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The quest for advanced superionic materials requires understanding their complex atomic 
dynamics, but detailed studies of the interplay between lattice vibrations and ionic diffusion 
remain scarce. Here we report inelastic and quasielastic neutron scattering measurements in 
the superionic argyrodite Cu7PSe6, combined with molecular dynamics (MD) based on ab-
initio and machine-learned potentials, providing critical insights into the atomistic mechanisms 
underlying fast ion conduction. Our results reveal how long-range Cu diffusion is limited by 
inter-cluster hopping, controlled by selective anharmonic phonons of the crystalline framework. 
Further, our Green-Kubo simulations reproduce the ultralow lattice thermal conductivity and 
identify contributions from mobile ions, phonons and their cross-correlations. Our mode 
resolved analysis shows that the thermal conductivity is dominated by low-energy acoustic 
phonon modes of the overall crystal framework. Our analysis of mode-resolved spectral 
functions further show that vibrational modes with significant Cu contributions are strongly 
damped, corresponding to the breakdown of associated phonon quasiparticles. These results 
highlight the importance of strongly anharmonic effects in superionic systems, in which the 
traditional quasiharmonic phonon picture is insufficient, and pave the way toward combining 
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machine-learning accelerated simulations with neutron scattering experiments to rationalize 
the complex atomic dynamics underlying ionic and thermal transport. 
 

1. Introduction  

Superionic solids, in which mobile ions can diffuse with mobilities comparable to those of 

liquids, are attracting intense interest for applications in thermoelectrics, rechargeable batteries, 

and fuel cells.1-3 Solid-state battery (SSB) technology is a promising route to overcome the 

limitations of conventional lithium-ion batteries, for example, to improve safety and power 

density. The argyrodite compounds, characterized by the general formula A7BCh6 (A=Cu, Ag, 

Li; B= P, As, Sb and Ch=S, Se), are known for their high ionic conductivity,4-10 and Li 

argyrodites have been extensively studied as candidate solid-state electrolytes.7, 9-16 The Cu and 

Ag-based argyrodites are of further interest for their promising thermoelectric performance,1, 

17-21 partly enabled by their ultralow thermal conductivities (~0.3W/m/K at 300K).1 Additional 

non-argyrodites Cu and Ag-based superionics also exhibit ultralow thermal conductivities, and 

are candidate thermoelectrics.22-26 All argyrodites are characterized by a network of corner-

sharing polyhedra providing an open and flexible structure, in which facile cation migration 

occurs along low-energy-barrier pathways, with the cations transiently distributed across 

numerous possible sites. As we show below, the flexible framework also results in unusual low-

energy phonon modes exhibiting very strong anharmonic effects, which underlie both the 

superionic behavior and the ultralow thermal conductivity. 

Many studies have investigated correlations between crystal structure and superionic 

diffusion.8-10, 27-39 However, the role of framework flexibility and vibrations (phonons) on ionic 

conductivity has remained much less studied.15, 25, 40-47 Studies of atomic dynamics and 

diffusion are especially lacking in the Cu argyrodite Cu7PSe6, while diffusion in Li-argyrodites 

has been investigated more extensively.7-16, 39, 48-51 For instance, theoretical and experimental 

studies probed the effects of halogen doping and site disorder on long-range Li+ diffusion.14-16, 

51 A recent theoretical study of Li6PS5X (X = Br, Cl, I) based on AIMD simulations showed 

that long-range Li+ diffusion is influenced by the degree of structural disorder, with halogen 

doping and site disorder significantly enhancing long-range diffusion.51, 52 In addition, NMR 

studies of these compounds found that rotational motions of PS43- units in Li6PS5Cl and 

Li6PS5Br may facilitate long-range Li+ transport.7 This study focused on the mechanism of Li+ 

diffusion and highlighted a correlation with PS43- tetrahedra dynamics, invoking a paddle-wheel 

mechanism. Further, the correlation between Li+ diffusion and PS43- rotational dynamics 

strongly depends on the halogen dopant.7, 12 In contrast, no detailed investigation of the atomic 
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dynamics in Cu7PSe6 has been reported yet, despite its very high ionic conductivity and ultralow 

thermal conductivity,1, 53 which is of strong interest for thermoelectric applications.  

Here, we report results of our combined experimental and theoretical investigation focused on 

atomic dynamics in Cu7PSe6, spanning both phonon vibrations and diffusive hopping. We 

establish a clear connection between anharmonic lattice dynamics and superionic diffusivity as 

well as ultralow lattice thermal conductivity. We performed inelastic neutron scattering (INS) 

and quasielastic neutron scattering (QENS) measurements to clarify the dynamics of both the 

P-Se framework and of the mobile Cu ions as a function of temperature. INS was performed 

with thermal neutrons to probe the vibrational dynamics of the host crystal lattice via the 

dynamical structure factor, S(Q,E), and the phonon density of states (DOS), revealing a strong 

anharmonicity that causes a large broadening and shift of spectral weight across the superionic 

phase transition. In addition, QENS was performed to interrogate the diffusion process, 

including the jump length and residence time. To rationalize INS and QENS measurements, we 

performed targeted MD simulations of both Cu diffusion and thermal transport. Simulations of 

thermodynamic and transport properties with AIMD can be highly accurate, but their high 

computational cost severely limits the extent of computed trajectories, hampering reliable 

assessment of the diffusion constant and precluding the direct computation of QENS spectra. 

To overcome this limitation, we employ a machine-learning approach to train a surrogate 

neural-net force-field based on the AIMD data.54 This allows us to simulate the material 

behavior on longer length and time scales and at a much reduced computational cost than with 

AIMD, while retaining near ab-initio accuracy. 

 

2. Results and Discussion  

The structure of Cu7PSe6 (figure 1(a)) was investigated with x-ray diffraction (XRD) by Gaudin 

et al., who showed that it exhibits two structural phase transitions.5, 55, 56 Below 250 K, Cu7PSe6 

crystallizes in an ordered orthorhombic phase, which transforms into a disordered, non-

superionic cubic phase (P-213) above 250 K (figure S1). While P and Se positions do not change 

significantly, the Cu atoms become disordered across four different crystallographic sites in the 

cubic phase (fully occupied 4a and 12b sites and two partially occupied 12b sites).55 We refer 

to this phase as n-cubic. Above 320 K, the system transforms to a superionic cubic phase 

(referred to as s-cubic) (figure 1(a)).57, 58 The s-cubic structure has three partially occupied Cu 

sites (48h, 48h, and 16e), three Se sites (4a, 4c, and 16e), and a single P site (4d). Se atoms on 

sites 16e form tetrahedral units (PSe43-) with P, while Se atoms on site 4a stuffs the framework 

structure and form empty Se4 tetrahedral environments with neighboring Se at 16e. 
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Figure 1. (a) Crystal structure of the superionic s-cubic phase of Cu7PSe6 (γ-Cu7PSe6). Cu, Se, 

and P atomic sites are shown by the pink, green, and blue spheres, respectively. Cu+ sites are 

statistically only partially occupied. (b) Simulated trajectories (20 ps sampled from 400 ps run) 

of Cu+ from two different clusters at 500 K in Cu7PSe6. For ease of visualization, the average 

cluster sites are shown in pink. The Cu+ associated with the same cluster are shown by different 

colors. The intra-cluster face-sharing tetrahedra are marked as B and C. The inter-cluster 

connecting "bridge" tetrahedron is labeled A, connecting three PSe4 tetrahedra in grey and one 

stuffed Se. The blue arrows show inter- and intra- cluster diffusion pathways. (c-e) Cu+ 

probability density in (111) plane at 100 K, 300 K, and 500 K in s-cubic phase, computed from 

corresponding MLMD trajectories (400 ps). (f) Cu probability density computed from 

constrained MLMD trajectory at 500 K with frozen host lattice (P, Se), showing suppressed 

intercluster density.  

 

The Cu sites form four cage-like clusters around the Se 4c site. Each Cu+ site in s-cubic lies in 

a tetrahedral unit formed by surrounding Se. Hence, any two consecutive Cu+ sites in a given 

cluster are connected through a Se tetrahedron face (green shaded tetrahedra in figure 1(b)). 

Importantly, neighboring Cu+ clusters are connected via the empty Se tetrahedra, which are 

transiently occupied by a Cu ion during an inter-cluster jump (red-shaded tetrahedron A in 

figure 1(b)). X-ray diffraction of the superionic phase showed that most Cu hops are intra-
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cluster jumps (of length ranging from 0.9 Å to 2.2 Å), with only rare inter-cluster jumps (jump 

length ~2.7 Å), although the latter are required for long-range diffusion.55 Here, we establish 

how the critical inter-cluster hops through the empty Se tetrahedra "bridge" (figure 1(b)) are 

controlled by the instantaneous configuration of surrounding PSe43- units around them, which 

modulates the shape and size of this bridge and in turn controls long-range Cu+ diffusion.  

 

2.1. Inelastic Neutron Scattering  

INS measures the dynamical structure factor, S(Q, E), as a function of momentum transfer Q 

and energy transfer E. The neutron weighted DOS, g(n)(E) can be obtained from the orientation-

averaged S(Q, E) in the incoherent approximation, after corrections for multiple scattering and 

multiphonon contributions, according to:59 

𝑔(")(𝐸) = 𝐴 < $!"($)

%!
&

"(&,())&!±
&
!
𝑆(𝑄, 𝐸) >                                                                              (1) 

where the + or – signs correspond to the neutron energy loss or gain, respectively, and 

𝑛(𝐸, 𝑇) = [exp( 𝐸/k+𝑇) − 1],- is the Bose-Einstein distribution. T, kB, and A are temperature, 

the Boltzmann constant, and a normalization prefactor, respectively. The quantity within 

brackets represents an isotropic average over Q vector directions at a given energy, and 2W(Q) 

is the Debye-Waller factor averaged over all the atoms. 

The DOS obtained from our INS measurements as a function of temperature is shown in figure 

2(b) and figure S2. The measured DOS shows pronounced peaks at E=7, 9, 12, 15, 23, and 30 

meV at low-T. We computed the phonon dispersions and DOS in the low-temperature 

orthorhombic phase using DFT (figure S3). The phonon modes above 20 meV show little 

dispersion, and these flat branches yield well-defined peaks in the DOS. The species-resolved 

partial phonon DOS is shown in figure S3(b). Cu contributes mainly below 30 meV, while Se 

and P contribute over the entire spectral range. The high density of Cu vibrational states at low 

energy also implies a large vibrational amplitude for Cu+ (as described by equation S6), 

facilitating Cu+ diffusion at high temperatures, as we described later in this section. The 250 K 

transition has a clear effect on the measured DOS at low energy (<15 meV); the intensities of 
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peaks at 7, 9, and 12 meV gradually decrease on warming, and the peaks vanish in the n-cubic 

phase (T > 250 K). As noted earlier, the two structural phase transitions do not significantly 

affect the Se-P host framework structure but redistribute the Cu+, modulating bond lengths and 

bond angles. This significantly affects the average interaction between Cu ions and the host 

lattice and is reflected in the evolution of the Cu-dominated part of the phonon DOS for E<15 

meV. The temperature dependence of the low energy part of the spectrum is further revealed in 

the Q-integrated S(E) shown in figure 2(a). At 5 K, the peak at 7 meV is well defined, but it 

considerably broadens on warming and merges with the elastic line above 250 K. Materials 

with a significantly anharmonic potential energy surface (including non-superionic systems) 

exhibit strongly temperature-dependent phonon spectra 60, 61 62, 63. Superionic materials are 

generally highly anharmonic, with some very shallow potential energy basins allowing easy 

migration of cations, and therefore exhibit prominent anharmonic behaviors. In particular, we 

observe pronounced spectral shifts in the low-energy regions (few meV) close the elastic line 

(E~0 meV), with an evolution toward a quasielastic response (figure 2(a-b)). This behavior is 

consistent with our prior observations in other superionic conductors, such as CuCrSe2, 

AgCrSe2, or Na3PS444, 64, 65. This reflects an evolution of anharmonic low energy modes from 

localized oscillations of Cu+ ions (below 250 K) into an overdamped dynamic and stochastic 

hopping regime, revealed by a quasielastic signature at elevated temperatures, as further 

discussed below. The measured phonon DOS is compared with our MLMD simulations in 

figure 2(c). Our simulations capture the strong broadening of spectra seen experimentally. 

Further analysis of mode-resolved spectra and their broadening is detailed below, revealing that 

Cu+ -dominated modes are most sensitive to this broadening. This behavior reflects the impact 

of both disordering and strong anharmonicity on the Cu+ vibrational dynamics.  
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Figure 2. (a) S(E) spectra measured with INS (Ei=25 meV), integrated over 1 < Q < 4 Å-1, from 

5 K to 500 K. (b) Temperature-dependent neutron-weighted phonon DOS of Cu7PSe6 measured 

with INS. For clarity, curves are vertically shifted by 0.02 at each temperature, and data at 5 K 

are repeated for comparison. The DOS measured with neutron energies 25 meV and 55meV are 

joined at 16 meV. (c) Neutron-weighted phonon DOS calculated from MLMD simulations at 

different temperatures, compared with the measured DOS shown in (b). (d) Calculated mean 

squared displacement (MSD) at 500 K, as a function of phonon energy E, based on harmonic 

phonons calculation in the orthorhombic phase. The modes below 10 meV significantly 

contribute to the Cu vibration amplitude. (e-f) Eigenvectors of representative phonon modes in 

the orthorhombic phase based on the harmonic calculation (E=3.98 meV and 4.97 meV at zone 

center). The eigenvectors (black arrows) are shown together with all Cu sites of the s-cubic 

phase (pink spheres). For clarity, the P and Se atoms are omitted. The Cu+ displacement patterns 

overlap strongly with the intra-cluster (e) and inter-cluster (f) Cu+ hops. 

 

 To further investigate the role of low-energy Cu+ modes in the diffusion process, we 

decomposed the mean-square displacement (MSD) of individual elements as a function of 

phonon energy E, at T=500 K, based on the harmonic partial density of states (equation S6). 

As seen in figure 2(d), the Cu+ modes below 10 meV dominate the Cu+ MSD. Interestingly, in 

this low-E region, the MSD of Se is significantly larger than that of P, implying rotation 
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dynamics of PSe4 tetrahedra combined with wiggling. Typical phonon modes that represent 

these dynamics are identified (at the zone center and the zone boundary), and their eigenvectors 

are shown in figure 2(e-f) together with all Cu sites of the s-cubic phase (white/pink spheres). 

As can be seen, the modes in panels e/f strongly overlap with the minimum energy pathway for 

intra- and inter-cluster hopping, respectively. The inter-cluster motion described by the Cu+ 

eigenvector is actually very similar to the results from our MD simulations (figure 1(c-e)), as 

detailed below. Hence, the Cu+ diffusion pathways are effectively embedded in the phonon 

dynamics of the parent phase, and low-E phonon modes are strongly coupled with the Cu+ 

diffusion process in the superionic phase. 

 

2.2. Quasi Elastic Neutron Scattering 

QENS measurements on Li argyrodites are hindered by the large neutron absorption cross-

section of natural Li (unless 7Li isotopically-enriched samples are used). On the other hand, Cu 

has a large neutron scattering cross-section and small absorption cross-section, providing a 

strong QENS signal in Cu7PSe6, with the caveat that its scattering cross-section also has a large 

coherent component. Such coherent effects have long represented a challenge in analyzing 

QENS experiments, typically interpreted in a purely incoherent picture (suitable for H diffusion, 

for example). We directly address coherent effects in the measured QENS spectra of Cu7PSe6 

with the support of our large-scale MLMD simulations, as detailed below. We performed the 

QENS measurements from 100 K to 600 K, using the BASIS and CNCS spectrometers at SNS, 

ORNL, across both phase transitions. QENS spectra, plotted in figure 3(a-b) and figure S4(a), 

show a clear broadening of the quasielastic signal (a signal with Lorentzian lineshape centered 

around the elastic peak at zero energy) upon warming into the superionic regime (above 400 

K). This broadening is a characteristic of decaying spatial correlations of ions with time, in our 

case, the diffusion of Cu ions. In particular, we show in figure S11 that PSe43- dynamics have 

a negligible contribution to the QENS intensity. Thus, the spectra were fitted as a sum of a 
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Lorentzian function representing Cu+ diffusion and a delta function representing incoherent 

elastic scattering, with both components convoluted with the instrument resolution, R, and an 

additional linear background term: 

𝑆(𝑄, 𝐸) = [A1δ(E)+ A2
./

/!)0!	
]⊗𝑅(𝑄, 𝐸) + 𝐵(𝑄, 𝐸)                                                              (2) 

where the first term in a square bracket, δ(E) is the elastic signal, and the second term is the 

Lorentzian quasielastic signal, the perfectors A1 and A2 represent the elastic and quasielastic 

intensity of the measured data respectively, with Γ is the half-width at half maximum (HWHM), 

and R(Q, E) is the resolution function, estimated from the measurement at 100 K. The 

background function B(Q, E) is chosen to be a linear function in energy to reproduce the flat 

background from the sample environment and instrument for each Q. The relation between Γ 

and Q provides essential information about the time- and length-scales of the diffusion process. 

Our fit results for Γ over a Q range of 0.5 to 2.0 Å-1 at 500 K are shown in figure 3(c). The 

QENS fits yielding the Γ values in figure 3(c) are shown in figure S4(b). A Chudley-Elliot 

(CE) model for jump-diffusion satisfyingly captures the observed Q dependence of Γ, as given 

by:66 

𝛤(𝑄) = -
2
:1 −	 345(%6)

%6
<                                                                                                           (3) 

where d and t are the average jump length and residence time, respectively. The superionic 

phase contains many vacant sites available for Cu+ hopping, with possible inter-site jump 

lengths spanning 0.5 to 2.7 Å. The nearest Cu-Cu distance connecting two clusters (direct inter-

cluster jump-length) is ~2.7 Å. In contrast, the intra-cluster jumps can have a range of lengths 

from 0.5 to 2.2 Å. However, for the sake of simplicity, we limit our CE model to a single 

effective jump length (weighted average of inter and intra-cluster jump length) and residence 

time. Figure S4(c) shows the CE fits at 400 K and 500 K, and the corresponding jump length, 

residence time, and Cu+ diffusion coefficient are summarized in table 2. We find d =2.2 Å and 

t = 3.4 ps at 500 K. Further, in the low Q limit, the diffusion constant (D) is given by D=d2/6t . 

From d and t, we obtain the diffusion constant D = 23.1 × 10-6 cm2/s. This diffusion constant 

lies in a range typical of liquids, confirming that Cu7PSe6 is superionic in its high-temperature 

phase. 
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Figure 3. (a-b) Dynamical scattering factor S(Q,ω) of Cu7PSe6 from QENS measurements 

(BASIS), shown at selected Q values (integrated over ΔQ=±0.1 Å-1 ), at T=100 K, 300 K, 400 

K and 500 K. (c) The Q- dependence of HWHM of QENS Lorentzian, measured using BASIS 

and CNCS spectrometers, compared with simulated HWHM from MLMD. Solid lines are 

guides for the eye. (d) Calculated MSD of Cu atom computed with MLMD from 200 K to 500 

K. (e) Calculated MSD of Cu from MLMD with different constraints on the host-lattice. (f) 

Simulated HWHM of Sinc(Q, E) and Scoh(Q, E) from MLMD simulation at 500 K (no constraint). 

The solid blue line shows a fit to a Chudley-Elliot jump-diffusion model for the incoherent 

HWHM, while the solid red line for coherent HWHM is a guide for the eye.  

 

2.3. Molecular Dynamics Simulations of QENS and Diffusion: 

The direct simulation of QENS spectra based on MD requires trajectories of several hundred 

picoseconds to resolve the quasielastic broadening of ~μeV. Moreover, the limited duration of 

AIMD trajectories may give inaccurate estimates of the diffusion coefficient, particularly at low 

temperatures.67 Machine learning enables circumventing this issue by training an accurate 

surrogate force-field against AIMD data to access long-time scales while retaining high 

accuracy.54 We performed AIMD simulations at 100 K, 300 K, and 500 K, within the 
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orthorhombic structure to train the neural-network force-field. The trained neural-network 

force-field used for MD accurately reproduces the pair distribution function (PDF), DOS, and 

MSD from AIMD at shorter times (figure S12). We subsequently performed MLMD 

simulations of about ~400 ps on a 448 atom cell, which provide energy and momentum 

resolutions of ~6 μeV and 0.2 Å-1, respectively, sufficient to analyze the QENS spectra. Figure 

S5 shows the total phonon DOS and its atomic components obtained from MLMD trajectories 

using equation S2. At 100 K, the spectra of Cu, P, and Se exhibit sharp peaks. But at 500 K, 

the Cu peak at 7 meV strongly broadens (figure S5), reproducing the behavior seen in INS. The 

PDF from MLMD are shown in figure S6. At 100 K, the PDF of all atom-pair types shows 

sharp peaks at well-defined bond lengths. However, at 500 K, only the first two peaks (i.e., up 

to second neighbor distance) remain clearly defined in the PDF of Cu-Cu, Cu-P, and Cu-Se 

pairs, while bonds at larger interatomic distances form a highly smeared distribution. In contrast, 

the PDF for P-P, P-Se, and Se-Se pairs retain well-defined peaks centered at similar neighboring 

distances as low-T at least up to 8 Å. Hence, our MD simulations confirm that the Cu+ sub-

lattice melts in the superionic regime while the P-Se host framework remains crystalline.  

The calculated MSD of different species is shown in figure S7(a-c). At 100 K, the MSD 

of all atoms oscillates around a constant, low value, in agreement with phonon-like vibrations. 

At 300 K, the Cu MSD increases linearly with time, while those of Se and P remain constant 

((u2(P)=0.1 Å2; u2(Se)=0.2 Å2 )). The time dependence of Cu+ MSD at 300 K is dominated by 

intra-cluster Cu+ diffusion, while the inter-cluster Cu+ diffusion events are rare. At T=500 K, 

the Cu+ MSD increases at a faster rate than at 300 K, while the Se and P MSD still remain 

constant, about a larger average value (u2(P)=0.3 Å2; u2(Se)=0.4 Å2 ). Thus, the Cu+ sublattice 

disorders and Cu ions diffuse through the stable framework formed by Se and P atoms, whose 

vibration amplitudes increase with T (figure S7(a-c)). The Cu+ diffusion constant, estimated 

from linear fits of 〈𝑢7〉(𝑡), is D = 0.8×10-6 cm2/s at 300 K and 13.0×10-6 cm2/s at 500 K, 

revealing a large increase across the superionic transition (table 1(a)). The computed value at 
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500 K is also in fair agreement with our estimate from QENS (table 2). Although it is close, 

the larger value estimated from QENS could reflect the possible presence of defects in the 

sample, in addition to experimental uncertainty. The temperature dependence of the computed 

Cu+ diffusivity follows an Arrhenius behavior (figure S7(d)), with an effective barrier energy 

of 0.16 eV, in fair agreement with the reported value of 0.11 eV using impendence 

spectroscopy53 and consistent with a superionic regime.36, 68 Other Cu and Ag-based superionic 

conductor also show migration barrier energies in the range of 0.1 to 0.3eV (e.g. Cu2Se, Ag2Se, 

AgCrSe2, CuCrSe2, Ag8SnSe6).44, 64, 69, 70 

 

Table 1. Calculated diffusion coefficient of Cu+ as a function of temperature estimated from 

the slope of Cu MSD obtained from MLMD simulations. (b) Calculated Cu+ diffusion 

coefficient with different degrees of host flexibility from constrained MLMD simulations at 

500K. 

 

 
 
 
 

 

 

 

Table 2. The estimated Cu+ diffusion coefficient (DCu), effective jump-length (djump), and 

residence time (t) were obtained from analysis of QENS experiments at BASIS with a Chudley-

Elliot jump-diffusion model. 

 

T (K) djump (Å) t (ps) DCu (10-6 cm2/s) 
400 K 2.2 5.1 15.8 
500 K 2.2 3.4 23.1 

 

We now investigate the coupling of inter-cluster Cu+ jumps with the framework and its 

dynamics. Figure 1(b) shows the Cu+ sites and surrounding PSe43- tetrahedra in the s-cubic 

(a) 
Temperature vs DCu 

T DCu (10-6 cm2/s) 
200 K 0.1 
300 K 0.8 
400 K 5.7 
500 K 13.0 

(b) 
Host-Flexibility  vs DCu 

Host Flexibility DCu (10-6 cm2/s) (T= 500 K) 
Unconstrained 13.0 
Frozen Host 3.1 
Frozen PSe4 10.0 

Frozen stuffed Se 10.5 
Frozen PSe4 rotation 13.0 
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phase. We re-emphasize that all Cu+ sites in this phase are connected through faces of Se 

tetrahedra. Figure 1(b) highlights three such tetrahedra (in green) labeled A, B, and C. 

Tetrahedra B and C are equivalent and define the local environment for intra-cluster Cu hopping, 

while A forms a bridge through which Cu+ ions hop between different clusters, enabling long-

range diffusion. We rationalize the prevalence of intra- vs inter-cluster jumps based on the free 

space available along different pathways, as given by the volumes of tetrahedra connecting Cu+ 

sites. Tetrahedron A is significantly smaller (6.67 Å3) than B and C (8.06 Å3), which causes 

intercluster hops to be rate-limiting. Further, our simulations show strong correlations in Cu+ 

jumps. Each cluster consists of 28 possible Cu+ sites, with only seven occupied on average. The 

first nearest-neighbor distance between two occupied Cu+ sites is about 2.7 Å (figure S6), also 

the shortest possible inter-cluster jump distance based on our analysis of MD trajectories. When 

a Cu atom hops within a cluster, a redistribution of Cu+ ions within the same cluster is triggered. 

Figure 1(b) shows the trajectories of Cu+ ions in two neighboring clusters. Most Cu+ hop within 

a fixed cluster. When a Cu+ hop across a "bridge" (A) to another cluster, this is shortly followed 

by another Cu+ jumping to the next cluster such that only seven Cu+ are contained in each 

cluster on average (figure S8)). Thus, long-range Cu+ diffusion occurs via a correlated jump-

diffusion process.  

We now investigate how the dynamics of PSe4 tetrahedra control long-range Cu+ 

diffusion with MLMD. NMR measurements of Li argyrodites Li6PS5X (X: CI, Br, I) suggested 

that rotational dynamics of PS43- tetrahedra facilitate inter-cluster jumps,7 but a detailed analysis 

in terms of lattice phonons has remained elusive. As described above, specific low-energy 

phonons involve rotations and wiggling motions of PSe43-, in addition to Cu+ translations 

overlapping with jump directions. The PSe43- tetrahedra dynamics directly modulate the shape 

and size of the bridge tetrahedra (A) and hence control long-range diffusion. We establish this 

directly by performing constrained MLMD simulations. In our constrained MLMD simulations, 

we freeze specific motions of the host lattice, namely (a) frozen-host lattice, (b) frozen PSe4, 
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(c) frozen stuffed Se (Se at 4a) and, (d) frozen PSe43- rotation (PSe43- can translate back and 

forth, i.e. wiggle, but cannot rotate). To investigate the effect of freezing lattice degrees of 

freedom, we computed the time-averaged Cu+ probability distribution in a (111) plane passing 

through Cu clusters (figure 1(c-f)). At 100 K (figure 1(c)), Cu+ ions show localized vibrations 

about occupied sites in given clusters. At 300 K (figure 1(d)), the Cu+ ions are able to hop from 

site to site within a cluster, and the probability density map shows finite intensity across all sites 

within clusters. However, the Cu+ density in-between clusters remains very weak, revealing the 

limited probability of inter-cluster hops. At 500 K (figure 1(e)), a significant density further 

develops between clusters as Cu+ long-range diffusion is enabled. This is contrasted in figure 

1(f) with the Cu+ distribution in the case of the frozen host, also at 500 K. The distribution 

remains smeared between Cu+ sites within a given cluster, but the negligible intensity between 

clusters reveals very rare inter-cluster Cu+ hops. The corresponding MSD and diffusion 

coefficient show that the Cu+ diffusivity in the frozen lattice is suppressed by four times (figure 

3(e) and table 1(b)). Thus, the host flexibility and, in particular, the low-energy modes of Se 

atoms that constrain the Cu+ migration path determine the Cu+ long-range diffusion rate. The 

corresponding Cu+ MSD in different constrained cases at 500 K is shown in figure 3(e); 

interestingly, Cu+ MSD significantly reduces by only freezing the dynamics of either PSe43- or 

stuffed Se, but to a lesser extent than upon complete host-lattice freezing (Table 1(b) and 

figure S9(a)). More interestingly, the MLMD simulation with frozen PSe43- rotations (but 

allowed translational wiggling) shows nearly the same diffusion coefficient as the 

unconstrained MLMD. This indicates that the rotation of PSe43- does not significantly 

contribute to long-range diffusion for this compound. These simulations establish that host 

dynamics, particularly PSe43- wiggling, and stuffed Se vibration, are essential and play a critical 

role in long-range diffusion. The computed Cu+ partial phonon DOS in different constrained 

cases also shows the strong influence of host-lattice flexibility on Cu+ dynamics (figure S9(b)).  
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We now investigate the effect of correlated Cu+ motions on QENS spectra using MLMD 

simulations. The measured QENS signal contains contributions from both independent (self) 

and correlated diffusive motions of Cu+. It is difficult to separate these contributions directly 

from the experimental spectra, but our large-scale MLMD simulations enable us to isolate each 

process. We determine the effect of Cu-Cu correlations in QENS spectra by computing the 

incoherent and coherent Cu+ dynamical structure factors, 𝑆4589:(𝑄, 𝐸)and 𝑆8;<9:,9:(𝑄, 𝐸) as: 

𝑆4589:(𝑄, 𝐸) =
-
7. ∫ ∑ e=%.?'(@)e,=%.?'(A)e=&A/ħ 𝑑𝑡=

D
,D                                                           (5)	

𝑆8;<9:,9:(𝑄, 𝐸) =
-
7. ∫ ∑ e=%.?!(@)e,=%.?"(A)e=&A/ħ 𝑑𝑡=,E

D
,D                                                   (6)	

where Ri(t) is the ith Cu+ position at time t. 𝑆4589:(𝑄, 𝐸)  and 𝑆8;<9:,9:(𝑄, 𝐸)  represent the 

independent (single particle) and correlated (multi-particle) dynamical processes, respectively. 

The total measured neutron scattering intensity is then given by: 

𝐼(𝑄, 𝐸) = ∑ 𝑏8;<= 𝑏8;<
E

=,E 𝑆8;<
=E (𝑄, 𝐸) + ∑ 𝑏458

E# 𝑆458
E (𝑄, 𝐸)E 		                                                             (7) 

where, bicoh and biinc are the coherent and incoherent neutron scattering length of ith species and 

summation index i and j run over different elements in the unit cell. For Cu,	𝜎8;<9: (= 4𝜋𝑏8;<7 ) =

7.485	𝑏, and 𝜎4589:(= 4𝜋𝑏4587 ) = 0.55	𝑏, hence, to properly quantify the QENS spectra, one a 

priori needs to consider both contributions.   

The computed 𝑆8;<9:,9:(𝑄, 𝐸) and 𝑆4589:(𝑄, 𝐸) at 500 K are shown in figure S10. We find that 

two Lorentzian are required to describe the simulated 𝑆8;<9:,9:(𝑄, 𝐸) and 𝑆4589:(𝑄, 𝐸) (figure S10 

and table S1), revealing the two different diffusion time scales in the system. The HWHM of 

the Lorentzian component provides direct information about diffusion characteristics. A long-

range stochastic diffusion process shows a Q2 dependence of HWHM in the low Q regime, 

while a localized diffusion process (e.g., atoms or molecules trapped in cages) results in a nearly 

constant HWHM with Q. We find that the slower Lorentzian component of 𝑆4589:(𝑄, 𝐸) exhibits 

a Q2 dependence at low Q, representing the long-range Cu+ diffusion via inter-cluster hopping 
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(figure 3(f)). The faster component (HWHM~ 1000 μeV) is attributed to intra-cluster Cu+ hops 

(table S1). The correlated Cu+ dynamics contribute to 𝑆8;<9:,9:(𝑄, 𝐸) as described in equation 

(6). The calculated 𝑆8;<9:,9:(𝑄, 𝐸)  intensity and width shows a comparable magnitude to 

𝑆4589:(𝑄, 𝐸), showing significant correlations in Cu+ motions, in agreement with the analysis of 

MLMD trajectories. We also observe that Γcoh(Q) shows a modulation with Q, a characteristic 

feature of correlated diffusion processes 71. On the other hand, Γinc(Q) shows only a simple Q 

dependence, well described using a CE model, corresponding to the tracer (random) diffusion 

process. Further, to interpret the measured QENS spectra, we analyzed the total neutron-

weighted dynamical structure factor S(Q, E) (figure S10(c)). The estimated Lorentzian 

corresponds to the long-range diffusion fairly agrees with QENS measurements (figure 3(c)). 

This further corroborates that the measured QENS also resembles the presence of correlated 

Cu+ dynamics in Cu7PSe6. The faster Lorentzian component in QENS could not be directly fit 

in the present measurement (due to the limited dynamical range of BASIS data), but our INS 

results (ARCS) at low E transfers show that it overlaps with the overdamped spectra that result 

from the breakdown of low-energy phonon quasiparticles. 

 

2.4. Ultra-low thermal conductivity  

 Cu7PSe6 exhibits ultralow thermal conductivity (𝜅F~ 0.3 W/m-K from 300 K to 600 K), 

below the glassy limit (0.5 W/m-K), which is of high interest for thermoelectric applications.1, 

21, 57 The measured lattice conductivity shows a very weak temperature dependence in contrast 

to conventional crystalline behavior ( 𝜅F ∝ 	𝑇,-  for anharmonicity-dominated phonon 

scattering at high-T), previously attributed to a very high positional disorder of Cu.1 The strong 

overall anharmonicity and the mobility of Cu ions imply that the phonon-based picture of 

thermal transport is likely insufficient to describe Cu7PSe6. Moreover, the standard first-

principles computational scheme to extract the 3rd – order (or higher-order) force-constants in 
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the high-temperature disordered phases would be a formidable challenge, as averages over 

numerous possible configurations would need to be performed. Instead, we use equilibrium 

molecular dynamics (EMD) and the Green-Kubo formalism, based on our previously validated 

MLMD approach. The heat-flux, 𝐽(𝑡) is given by: 

𝐽(𝑡) = ∑ v=𝜀== 	+ 	-
7
∑ 𝑟=E=E,=GE (𝐹=E . v=)	                                                                                      (8) 

where εi and vi are the energy and velocity of the ith particle. Fij is the force between ith and jth 

atoms. The first and second terms in equation (8) represent the convection and conduction term 

of heat flux, respectively. Convection results from the mass transport of mobile (diffusive) 

species, while the second term describes the energy exchange due to interatomic interactions, 

e.g., lattice vibrations in crystalline solids. The total lattice thermal conductivity (𝜅F ) was 

calculated using the Green-Kubo formalism,72 within which it is expressed as a time integral of 

the heat current autocorrelation function (HCACF): 

𝜅F =
-

H$(#I
∫ < 𝐽(0)𝐽(𝑡) > 𝑑𝑡A
@                                                                                                  (9) 

The results are shown in figure 4(a). We find excellent agreement between our κl calculations 

and the reported κl measurements. In particular, the glass-like behavior with a nearly constant 

κl with temperature is well reproduced, as is the very low overall magnitude.  

To further investigate the effects of Cu+ disorder and Cu+ mobility on 𝜅F, we computed their 

respective contributions. The contribution from atomic vibrations (κlvirial), Cu+ diffusion (κlconv), 

and the cross-term (κlcross) to κl are given by:73 

𝜅F =
-

H$(#I
V∫ < 𝐽J4K4LM(0)𝐽J4K4LM(𝑡) > 𝑡A
@ 	+ 	∫ < 𝐽8;5J(0)𝐽8;5J(𝑡) > 𝑑𝑡A

@ 	+ 	2 ∫ <A@

𝐽J4K4LM(0)𝐽8;5J(𝑡) > 𝑑𝑡X (10) 

The first, second, and third terms in the square bracket represent κlvirial, κlconv, and κlcross, 

respectively, and kB, V, t, and T are the Boltzmann constant, volume, autocorrelation time, and 

temperature. The κlcross represents the thermal conductivity contributions due to interactions 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



  

18 
 

between liquid-like and solid-like contributions. In insulating crystalline materials without any 

ionic diffusion (i.e., no liquid-like component), phonons dominate thermal conductivity, while 

the contributions from convection and cross-terms are negligible (κl ≈ κlvirial). In the present 

superionic compound, the Cu ions become highly mobile above 240 K, resulting in the finite 

value of κlconv and κlcross. In table 3, we show the temperature dependence of different thermal 

conductivity components. We may note that κlconv significantly contributes above 300K, and 

κlcross shows a negative contribution at all temperatures (figure S13). This negative κlcross implies 

that the heat transport from two channels (conduction and convection) are coupled and 

exchange some amount of heat energy, such that the net effect is to transport heat against the 

temperature gradient.74 As we describe below, most low-energy modes are strongly damped 

and have a very short lifetime, strongly suppressing their contribution to κlvirial. Only a few high-

energy phonon modes contribute to κlvirial, but these have low group velocities, and their 

occupation is highly constrained by Bose-Einstein statistics. Further, disordered and mobile Cu 

ions may strongly scatter these heat-carrying phonons into backward direction resulting in a 

negative value of κlcross. The negative κlcross is attributed to strong damping of phonon modes 

due to Cu+ dynamical disorder and compensates the Cu+ diffusive contribution κlconv, resulting 

in the weak temperature dependence of κl. 

 

Table 3. The calculated temperature dependence of thermal conductivity components 

𝜅FJ4K4LM,	𝜅F8;5J and 𝜅F8K;33 within Green-Kubo formalism. 

 

T (K) 𝜅!"#$#%& (W/m-K) 𝜅!'()"(W/m-K) 𝜅!'$(**(W/m-K) 𝜅!(W/m-K) DCu (10-6 cm2/s) 
100 0.2 0.0 0 0.2 0.0 
200 0.2 0.0 0.0 0.2 0.1 
300 0.3 0.1 -0.1 0.3 0.8 
400 0.4 0.3 -0.4 0.3 5.7 

 

To investigate the effect of Cu+ dynamics on the damping of phonon quasiparticles, we 

computed the spectral functions of representative low-energy and high-energy phonon modes 
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by taking the Fourier transform of the MLMD trajectories projected onto phonon eigenvectors. 

We find a drastic broadening of spectra on heating for the modes with large Cu+ participation, 

indicating the breakdown of the corresponding phonon quasiparticles, as shown in figure 4(b-

c) and figure S14. At 100 K, the spectra show well-defined peaks corresponding to long-lived 

oscillatory phonon modes. At higher temperatures, the spectral functions of modes with 

significant Cu+ motions become strongly damped. Specifically, the phonon modes with more 

than ~20% Cu+ contribution show very strong damping. The lifetimes of these Cu+-dominated 

modes are very short and can no longer be described in the quasiparticle framework. The large 

Cu+ contribution up to 40 meV (figure S3(b) ) leads to strong damping of overall phonon modes 

and, in turn, ultralow thermal conductivity behavior. In contrast, the highest-energy modes for 

P and Se vibrations retain well-defined peaks at all temperatures, with a much more limited 

broadening. Thus, the ultralow thermal conductivity of Cu7PSe6 is a manifestation of strongly 

damped low energy phonon quasiparticles as a result of the soft lattice and the dynamic disorder 

of Cu+ induced by the fast Cu+ diffusion. Weldert et al. showed that the measured κl is smaller 

than the minimum lattice conductivity κmin=0.49 W/m-K based on the Cahill formula,1 and 

proposed that the mobile Cu ions could be responsible for the very short phonon mean free 

paths. 

Figure 4. (a) Computed lattice thermal conductivity (𝜅F) from the Green-Kubo method using 

MLMD simulations at varying temperatures (red markers), compared with the lattice thermal 

conductivity measured by Weldert et al. (blue markers).1 (b-c) Calculated spectral functions of 

representative low and high energy phonon modes (E~9 meV and ~47 meV) at q= (0 0 0.5) in 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



  

20 
 

the Brillouin zone at T =100, 300, 500 K. The spectral function is obtained from the Fourier 

transform of the eigenvector projected MLMD trajectories.  

Heat transport mechanisms in materials exhibiting ultralow thermal conductivity are 

currently attracting widespread interest. In particular, in complex and disordered materials, 

diffusons, corresponding to the hopping of incoherent localized vibrations, could dominate 

thermal conductivity over the propagation of traditional coherent phonon quasiparticles75-79. 

Diffusons are non-propagating modes, or equivalently modes with a mean-free path (MFP) 

smaller than interparticle distances, and contribute to the off-diagonal components of the 

thermal conductivity tensor. The propagating phonon quasiparticles dominating thermal 

transport in conventional crystals, and sometimes referred to as propagons, have MFP usually 

significantly greater than interatomic distances and contribute to the diagonal component of 

thermal conductivity tensor. To investigate the relative contributions of diffusons and 

propagons in Cu7PSe6, we performed spectral functional calculations over a 10x10x10 q-point 

mesh in the Brillouin zone, and investigated the presence of propagating quasiparticles in both 

longitudinal and transverse channels. The transverse (T) and longitudinal (L) components of the 

dynamical structure factor were calculated using80: 

𝑆(/N(|𝑞⃗|, 𝐸) = ∫ 〈𝚥(/N(|𝑞⃗|, 𝑡). 𝚥(/N(−|𝑞⃗|, 0)〉𝑒=&A/ℏ𝑑𝑡
D
@ 																																																																(11) 

Here E is the vibrational energy and 𝑞⃗  is a wavevector commensurate with the supercell 

dimensions. We consider the phonon mode velocity with transverse and longitudinal 

polarizations, 𝚥((|𝑞⃗|, 𝑡) and 𝚥N(|𝑞⃗|, 𝑡) respectively, defined as80: 

𝚥((|𝑞⃗|, 𝑡) =^{𝑣=(𝑡) − [𝑣⃗=(𝑡). 𝑞a]𝑞a	}𝑒=PQ⃗ .S!(A)
T

=U-

																																																																													(12) 

and  

𝚥N(|𝑞⃗|, 𝑡) =^[𝑣⃗=(𝑡). 𝑞a]𝑞a𝑒=PQ⃗ .S!(A)
T

=U-

																																																																																																	(13) 

where 𝑞a = PQ⃗
|PQ⃗ |

 and ri(t) is the ith atomic position at time t. N is the number of atoms in the 

supercell. 
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Figure 5. (a-d) Dynamical structure factor computed from MLMD simulations for longitudinal 

(LA) and transverse (TA) polarizations, showing acoustic branches at 100 K and 400 K along 

(00L) direction in the cubic Brillouin zone. The solid black lines represent the dispersions 

computed in the harmonic approximation along (00L) using an ordered orthorhombic structure 

(Figure S3(a)). We note that the orthorhombic phase is a supercell (√2×√2×1) of the superionic 

cubic phase; hence we expect the phonon dispersions along the z-direction (00L) are not altered 

significantly, also evident from the S(Q, E) calculation. (e) Computed phonon lifetime τ as a 

function of phonon energy averaged over a 10x10x10 q-points grid of BZ at 100 K and 400 K, 

obtained from damped harmonic oscillator fits (see text). (f) Cumulative thermal conductivity 

vs. phonon mean free path at 100 K and 400 K, showing good agreement with Green-Kubo 

estimate.   

We performed MLMD simulations within an NVT ensemble using a 20×20×20 

supercell of the superionic cubic cell, providing a q-resolution of 0.05 reciprocal lattice units 

(rlu). We ran the simulations for about 100 ps with a time-step of 1 fs. The calculated 

𝑆(/N(|𝑞⃗|, 𝐸) at 100 K and 400 K along (00L) direction are shown in figure 5(a-d). Interestingly, 

these results show that both the LA and TA spectral functions exhibit well-defined peaks at 

low-q (<0.3 Å-1) linearly dispersing with q, while at higher q, they get strongly damped as the 

dispersive excitation overlaps with low-energy optical modes. This establishes the presence of 
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long-wavelength transverse and longitudinal propagating phonon quasiparticles even in the 

superionic regime (400 K). Yet, we also clearly resolve a substantial broadening of the phonon 

peaks in the superionic regime, especially for the transverse branch. For comparison, we 

overplot harmonic phonon dispersions for acoustic branches along the (00L) reciprocal 

direction, computed at 0 K in the orthorhombic phase (shown by the solid lines in Figure 5(a-

d)). It is important to note that the orthorhombic phase is a supercell (√2×√2×1) of the 

superionic cubic phase; hence we expect the phonon dispersion along the z-direction (00L) 

would not change much and still bear relevance in the superionic cubic phase. These harmonic 

dispersions agree surprisingly well at low-q (long wavelengths) with the spectral functions 

computed at 100K and 400K. Only minor thermal shifts of phonon peaks occur while the 

linewidth broadening at 400 K is evident. 

Further, we fit the MLMD spectra to damped harmonic oscillator (DHO) lineshapes at 

each point of a 10x10x10 q-mesh in the Brillouin zone: 

𝑆(/N(|𝑞⃗|, 𝐸) = 𝐴 г&
&#г#)(&#,&%#)#

          (14) 

where A is the mode amplitude, E0 the mean energy and г the full-width at half maximum 

(FWHM) of the excitations, the phonon mode lifetime τ is then estimated as: 

𝜏 =
1
г 
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The DHO fits, and resulting parameters are summarized in Figure S15. The thermal 

conductivity contributed by acoustic phonon quasiparticles is subsequently estimated as: 

 

𝐾X=YSZA=[" = ∑ 𝐶I(𝑞)𝑣\7(𝑞)𝜏(𝑞)P          (15) 

 

with CV(q) is the specific heat at constant volume (equal to kb/V, kb is the Boltzman constant), 

and vg(q) is the phonon group velocity. Equivalent,  

 

𝐾X=YSZA=[" = ∑ 𝐶I(𝑞)	𝑣\(𝑞)𝛬(𝑞)P          (16) 

 

with 𝛬 the mean free path (MFP) (𝛬 = 𝑣\(𝑞)𝜏(𝑞)). The transverse and longitudinal phonon 

group velocities, 𝑣\
(/N(𝑞), estimated via a linear fit to acoustic branches (q<0.3 rlu) are in 

excellent agreement with reported acoustic sound velocities from ultrasonic measurements1 

(Table SII). The lifetimes and MFPs calculated as a function of phonon energies averaged over 

LA and TA branches are shown in Figure 5(e). The cumulative thermal conductivity estimated 

from the propagative LA and TA modes averaged over a 10×10×10 q-point grid in the Brillouin 

zone is plotted as a function of the phonon mean free path in Figure 5(f). As seen in this figure, 

the cumulative thermal conductivity saturates around 0.3 Wm-1 K-1, in very good agreement 

with our Green-Kubo estimates. It is also interesting to note that LA modes contribute most to 

the overall thermal conductivity. Conversely, optical modes, which start at energies as low as 

2-3 meV, are strongly overdamped and have very small group velocities resulting in very small 

mean-free paths (diffuson-like character). Hence the contribution of optic modes to the thermal 

conductivity is very small in Cu7PSe6, while propagating acoustic modes are the major channel 

of heat conductivity. In addition, we also computed the diagonal and off-diagonal components 

of lattice thermal conductivity tensor. Results are summarized in (table SIII and figure S16). 

Our analysis indicates a rather small contribution from off-diagonal terms to the total thermal 

conductivity. We note that extremely low lattice thermal conductivity is also observed in other 

strongly anharmonic compounds such as superionic Cu and Ag systems (Cu2Se, CuCrSe2, 
AgCrSe2), where liquid-like Cu/Ag conductivity strongly dampens the low energy phonons.22-

24, 26 Our neutron scattering measurements and machine-learning augmented MD simulations 

provide important new insights into the origin of the ultralow, glass-like κl and the coupling 

between strongly anharmonic phonons and superionic Cu diffusion.  
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2.5. Conclusion 

We performed temperature-dependent INS and QENS measurements on Cu7PSe6, 

complemented with first-principles simulations of atomic dynamics, including ab-initio MD 

extended to longer time scales with machine-learned neural-net potentials, to elucidate the role 

of anharmonic vibrations in Cu diffusion and ultralow thermal conductivity. The QENS 

measurements and MLMD simulations reveal a jump-like long-range diffusion of Cu ions 

limited by inter-cluster hops influenced by host lattice vibrations. The MLMD simulations also 

reveal the presence of correlated Cu+ diffusion jumps across clusters. Importantly, we found a 

selective breakdown of phonon quasiparticles in the high-temperature disordered superionic 

phase, with Cu+-dominated modes becoming severely overdamped, beyond the quasiharmonic 

phonon picture. The computed 𝜅F  , based on both on the Green-Kubo approach and on an 

analysis of quasiparticle spectra from MLMD simulations, shows very good agreement with 

measurements and confirms the ultralow glass-like thermal conductivity (<0.5 Wm-1K-1) over 

a wide range of temperature. These results highlight how the traditional quasiharmonic phonon 

picture becomes insufficient in strongly anharmonic superionic system, and illustrate how 

MLMD constitutes a promising approach to rationalize experimental signatures of the strong 

anharmonicity underlying both fast diffusion and ultralow thermal conductivity. These insights 

are particularly relevant to atomic and thermal transport in both thermoelectrics and solid-state 

electrolytes. 

 

2.5. Experimental Section/Methods 

For a detailed description of methods, see the SI. 

Supporting Information 

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