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Superconducting, plastic, and superionic states driven by four-membered lithium rings
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Using a combination of crystal structure search methods, first-principles calculations, and machine learning
potential based simulations, we explored the lithium-lead system and predicted five phases: I4/mcm LiPb2,
Pnma LiPb, I4/mmm Li4Pb, C2/m Li5Pb, and Cmcm Li6Pb. Among them, I4/mmm Li4Pb displayed remarkable
properties, including superconductivity, plasticity, and superionic behavior at varying temperature ranges. At
lower temperatures, I4/mmm Li4Pb manifests superconductivity with a critical transition temperature of 4–5 K.
Its superconducting behavior is attributed to the interplay between the B2g vibration mode, which signifies the
rotational motion of four-membered lithium rings within the stacking layer, and the participation of p-orbital
electrons. As temperature rises, I4/mmm Li4Pb first transitions into a plastic phase, marked by continuous
collective rotation of intralayer four-membered lithium rings, and then shows superionic behavior characterized
by the emergence of interlayer lithium atom diffusion. These unique behaviors stem from stronger Li-Li bonds
within four-membered lithium rings and a lower energy barrier for collective motion, distinct from interstitial
localized electrons in electrides found in other lithium-based systems. This work provides an intriguing platform
for exploring distinct states and establishes a correlation between various physical phenomena and the system’s
structure and bonding.
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Superconductivity, plasticity, and superionicity are typi-
cally associated with vastly different material states, often
occurring under distinct temperature and pressure conditions.
For instance, superconductivity usually arises at extremely
low temperatures, facilitating the formation of the supercon-
ducting energy gap in metals [1]. In stark contrast, plastic
and superionic phases tend to manifest at elevated temper-
atures. The plastic state is frequently observed in insulating
molecular crystals, with molecules, like methane, exhibiting
disordered rotational motion at higher temperatures [2]. Su-
perionic behavior, on the other hand, can emerge across a
spectrum of materials, ranging from molecular crystals to al-
loys [3–7]. Its significance extends to applications in planetary
science and battery materials [8]. Remarkably, high pressure
serves as an effective tool to induce these states individually.
For example, superconductivity with a critical transition tem-
perature (Tc) of 36 K was detected at 260 GPa in the case
of scandium [9], and hydrogen sulfide (H3S) exhibited Tc

values of 191–204 K at 200 GPa [10]. While recent research
in planetary science has shed light on the relevance of plas-
ticity and superionicity, such as in He-NH3 within icy giant
planets [11,12], the integration of these three distinct material
states and the exploration of their potential connections have
remained limited due to the scarcity of suitable systems for
study.
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Recent investigations have uncovered intriguing phenom-
ena of superconductivity and superionicity in various binary
lithium compounds, including Li5N [13], Li7As [14], and
Li6Al [15]. The pivotal role of lithium in these behaviors
cannot be understated: lithium, as a simple metal, exhibits
eminent superconductivity above 20 GPa [16]. Its lightweight
nature facilitates diffusion and also makes it especially rel-
evant in applications such as lithium-based batteries [17].
Notably, these compounds share a common characteristic—
they are electrides housing interstitial anionic electrons (IAEs)
[18–23]. While the influence of IAEs on superconductivity
remains a topic of debate [24–26], their substantial impact on
dynamic behaviors, including collective motion, is recognized
[27,28]. A recent study [29] has shed light on the superi-
onic behavior of hydrogen in nonelectride superconductor
LaH10 [30], suggesting that the emergence of superionicity
and superconductivity in superhydrides does not rely on IAEs.
However, given the heavier nature of lithium compared to
hydrogen, the necessity of electride properties for these phe-
nomena in binary lithium alloys remains an open question.
Furthermore, while lithium atoms in Li7As have been reported
to exhibit both plastic and superionic behavior at 1000 K [14],
the specific transition between these states in binary lithium
alloys remains an unexplored avenue of research.

In this Letter, we present the results of our comprehensive
investigation into the lithium-lead system. This system holds
significant importance due to its widespread utilization as
coolants and tritium breeders in nuclear fusion reactors [31].
Using our self-developed structure searching package MAGUS
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FIG. 1. Thermodynamic stability and crystal structure of lithium-lead system. (a) Convex hulls at 50, 100, and 150 GPa. Solid symbols
represent thermodynamically stable structures, while hollow symbols denote unstable ones. (b) Phase diagrams from 0 to 150 GPa. The
structures predicted in this work are indicated in red, while previously known ones are shown in gray bars. (c) The crystal structure of I4/mmm
Li4Pb. (d) T-graphene-like stacking layer, and (e) electron localization function (ELF) map for the stacking layer (001) of I4/mmm Li4Pb at
50 GPa. For intuitive understanding, we added Li-Li bonds inside (red) and outside (blue) rings in the stacking layer in (d). Lithium and lead
atoms are depicted as green and black balls, respectively.

(machine learning and graph theory assisted universal struc-
ture searcher) [32–34], we have elucidated a comprehensive
phase diagram of the lithium-lead system spanning pressures
from 50 to 150 GPa, revealing the presence of several phases.
Among these, the I4/mmm Li4Pb phase demonstrates diverse
electronic and dynamic properties at different temperatures,
including superconductivity, plasticity, and superionic behav-
ior with the help of four-membered lithium rings instead of
IAEs. This work underscores the pivotal role of structure in
shaping material properties and behaviors.

In Figs. 1(a) and 1(b), we illustrate the convex hulls and
phase diagrams of the lithium-lead system. Notably, the pre-
viously known Pm3̄m LiPb undergoes a phase transition at
approximately 64 GPa, transforming into a predicted Pnma
phase, a behavior commonly observed in various systems
[35,36]. The P3̄m1 Li7Pb2 is thermodynamically stable only
below 46 GPa, while the R3̄m Li8Pb3 and Fm3̄m Li3Pb remain
stable up to at least 150 GPa. Additionally, our predictions
unveil several structures that stabilize within specific pressure
ranges. For instance, C2/m Li5Pb remains stable at lower
pressures, ranging from 8 to 72 GPa, whereas I4/mcm LiPb2,
I4/mmm Li4Pb, and Cmcm Li6Pb maintain their stability at
higher pressures, extending to at least 150 GPa. Intriguingly,
we observed that I4/mmm Li4Pb becomes metastable, trans-
forming into a distorted structure below 65 GPa, as analyzed
in subsequent dynamic properties assessments. Such a wide

stable region suggests the likelihood of synthesizing these
predicted structures, establishing a robust platform for ex-
ploring various physical properties. All predicted structures
are visually represented in Fig. 1 and Fig. S2 in the Supple-
mental Material (SM) [37] (see also Refs. [38–48] therein),
with detailed lattice constants and atomic Wyckoff positions
listed in Table SI [37]. Notably, Li4Pb, Li5Pb, and Li6Pb adopt
layeredlike structures, where Pb atoms occupy the central po-
sitions within Li atom polygons. (Despite the planar stacking
behavior, the systems are still bulk materials with comparable
in-plane and out of plane Li-Pb bond strength.) For instance,
in Li4Pb, the combination of octagonal and quadrangular Li
atom networks forms a planar structure reminiscent of T-
graphene [49], with Pb atoms situated at the center of Li
octagons [see Figs. 1(c) and 1(d)]. Similarly, Pb atoms in
Li5Pb and Li6Pb occupy central positions within Li octagons
and heptagons, respectively. Remarkably, these structures ex-
hibit distinctive electronic behaviors. For instance, based on
the electron localization function (ELF), both Li5Pb and Li6Pb
are classified as electrides (Fig. S4 [37]), whereas Li4Pb lacks
IAEs [Fig. 1(e)], owing to its unique stacking arrangement of
planar structures. In Li6Pb, Li atom pentagons within the same
stacking layer are adjacent to either Pb atoms or Li atoms.
However, only the latter can host localized electrons, owing
to the cavities enclosed by Li atoms and the electronegativity
difference between Li and Pb [50]. Additionally, an open
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FIG. 2. Superconducting properties of I4/mmm Li4Pb at 50 GPa. (a) The phonon spectrum, PHDOS, α2F (ω), and λ(ω). The magenta circle
sizes are proportional to the coupling strength. (b) Accumulated q-dependent coupling factor λ(q) along the Brillouin zone path, which follows
the equation λ(q) = ∑

j
γq j

ω2
q j

and is normalized by λ(�). (c) Orbital-projected band structure and density of states. The size of the colored circles

corresponds to the contribution of electrons from the respective orbital, as indicated in the labels. (d) B2g mode at the � point, as depicted with
red arrows.

channel formed by the one-dimensional arrangement of par-
allelepipeds in Li5Pb leads to the delocalization of interstitial
electrons along the stacking direction. Conversely, in Li4Pb,
the quadrilateral formed by Li atoms is adjacent to Pb atoms
along the stacking direction, resulting in the absence of IAEs
below 150 GPa.

Our investigation further extended to the superconduct-
ing properties of I4/mmm Li4Pb as illustrated in Fig. 2 and
Fig. S8 [37]. Notably, the phonon branches exhibit a distinct
division into two regions. The low-frequency zone is predom-
inantly characterized by the vibrations of Pb atoms, while
the high-frequency zone is dominated by the vibrations of
Li atoms, primarily due to the substantial difference in atom
masses. This division in vibrations results in an energy gap
observed in the phonon density of states (PHDOS), reaching
200 cm−1 at 150 GPa, a consequence of phonon hardening
in the optical branches attributed to the reduction in Li-Li
bond length. This substantial gap has a significant impact on
the electron-phonon coupling strength λ. When compared to
other binary lithium systems [13–15,51–54], Li4Pb exhibits
a relatively lower value of Tc, primarily attributed to the
decoupling of acoustic and optical branches and the inver-
sion relationship between frequency and accumulated λ(ω).
With increasing pressure, λ remains relatively stable, hov-
ering around 0.5, while ωlog, representing the characteristic
phonon frequency, increases from 325.9 to 418.7 K due to
optical phonon hardening, subsequently elevating Tc from 4.0

to 4.9 K. Figure 2(a) also indicates that the most substantial
coupling strength predominantly stems from the lowest op-
tical branch. Furthermore, Fig. 2(b) demonstrates that along
our calculated Brillouin path, the coupling strength reaches
its global maximum around the � point and achieves local
maxima at various other high-symmetry points, such as the M
and Z points.

To delve into the electron-phonon coupling, we analyzed
the vibration mode of the lowest optical branch at the �

point and the orbital-projected band structure. Figure 2(d)
highlights the B2g mode, representing the in-plane rotation
of four-membered lithium rings in the stacking layer. The
corresponding projected band structure in Fig. 2(c) indicates
that the dominant contribution near the Fermi level stems
from the p orbitals of Li and Pb atoms. Therefore, the primary
source of λ arises from the coupling between the in-plane
B2g vibration mode and p-orbital electrons. We also assessed
the superconducting properties of various lithium-lead
compounds under different pressures, as summarized in Table
SII [37]. Predictably, their Tc values remain quite low due to
the substantial decoupling observed between the acoustic and
optical branches, as previously discussed and illustrated in
Fig. S6 [37].

The high-temperature behavior of I4/mmm Li4Pb was also
subjected to detailed analysis. At 50 GPa, I4/mmm Li4Pb
retains its dynamic stability until it reaches 400 K, at which
point lithium atoms deviate from their equilibrium positions
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FIG. 3. Dynamic properties of I4/mmm Li4Pb around 50 GPa. MSDs of Li and Pb atoms at (a) 800 K (plastic state) and (c) 1800 K
(superionic state). (b) Rotation energy barrier of a single four-membered lithium ring in a 3 × 3 × 3 supercell. The pattern of collective
rotation of four-membered lithium rings is visualized with black arrows. (d) Radial distribution function g(r) between Li-Li, Li-Pb, and Pb-Pb
at different temperatures.

while lead atoms continue to vibrate around their equilib-
rium positions. Trajectories presented in the SM [37] reveal
that the displacement of lithium atoms occurs within the
stacking layer, involving a 45 ° rotation of four-membered
lithium rings around the center of the cavities. Eventually,
the system transitions into a distorted solid phase once it
reaches dynamic equilibrium. To scrutinize the energy differ-
ences during this distortion process, we employed the nudged
elastic band (NEB) method [55], as depicted in Fig. 3(b).
The calculated energy minimum path corroborates the ro-
tation of four-membered lithium rings, aligning with the
results from machine-learning molecular dynamics (MLMD).
The details of the validity of our MLMD calculations is
presented in the SM [37]. Furthermore, our NEB analysis
discloses that the distorted structure at 50 GPa possesses lower

energy compared to the undistorted one. This suggests that
within practical materials containing multiple four-membered
lithium rings under specific pressure conditions, I4/mmm
Li4Pb exhibits metastability. At 400 K, the four-membered
lithium rings surmount an energy barrier of 0.22 eV, corre-
sponding to a rotation angle of 18 °, and ultimately reach
the global minimum of potential energy at 45 °, resulting in
the distorted solid phase. (Note that due to lattice distortion
of local configurations and dynamic thermal fluctuations, a
minority of rings continue to transition between these two
states, as depicted in SM movies [37].)

As the temperature escalates to 800 K, the kinetic en-
ergy of the four-membered lithium rings becomes sufficiently
substantial to surmount an energy barrier of 0.40 eV. Conse-
quently, the rings begin to rotate freely within the stacking
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FIG. 4. Temperature induced behaviors of I4/mmm Li4Pb. Left: (a) Pressure-temperature phase diagram. The magenta, orange, red, green,
blue, and cyan points (areas) represent superconductor, undistorted solid, distorted solid, plastic, superionic, and liquid phases, respectively.
Right: Snapshots of different phases including (b) distorted solid, (c) plastic, (d) superionic, and (e) liquid states.

layer, signifying a transition to the plastic phase. The
ideal mean square displacement (MSD) of lithium atoms
over an infinite time can be computed using 〈(r − r0)2〉 =
2r2

c
2π

∫2π
0 (1− cos θ )dθ = 2r2

c , where rc corresponds to the
rotation radius. The final saturated MSD value obtained is ap-
proximately 4.21 Å2, consistent with our MLMD calculation
presented in Fig. 3(a). Notably, plasticity is a phenomenon
typically observed in molecular crystals. The emergence of
the plastic state in Li4Pb is attributed to its stacking layer,
as ring diffusion frequently involves four atoms in several
metals, owing to a lower migration barrier compared to the
direct exchange of two atoms [56–58], a characteristic vali-
dated by our NEB calculations. Additionally, the absence of
interstitial anionic electrons (IAEs) suggests a distinct mecha-
nism compared to recently reported collective motion in Li6Al
[15] and chain melting in simple cubic Ca [27]. A noteworthy
example highlighting the significance of the stacking layer is
Li3N, where lithium atoms within stacking layers commence
migration around nitrogen atoms at 900 K [59,60].

As the temperature escalates to 1800 K, lithium atoms
within the four-membered rings spanning different stacking
layers surmount the interlayer energy barrier and commence
vertical exchange, signifying a superionic behavior character-
ized by the simultaneous presence of intralayer and interlayer
diffusion, as illustrated in Fig. 3(c). Furthermore, the substan-
tial disparity observed between intralayer MSD and interlayer
MSD points to a distinct diffusion mechanism in contrast to
the random-walk diffusion characteristic of the liquid state.
Upon reaching 2600 K, the lead lattice ultimately collapses,
resulting in the system exhibiting liquidlike behavior.

Phase transitions are also discernible through the radial
distribution function (RDF) g(r), as depicted in Fig. 3(d) and
Fig. S12 [37]. In Fig. 3(d), the transition from the solid state
to the plastic state introduces orientation disorder and disrupts
the long-range order of the lithium lattice. Consequently, the
g(r) of Li-Li at 800 K converges to 1. At 1800 K, lithium

atoms initiate vertical diffusion, resulting in a smoother g(r)
of Li-Li. However, it still distinguishes itself from the liquid
state, where the entire lattice maintains only short-range order
and g(r) rapidly converges to 1 with increasing distance. Tra-
jectory movies and related snapshots are obtained in the SM
[37] and Figs. 4(b)–4(e).

A comprehensive pressure-temperature phase diagram for
I4/mmm Li4Pb is presented in Fig. 4. As pressure increases,
the transition temperature from the solid phase rises rapidly,
primarily attributed to the phonon hardening of lithium vibra-
tion modes, similar to the disappearance of the distorted solid
phase. At 50 GPa, the lowest optical mode registers around
200 cm−1 with a growth rate of 100 cm−1 per 50 GPa, render-
ing it less susceptible to softening at elevated temperatures.
From an electronic properties perspective, as shown in the
projected crystal orbital Hamilton population [61] (pCOHP)
calculations depicted in Fig. S10 [37], the strength of Li-Li
bonds within four-membered lithium rings is considerably
higher and exhibits a swifter growth rate under increased
pressure compared to other bonds, facilitating the detection
of collective motions in both plastic and superionic states.

In summary, our investigation on the lithium-lead system,
combining first-principles and machine learning potential
based calculations, has unveiled a diverse and intricate phase
diagram. We have identified several thermodynamically stable
bulk phases, including Li4Pb, Li5Pb, and Li6Pb, all charac-
terized by a homogeneous planar stacking structure. Notably,
the arrangement of stacking layers plays a pivotal role in the
formation of IAEs, distinguishing Li4Pb as a nonelectride,
and setting it apart from the other two structures. I4/mmm
Li4Pb exhibits remarkable properties, including supercon-
ductivity, plasticity, and superionicity, which are intricately
linked to the varying strengths of Li-Li bonds and lower
migration barriers within the four-membered lithium rings in
Li4Pb’s stacking layer, all achieved without the involvement
of IAEs. These phenomena fall within experimentally feasible
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pressure ranges and promise to enhance our understanding of
the behavior of lithium-based alloys across different tempera-
ture regimes.
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