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Superionic conductors (SICs) exhibit liquidlike ionic diffusivities while maintaining a periodic
crystalline lattice, making them promising candidates for applications in fuel cells, solid-state electrolytes,
and thermoelectric materials. The transient local structures of mobile ions and their cooperative interactions
with the host lattice are of pivotal importance regarding both the ion and heat conduction in SICs. However,
accurately capturing the structural evolution of mobile ions remains a significant challenge due to the
inherent complexities involved. Here, we employed ultrafast electron diffraction (UED) with femtosecond-
temporal and angstrom-spatial resolution to resolve the structural evolution of mobile Agþ ions in
AgCrSe2. Our experiments identify a critical process originating from localized Agþ vibrations at the
long-range-ordered lattice sites to a formation of short-range-correlated Agþ trimer structures through a
drastic contraction of the Agþ─Agþ bond from approximately 3.68 to approximately 3.00 Å in 1.97 ps.
Combining real-time time-dependent density-functional-theory and molecular dynamics simulation, we
further reveal the crucial role of these contracted trimer structures in enabling fast Agþ diffusion by opening
up excess free volume and reducing local energy barriers. Such an intimate relation between fast diffusion
and local lattice variations is not exclusive and can be extended beyond AgCrSe2 to materials such as
Li10XP2S12 (X ¼ Si, Ge, Sn). The ability to track ion diffusion with UED also provides new avenues for
exploring the atomistic mechanisms of fast ion diffusion in next-generation solid-state electrolytes, fuel
cells, and ion transport membranes.
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I. INTRODUCTION

Superionic conductors (SICs) exhibit unusually high
ionic diffusivities comparable to those of liquids while
still maintaining a periodic crystalline lattice [1]. Because
of their superior ionic conductivities, SICs serve as

promising candidates for various technological applications
such as fuel cells [2], supercapacitors [3], intercalation
MXenes [4], and as electrolytes in lithium-ion [5,6] and
other solid-state batteries [7,8]. In addition to high ionic
conductivity, the low-lattice thermal conductivities of SICs
endow them with excellent thermoelectric properties [9,10].
Ion and heat conduction in SICs are fundamentally

governed by their instantaneous local structures and co-
operative interactions with the host lattice. Optimizing the
host lattice and its interactions with mobile ions is crucial
for advancing next-generation solid-state electrolytes.
Techniques including inelastic neutron scattering [11,12],
nuclear magnetic resonance (NMR) [13], electrochemical
impedance spectroscopy [14], density functional theory
(DFT) [15], and ab initiomolecular dynamics (AIMD) [16]
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have elucidated key factors that facilitate ion transport,
such as lattice softness and polarizability [17], rattling
modes [18], and phonon anharmonicity. However, com-
prehensive studies of local dynamic structures during the
diffusion process, particularly those combining both sub-
picosecond temporal resolution and atomic spatial reso-
lution, remain limited. For instance, optical pump-probe
methods [19], while reaching a temporal resolution from
femtosecond to picosecond, cannot probe local bond length
variations and correlation lengths of collective ion motion.
Inelastic and quasielastic neutron scattering [20,21], which
can measure a broad range of momentum and energy
transfer, lacks temporal resolution and is also limited in
resolving spatial correlations of ion motion. Meanwhile,
although AIMD simulations provide very rich structural
information, such as temperature-dependent Ag bond
distributions in AgCrSe2 [21], and the liquidlike, collective
ionic dynamics in superionic conductors [22], direct
comparisons with experimental results should be
approached with caution, considering the inherent compu-
tational limitations on timescales and system sizes.
To address this limitation, an MeV ultrafast electron-

diffraction (UED) technique [23,24] was employed to
investigate sub-picosecond-scale Agþ ion dynamics in a
model SIC system AgCrSe2 by delivering ultrafast heating
pulses to drive the material from its ordered phase to the
disordered superionic conducting phase using a femtosecond
laser [16,25]. The high temporal resolution provided by the
double-bend achromat compressor, combined with the broad
momentum space accessible with MeV electrons, enables
direct visualization of local atomic dynamics across diverse
stages of ion diffusion. Specifically, we observed a fast
transition (approximately 1.97 ps) of the Agþ sublattice from
long-range order to a dynamic short-range-ordered (SRO)
structure with an average longitudinal correlation length
of 6.16 Å and an unexpected substantial reduction of
Agþ─Agþ bond lengths from 3.68 to approximately 3.00 Å.
By combining real-time time-dependent density-functional-
theory (rt-TDDFT) calculations and molecular dynamics
(MD) simulations, it was further demonstrated that these
emergent SRO structures not only effectively mitigated
diffusion energy barriers, but also created large free volume
for diffusion, thus resulting in the liquidlike fast Agþ
diffusion in AgCrSe2.

II. RESULTS AND DISCUSSION

A. Probing dynamic Ag+ ion diffusion in AgCrSe2
through femtosecond electron diffraction

Figure 1(a) displays the atomic structures of the low-
temperature- (LT) ordered phase and the high-temperature-
(HT) disordered phase of AgCrSe2. In the LT phase, only
one of the lattice sites, e.g., the α site, caged by the Se
tetrahedra is occupied by Agþ ions, while both α and β sites
are randomly occupied above the order-disorder phase

transition temperature TC ∼ 475 K. Note that the random
disorder structure above TC is an oversimplified time- and
spatial-averaged model. The exact local dynamic struc-
tures, particularly the spatiotemporal correlations between
multiple Agþ ions, remain elusive.
To investigate the order-disorder phase transition, we

first conducted in situ heating experiments on AgCrSe2
from 300 to 550 K using a 200-kV transmission electron
microscope (see Supplemental Material Sec. I for experi-
ment details [26]). At and above the phase transition
temperature TC ∼ 475 K, a ringlike diffuse scattering
pattern appeared around the f101̄0g� Bragg diffractions
[Figs. 1(b)–1(d)], implying a spatial correlation among
mobile Agþ ions [106]. However, these static experiments
provided only time-averaged local structural information,
and UED experiments were motivated to better capture
both the spatial and temporal information of these
structures.
Next, we performed a UED experiment, and the experi-

ment setup is schematically shown in Fig. 1(a), where the
LT phase was pumped to the HT phase stroboscopically by
an 800-nm femtosecond laser pulse. Structural changes
were then probed using an MeV electron pulse at various
time delays (see Sec. IV for details). Figures 2(a)–2(c)
display the representative differential electron diffractions
ΔIðtÞ ¼ IðtÞ − Ið0Þ at time delays of 0.95, 4.95, and

FIG. 1. Tracking the diffusion of Agþ ions in AgCrSe2 by
femtosecond electron diffraction. (a) Schematic of the ultrafast-
electron-diffraction pump-probe setup used to measure the ultra-
fast-laser-induced phase transition of AgCrSe2. The left panel
depicts the low-temperature-ordered phase in which Ag atoms
exclusively occupy α sites, and the right panel illustrates the
high-temperature-disordered phase wherein Ag atoms randomly
occupy both α and β sites. (b)–(d) In situ heating selected-area
electron-diffraction patterns of AgCrSe2 acquired on a 200-kV
transmission electron microscope at 300, 475, and 550 K,
respectively.
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8.30 ps for a 50-nm-thick sample following the photo-
excitation with a 7.60 mJ cm−2 laser pulse at 340 K. At a
short timescale of t ¼ 0.95 ps, a clear attenuation of the
Bragg peaks was observed, accompanied by a weak diffuse
background due to laser heating. At t ¼ 4.95 and 8.30 ps, a
characteristic diffuse ring pattern, which is consistent with
the static electron-diffraction patterns [Figs. 1(b)–1(d)] and
also similar to those observed in liquid [107] or amorphous
materials [108], appeared around the first-order f101̄0g�
Bragg diffractions. This ring feature indicates laser-induced
thermal activation of Agþ ion diffusion well above TC.
To further substantiate the thermal origin of the diffuse

ring pattern after photoexcitation, we also conducted a
UED control experiment at 100 K with identical laser
fluence of approximately 7.60 mJ cm−2 (see Supplemental
Material Sec. II for details [26]). As clearly shown in Fig. 3
(complete data provided in Supplemental Material Video 1
[26]), the diffuse ring pattern was absent even up to a time
delay of 14.80 ps. Therefore, the possibility of nonthermal
processes can be ruled out. Moreover, according to our
calculations of the sample temperature after photoexcita-
tion (Supplemental Material Sec. III [26]), the maximum
change of the sample temperature ΔT is estimated to
be about 328 K for an experiment laser fluence of
7.60 mJ cm−2. ThisΔT would raise the sample temperature
well above TC for an initial temperature of 340 K, while
still below TC when the sample temperature was 100 K.
This result further supports our interpretation that the
diffuse ring is due to laser-induced heating.

B. Quantification of the ultrafast diffuse ring patterns

The diffuse ring pattern provides invaluable local struc-
tural information, particularly the instantaneous local Agþ
structures and their short-range correlations during diffu-
sion. Figure 4(a) schematically displays the reference
ð336̄0Þ� Bragg diffraction and the regions used to extract
the diffuse ring intensities following photoexcitation at a
fluence of 7.60 mJ cm−2 at 340 K. As shown in Fig. 4(b)
(top panel), the Bragg peak intensities decay exponentially
with a time constant τ336̄0 ∼ 2.71� 0.11 ps, which can be
attributed to the Debye-Waller effect. This time constant is

indicative of the equilibration time for the entire lattice
system. Concurrently, the diffuse ring intensities exhibited
a gradual increase over the course of approximately 10 ps
[Fig. 4(c); also see Supplemental Material Video 2 for
full data [26] ]. In addition, a discernible shift of the peak
position (labeled as kc) toward a lower scattering angle k
was also observed.
Further quantitative spatial and temporal information is

obtained by fitting the diffuse intensity with a Gaussian
function A exp f−½ðk − kcÞ2=ð2σ2Þ�g þ B [fitting results
shown in Fig. 4(c)], and the results are summarized in
Figs. 4(b) (bottom panel) and 4(d). Similar to the Bragg

FIG. 2. Differential electron diffractions at (a) 0.95, (b) 4.95, and (c) 8.30 ps, following photoexcitation with an 800-nm, 7.60 mJ cm−2
laser pulse at 340 K. Bragg diffractions are labeled by their Miller indices, with blue indicating lower intensity compared to the
diffraction pattern at t ¼ 0 ps and red indicating increased intensity.

FIG. 3. Quantification of diffuse scattering intensity following
photoexcitation with an 800-nm, 7.60 mJ cm−2 laser pulse at
100 K. (a)–(c) Differential diffraction patterns recorded at 1.48,
3.48, and 14.80 ps, respectively. Bragg diffractions are labeled by
their Miller indices, with blue indicating lower intensity com-
pared to the diffraction pattern at t ¼ 0 ps and red indicating
increased intensity. The gray-shaded sectors in (b) indicate the
regions used for quantification. (d) Azimuthally averaged line
profiles of the diffuse scattering at various time delays, showing
the absence of the characteristic diffuse ring.
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peak, the fitted intensity parameter A could also be
described by a single exponential function with a relaxation
time τA of approximately 3.41� 0.42 ps. The relatively
slower time constant τA, in comparison to τ336̄0, further
supports the thermal activation nature of the diffuse
scattering and ion diffusion.
As shown in Fig. 4(d), the peak position kc sharply

decreases from approximately 0.38 to approximately
0.34 Å−1 with a time constant τkc ∼ 1.97� 0.19 ps, while
the inverse of the peak width ð2σÞ−1 increases from
approximately 5.08 to approximately 6.16 Å. Unlike the
Bragg diffraction intensity or the parameter A, which is
primarily associated with individual lattice or mobile ion
subsystems, the meaning of kc and ð2σÞ−1 in the non-
equilibrium state is less evident. Here we shall first focus
on the values of kc and ð2σÞ−1 near equilibrium, as they
are directly related to the average interatomic distance dAg
and the longitudinal correlation length ξ of local structures
by dAg ¼ k−1c and ξ ¼ ð2σÞ−1 [109], which has been
exemplified in liquids [107] and amorphous materials

[108]. Using kc ¼ 0.34 Å−1, we obtained an average
dAg of approximately 3.00 Å, which is significantly shorter
than its value in the ordered phase (approximately 3.68 Å)
and suggests a highly distorted structure with a lattice
variation of approximately 18%. Importantly, this distorted
structure does not correspond to a static crystallographic
distortion of the average lattice. Instead, it reflects a
dynamic, local distortion of the Ag sublattice arising from
correlated Agþ displacements. Specifically, the shortened
average Ag-Ag distance can be understood as the combined
effect of large off-site displacements of Agþ ions from their
ideal α-site positions and the transient formation of locally
correlated Ag pairs or small clusters with substantially
contracted Ag-Ag separations.
Specifically, the experimentally observed diffuse scatter-

ing exhibits an intrinsic isotropic ringlike feature in
reciprocal space, indicating that the Ag-Ag correlations
are statistically isotropic and lack any preferred orientation.
If significant anisotropic motifs were present, such as bent
trimers or branched motifs with preferred orientations,

FIG. 4. Quantification of diffuse ring patterns and Agþ ion dynamics. (a) Differential diffraction pattern at t ¼ 10.50 ps, where the
gray sectors and the blue circle indicate the regions used for the quantification of the diffuse ring and the ð336̄0Þ� Bragg diffraction,
respectively. (b) Intensities of the ð336̄0Þ� diffraction peak (top panel) and fitted peak height A determined by fitting the diffuse ring
intensity profiles to the Gaussian function A exp f−½ðk − kcÞ2=ð2σ2Þ�g þ B (bottom panel). The solid curves indicate the fitted single
exponential functions used to obtain the relaxation time. (c) Raw intensity profiles and Gaussian function fitting results. Azimuthally
averaged line profiles of the diffuse ring at various time delays, with the peak positions labeled as kc. The superimposed solid curves
indicate the fitted Gaussian functions used to quantify spatial and temporal information of Agþ dynamics. (d) Time evolution of the
fitted parameters kc and ð2σÞ−1, where the former indicates a fast equilibration to an inter-Agþ distance of 3.00 Å, and the latter suggests
a buildup of an average correlation length up to approximately 6.16 Å at approximately 5.00 ps.
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anisotropic diffuse features would be expected. The
absence of such features therefore constrains the correlated
structures primarily to longitudinal Ag-Ag arrangements.
Moreover, the experimentally determined average correla-
tion length ξ ∼ 6.16 Å provides a further geometric con-
straint. This length is roughly twice dAg, indicating that the
correlated structure typically extends over two Ag-Ag
spacings. This result suggests a unique short-range-ordered
Agþ structure consisting of three Agþ ions aligned in a row,
or more concisely, transient linear Agþ trimers with a
highly contracted bond length of approximately 3.00 Å.
Importantly, this interpretation does not rely on assuming
strictly linear motifs but instead reflects the characteristic
correlation length extracted from the diffuse scattering.
Similar results were obtained in a separate experiment with
higher laser fluence at 340 K as well, (see Supplemental
Material Sec. II, Figs. S1 and S2, and Video 3 for details
[26]), demonstrating the consistency of the experiments.

C. rt-TDDFT and nonequilibrium MD simulations
of the pump-probe process

The SRO Agþ trimers, as revealed by our UED experi-
ments, are in stark contrast with the conventional under-
standing of disordered structures in SICs, as exemplified
by the schematic atomic structure shown in Fig. 1(a).
Furthermore, the dynamic evolution of the diffuse ring,
particularly the changes of kc and ð2σÞ−1, remains to be
elucidated.
To gain further understanding of the dynamic structural

evolution, we first carried out rt-TDDFT calculations using
the software package PWMAT [110,111]. As clearly shown
in Fig. 5(a), with the partial density of states (DOS) of
photoexcited electrons and holes projected onto Ag, Cr, and
Se atoms, together with their charge distribution at selected
time intervals in Fig. 5(b), the laser pulse mainly excites the
highly localized Cr 3d orbitals, while those around Agþ are
negligible. Thereby, the complicated photoexcitation pump
process can be simplified as an excitation or heating of
the CrSe2 sublattice through electron-phonon coupling,
while the Ag sublattice remains almost intact. Later on, the
“cold” Ag sublattice is heated by the “hot” CrSe2 sublattice
through phonon-phonon interactions (see Figs. S3–S6 for
details [26]). Furthermore, we carefully compared the DFT
ground-state electronic structure (Supplemental Material
Secs. 4 and 5 [26]) with the rt-TDDFT calculation results,
and it was found that the Agþ ions were weakly dependent
upon the electron temperatures (see Supplemental Material
Sec. VI for detailed results and further discussion [26]).
Hence, the dynamics of the Agþ ion after laser excitation
could be approximated by its dynamics at the ground state.
Based on this approximation, we performed nonequili-

brium MD simulations using the neuroevolution potential
(NEP) trained by density functional theory (see Sec. IV
for details). The calculation was performed on a model
comprising 11 520 atoms with a hot-spot thermostat based

on the generalized Langevin equation (GLE) for 600 ps
[112,113]. Using this approach, we obtained a nonequili-
brium steady state, whereas the CrSe2 sublattice was heated
to approximately 700 K, the Agþ ions were still cold at
approximately 340 K. Subsequently, free relaxation to
equilibrium in the microcanonical ensemble was performed
to simulate the heating of the Agþ sublattice. Figure 5(c)
compares the kinetic temperature calculated by rt-TDDFT
and MD simulations. These two results are in excellent
agreement with each other, strongly supporting the validity
of our MD simulations.
From the nonequilibrium MD simulations, we extracted

a series of structures and calculated their electron-
diffraction patterns (see Sec. IV for details). Figure 5(d)
shows the total electron diffraction of the initial structures
Ið0Þ (t ¼ 0 ps), which consists of conventional Bragg
diffraction spots and six diffuse scattering patterns situated
between the diffraction spots. To further identify the origin
of these unique diffuse scattering patterns, we performed
further electron-diffraction simulation (Supplemental
Material Sec. VII [26]), and as clearly displayed in
Figs. S7–S9 of Supplemental Material [26], the diffuse
scattering can be attributed to the Agþ-dominant low-
frequency transverse acoustic phonons. The absence of
comparable diffuse scattering patterns in our UED experi-
ments might be ascribed to the much weaker intensity
of phonon diffuse scattering compared to those of
Bragg diffraction and inelastic plasmon scattering (see
Supplemental Material Sec. VIII for further discussion [26]).
Figures 5(e)–5(j) display the structure snapshots and the

corresponding differential electron diffractions ΔIðtÞ at
t ¼ 0.95, 4.95, and 8.30 ps, respectively. The displace-
ments of Agþ ions determined by their positions at time t
and t ¼ 0 ps were also provided. The simulation results
clearly reveal the dynamic structural changes in both time
and space. On a short timescale (t ¼ 0.95 ps), only a few
Agþ ions exhibit substantial displacement from their
original positions (marked in light yellow in Fig. 5(e)].
These highly localized and independent displacements are
a distinctive feature of Agþ vibrations in AgCrSe2 [114].
During this process, there was a decrease in the Bragg peak
intensities accompanied by a slight increase in diffuse
background. At an intermediate timescale (t ¼ 4.95 ps),
the displacements of Agþ become more pronounced and
dimers and trimers spanning two to three Agþ ions begin to
form [highlighted by the light blue and light green circles in
Fig. 5(f); also see Supplemental Material Sec. IX and
Figs. S10–S12 for their definitions [26] ]. The inter-Agþ
distances within these SRO regions, as directly measured
from the radial distribution functions (Figs. S3 and S13,
also see Supplemental Material Sec. X for details [26])
are in excellent agreement with the experimental value
dAg ≈ 3.00 Å. Furthermore, the simulated electron diffrac-
tion [Fig. 5(i)] also reproduces the characteristic diffuse
ring pattern observed in experiments. On a longer timescale
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(t ¼ 8.30 ps), the dimers and trimers are interconnected,
resulting in the formation of stringlike patterns [Fig. 5(g)]
with a longitudinal correlation of approximately two to
three Agþ ions. A similar stringlike pattern was also
reported in previous work on AgCrSe2 by MD simulations
[115]. However, the predicted correlation length was much
longer (approximately 20 Å) than our results due to lower
simulation temperature (250 K) and longer time delay
(approximately 337 ps).
As denoted by the arrows in Figs. 5(i) and 5(j), the

diffuse ring is positioned more inward with respect to the
phonon diffuse scattering pattern. This explains the evo-
lution of kc and ð2σÞ−1 shown in Fig. 4(d). In brief, kc and
ð2σÞ−1 are determined by both phonon diffuse scattering
and diffuse ring. Their changes indicate a dynamic tran-
sition from localized vibrations at the long-range-ordered
lattice sites to the onset of local SRO dimers and trimers.
We remark that the transition time τkc (approximately

1.97� 0.19 ps) also provides a rough estimation of the
relaxation time of local structure fluctuations. As a com-
parison, the relaxation time of dynamic Agþ disorder
was determined to be approximately 2.29 ps at 520 K
by inelastic neutron scattering [25]. This good agreement
supports the phonon-triggered diffusion mechanism,
as suggested in previous studies of Ag8SnSe6 [20] and
Ag8GeSe6 [116].

D. Origin of short-range-ordered Ag+ trimers
and its implication for fast ion diffusion

From our experiments and simulations, we discovered
SRO Agþ dimers and trimers that are notably incompatible
with the host lattice. The origin of the short Agþ─Agþ
bond and the formation of dimers and trimers can be readily
understood from theoretical calculations by NEP, according
to which the energy minimum of two Agþ ions, or an Agþ
dimer, is exactly at approximately 3.00 Å [Fig. 6(a)].

FIG. 5. rt-TDDFT and nonequilibrium MD simulations. (a) Partial DOS of photoexcited spin-polarized electrons and holes projected
onto Ag (red and blue) and CrSe2 (light red and blue) at t ¼ 100, 1000, 2000, 3000, and 4000 fs, respectively. (b) The photoexcited
electron (yellow) and holes (cyan) charge-density distribution (isosurface level ¼ 1.65 × 10−3) at t ¼ 100 and 4000 fs, respectively. The
atomic structure is viewed along the a axis of the hexagonal cell. These photoinduced charges are localized on Cr 3d orbitals. (c) Instant
kinetic temperature calculated by rt-TDDFT and nonequilibrium MD simulation. (d) Total electron-diffraction intensity I0 of the
structure at t ¼ 0 ps. (e)–(g) Instantaneous structures of Agþ ions at t ¼ 0.95 ps (e), 4.95 ps (f), and 8.30 ps (g), where the arrows denote
the relative displacements of Agþ with respect to their initial positions at t ¼ 0 ps and colored circles in (f) and (g) indicate dimers (light
blue), trimers (light green), and their combinations (light orange). (h)–(j) Differential electron-diffraction patternsΔIðtÞ ¼ IðtÞ − Ið0Þ at
t ¼ 0.95, 4.95, and 8.30 ps, respectively.
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Consequently, the shrinkage of the Agþ─Agþ bond is
indeed energetically favorable despite of the energy barriers
imposed by the local CrSe2 host lattice. In addition, after
the formation of the Agþ dimers and trimers, a substantial
amount of “free volume” is created, thus further mitigating
the energy barrier for diffusion and allowing subsequent
migration of neighboring Agþ ions. This successive dif-
fusion through the fluctuating creation of free volume
process is illustrated in Fig. 6(a) and demonstrated in
Figs. 5(f) and 5(g). We remark that the same conclusion
could also be made by the conventional nudged elastic band
and potential of mean force methods (Supplemental
Material Sec. 11 [26]). As shown in Figs. S14 and S15
of Supplemental Material [26], the formation of Ag dimers
would drastically reduce the repulsion interactions between
Ag ions and allows the migration from the α site to β site.
Similarly, it is found that the potential of mean force

between two Agþ ions is extremely shallow at 300 K,
and its global minimum shifts to a Agþ-Agþ length of
approximately 3.00 Å (Fig. S16 [26]).
The reduction of local energy barriers together with the

creation of excess free volume via the spontaneous for-
mation of local contracted structures is not exclusive to
AgCrSe2 and has significant implications for other SICs
as well. By introducing a lattice difference parameter
η ¼ ½ðdhost − dionÞ=dhost� (dhost, average lattice parameter
of the mobile ions frozen in the host at low temperature;
dion, bond length of mobile ions at high temperature) as a
measurement of available free volume, we summarized in
Fig. 6(b) a compilation of diffusion activation energies Ea
versus η for a variety of Agþ-, Cuþ-, Naþ- and Liþ-based
SICs (see Supplemental Material Sec. 12 and Table SI for
details [26]), in which a general inverse correlation between
Ea and η could be found. This surprisingly simple but

FIG. 6. Origin of dynamic short-range-ordered Agþ structure and fast-ion-diffusion property. (a) The potential energy of two Agþ ions
calculated by the neuroevolution potential, indicating an energy minimum at a distance of approximately 3.00 Å. The formation of
dimers and trimers by the attractive forces between Agþ ions and open free volume are illustrated schematically in the inset.
(b) Diffusion activation energy as a function of the lattice difference η for the Agþ-, Cuþ-, Naþ-, and Liþ-based superionic conductors,
revealing a general trend: activation energy decreases with increasing η, as indicated by the dashed gray line. (c) Calculated diffusion
coefficient DAgþ of AgCrSe2 under 0% and 2% tensile strain. The predicted DAgþ under 0% strain above 475 K matches the
experimental data [117] very well. Under 2% tensile strain, DAgþ increases by an order of magnitude at room temperature. (d) MD
simulations of Li10GeP2S12 (top panel) show the presence of Liþ dimers (marked by blue circles), with an average interatomic distance
of approximately 2.75 Å, which can be directly determined from the radial distribution function gLiþ−LiþðrÞ (bottom panel).
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ubiquitous relation can be fully exploited to optimize the
ionic transport property of SICs by tuning the difference
between dion and dhost either through internal “strain,” e.g.
doping or alloying of the host lattice, or through external
strain. As a direct demonstration, we performed MD
simulations on AgCrSe2 and compared the diffusion
coefficient DAgþ under 0% strain and 2% tensile strain.
Despite a discrepancy in TC, the predictedDAgþ (0% strain)
above 475 K is in excellent agreement with the exper-
imental values [117] (Fig. 6(c)]. Under 2% tensile strain,
DAgþ can increase by an order of magnitude at room
temperature, providing compelling evidence for the general
applicability of the inverse correlation between Ea and η.
Moreover, we also investigated the ubiquity of dimer and
trimer structures through additional MD simulations on
the well-known SIC Li10GeP2S12 (LGPS). As shown in
Fig. 6(d) (top panel), a formation of Liþ dimers (high-
lighted by the blue circles) can be found in LGPS as well.
The average inter-Liþ distance within the dimer is mark-
edly reduced to approximately 2.75 Å, resulting in an η
value of 0.14 and low Ea (approximately 0.25 eV).
Similarly, tensile strain could give rise to a significant
increase in the diffusion coefficient of Liþ (see
Supplemental Material Sec. 13 and Fig. S17 for details
[26]). These findings provide further confirmation of the
broad relevance of dimer and trimer structures and fast ion
diffusion in SICs.
In principle, the present approach is not limited to

materials with well-defined phase transitions and could
be extended to systems lacking clear order-disorder boun-
daries by triggering ion diffusion with ultrafast heat pulses.
Further advances in UED instrumentation, such as terahertz
or far-infrared pumping sources, may further enable selec-
tive excitation of phonon modes and provide direct access
to ultrafast ionic and sublattice dynamics in a wider range
of materials. However, several practical challenges cur-
rently limit its application to Li-based superionic conduc-
tors, including the difficulty of growing sufficiently large
single-crystalline samples for UED measurements, the
strong electron-beam sensitivity of many Li-containing
compounds, and their high reactivity toward air and
moisture. Overcoming these challenges will require coor-
dinated progress in materials synthesis, environmental
control, and ultrafast instrumentation.

III. CONCLUSION

In conclusion, we directly tracked the dynamic evolution
of local Agþ structures in AgCrSe2 using UED and
discovered unique Agþ dimers and trimers with a shortened
Agþ─Agþ bond. Our work sheds light on a general and
important ion transport mechanism in solids, where the
dynamically contracted SRO structures simultaneously
create a large free volume and reduce local energy barriers
for diffusion. Such an intrinsic SRO structure can be fully

exploited and tuned by internal or external strain for the
optimization of available free volume and the resultant ion-
diffusion-related properties. Moreover, the UED technique
used here is not exclusive to AgCrSe2. Its femtosecond-
temporal resolution and atomic spatial resolution make it
widely applicable for probing the spatiotemporal correla-
tions of mobile ions, thereby opening new avenues to the
future development of SICs.

IV. METHODS

A. MeV ultrafast electron diffraction

The structural dynamics were investigated by an MeV
UED facility equipped with a double-bend achromat
compressor [118]. An 800-nm laser with a pulse width
of approximately 30 fs was used to pump the sample at a
repetition rate of 100 Hz, and a 3-MeV electron beam was
used to probe the structural dynamics. The electrons were
produced in a photocathode radio-frequency gun and
further compressed to a duration below 30 fs (FWHM)
at the sample. The number of electrons per pulse was
around 4000. The temporal resolution of the MeV UED
was about 50 fs (FWHM) in this experiment. The electron-
beam size at the sample was around 150 μm. The size of the
pump pulse was 5 times larger than the electron beam,
ensuring uniform excitation of the sample. An electron-
multiplying CCD camera and a phosphor screen were used
to measure the diffraction patterns. High-quality single-
crystal AgCrSe2 specimens with a thickness of 50 nm were
prepared by ultramicrotomy (RMC-PT-3D). The temper-
ature of the samples was controlled by an in situ cooling
and heating holder. For the analysis of the diffraction data,
the momentum coordinate is defined as k ¼ 2 sin θ=λ,
following the crystallographic convention.
The laser fluences and sample temperatures used in the

UED experiments were chosen as a compromise of the
reliable reversibility of the pump-probe process, optimized
signal-to-noise ratio, and well-defined low-temperature-
ordered and high-temperature-disordered phase. Laser
fluences were first determined based on the sample’s
damage threshold, which was approximately 200 μJ
(25.30 mJ cm−2). To ensure reversible dynamics and allow
the sample to return to its ordered state, the maximum
fluence was set below half of this threshold, i.e., 90 μJ
(11.40 mJ cm−2). Then, three fluences were selected to
probe the sample’s response: 30 μJ (3.80 mJ cm−2), 60 μJ
(7.60 mJ cm−2), and 90 μJ (11.40 mJ cm−2) corresponding
to low, medium, and high excitation levels, respectively.
On the other hand, three sample temperatures, i.e., 100,
340, and 440 K were chosen. The latter two temperatures
allow dynamics near TC to be probed with good enough
diffraction intensity differences while preserving sample
integrity. The sample temperature of 100 K was selected
as a control experiment to rule out the nonthermal
process.
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As a summary, three laser fluences (30, 60, and 90 μJ)
and three sample temperatures (100, 340, and 440 K)
were selected, and eight UED datasets were collected
(Supplemental Material Videos 1–8 [26]). The combination
of 440 K and 90 μJ was neglected due to irreversible
sample degradation. According to our results, experiments
at 340 K with 60- and 90-μJ laser fluences result in optimal
signal-to-noise ratio while assuring the sample’s quality.

B. Sample preparation

Single-crystal AgCrSe2 was grown by the chemical vapor
transportmethod.The samples for theUEDexperimentswere
first sliced parallel to the a-b plane of the crystal using a
diamond knife mounted on an Research and Manufacturing
Company (RMC) ultramicrotome. The high-qualityAgCrSe2
thin-film samples with a thickness of 50 nm and lateral
dimensions of approximately 300 × 350 μm2 were then
placed onto holey carbon-coated copper grids tailored for
transmission electron microscopy. The specimen stage was
then tilted and carefully aligned based on the diffraction
pattern to ensure that the electron beamwas directed precisely
parallel to the crystallographic c axis during experiments.

C. rt-TDDFT calculations

rt-TDDFT calculations were carried out using the
software package PWMAT [110,111]. Throughout the cal-
culations, optimized norm-conserving Vanderbilt pseudo-
potentials with Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional were used with the following valence
electron configurations for Ag, Cr, and Se atoms: 4d105s1,
3d54s1, and 4s24p6, respectively. van der Waals correction
was considered by the DFT-D3 method. Before the rt-
TDDFT calculation, a 4 × 4 × 1 supercell with 192 atoms
was constructed from the hexagonal conventional cell with
12 atoms and conventional AIMD was carried out. In the
AIMD calculation, a plane-wave energy cutoff of 45 Ry
(approximately 612 eV), a Fermi-Dirac smearing of
0.03 eV, and single Γ-point mesh were employed. The
supercell was equilibrated to 340 K in a Nose-Hoover
ensemble for 30 ps with a time step of 2 fs.
After the AIMD calculation, an rt-TDDFT calculation

was performed to simulate the dynamics of AgCrSe2
under the irradiation of an ultrafast laser pulse. The laser
pulse was modeled by an electric field EðtÞ ¼
E0 sinðω0tÞ exp½−ðt − t0Þ2=ð2σ2Þ� in the velocity gauge
[119], where E0 is the amplitude of the electric field,
t0 ¼ 47.09 fs, a pulse width 2σ ¼ 18.01 fs corresponds to
an FWHM of 30 fs, and the photon energy ℏω0 ¼ 1.55 eV
for an 800-nm laser. An E0 of approximately 0.06V=Å was
chosen such that the energy transferred to the supercell
(approximately 0.32 eV per primitive cell) was comparable
to that absorbed by the specimen in experiments (approx-
imately 0.34 eV per primitive cell for a laser fluence of
7.60 mJ cm−2). The photoexcitation process was simulated

with the electric field shown in Fig. S18 in Supplemental
Material [26] for 100 fs with a time step of 0.10 fs in a
microcanonical (NVE) ensemble. Then, the hot carrier
cooling effect, by which the photoexcited electrons relax to
lower-energy states and also release energy to the lattice
subsystem, was taken into consideration by including a
Boltzmann factor in the simulation [119]. To accelerate the
rt-TDDFT calculation, the hot carrier cooling calculation
was performed for 3900 fs with a time step of 0.20 fs in an
NVE ensemble. This photoexcitation (0–100 fs) hot carrier
cooling (100–4000 fs) two-step process is clearly illustrated
in Supplemental Material Fig. S19 [26], in which the time
evolution of the energy change ΔE of the system’s total,
potential, and kinetic energy are plotted, respectively.
The nonadiabatic PES, or the average magnitude of

microscopic forces exerted on each atomic species, before
and after photoexcitation is investigated by calculating
the mean forces on each atomic species hjF⃗μ;iðtÞjii. Here,
F⃗μ;iðtÞ is the force on the i th atom of atomic species μ at
time t, and h� � �ii is the average over the atoms of the same
species. Given this expression, we extracted forces from
AIMD and rt-TDDFT calculations, and the distribution of
hjF⃗μ;iðtÞjii for Ag, Cr, and Se atoms are provided in Fig. S6
of Supplemental Material [26].

D. Density-functional-theory calculations

Spin-polarized DFT calculations were performed using
the Vienna ab initio simulation package [120] based on
the projected-augmented-wave method [121] and PBE
exchange-correlation functional [122]. The electron con-
figurations for the Ag, Cr, and Se elements were 4d105s1,
3p63d54s1, and 4s24p6, respectively. A van der Waals
correction was considered by the DFT-D3 method using
the Becke-Johnson damping scheme [123]. A plane-wave
energy cutoff of 500 eV and a Fermi-Dirac smearing of
0.03 eV were applied during preparation of the training and
testing datasets for the neuroevolution potential by DFT
calculations. A 15 × 15 × 15 Monkhorst-Pack mesh was
used for the ground-state calculations of the ferromagnetic
primitive cell (four atoms). The electronic band structure
and projected density of states are shown in Supplemental
Material Fig. S4 [26]. A 2 × 2 × 2 Monkhorst-Pack mesh
was used for the calculation of the nondiagonal ferromag-
netic supercells with 216 atoms.
Phonon dispersions with different electron temperatures

were calculated on a 2 × 2 × 2 diagonal supercell
(32 atoms) via the finite displacement method using the
PHONOPY software package [124]. The calculation was
performed using a 5 × 5 × 5 Monkhorst-Pack mesh.
Electron smearing was set to 0.03, 0.25, 0.32, and
0.37 eV to simulate the Fermi-Dirac distribution of elec-
trons at electron temperatures of 340, 2920, 3720, and
4315 K, respectively. The calculated phonon dispersions
are shown in Supplemental Material Fig. S5 [26].
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E. Training of the neuroevolution potential

The NEP was trained on a dataset containing 196
structures and validated on a testing dataset of 48 structures
using GPUMDv3.9.2 [125]. An iterative active learning
scheme was applied to construct the training and testing
datasets. We first obtained a starting NEP by using 20
structures, and all structures were built from a nondiagonal
ferromagnetic supercell (216 atoms) with random displace-
ments and lattice deformations. Then, we successively
carried out MD simulations of the supercell structure with
216 atoms at 100, 300, 500, and 700 K with running times
of 100 ps, 1 ns, and 10 ns. For each running time at each
temperature, 20 structures were evenly sampled and their
energy, forces, and virials were validated against the DFT
results. The well-predicted structures were placed into the
testing dataset, while the poorly predicted results were
added to the training dataset for future training. The input
file nep.in and hyperparameters for the final training of
NEP are provided in Table SII of Supplemental Material
[26], where a total of 1.5 × 106 training steps were
performed to achieve convergence. The final training loss
function, and energy, force, and virial parity figures are
provided in Fig. S20 of Supplemental Material Sec. 14
[26]. The root-mean-square error of energy, force, and
virial of the training dataset were 0.47 meV=atom,
34.20 meV=Å, and 3.99 meV=atom, respectively.
The as-obtained NEP was also validated against the

physical properties at low and medium temperatures,
including heat capacity CV, phonon dispersion, and lattice
parameters. van der Waals corrections applied using the D3
Becke-Johnson damping method as a built-in function in
GPUMD were included on top of the NEP model. To balance
the efficiency and accuracy of the D3 method, we used a
cutoff of 20 Å and coordination cutoff of 10 Å. Figure S9 in
Supplemental Material [26] presents the heat capacity and
phonon dispersion predicted by NEPþ phonopy, which
matched the DFTþ phonopy results well. The lattice
parameters at 300 K were determined by performing
MD simulations using an N-P-T ensemble. The predicted
lattice parameters a ¼ b ¼ 3.68 Å and c ¼ 21.11 Å were
in exact agreement with experimental values a ¼ b ¼
3.68 Å and c ¼ 21.23 Å [126]. As a final validation of
the robustness and reliability of the trained NEP at high
temperatures, we carried out extended 20-nsMD simulations
at 700 K. The simulation successfully passed the validation
without any unphysical structures or structural collapse.

F. Nonequilibrium pump-probe and equilibrium
molecular dynamics simulations

The pump-probe process was simulated by nonequili-
brium MD calculations based on NEP. The nonequilibrium
steady state, which simulated the excitation by laser
pumping, was achieved in LAMMPS [127] software by
using a hot-spot thermostat based on the generalized

Langevin equation (GLE) [112,113]. The parameters for
the thermostat were generated from the online GLE
repository with parameters ω0 ¼ 7 THz, Δω ¼ 2 THz,
Tmax ¼ 1200 K, Tbase¼120K, and γ−1¼ γ−1base¼0.20 ps.
MD simulations consisting of a supercell with 11 520
atoms and dimensions of 7.36 × 7.65 × 4.22 nm were
performed for 600 ps with a time step of 2 fs to ensure
full equilibrium. The average kinetic temperatures of Ag
and CrSe2 were determined as approximately 340 and
700 K. Finally, the last atomic structure was used for
simulation of the probe or the relaxation process in the NVE
ensemble using GPUMD with a simulation time step of 2 fs.
The atomic positions were recorded every 50 fs for later
analysis and electron-diffraction simulations. The radial
distribution functions (RDF) of Agþ-Agþ gAgþ-AgþðrÞ at
various time delays were calculated and compared to
rt-TDDFT calculations, which further validate the accuracy
of our nonequilibrium MD simulations (Fig. S3 [26]).
The equilibrium MD simulations were similarly per-

formed using GPUMD with a time step of 2 fs. We first
carried out 1 ns calculation using the NPT ensemble to
determine the lattice parameters at 100, 300, 340, 400, 500,
600 and 700 K. Then 200 ps NVT simulations were
performed with the predicted lattice parameters. The atomic
trajectories were recorded every 50 fs for later transport
analysis and electron-diffraction simulations.
To explore the effects of tensile strain, additional MD

simulations were performed on AgCrSe2 with 2% tensile
strain. In these simulations, the tensile strain was applied
along all crystallographic axes, corresponding to a hydro-
static tensile strain. Specifically, the lattice parameters a
and c were manually adjusted to 1.02a and 1.02c, respec-
tively, while all other simulation parameters were identical
to those used in the equilibrium MD simulations.

G. Calculation of diffusion coefficients
DAg+ of Ag+ ions

The theoretical diffusion coefficients of Agþ ions were
directly calculated from the MD trajectories using the
following expressions:

DAgþ ¼ 1

2d
lim

t→þ∞

d
dt

XN

i¼1

hjriðt0 þ tÞ − riðt0Þj2it0 ; ð1Þ

where d ¼ 2 is the system dimension due to the quasi-2D
transport of Agþ ions, riðt0 þ tÞ and riðt0Þ denote the
positions of the i th Agþ ion at times t0 þ t and t0, and h…i
is the ensemble average.
According to the Nernst-Einstein relation [115], the

diffusion coefficient DAgþ can also be determined from
experimental ionic conductivity σ as

σ ¼ NQ2

kBTV
DAgþ ; ð2Þ
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where N is the total number of Agþ ions in the simulation
supercell, Q denotes the charge of the Agþ ion, kB is the
Boltzmann constant, T is the temperature, and V is the
volume of the simulation supercell. From Eq. (2), we
extracted the diffusion coefficients of Agþ ions from the
literature, and the results are provided in both Fig. 6(c) and
Supplemental Material Fig. S21 in Sec. 15 [26].

H. Simulation of MeV electron-diffraction patterns

The dynamical electron diffraction of the 3-MeV elec-
trons were simulated based on the conventional multislice
method using ABTEM [128] (further details can be found in
Figs. S7 and S8 [26]). The atomic potentials were modeled
by the Lobato parametrization [129] with a slice thickness
of approximately 4.22 Å along the electron-beam direction
and a real-space sampling of 0.03 Å=pixel. Thermal diffuse
scattering due to phonon excitations or diffusion was
naturally incorporated by the frozen-lattice approach [130],
according to which the total scattering intensities consisted
of an incoherent summation of snapshots from the scatter-
ing intensities of each structure.
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