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Superionic crystals exhibit ionic mobilities comparable to liquids while maintaining a pe-
riodic crystalline lattice, thus representing an unusual intermediate between two states of
matter. The atomic dynamics leading to large ionic mobility have long been debated. A
central question is whether phonon quasiparticles — which conduct heat in regular solids —
survive in the superionic state, where a large fraction of the system exhibits liquid-like be-
havior. Here, we use energy and momentum-resolved scattering studies combined with first
principles calculations to achieve breakthrough insights into the lattice dynamical behavior
in a superionic conductor, fully elucidating both the quasiparticle spectrum and the diffusive
dynamics. We demonstrate that weak bonding and large anharmonicity of the Cu sublattice
are already present in the normal state, resulting in low thermal conductivity. In the superi-
onic state, specific phonon quasiparticles dominated by the Cu ions break down as a result of
anharmonicity and disorder in the Cu sublattice, but the long-wavelength acoustic phonons
remain largely intact and capable of heat conduction. These results settle long-standing con-
troversies, and demonstrate that anharmonic phonon dynamics is common to the origin of

low thermal conductivity and superionicity in this class of materials.

Differences in atomic dynamics underpin the fundamental distinction between solids and lig-
uids 2. Atoms flow in a liquid, following stochastic diffusive dynamics, while remaining affixed
to well-defined lattice sites in a crystalline solid, undergoing collective oscillatory excitations in
the form of phonon quasiparticles 2. Superionic crystals are rare materials exhibiting crystalline
order, yet support long-ranged ionic diffusion with diffusivities matching those found in liquid salts

13 Despite extensive studies, the atomic dynamics in such systems remain poorly understood, and



the suitability of phonon-like descriptions has remained uncertain. These systems have attracted
steady interest -3, which recently spiked with promising applications in solid-state electrolytes
for safer rechargeable batteries *® and in efficient thermoelectric materials °*~'2. In thermoelectric
conversion of thermal gradients into useful electrical energy, the figure of merit, 27" = S*0T/k, in-
versely correlates thermal conductivity (x) with electrical conductivity (o) *71°. As  in a semicon-
ductor is dominated by the lattice component, xy,¢, sustained efforts seek to design materials that
suppress phonon propagation 2. The “phonon-liquid electron-crystal” model (PLEC)°, build-
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ing on the prominent “phonon-glass electron-crystal” model”’, posits that thermal conductivity is

strongly reduced in a solid through the breakdown of acoustic phonon transport in a host lattice
with a liquid-like component, based on the notion that liquids do not propagate shear waves’. Su-
perionic compounds could materialize the PLEC concept, achieving ultralow thermal conductivity

while preserving an electronically conductive framework, and thus represent an exciting emergent

9,11,26,28-32

class of thermoelectrics . More fundamentally, the relation between phonon scattering

and superionic conduction remains unclear and controversial in many superionic systems. The
behavior of long-wavelength, low-energy phonon modes is a central question % !1:26:28:29.32 While

thermal conductivity reduction through breakdown, or ‘melting’ of transverse acoustic (TA) modes

d9, 32

has been propose , it has also been argued that rattler modes with low-energy optical branches

could be the main source of thermal transport suppression.?%-26-2%-33.34

MCrX, superionic conductors (M = (Li, Na, Cu, Ag), X = (Se, S)) all display very low

lattice thermal conductivity and superionic liquid-like diffusivities of M ions at high temperature

11,28,30-32,35.36 " and are attractive for both solid-state electrolyte and thermoelectric applications



11.30.31.37 * The well-defined, reversible phase transition from the normal to the superionic state

presents an opportunity to track the evolution from collective phonon excitations in the normal
crystalline state to the liquid-like stochastic diffusion in the superionic regime. Fhereforein-this

~The

thermoelectric conversion efficiency of CuCrSe, approaches 1 at 773 K *°, due in part to a very low
Klag ~ 1 Wm ™K1 303840 Qych a low ki, in a relatively light material is surprising, especially
below the order-disorder temperature (75q) of 363 K. While diverse phonon scattering mechanisms

11,28,30,32,33 3 detailed atomistic

have been invoked to account for the ultralow k., in MCrX,
understanding has remained elusive, owing to the lack of prier phonon dispersion measurements.

Here, we fully elucidate the evolution of the atomic dynamics in CuCrSe, across the superionic

transition, including in single crystals, which enables us to resolve prior controversies.

We use inelastic neutron scattering (INS) and inelastic x-ray scattering (IXS) to unravel the
phonon scattering processes, supplemented with transport measurements, and clarify the relation
between the phonon picture of atomic vibrations and superionic diffusive behavior. Further, we
compare our measurements with density functional theory (DFT) and ab-initio molecular dynamics
(AIMD) simulations. INS measurements on powder samples enabled the accurate determination
of the overall dynamics as a function of temperature, via the phonon density of states (DOS) and
quasi-elastic scattering, while comprehensive momentum-resolved IXS measurements on single
crystals provided a definite determination of the phonon quasiparticles through their dispersions,
polarization vectors, and mode-specific linewidths. To our knowledge, these are the first detailed

phonon dispersion measurements in superionic M CrX,. Our INS and IXS experiments reveal that



propagative acoustic modes remain well-defined deep into the superionic regime amid a dramatic
evolution of the Cu sublattice dynamics. Our ab-initio simulations fully corroborate the persistence
of propagative acoustic modes in the superionic state, while the phonon quasiparticles involving
predominantly the Cu-sublattice break down. Further, our results reveal the role of magnetism in
stabilizing the structure, with a strong spin-lattice interaction coupling the quasi-2D hopping of Cu

atoms with motions of Cr and Se atoms around them.

The crystal structure of CuCrSe, is layered rhombohedral with two possible sites for Cu
atoms, « and 3, as shown in Fig. 1-a,e (hexagonal representation). CrSeg octahedra ‘sandwich’
layers of tetrahedral « and  Cu sites. At low temperature (Fig. 1-a), Cu ions occupy only the «
sites, and the structure has R3m symmetry, with Cr3* spins ordering antiferromagnetically below
the Néel transition T = 55 K 334041 ‘Warming across T,,q = 363 K, an order-disorder transition
occurs, redistributing Cu ions across o and f3 sites with equal occupancies (Fig. 1-e, Fig. S4) 313,
Above T4, the Cu ions undergo ‘superionic’ quasi-2D diffusion in their half-occupied sublattice,

changing the average structure to R3m 3!-3.

We first track the evolution of the CuCrSe, lattice dynamics from 10 to 650 K with INS
meastrements-condueted on polycrystalline samples using time of flight spectroscopy. These ex-

periments provide the orientation-averaged dynamical structure factor, S(Q, E):
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Figure 1: (color) Anomalous atomic dynamics across the superionic transition in CuCrSe,. (a)
Room temperature crystal structure of CuCrSe;. (e) High temperature structure shown with Cu
occupancy on « and [ sites (indicated with half white-half red spheres). Tetrahedral hopping
directions shown with thick red bands. (b-d) S(Q, F') maps measured with £; = 15meV on
CNCS at 200 K (b), 350 K (c), and 650 K (d). The S(Q, F') maps show a dramatic softening and
broadening of an intense low-energy excitation band around 8 meV, while the dispersive acoustic

phonons, emanating from the 110 Bragg peak near 3.4 A~', remain visible in the superionic phase.



where () and E are the wavevector amplitude and energy transfer to the sample, ¢;(E) is the
phonon DOS, o;, M;, and exp(—2W;) are the neutron scattering cross-section, mass, and Debye-
Waller factor for atom 4, respectively, and ny(E) is the Bose occupation factor ** (we note Q = |Q)|

the magnitude of wave-vector transfer, £ the energy). The related dynamical susceptibility is given

by X"(Q, E) = (1 — exp(—=E/kpT))S(Q, E).

The INS spectra reveal a dramatic temperature evolution of the atomic dynamics, as can
be seen in Fig. 1. S(Q, F) maps in Fig 1-(b,c,d) show a nearly flat and intense excitation band
around 8 meV for 7" < 350 K, in addition to acoustic phonon dispersions emanating from the (110)
nuclear Bragg peak at Q = 3.4 A~!. AsTop-isapproached; Upon warming in the normal state,
the modes around 8 meV show a pronounced shift to lower energy (“softening”) and broadening,
which becomes drastic when crossing into the superionic state, eventually spreading over most
of the low energy transfer range at 650 K, while the Bragg peak and acoustic dispersions remain

clearly visible (Fig. 1b-d).

The behavior of the 8 meV phonons was analyzed by integrating S(Q, ') dataover 3 < @) <
4 A—'. The resulting S (E) are plotted in Fig. 2-a, while Fig. 2-b shows fit results for the position
and width of the peak in the corresponding x”(£). Below 7,4, the phonon band strongly softens
on heating and becomes constant in energy above 7,q. The energy decrease from 10K to 420 K
is about 20%, one order of magnitude larger than expected based on thermal expansion alone
(SI), revealing a very strong anharmonicity. Most strikingly, the energy width of the low-E optical

phonon band, corrected for instrumental energy resolution, broadens by a factor of four from 100 K
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Figure 2: (color) Phonon BOS spectra from INS and DFT simulations, showing large damping
and softening of Cu in-plane modes across T,q. (a) S(F) cuts, integrated over the range 3 < @) <
4 A= for all temperatures measured at CNCS. (b) Fitted energy (grey squares) and resolution-
corrected peak widths (black circles) from fits to data in (a), showing the pronounced softening
and extreme broadening of the 8 meV phonon-like excitation. (c) Neutron-weighted DOS from
ARCS measurements at indicated temperatures. The trace labeled LD is the DOS from lattice
dynamics using DFT, including neutron weighting and convolution with the instrument resolution.
(d,e) Site projected DOS from DFT for the (d) c-axis polarized and (e) in-plane motions in the
a — b plane of the indicated atoms. Cu motions mainly contribute a strong peak near 8-10 meV for

the in-plane calculation, and a weaker peak near 12 meV for c-polarizations.



to 650 K (Fig. 2-b), becoming strongly damped above 74. In the ordered phase (normal state), the

width increases linearly with 7', consistent with anharmonic scattering.

To determine the nature of the 8 meV mode, we analyze the DOS, g(FE), from both INS and
DFT simulations (Fig. 2). Consistent with S(£') from CNCS, the DOS shows a sharp, pronounced
peak at 8 meV at low 7', which undergoes a drastic broadening upon heating, and eventually dis-
appears once the material enters the superionic phase (between 350 K and 420 K). Quite strikingly,
while the low-energy peak softens significantly, the overall mean energy of the neutron-deweighted
DOS (Tab. S-3) shows little change between 10 K and 656500 K, indicating a robust supporting
network of CrSes octahedra. [move this sentence to SI - it opens up an unresolved question:
how can this be the case while Cu modes soften so much, since Cu modes also participate in the
average?] Our DFT simulations within the quasi-harmonic approximation (QHA), including spin-
polarization, yield a DOS in close agreement with INS for 7" < 7,4, as shown in Fig. 2-c. In
addition, we use the DFT simulations to decompose the total DOS into the atom-resolved partial

phonon DOS for atom ¢, defined as:

Ja
where E(j,q) and e(j, q) are the phonon energies and eigenvectors >?. We further project the
polarization components of the atom-resolved DOS onto the a — b plane (Fig. 2-d) or along the
c-axis (Fig. 2-e). The decomposition clearly reveals that the 8 meV peak arises overwhelmingly
from in-plane modes dominated by Cu vibrations. The participation of Cu vibrations to all the
different modes along the dispersions is illustrated in Fig. S18. From the temperature dependence
observed in INS and AIMD simulations, as well as the reported mean square displacements 3!, we

9



conclude that the Cu atoms already undergo large-amplitude quasi two-dimensional vibrations at
low frequency (~ 8 meV) in the normal (ordered) phase, and can be considered 2D ‘rattlers’ by
analogy with filler atoms in cage compounds and intercalation compounds '®!%22, The oscillations

of the Cu rattlers subsequently become overdamped upon heating into the superionic phase, as

Cu ions delocalize and begin to follow diffusive dynamics. Fhese-changses-ofthe Cu-sublattice
| . ible—as-s! o Fie S7.

Determination of phonon polarizations and dispersions requires momentum-resolved mea-
surements, and we obtained this information with IXS on small single crystals**. The dynamical

structure factor measured using IXS is given by:

S(Q,w) = Z fa(Q)exp(—Wyq)[Q - ed(qaj)]Mgl/QeXp(iQ ) (ny+1/2 £ 1/25

Wt Wy i
d R R

3)

where d is the atom index (and d the atom position) in the unit cell, f;(Q) is the form factor for
atom d, W, the corresponding Debye-Waller factor, q the phonon wave vector, wq ; the phonon
frequency for branch index j, Q the wave vector transfer. Results are shown in Fig. 3. IXS spectra
were collected in multiple Brillouin zones at temperatures between 300 and 600 K, across Tyq.
The phonon dispersions, £ = hw(q), were extracted by fitting peak positions in IXS spectra using
a damped harmonic oscillator profile convoluted with the instrumental energy resolution (Fig. 3-

(d,e,f). The experimental dispersions are shown as markers in Fig. 3-(a,b,c), overlaid on the DFT

10
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Figure 3: (color) Momentum-resolved IXS measurements on single crystalline CuCrSe,, com-
pared with DFT simulations. (a-c) Phonon dispersions measured along high symmetry directions
(markers) overlaid on DFT calculations of the low temperature structure (dashed lines). Abscissa
labels indicate the wave vector space direction, and red vertical dashed lines indicate the locations
of constant-Q spectra in panels (d-f). Indexing is based on the hexagonal representation of the
rhombohedral cell. Blue markers are data from the normal state, while yellow and red markers
are measurements at 400 K and 600 K, both in the superionic state. Wide colored boxes repre-
sent extracted phonon linewidths for the indicated temperature. The spectra in (d-f) show the IXS

intensities (markers) (y”(£)) and damped harmonic oscillator fits (solid curves).
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simulations for the ordered phase (harmonic approximation). As one can see, the agreement be-
tween IXS data at 300 K and DFT is excellent. A low-energy, flat optical branch is observed around
8 meV, clearly seen for example along [0, 1, L] (Fig. 3-a). Calculations of anharmonically renor-

malized self-consistent phonon dispersions were also performed (see details in supplement).

Comparing spectra at specific wavevectors below and above 75,4 allows us to track specific
modes across the superionic transition. Our IXS data show that phonon modes with strong Cu
character undergo strong broadening and intensity suppression across 14, effectively breaking
down, in particular the phonon modes around 8 meV. Modes exhibiting strong broadening are
indicated in Fig. 3-(a,b,c) with broad boxes. Both the ~8 meV optic mode and the top of TA
branches along [H,H,6] and [0,H,6] are dominated by Cu motions (Fig. S18). Strikingly, IXS data
show very clearly that all the low-energy, propagative acoustic modes below 5 meV remain well-
defined above 7,4 (Fig. 3 and Table S-1). These acoustic modes are the dominant contributions
to the lattice thermal conductivity, as shown in our calculation of the spectral decomposition of
thermal conductivity (Fig. S17). This behavior differs from reports based on INS measurements
on powder samples of AgCrSe, in Ref. 32, or conclusions inferred from heat capacity in Cu,_,Se
from Ref. 9. Although IXS measurements clearly show that dispersive acoustic modes persist in the
superionic phase in all directions measured, some broadening is observed beyond the instrumental
resolution, corresponding to increasing scattering of acoustic phonons above 7,4 (Tab. S-1) and

consistent with our measurements and first-principles modeling of «,; (SFig. 21).

The extreme damping of Cu vibrational modes at 8 meV in the superionic phase, seen in all

12
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Figure 4: Diffusive behavior of Cu ions probed with quasielastic neutron scattering and ab-initio
molecular dynamics. (a) Temperature evolution of quasielastic scattering from CNCS, for inte-
gratedover 1.4 < Q) < 1.6 A~ (b) Cu-Cu RDF calculated from AIMD. The peakatr,_g = 2.6 A
for 7' =500 K indicates random occupations of both Cu « and /3 sites. A considerable broadening
of peaks, from large amplitude spatial fluctuations, is also seen at 500 K. (c-d) AIMD trajectories
for the Cu ions from ab-initio molecular dynamics simulations, showing the localization of the Cu
sublattice for the spin-polarized case with all atoms oscillating around « site (z = 0) at 300K (c),
compared to the delocalization of Cu ions across « and § (z = 1) sites in the non-spin-polarized

case at S00K (d).
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measurements, signifies that Cu ions no longer undergo oscillatory motions. Yet, their degrees
of freedom need to be preserved, and we expect that their dynamics become stochastic/diffusive
instead of phonon-like. Such a behavior is expected to lead to a characteristic quasi-elastic neutron
scattering (QENS) signal, which takes the form of a Lorentzian distribution as function of energy
transfer, centered at the elastic line (£ = 0) **. QENS results for Q = 1.5 A~! are shown in
Fig. 4-a, and confirm the diffusive motions of Cu ions above 74. The intensity of the Lorentzian
tails strongly increases with temperature, revealing increasing Cu diffusivity with when T" > T4.
Fitting QENS data with a ()-dependent Lorentzian of full-width-at-half-maximum 2I'7(() enabled
us to extract critical information about the Cu diffusivity (Fig. S 8). From the linear portion of the
I vs Q? relation at low @), we extracted a diffusion constant, Dr, using ['7(Q) = hD7Q? for the
low @ limit **. We observe that I'(Q?) plateaus at higher @, characteristic of jump-diffusion in
solids *. At T = 495K, we find D = 7.240.4 x 107% cm? s, in quantitative agreement with the

2 571 at the same

diffusion constant estimated from Nernst-Einstein relation, D = 8.9 x 1075 cm
temperature, confirming the superionic character. The difference between these two values could

arise from the quasi-2D nature of diffusion in CuCrSe,, which is beyond the scope of our QENS

analysis.

Above T,4, phonon oscillations of the lattice in the superionic phase ‘see’ a half filled o + (8
layer with 50% vacancies and a disordered distribution of Cu ions undergoing large anharmonic
oscillations. The Cu disordering is evident from our neutron diffraction data (supplement Fig. 4)
as well as the Cu-Cu radial distribution function (RDF) computed from AIMD (Fig. 4b). In the

superionic state, a new peak appears in the RDF at about 2.5A. This peak corresponds to nearest-
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neighbor bonds r,_ g, resulting from occupation of both o and /3 sites, while only r,_,, = 3.8 A is
seen in the ordered phase. In addition, a significant broadening is observed in RDF peaks at 500K,
indicating large amplitude fluctuations in position. Thus, we understand that the copper dominated
phonons in the superionic phase are strongly scattered by disorder, besides anharmonicity. These
conclusions are consistent with our measurements and modeling of the lattice thermal conductivity,
which is low and relatively constant above 7,4 (SI), in agreement with prior reports >4, Using a
Chudley-Elliot model®, I'(Q) = A/7(1 — sin(Q!l)/QI) with [ the jump length (I = 2.34 A for a-f3
tetrahedral hop), we obtain an estimated mean residence time 7 ~ 32 ps at 382 K and still ~ 7 ps
at 495 K (Fig. S 8). Thus, the time scale for diffusion hops in the superionic phase remains larger
than the phonon vibrational time scale dominating thermal transport, which, from our spectral
decomposition of k;,, is around 0.7 THz (hv ~ 2.9meV) (Fig. S 17), but we emphasize that
Cu ions are disordered among « and /3 sites at all temperatures in the superionic phase. Yet,
the persistence of acoustic phonons in the superionic phase rules out the picture that x;,; in a
superionic compound would be necessarily reaching the minimum possible thermal conductivity
7 and is in accord with even lower values of thermal conductivity in CuCrSe, being achievable

with nanostructuring *° or alloying 8.

We now consider magnetic fluctuations seen in INS at low ) (Fig. S 5). At low 7', Fig.
S 5-(a,b), magnetic spin-waves are dispersing out of the antiferromagnetic Bragg peak (£ = 0)
at Q = 2.0 A~!. This Bragg peak disappears above Ty = 55K (Figs. S 4,5,6), as expected from
the loss of long-range antiferromagnetic order. However, correlated spin fluctuations at finite £

remain much above Ty, and are clearly seen even above room temperature (Fig. S 5). We note
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that our first-principles calculations of the DOS and dispersions captured the experimental results
accurately only when including spin-polarization (collinear approximation) in DFT. Non-magnetic
calculations, on the other hand, resulted in unstable phonon dispersions across the Brillouin zone

(Fig. S 10), suggesting an influence of magnetic ordering on lattice stability and phonons.

In the superionic phase, the QHA used to compute phonons below 7,4 breaks down. In order
to model this regime, we performed ab-initio molecular dynamics (AIMD) as a function of tem-
perature (details in SI). Fig. 4-(c,d) show the resulting folded and symmetrized Cu trajectory for
spin-polarized and non-magnetic AIMD simulations at 300 and 500 K, respectively. As one can
see, in non-magnetic simulations at 500 K, the Cu atoms delocalize across « and [ sites, while
at 300 K, Cu atoms occupy the « site only. Cu migration is also observed in the non-magnetic
simulations at 300K (see Fig. S11-a), indicating that Cu delocalization is favored in absence of
magnetism in AIMD. This is compatible with our QHA phonon dispersion calculations, showing
that absence of magnetic correlations in DFT results in weaker bonding of Cu atoms. Experimen-
tally, we can understand the non-magnetic behavior as more representative of the highest temper-
atures. At intermediate temperatures, above 7y but below 7,4, short-range dynamic correlations
of Cr magnetic spins persist (Figs. S5-6), and the spin-polarized calculations appear necessary to

capture their influence on the lattice dynamics.

We now compare the AIMD results to the experimentally determined phonon DOS (Fig. 2¢),
and momentum- and energy-resolved phonon spectra (Fig. 3(d-f)) from INS and IXS measure-

ments, respectively. From the AIMD trajectories (Fig. 4(c,d)), we computed the phonon DOS and

16



power spectrum (SI), taking into account anharmonicity to all orders, and including a distribution
of Cu hopping times. Good agreement is found with our INS results for the phonon DOS and mean
energy (Fig. S15 and Tab. S-3). The enhanced Cu hopping in non-magnetic simulations leads to a
broadened Cu partial-DOS (Fig. S15), in good agreement with the experimental trend from INS.
The AIMD results show a weak temperature dependence for the average phonon energy, which
indicates that the dynamics of the average lattice are less sensitive to the superionic transition. The
significant broadening and breakdown of Cu dominated modes [Fig. S18 and S14(c-f)] is in agree-
ment with IXS measurements. On the other hand, despite the significant Cu hopping, we observe
that low-energy propagative TA modes remain well-defined in the power spectrum (Fig. S14a)
consistent with our IXS measurements (Fig. 3d). In addition, TA phonon modes near the top of the
branch but having small Cu participation, as is the case at ) = (0,2,6) and £ = 4meV, are also

less sensitive to the superionic transition in both experiment and simulations (Fig. 3f, Fig. S14b).

From overwhelming experimental and theoretical evidence, we conclude that long-wavelength
propagative TA modes remain well-defined through the superionic transition, as do phonons in-
volving predominantly the backbone of CrSeg octahedra. Low-energy Cu-dominated modes, on
the other hand, break down in the superionic state. These fundamental insights regarding atomic
dynamics in an intermediate state of matter shed new light on the role of lattice dynamics in fast dif-
fusion for the design of high-performance solid-state electrolytes, and will facilitate the emergence

of superionic compounds with ultralow thermal conductivities for thermoelectric applications.
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1 Methods

A powder sample of CuCrSe, was synthesized via direct solid-state reaction and the crystal struc-
ture was confirmed with x-ray diffraction and magnetization measurements. A small amount
(~ 3%) of CuCr;Se, secondary phase was detected, but this did not hinder the INS analysis (Figs.
S1,S2). Single crystals for x-ray measurements were synthesized by annealing the polycrystalline

precursor at 900°C for at least 2 weeks, resulting in platelet crystals 1 mm long and 30 pm thick.

The INS experiments were performed on an 8 gram powder sample of CuCrSe, with the
CNCS 47 and ARCS “*® time-of-flight spectrometers at the Spallation Neutron Source at Oak Ridge
National Laboratory. The ARCS measurements used an incident neutron energy £; = 55 meV to
probe the entire phonon spectrum over many Brillouin zones, and were used to extract the phonon
DOS. Experiments at CNCS used E; = 15meV to focus on low-energy phonon modes with higher
resolution, and additional measurements with £; = 4 meV (elastic line resolution ~ 120 ueV) were
performed to study the quasi-elastic scattering signal from diffusive behavior. Data were collected
in the range from 10 K to 650 K at both instruments, using a closed cycle refrigerator. The INS
data were reduced using algorithms in the Mantid analysis software *°. The data were normalized
by the accumulated incident neutron flux, and a detector efficiency correction was applied based

on a normalization measurement of a vanadium standard.

QENS data from CNCS were fit with a ()-dependent Lorentzian of full-width-at-half-maximum
2I'r (@), and a delta-function 6(E = 0) representing incoherent elastic scattering, both convolved

with the instrument resolution (estimated as 120 pel’). From the linear portion of the I' vs Q?
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relation at low @ (Fig.S 8), we extracted a diffusion constant, Dy, using I'r(Q) = DrQ? for the
low Q limit **. We observe that I'(Q?) plateaus at higher @), characteristic of jump-diffusion in
solids *. AtT = 495K, we find D = 7.2+£0.4 x 10~% cm? s~!, in quantitative agreement with the

2

diffusion constant estimated from Nernst-Einstein relation, D = 8.9 x 107% cm? s~! at the same

temperature, thus confirming the superionic character.

Inelastic X-ray measurements were performed at the HERIX spectrometer at the Advanced

Photon Source*

on single crystals of CuCrSe, (see Fig. S9). The samples were approximately
25 pm thick. Each sample was mounted on a copper rod using commercial varnish at low tem-
perature or silver paste at high temperature, and was measured in the transmission configuration.
The incident beamline wavelength was 0.5226 A (23.7 keV). The energy resolution of the instru-
ment, measured with a plastic standard, was ~1.50 meV in a first experiment and ~1.32 meV in
a second experiment. IXS spectra were collected in multiple Brillouin zones at temperatures be-
tween 300 and 600 K, across 7,q. A closed-cycle refrigerator with a beryllium shield was used to
provide temperature control. The phonon dispersions, £ = hiw(q), were extracted by fitting peak

positions in IXS spectra using a damped harmonic oscillator profile convoluted with the HERIX

energy resolution.

Phonon simulations were performed in the framework of density functional theory (DFT)
as implemented in the Vienna Ab initio Simulation Package (VASP 5.3) %2, Electronic k-point
meshes of 8 X 8 x 2 and 12 x 12 x 12 were used in the 12 atoms conventional (hexagonal) cell

and the 4 atom primitive cell, respectively. The plane-wave energy cut-off was set to 500 eV. The
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convergence criterion for the electronic self-consistent loop was set to 1078 eV. We used projector-
augmented-wave potentials, which explicitly included 12 valence electrons for Cr (2p°3d°4s%), 17
for Cu (2p°®3d'%4s'), and six for Se (2522p*). We performed both collinear spin polarized (SP) and
non-spin polarized (NSP) calculations. We used the generalized gradient approximation (GGA) in
the Perdew-Burke-Ernzerhof (PBE) parametrization >3. During the relaxation of the structure, the
atomic positions were optimized until forces on all atoms were smaller than 1 meV A~! for con-
stant experimental lattice parameters a = b = 3.679 A and ¢ = 19.385 A >*. Phonon dispersions
were calculated in the harmonic approximation, using the finite displacement approach as imple-
mented in Phonopy 3°. We used a 4 x 4 x 1 supercell of the conventional cell (192 atoms), as well
as a 3 x 3 x 3 supercell of the primitive rhombohedral cell (108 atoms). The atomic displacement
amplitude was 0.01 A in all cases. The computed DOS was convolved with the INS spectrometer

energy resolution for direct comparison with the measurement.

Ab-initio molecular dynamics (AIMD) simulations were performed on a 4 x 4 x 1 supercell
of the conventional cell (192 atoms). We used a ['-point mesh with a plane-wave cut-off energy
of 700eV in all AIMD simulations. The convergence criterion for the electronic self-consistent
loop was set to 10~%eV. AIMD simulations were performed using an NVT-ensemble with Nosé-
Hoover thermostat. The simulations were performed for about 10000 to 15000 fs for NSP, and
6000 to 10000 fs for SP, with a time step of 2 fs. Remaining AIMD parameters were kept identical
to 0 K DFT phonon simulations. Lattice thermal conductivity simulations were performed using
both almaBTE *° and with phenomenological scattering models combined with the first-principles

dispersions °’. For almaBTE, a 4 x 4 x 1 supercell was used to extract third-order order force
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constants, which allows consideration of interaction triplets up to the third nearest neighbor. A

g-mesh of 12 x 12 x 12 was used.

Additional data and information about data treatment for all techniques are given in the

supplementary information.
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