide limited information about
ion-ion correlations [16,17]. In contrast, neutron scattering
offers a powerful approach to probe ionic diffusion, as well
as crystal structure and lattice dynamics, by directly
accessing 4D spatiotemporal correlations of atomic
motions. These correlations are encoded in the Van
Hove correlation function [18], defined as

6lr) = (Salr= R0+ R(O)). (1)

which gives the probability of finding a particle at position
r at time ¢, given that a reference particle was located at the
origin at £ = 0. The Van Hove correlation can be decom-
posed into self and distinct contributions:

G(r,t) = Gy(r,1) + Gy(r, 1), (2)

where the self (i = j) and distinct (i # j) contributions
describe individual atomic motion and correlations
between different atoms, respectively, and are selectively
accessed via incoherent and coherent neutron scattering
channels [19,20]. Revealing the full details of collective
ionic diffusion, however, requires measuring coherent
scattering channels on single crystals with wave-vector
(Q)-resolved information, which is orientationally
scrambled in more common measurements on powders
[21,22]. Even in rare single-crystal quasielastic neutron
scattering (QENS) studies, the focus has predominantly
been on self-diffusion through incoherent scattering
[23,24]. Comprehensive coherent QENS (c-QENS) studies
on superionic crystals are thus highly desirable to resolve
the microscopic physics underpinning the collective dif-
fusion mechanism. This demands state-of-the-art neutron
spectroscopy measurements on large, high-quality single
crystals, complemented with thorough analysis of the
complex 4D S(Q, E), to probe and rationalize the key
dynamical timescales and spatial correlations.
Argyrodites with the general composition A,;PChg
(A =Li, Cu, Ag; Ch =S, Se) have emerged as a widely

studied class of superionic compounds, owing to their
remarkable ionic diffusivity, but their structural complexity
and multiple diffusion pathways have challenged both
experiments and simulations [25-29]. Computational
studies have predicted that ion diffusion in argyrodites is
highly correlated, yet direct experimental evidence remains
lacking [28,30-32]. Beyond collective ion hops, further
dynamical correlations between the hops of mobile ions
and phonon modes of the framework lattice could also
enable fast ion transport [33,34]. These included consid-
erations of soft lattice [35,36], phonon anharmonicity
[37-39], and a so-called paddle-wheel scenario [40].
However, it remains highly debated which dynamical
correlations are key for ionic transport, with controversy
surrounding the paddle-wheel effect [33,41,42]. Indeed,
atomistic simulations point to the absence of a paddle-
wheel mechanism in argyrodites, suggesting that other
dynamical correlations are at play [26,27]. Inelastic
neutron scattering (INS) measurements on powder sam-
ples of several argyrodites found softening and broad-
ening of low-energy phonons across the superionic
transition, suggesting that some particularly soft and
anharmonic phonon modes may act as precursors to ionic
hopping [26-29]. Recent work on LigPSsCl [27] further
showed that overdamped low-energy phonons lead to a
linear DOS, the characteristic signature of liquid diffu-
sion described by the instantaneous normal mode frame-
work [43-45]. These findings reveal the presence of
liquidlike dynamics in superionic argyrodites and point
to their intrinsic origin in strongly anharmonic phonons.
However, powder-based measurements inherently
obscure mode-resolved information, leaving open the
central question of which specific phonon modes are
most strongly involved in the emergence of a superionic
phase. Moreover, although low-energy phonons have
been proposed to encode minimum energy pathways
for ion migration, whether collective vibrational modes
are the origin of correlated ion hopping has remained
unclear [46—48].

To directly assess the extent of cooperativity of ionic
hops and identify the key dynamical correlations under-
lying facile ionic transport, we performed extensive neutron
scattering measurements and large-scale machine-learned
molecular dynamics (MLMD) simulations on the argyro-
dite Cu,PSg, which becomes superionic above an order-
disorder transition at 510 K [49,50]. Copper ions present a
unique advantage for neutron scattering investigations,
possessing both incoherent (o;,, = 0.55 b) and coherent
(6.on = 7.485 b) scattering cross sections, which provides
access to both single-particle and collective ionic dynamics
[51]. By leveraging the full capability of neutron scattering,
here we report the first direct observation of collective
hopping in superionic argyrodites and trace its origin to
strongly anharmonic phonons. Our measurements on high-
quality single crystals reveal prominent Q-dependent
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FIG. 1. Coherent QENS revealing collective hopping in the superionic Cu;PSg. (a) Crystal structure of Cu;PSq in the superionic
phase, with Cu probability density (blue clouds) visualized from 600 K MLMD trajectories. (b) Overlay of Cu sites in the normal phase
and partially occupied Cu sites in the superionic phase for a representative cage. (c) Schematic illustration of intracage and intercage
pathways in Cu;PSg¢. Intracage jump in argyrodites is predicted to be highly correlated. (d),(e) Elastic intensity maps in the (4 H L) plane
(IE] £ 1 meV) from LET measurements (left) and MLMD simulations (right) at (d) 300 and (e) 600 K, showing the emergence of
diffuse scattering lobes in the superionic phase, particularly around Q = (2.52.50) and (1 1 4). The ring in LET data is from diffraction
by the aluminum sample holder. (f) S(Q) maps in the (H H L) plane for |E| < 1 meV from the Cu incoherent contribution (left) and the
Cu-Cu coherent contribution (right), calculated from 600 K MLMD trajectories. The intensity of the Cu incoherent contribution is
multiplied by 5 to highlight the feature. (g) Representative S(E) spectra at 600 K from LET at Q; = (1.7 1.7 0.5), off the diffuse lobes,
and Q, = (2.52.50.5), on the diffuse lobes, revealing a stronger QENS response at Q,. (h) Corresponding MLMD-simulated S(E)
spectra at the same Q points, separated into coherent and incoherent components, showing the strong coherent QENS contribution at
Q, = (2.52.50.5). (i) Temperature-dependent intensity of diffuse lobes around (2.5 2.5 0) from WAND? measurements, with maps at
selected temperatures just below and above the 7., highlighting the sharp emergence of diffuse scattering upon entering the superionic
phase.

dynamic diffuse scattering intensity between Bragg peaks,
emerging in the superionic phase, from which we are able
to directly resolve the nature of spatial correlations between
diffusive Cu ions. Furthermore, our QENS measurements
resolve the single-ion dynamics via incoherent QENS
(dominant at low |Q|) probing the self Van Hove function,
G,(r,t), and the pairwise cooperative diffusive dynamics
for larger Q associated with local processes [coherent
QENS probing the distinct Van Hove function, G,(r, 1)].
Our extensive atomistic simulations reproduce the exper-
imental observations of all QENS components and further

provide real-space insights into the collective hopping
mechanism, showing that cations hop in concert while
maintaining a short-ranged Cu-Cu ordering pattern. Finally,
we reveal that this behavior originates from the breakdown
of phonon quasiparticles, establishing a direct connection
between soft anharmonic collective vibrations of the parent
phase and concerted ionic hopping in the superionic
regime. Together, these results establish the crucial dynami-
cal correlations underpinning superionic transport in crys-
tals, offering a fundamental framework for understanding
and designing novel SICs.
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II. COLLECTIVE HOPPING PROBED BY
COHERENT QENS

The crystal structure of Cu;PSg has been investigated by
x-ray diffraction [49,50]. At room temperature, Cu,;PSq
crystallizes in the normal cubic P23 phase, comprising a
framework of PS}~ tetrahedra and free S?~ ions, with Cu
ions fully occupying the Wyckoff 4a and 12b sites. Above
the phase transition at 7, = 510 K into the superionic
F43m phase, the Cu ions become disordered and hop
through three partially occupied sites (48h, 48h, and 16e)
[50]. Importantly, the spatial probability density of Cu ions
is very broad, forming an extended continuum as illustrated
in Fig. 1(a), evidence of a shallow underlying potential
energy surface. The partially occupied Cu sites in the
superionic phase form cagelike clusters, with each unit cell
of Cu,PSg¢ containing four such cages. Additional structural
renderings are provided in Figs. S3 and S4 [52]. Figure 1(b)
compares the ordered Cu sites in the normal phase with the
partially occupied sites in the superionic phase for a
representative cage. Each cage has a truncated tetrahedral
geometry with six edges yet accommodates seven Cu ions.
This arrangement prevents all Cu ions from occupying
equivalent or equidistant sites, resulting in a geometrically
frustrated configuration, with the shortest Cu-Cu distance
being around 2.9 A [Figs. S3(b) and S5 [52]]. As shown
schematically in Fig. 1(c), two main pathways are com-
bined to achieve long-range facile diffusion in argyrodites,
with intracage process referring to mobile ions exploring
multiple sites within a single cage and intercage process
describing hops between cages. Previous computational
studies of argyrodites suggested that intracage hops are
highly correlated [30,31].

A. Emergence of diffuse scattering and coherent
QENS in superionic phase

We first report the experimental signature of collective
hopping in superionic Cu,PSq from single-crystal neutron
scattering. Figures 1(d) and 1(e) show elastic maps mea-
sured on the LET spectrometer at the ISIS Neutron and
Muon Source at 300 K in the normal phase and at 600 K in
the superionic phase. The data confirm the high quality of
our crystal and clearly capture the structural transition from
simple cubic to face-centered cubic (only all-even or all-
odd Miller indices allowed above T',.). Importantly, a clear
Q-dependent diffuse scattering signal emerges in-between
Bragg peaks in the superionic phase, forming several lobes
including local intensity maxima around (1 1 4) and (2.5
2.5 0) in the horizontal scattering plane, as well as in
vertical planes (Fig. S7 [52]). To rationalize these obser-
vations, we performed large-scale MLMD simulations with
machine-learned potentials trained on ab initio data. This
approach enables larger and longer simulations while main-
taining near density-functional-theory-level accuracy. The
simulations were run on a 10 x 10 x 10 supercell (56 000

atoms) to achieve the momentum resolution of 0.1 in
reciprocal lattice units (r.L.u.), allowing direct comparison
with the neutron measurements. Our MLMD simulations
successfully reproduce the diffuse scattering lobes [see
Figs. 1(d), 1(e), S6(a), and S7 [52] ] and further reveal that
this signal originates exclusively from Cu-Cu pair correla-
tions (Fig. S8 [52]). Consistent diffuse signals are seen in
energy-integrated neutron diffraction measurements per-
formed over an extended Q range and for additional temper-
atures with WAND? at the high flux isotope reactor (HFIR),
which show the same diffuse lobes as LET in the horizontal
plane [Figs. 1(i) and S9 [52]]. Furthermore, the WAND?
data show a decay of diffuse intensity at higher |Q|, consistent
with angstrom-scale correlations, and reveal an abrupt
temperature dependence, with diffuse lobes suddenly
appearing in the superionic phase.

The diffuse lobes in the superionic phase reflect the
existence of prominent short-range Cu-Cu correlations,
despite Cu ions hopping dynamically across many sites.
Indeed, these correlations are dynamic in nature, unlike the
static short-range disorder often discussed in diffraction
measurements. Figure S10 [52] shows the S(Q) maps with
different E-integration ranges from LET data, demonstrat-
ing the dynamic nature of the diffuse signal, which exhibit a
finite energy component extending beyond the elastic
channel. These results indicate dynamically correlated
disorder and suggest that Cu-Cu pairs tend to hop collec-
tively while preserving short-range spatial correlations.
Since coherent scattering arises from interference between
neutron wavelets scattered by different atoms, it is sensitive
to relative atomic positions and produces structured Q-
dependent intensity in reciprocal space. In contrast, inco-
herent scattering probes only the self-correlation of indi-
vidual atoms and therefore produces smoothly varying
intensity distribution. Therefore, the intensity maxima
observed for Q vectors on diffuse lobes, with their
associated quasielastic response, demonstrate the presence
of coherent QENS, as expected from the dominantly
coherent scattering length of Cu [19,63]. This interpretation
is supported by the MLMD calculations shown in Fig. 1(f),
where the Cu incoherent and Cu-Cu coherent contributions
to the S(Q) maps are presented separately (the intensity
of the Cu incoherent contribution is multiplied by 5 to make
the feature more visible; for the same intensity scale, see
Fig. S11 [52]). These demonstrate that the observed
Q-dependent diffuse intensity originates predominantly
from the Cu-Cu coherent contribution. To further illustrate
this, we compare the spectra at two representative Q points
Q; = (1.71.70.5), away from the diffuse lobes, and at
Q, =(2.52.50.5), on a diffuse lobe, respectively. As
shown in Fig. 1(g), the QENS signal extends up to a
few meV at both Q at 600 K. This broadening, which
significantly exceeds the instrumental resolution of
0.28 meV [Figs. 2(c) and 2(d)], reflects rapid relaxational
dynamics of Cu ions from stochastic hopping in the

031046-4



PHONON-ACTIVATED COLLECTIVE HOPPING IN A ... PHYS. REV. X 16, 031046 (2026)

(a) (b) (c) (d)
FOCUS 600 K FOCUS 600 K LET 600 K LET 600 K
|Q|=0.46+0.06 A~ |Q|=0.94+0.06 A1 Q=(1.7 1.7 0.5); |Q|=1.60 A~ Q=(2.52.50.5); |Q|=2.32 A
Tnarrow=11peff [, [ Tnarrow = 37 néY || | Toroad = 0.40 meV Throod = 0.43 meV
Tbroad = 0.40 & Tbroad = 0.44 M 03 I [
z Background | & | 2 | |1 )
co0.8 | — oera €08 A‘ E n Zo.
; \‘ Narrow Lor. : *‘ : ;
£ || — Broad Lor. s | 50.2 &
2 ES M | ES 2
Zo.4 204 ‘o g Zo.
£ £ LA £01 2
IR
0058 =04 00 04 08 00508 —04 00 04 08 00T =2 -—1- 0 1 2
Energy (meV) Energy (meV) Energy (meV)
(e) ()
Intercage FOCUS Intracage ¢ FOCUS
0.1F T = 600 K MLMD Cu Incoherent 1.0/ 7= 600 k 4 MLMD Cu Incoherent
_ ¢ LET T = ) ¢ LET
S o 4 s>
[} - [
£ g by }
= 05 } ; b4 $ oo i i .
085 05 10 5 080 05 70 15
[Ql (A-1) Q| (A1)
(9) (h)
T=600K Coherent QENS 2 T=600K Coherent QENS
1.0 # LET(HHO0.5); 1.5sH=<2.7 g ¥ LET(HHO0.5); 1.5=H=<2.7
#  MLMD Coherent £ 1.0 MLMD Total . 2 .
%* o o MLMD Incoherent = A
£ = o MLMD Coherent "
Co5 Lo e e . " 2 .
e et L gos i
- L]
[%a} L]
z = = B
3 o
0075 20 25 00735 2.0 25
Q| (A-1) IQl (A1)
(i) @)
04 I Pos.
62 ') A\
AZ(lu) O
-0.2 \ , 0
-0.4
0402 0204 N
002 029 e
3 L. jm— ]
AX(Lu)““ 04 04 ~° AY(Lu) Neg. Uz
00 03 06
At (ps)

FIG. 2. Resolving the diffusion processes in Cu;PSg including long-range intercage jump, restricted intracage jump, and collective
behavior emerging during intracage jump. (a)-(d) Representative QENS spectral fits at 600 K. QENS widths are reported as half width at
half maximum (HWHM). (a),(b) High-resolution powder QENS measurements at low-|Q| region with FOCUS resolve two QENS
components with distinct timescales, corresponding to slow and fast hopping processes. (c),(d) LET single-crystal measurements at higher
Q around the diffuse scattering capture the broader component. (e),(f) The slow and fast components extracted from FOCUS exhibit (e) | Q|-
dependent broadening following the Chudley-Elliott model (curves), consistent with long-range intercage diffusion, and (f) |Q|-
independent broadening, indicative of localized intracage motion. MLMD simulations reproduce these features and confirm that the QENS
broadening in the low-|Q| region arises primarily from incoherent scattering due to Cu self-diffusion. The two distinct QENS components
are likewise observed in the LET single-crystal measurements with £; = 1.91 meV. (g) QENS widths extracted from LET measurements
along the [H H 0.5] direction, with the green shading indicating the region where diffuse scattering and coherent QENS are observed. LET
measurements yield the same |Q|-independent width as in (f), confirming that the observed dynamics are associated with intracage process,
but further reveal coherent QENS features at specific Q points, highlighting the presence of collective hopping. (h) QENS intensity along the
[H H 0.5] direction at 600 K from LET measurements and MLMD simulations, showing a clear Q dependence with stronger intensity at
specific Q regions arising from coherent QENS. The QENS intensity from LET is obtained from the integrated area of the fitted Lorentzian
components shown in Fig. S35 [52]. The intensity from MLMD is obtained from the integrated area of S(E) in the quasielastic region shown
in Fig. 1(h), excluding the elastic line. (i) Calculated 3D A-PDF from 600 K MLMD reveals strong positive Cu-Cu correlations along
specific bond vectors near [0.150.150.25], indicating spatially correlated hopping. (j) MLMD trajectories confirm that Cu ions undergo
collective intracage jump while preserving a specific set of Cu-Cu bond vectors. Left: a representative two-ion collective hop from 600 K
MLMD. Only frames corresponding to a correlated hop are shown for clarity (time step between frames shown is 0.04 ps). Right: temporal
evolution of the Cu-Cu bond vector during this event, overlaid on the strong correlation feature in the 3D A-PDF.
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superionic phase. Importantly, the QENS intensity at (2.5
2.5 0.5), where diffuse scattering is observed, is much
stronger. MLMD simulations reproduce the observed
phenomenon and allow us to separate the incoherent and
coherent contributions [Figs. S6(b) [52] and 1(h)].
Pronounced coherent QENS is observed at (2.5 2.5 0.5),
in contrast to (1.7 1.7 0.5). This confirms that the stronger
QENS intensity at (2.5 2.5 0.5), which is the dynamic
component of the diffuse signal, originates from c-QENS.

Generally, ion diffusion is studied by incoherent QENS,
which provides microscopic information about self-diffu-
sion alone. The observation of coherent QENS in ionic
hopping systems reflects spatially correlated ionic jumps,
indicative of a collective hopping mechanism [19,22,64—
68]. It should be noted, however, that coherent QENS
reflects overdamped correlated dynamics and is not a priori
associated with collective hopping (see discussion in
Appendix B). Yet, in the present case of Cu;PSq, the
coherent QENS signal emerges specifically in the superi-
onic phase, concomitant with the onset of rapid Cu-ion
hopping. We further show that the coherent QENS
observed with INS matches, in both Q and E, the
MLMD simulations. The signal arises from spatial corre-
lations associated with the cooperative Cu hopping process.
Additional discussion of the interpretation of coherent
QENS as a signature of collective hopping behavior is
provided in Appendix B. Together, our neutron scattering
measurements and MLMD simulations reveal Q-dependent
diffuse scattering with coherent QENS in superionic
Cu, PS¢, providing experimental evidence of its collective
hopping behavior. We note that polarized neutron mea-
surements can, in principle, provide a separation of
coherent and incoherent scattering contributions [64,69].
However, such measurements remain extremely slow and
therefore impractical to map S(Q, E) on single crystals
while maintaining the resolution needed for QENS. Here,
by leveraging a single crystal with Cu as a strong coherent
neutron scatterer, we identify c-QENS through its pro-
nounced Q dependence without requiring polarization
analysis [see intensity difference in calculated S(Q)
from Cu incoherent and Cu-Cu coherent contributions in
Fig. 1(f)]. Our measurements represent the first compre-
hensive mapping of S(Q, E) in a high-quality superionic
argyrodite crystal, unambiguously revealing diffuse scatter-
ing features associated with correlated dynamic disorder in
the superionic phase.

III. REAL-SPACE INSIGHTS INTO
COLLECTIVE HOPPING

A. Resolving the diffusion processes from incoherent
and coherent QENS

We next demonstrate that the observed fast coherent
QENS arises from collective behavior during intracage
process, while a slower incoherent QENS at low |Q|

TABLE 1. Hopping distances, residence time, and diffusion
coefficients of the intercage process at 600 K. These values are
extracted based on the Chudley-Elliott fit of QENS spectra.

FOCUS MLMD
diump (A) 2.8+0.3 2.7+0.1
7 (ps) 128+ 1.2 9.34£0.2
D (x107° cm?/s) 1.04 +£0.32 1.31£0.14

captures the long-range self-diffusion. To resolve slower
diffusion processes in Cu;PSq, we performed QENS
measurements on a powder sample using FOCUS at
Swiss Spallation Neutron Source, with an instrumental
energy resolution of 80 peV at a series of temperatures.
The T-dependent spectra from FOCUS (Fig. S12 [52])
show a clear QENS broadening upon warming above T'.
Figures 2(a) and 2(b) show representative fits of FOCUS
spectra measured at 600 K. A delta function represents
elastic scattering, and two Lorentzian components are used
to capture QENS contributions, with all fit components
convolved with the instrument resolution. Notably, the
spectra are well described by two Lorentzian components
with distinctly different widths, indicating the presence of
two separate diffusion processes. The width of the broad
component does not vary substantially with increasing |Q],
while the narrow one broadens, consistent with localized vs
long-range diffusion [19,20]. Our MLMD simulations
reproduce these observations and further establish that
the FOCUS data primarily reflect the self-diffusion of
Cu ions (Supplemental Material [52] Sec. IV). Figures 2(e)
and 2(f) summarize the |Q|-dependent QENS widths of the
two processes identified in the FOCUS measurements and
simulations. The narrower component follows a Chudley-
Elliott jump diffusion model, consistent with long-range
diffusion on a periodic lattice [70]. The corresponding
jump distance, residence time, and diffusivity are summa-
rized in Table 1. The extracted jump length of approx-
imately 2.8 A matches the shortest intercage Cu-Cu
distance (Fig. S5 [52]), and the diffusivity, on the order
of 1073 cm?/s, is consistent with previous reports in
argyrodites [26-29]. We therefore infer that this slower
process is being limited by intercage process. In contrast,
the width of the broader component is approximately
0.4 meV, corresponding to a timescale of about 1.6 ps,
which is about 10 times faster than the slower process,
and exhibits no |Q| dependence, a characteristic of local-
ized motions within a confined volume [19,20,71]. This
broader component is therefore assigned to fast intracage
jump, where Cu ions rapidly explore multiple sites within a
single cage, but sensed through the incoherent scattering
process from individual ions. The two distinct diffusion
processes can be clearly illustrated by the calculated
Gy(r,t) for Cu ions from 600 K MLMD trajectories
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(Fig. S14 [52]). At short timescales (within 2 ps), Cu ions
hop by around 3 A, the characteristic jump length of the
intracage hopping process. The correlation remains at
3-4 A over longer times, meaning that the ion remains
confined within the same cage. After about 20 ps, a new
component appears around 6 A, separated by a gap from
the intracage regime, indicating the onset of intercage
hopping onward to long-range transport. We note that
the QENS signal from FOCUS is in quantitative agreement
with our LET single-crystal measurements (E; = 1.91 meV,
resolution = 60 peV) after powder averaging, further
strengthening our analysis. Additional details regarding
QENS analysis and diffusive characteristics are provided in
Supplemental Material [52] Sec. V.

After establishing the diffusive characteristics of inter-
cage and intracage processes from FOCUS data and
MLMD, we now analyze the QENS widths from LET
measurements to determine which process gives rise to the
coherent signal. Figure 2(g) shows the |Q| dependence of
the QENS width from LET data along the [H H0.5]
direction across the diffuse lobes. The QENS width shows
little |Q| dependence (constant ~0.4 meV), matching the
broad component associated with intracage jump observed
with FOCUS. Notably, the QENS intensity exhibits a clear
Q dependence, with stronger response at specific Q, a
signature of coherent QENS [Fig. 2(h)]. This is further
supported by our MLMD simulations, which clearly show
that the coherent QENS intensity peaks at the locations of
the diffuse lobes, leading to the observed Q-dependent
QENS intensity, whereas the incoherent QENS exhibits
only weak Q dependence, with little intensity in the high-Q
region where the diffuse lobes are observed [see Fig. 1(f),
which shows that the incoherent QENS intensity is much
stronger at low Q]. The same QENS width is observed in Q
regions where coherent QENS emerges, indicating that the
coherent QENS originates from the intracage process. This
is further supported by the calculated distinct Van Hove
correlation function G,(r, ), which captures the rapid
decay of Cu-Cu pair correlations consistent with collective
intracage jump (see Supplemental Material [52] Sec. VI).
We further characterized the temperature dependence of the
coherent QENS at (2.5 2.5 0.5) from CTAX measurements
at HFIR, yielding an activation energy of around 90 meV
for the collective hopping process (Supplemental Material
[52] Sec. VII). We note that the intracage process is
reflected in both incoherent and coherent QENS channels.
The incoherent signal provides the observation of single-
particle dynamics of Cu ions, while the coherent part
captures correlations in Cu hops within cages. Our single-
crystal QENS measurements thus directly reveal the col-
lective nature of intracage jump, providing the first exper-
imental confirmation of prior computational predictions.
Importantly, our findings are distinct from the de Gennes
narrowing scenario, often discussed in coherent QENS
theory, where QENS widths narrow at wave vectors with

strong S(Q) intensity, reflecting long-lived metastable
correlated configurations [68,72,73]. In superionic
Cu,PS¢, the coherent QENS spectra at diffuse lobes
remains broad, reflecting very fast and continuous spatially
correlated hopping dynamics. Such collective hopping is
believed to underpin the facile ion transport in argyrodites,
making them attractive SICs [10,30,32].

B. Spatial correlation of collective hopping

To gain real-space insight into Cu-Cu spatial correlations
during the hopping process, we calculate the 3D A-PDF at
600 K, obtained from our diffuse scattering simulations
over a large reciprocal space, up to 10 r.L.u. in each direction
(Fig. S19 [52]). The 3D A-PDF encodes real-space ion-ion
correlations, and its maxima reflect preferred bond vectors
—it is the Fourier transform of the diffuse scattering
observed in Q space with the correlations of the average
crystal lattice subtracted [74—76]. We note that our mea-
surements clearly capture the diffuse scattering features,
providing experimental evidence for the underlying spatial
correlations. However, limited Q coverage and background
artifacts in neutron scattering measurements prevent a
robust reconstruction of the 3D A-PDF, and we therefore
resort to simulations. The resulting 3D A-PDF exhibits
strong positive correlations along bond vectors forming a
triangular patch, with local maxima at around
[0.150.150.25] in lattice unit (Lu.), and permutated coor-
dinates [red patches in Fig. 2(i)]. Eight such patches,
following the local symmetry of the cages, are located
approximately 3 A from the origin. These indicate the
preferred Cu-Cu distance and bond directions maintained
during hopping process. Consistently, the diffuse lobe at
(2.5 2.5 0.5) has a wave-vector magnitude |Q| = 2.32 A~",

corresponding to d = 2.7 A in real space, matching the
strong positive correlations revealed in the 3D A-PDFE
From MLMD trajectories, we further identify collective
intracage events for pairs of Cu ions moving along adjacent
edges of a cage, while maintaining bond vectors consistent
with the spatial correlations predicted by the 3D A-PDF
[Fig. 2(j)]. Together, these findings reveal the dominant
spatial correlations underlying collective hopping in
Cu, PS¢, which give rise to the observed diffuse scattering
and coherent QENS. We also computed the correlation
factor related to the Haven ratio from MLMD trajectories,
yielding a value of 2.8 for Cu ions at 600 K, indicating that,
on average, about three Cu ions hop collectively
(Supplemental Material [52] Sec. VIII). Additional collec-
tive hopping events identified in our MLMD trajectories,
including multi-ion hops, are shown in Fig. S20 [52].

IV. CONNECTION TO ANHARMONIC PHONONS

Next, we show how specific phonons activate fast
collective hopping. Figures 3(a) and 3(b) compare the
slices of S(Q, E) from LET along the [2.52.5 L] direction,
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Evolution from phonon vibrations to collective hopping across the superionic transition in Cu;PSg. (a)—(d) INS measurements

and MLMD simulations reveal that the coherent QENS originates from the breakdown of low-energy optical phonons. S(Q, E) slices
along the [2.52.5 L] direction, measured by LET and simulated by MLMD at (a) 300 and (b) 600 K, together with energy spectra at

Q

= (2.52.50.5) from (c) HB3 measurements and (d) MLMD simulations. (¢) Eigenvectors of the soft optical mode at q =

(0.50.50.5) with 3.36 meV in the P2,3 phase. The phonon eigenvectors (red arrows) strongly overlap with the intracage pathway.
(f) Probability density of Cu ions from configurations generated by the low-energy phonon modes. (g) Cu probability map from 600 K

MLMD for comparison.

across the diffuse lobes, at 300 and 600 K. A broad
maximum of intensity centered at about 2.5 meV at around
(2.52.50) is observed at 300 K, reflecting that this phonon
mode is already very soft and damped even at room
temperature. This broad phonon evolves into the coherent
QENS response in the superionic phase at 600 K, becoming
overdamped as the vibrational dynamics become relaxa-
tional from stochastic jumps in time. Again, our MLMD
simulations successfully capture this behavior. A clear
evolution from low-energy phonons to coherent QENS is
also observed in the energy spectra measured at (2.5 2.5
0.5) using HB3 at HFIR. As shown in Figs. 3(c) and 3(d),
the low-energy phonon peak around 2.5 meV seen at 300 K
evolves into a quasielastic response at 600 K. Figure S22
[52] compares the data from LET and HB3, cross-validat-
ing our observations.

We further trace these phonon modes to lower temper-
atures with HB3 and characterize their temperature

evolution. Figure S23(a) [52] shows S(E) spectra at Q =
(2.52.50.5) from 50 to 600 K. At 50 K, well-defined low-
energy optical phonon peaks are observed at approximately
3.5 and 6 meV, consistent with estimates from a heat
capacity analysis [50]. As T increases, these phonon modes
soften and broaden, eventually breaking down in the
superionic phase. Notably, spectra of the 3.5 meV modes
change dramatically even in the low-temperature range,
reflecting the extremely soft bonding of the Cu ions with
very shallow and anharmonic potentials. These lower-
energy modes therefore correspond to large-amplitude
vibrations of the Cu ions that approach the migration
saddle points, evolving into the c-QENS response upon
warming. The spectral weight transfer from low-energy
phonons to diffusive dynamics across the superionic
transition is reminiscent of prior investigations on other
SICs based on powder-averaged S(E) [26-29] and is also
observed in our powder measurements [Fig. S23(b) [52] ].
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Beyond previous findings, here we identify the key phonon
modes coupling to the superionic transition based on
single-crystal INS and observe the breakdown of these
modes as they evolve into coherent QENS and diffuse
intensity in the superionic regime. These results highlight
the intrinsic connection between phonon vibrations and
collective hopping, with low-energy optical phonons of the
parent normal phase representing precursor collective
hopping modes. These soft phonons correspond to corre-
lated Cu motions that align with the softest directions of the
potential energy surface, enabling superionic diffusion via
correlated hopping. The evolution from low-energy pho-
nons to coherent QENS is further demonstrated in the
computed S(Q, E) slices based on quasiharmonic approxi-
mation (QHA) and MLMD simulations at multiple T
(Fig. S24 [52]). Importantly, MLMD allows us to separate
the contributions from different ion pairs and establish that
these dynamics are predominantly driven by cooperative
motions of Cu cations.

Moreover, we can see that the phonon-activated col-
lective hopping process is strongly modulated by the host
lattice dynamics and contributes to long-range diffusion
(see Supplemental Material [52] Sec. IX). This highlights
the key role of lattice flexibility in ionic diffusion
processes, supporting materials-design strategies based
on tuning host-lattice dynamics [8,77]. In parallel, we also
observe the emergence of a linear phonon DOS, g(@) ~ w,
in the superionic phase, indicative of liquidlike dynamics
(Fig. S26 [52]) [43,44]. This behavior echoes our recent
observation in the Li argyrodite LigPSsCl (in powder
samples) that revealed liquidlike dynamics via an excess
low-energy spectral weight, although the specific over-
damped phonons could not be identified [27]. The
coherent QENS observed in Cu,PS¢ underlies this spectral
weight enhancement and pinpoints the origin of the
liquidlike DOS.

Lastly, we establish the specific phonon modes that act as
precursors to intracage jump in Cu,;PSgq using on phonon
eigenvector analysis. Figure 3(e) visualizes the eigenvec-
tors of the lowest-energy phonon modes with 3.36 meV at
the reduced q point (0.5 0.5 0.5) calculated by QHA. These
modes correspond to the low-energy phonons observed at
(2.5 2.5 0.5) in the LET and HB3 measurements. We find
that the atomic displacements from these modes strongly
overlap with the intracage pathways of Cu ions. By
projecting the MLMD trajectories onto these modes and
computing the mode-projected power spectrum, we clearly
observe a well-defined phonon peak at low temperatures,
which gradually broadens and eventually breakdowns upon
warming across the superionic transition (Fig. S27 [52]). To
further validate that these phonon modes act as a precursor
to intracage jump, we generate Cu configurations compat-
ible with these eigenvectors and compute the resulting Cu
probability density. The resulting distribution closely
resembles the intracage Cu density calculated from the

600 K MLMD simulations [Figs. 3(f) and 3(g)], further
supporting our identification of the precursor phonons that
facilitate intracage concerted jump.

V. CONCLUSION

Our study firmly establishes the prevalence of collective
hopping in superionic argyrodites and traces its origin to
specific low-frequency phonons, by combining compre-
hensive neutron scattering experiments with large-scale
MLMD simulations resolving 4D spatiotemporal correla-
tions of ionic motions. We decisively reveal the emergence
of Q-dependent diffuse scattering and coherent QENS in
superionic Cu;PS¢, providing experimental evidence of
spatially correlated cation hops. Our results clearly reveal
collective Cu ion hops along the edges of clusters,
preserving a preferred bond distance and a set of bond
vectors. Furthermore, we demonstrate that these collective
intracage hops originate from the breakdown of specific
phonon modes in the parent phase, establishing a micro-
scopic connection between soft phonons along a shallow
saddle point in the potential energy surface and concerted
ionic migration. The cooperative hopping behavior iden-
tified herein goes beyond prior predictions and directly
measures the key dynamic correlations enabling facile
diffusion in argyrodites. Taken together, these results
resolve prior controversies and reveal the dynamical origin
of ionic diffusion, going beyond conventional considera-
tions of static potential energy surfaces. The definite link
established between precursor phonons and facile collec-
tive hops advances the fundamental understanding of ion
transport and provides a physical basis for tuning relevant
vibrational modes to shape transport properties in superi-
onic materials.
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APPENDIX A: RESOLVING THE ATOMIC
DYNAMICS THROUGH NEUTRON SCATTERING
AND MOLECULAR DYNAMICS

The fundamental quantity describing atomic dynamics
and correlations is the Van Hove correlation function
G(r, 1), defined in Egs. (1) and (2) in the main text. The
Van Hove correlation function can be decomposed into a
self part G,(r,7) and a distinct part G,(r, ), describing
single-particle motion and spatial correlations between
different atoms, respectively.

In neutron scattering experiments, the measured quantity
is the dynamical structure factor S(Q, E), which is the
double Fourier transform of the Van Hove function in both
time and space:

1 [, :
5 h/ lEt/hdt/g_lQ'rG(r, t)dr- (Al)

The measured S(Q, E) has contributions from both the
coherent dynamical structure factor S/ (Q,E), which
probes the correlated dynamics between the /th and Jth
elements, and the incoherent dynamical structure factor
S! .(Q.E), which probes the self-dynamics of the Ith
element. They are defined as

S(Q.E) =

1 [e , ,
S¥ (Q, E):Z A Ze—zQ-[R,.[(0>—R.,.,/<t)]ezEt/hdt, (A2)
ij

1nc / Ze—lQ [R7i(0)-R(z ]elEf/hd[ (A3)

where R, (1) is the ith atom position of element type I at
time ¢ and the summation indices i and j represent the sum
over the /th and Jth types of elements, respectively. The
indices I and J may be equal, in which case S, (Q,E)
describes correlations between different atoms of the same
element. The total measured neutron scattering intensity is
thus proportional to

tot Q E Zbéohbgoh Sclzéh )

Z inc 2S1Jnc )

where b!, and bl  are the coherent and incoherent
scattering lengths of the /th element, respectively, and
the summation indices / and J run over different elements
in the unit cell.

In addition to neutron scattering experiments, we per-
formed large-scale molecular dynamics simulations, from
which S(Q, E) [or G(r, 1)] can be directly computed from
atomic trajectories, enabling direct comparison with neu-
tron scattering measurements. For a detailed description of
the methodology, see Supplemental Material [52].

(A4)

APPENDIX B: COHERENT QENS AS A
SIGNATURE OF COLLECTIVE HOPPING

Generally, coherent QENS reflects overdamped dynam-
ics arising from spatially correlated displacements. It is not
uniquely associated with collective hopping. It may also
originate from damped structural fluctuations, as reported
for metal halide perovskites even in the absence of ionic
hopping [78,79]. In the present case of Cu,PS¢, however,
the coherent QENS signal emerges only in the superionic
phase, when Cu ions begin to hop rapidly. This indicates
that the observed signal originates from spatial correlations
associated with the hopping process, namely, cooperative
hopping of mobile ion pairs between different sites while
maintaining short-range dynamical correlations. Similar
coherent QENS signatures have previously been used to
investigate collective hopping behavior in bulk water, ionic
liquid systems, quasicrystals, and fluoride conductors [64—
68]. In the case of purely uncorrelated self-diffusion, the
relative phases of the scattered neutron wavelets would
become randomized and therefore would not produce the
constructive interference responsible for the observed Q
modulation of diffuse intensity maxima and coher-
ent QENS.
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Furthermore, the simultaneous observation of diffuse
scattering and a QENS response in a superionic system
does not by itself imply collective diffusion, since diffuse
scattering may arise from static disorder of the host lattice
[80], while incoherent QENS may originate from self-
diffusion in a disordered system [22]. Here, the Q-depen-
dent diffuse intensity arises from a coherent QENS
response associated specifically with the mobile ions,
reflecting short-range dynamic Cu-Cu correlations. We
stress that the diffuse pattern observed in S(Q) in
Fig. 1(e) originates from the coherent QENS response,
since the signal is integrated over the energy window
|E| <1 meV, which includes the quasielastic contribution
and therefore reflects the underlying dynamic correlations.

Taken together, our single-crystal neutron scattering
measurements directly resolve both the spatial and tempo-
ral aspects of the correlated Cu-ion dynamics in superionic
Cu,PSg4. The observed coherent QENS response provides
access to both the hopping characteristics and the under-
lying correlation vectors. As discussed in Sec. III, we match
the observed coherent QENS signal to the intracage
hopping process, evidencing cooperative hopping of Cu
ions within the cage.
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