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Superconducting and superionic behaviors have physically intriguing dynamic properties of electrons
and ions, respectively, both of which are conceptually important and have great potential for practical
applications. Whether these two phenomena can appear in the same system is an interesting and important
question. Here, using crystal structure predictions and first-principle calculations combined with machine
learning, we identify several stable Li-Al compounds with electride behavior under high pressure, and we
find that the electronic density of states of some of the compounds has characteristics of the two-
dimensional electron gas. Among them, we estimate that LigAl at 150 GPa has a superconducting transition
temperature of around 29 K and enters a superionic state at a high temperature and wide pressure range. The
diffusion in LigAl is found to be affected by an electride and attributed to the atomic collective motion. Our
results indicate that alkali metal alloys can be effective platforms to study the abundant physical properties
and their manipulation with pressure and temperature.
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The structure and properties of the compounds are
usually tied to the valence electrons and orbitals of their
ingredient elements [1]. It is well known that pressure has a
significant effect on atomic orbitals and chemical bonds,
which can induce new physical phenomena and the for-
mation of atypical compounds [2]. Previous works indicate
that simple metallic elements demonstrate several in-
triguing phenomena under extreme conditions [3-11];
for instance, under high pressure, Li [6], Na [7], and Al
[8] can form electrides, in which valence electrons localize
in the interstitial space as quasi-atoms (ISQs) [12].
Moreover, the electride character plays an important role
in the liquid-liquid transition of potassium [9] and the
anomalous diffusion of calcium [10]. Besides the above-
mentioned elemental systems, a large variety of compounds
with electride behavior have been studied [13-16]. For
example, Ca,N is a 2D electride in which electrons are
confined in the 2D spaces between the [Ca,N]| ™ layers [14],
and Zhang et al. developed a computer-assisted
inverse-design method for searching for new inorganic
electrides [15].

As the simplest metal in the periodic table, studies have
revealed that lithium can form many stable high-pressure
compounds, together with other elements, showing various
physical and chemical properties. For instance, in dense
Li-Be [17] and Li-Cs [18] compounds, novel dimensional
reductions of electronic structures to 2D or 1D in 3D
crystals were predicted. In addition, the complex formal
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oxidation state of lithium in Li-Cs alloys was discussed at
different pressures [19,20]. Meanwhile, the potential coex-
istence of the electride state and superconductivity in the
same compound—such as for the representative electride
[Cap, AlygOg|* (4e~) [13], intermetallic MnsSis-type
NbsIr; [16], and the high-pressure lithium compounds
Cali, [21,22], Be,Li [23], LigP [24], and LizC [25]—
has aroused great interest in the conventional supercon-
ductor field.

Among the lithium compounds, ambient Li-Al systems
were proposed as a possible anode material for solid-
state batteries [26], which were investigated theoreti-
cally [27-29] and experimentally [30]. For example, in
ambient-pressure substoichiometric Li-Al alloys, studies of
superionic conduction reveal that Li diffuses via a vacancy-
mediated mechanism [28,29], while migration mechanisms
in different lithium-ion batteries are quite diverse, including
interstitial diffusion, collective motion mechanism, and
vacancy mechanism [31]. Despite the intriguing superionic
behaviors shown above in the ambient Li-Al compounds,
systematic explorations of their high-pressure properties
and dynamic behaviors are rare. Recently, a theoretical
work found that anomalous bonding in LiAl 1:1 com-
pounds affects the various physical properties, as exem-
plified by their superconducting transition temperature
[32]. However, the dynamic behaviors of particles at two
different scales (ions and electrons), superionicity and
superconductivity, as well as their emergence at different
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temperature ranges in the same system under high pressure,
are fascinating and have seldom been discussed.

In this Letter, we predict a series of stable compounds
with different stoichiometries in Li-Al systems under the
pressure range of 0—150 GPa. Dimensional reductions of
electronic structures with significant steplike features near
the bottom of the valence band are found in Li,Al and
LizAl,. Particularly, in the three Li-rich compounds (Li;Al,
LizAl, and LigAl), both superconducting and superionic
behaviors occur in the same system. In addition, with the
help of anionlike electron localizations, lithium cations in
these Li-rich compounds diffuse with a collective motion
mechanism in the superionic states.

Searches for Li-Al alloys with pressures up to 150 GPa
are performed using a machine-learning accelerated crystal
structure prediction method (MAGUS code) [33,34]. Details
of the crystal structure search can be found in the
Supplemental Material [35]. The results of the Li-Al binary
systems under 50, 100, and 150 GPa with new structures of
different stoichiometric ratios are depicted in the convex
hull diagrams in Fig. 1(a). The stability of the newly
predicted compounds is evaluated by calculating the for-
mation enthalpies with respect to decomposition into the
most stable solid phases of Li and Al in the corresponding
pressure range. We test the energetic stability of Li-Al by
considering zero-point energy (ZPE) and find that its
influence is rather small. In addition to the known ambient
stoichiometries (LiAl, Li;Al,, and Li,Al) [25,52,53], our
structure searches identify new, thermodynamically stable,
Li-rich compounds with stoichiometries of LiyAls, LizAl,
Li4Al, and LigAl
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FIG. 1. Energetic stability of the Li-Al system under pressure
and structural features of some interesting, stable, high-pressure
Li-Al compounds. (a) Calculated convex hulls for the Li-Al
compounds at different pressures (50, 100, and 150 GPa). Solid
and open symbols represent the thermodynamically stable and
metastable compounds. (b) Pressure-composition phase diagram
of the Li-Al compounds. (c) Crystal structure of C2/m LigAl at
100 GPa. (d,e) Layered feature of the C2/m LigAl phase and the
Cmcem LizAl phase. (f) Crystal structure of I4/mmm Li,Al at
50 GPa. In these structures, magenta and cyan balls correspond to
Al and Li atoms, respectively.

The predicted pressure-composition phase diagram of
all structures is summarized in Fig. 1(b). The enthalpy
calculations suggest that several compounds may undergo a
series of structural phase transitions throughout the pres-
sure range. Phonon dispersion of all the newly predicted
compounds is shown in Fig. S2 [35] of the supplemental
material, and their lattice dynamical stability is proven by
no imaginary frequency. Particularly, phonon calculations
(Fig. S2j) clearly show the dynamical stability of
C2/m-Li,Al at 0 GPa, which indicates that once formed
at high pressure, this phase might be quenchable to ambient
pressure.

The optimized lattice parameters and the atomic positions
are summarized in Table SI. As shown in Figs. 1(c)-1(e) and
S7-S10, three Li-rich compounds—Li;Al, LijAl, and
LicAl—have layeredlike geometries, in which structural
units of Al and Li atoms are packed on the same plane and
then stacked to form 3D structures. The details of each
structure are as follows: (i) Cmcm-LizAl crystallizes in a
quasi-one-dimensional structure, consisting of chains
formed by edge-shared, five-membered, lithium rings
with channels occupied by Al atoms; (ii) in observation
of the single-layer atomic structures of C2/m-Li,Al,
Pnnm-Li,Al, and P4,/mnm-Li,4Al, it can be seen that each
structure contains two pentagons fused together by an edge-
sharing Lig unit; (iii) for the C2/m-LigAl compound, Li
atoms construct a 2D sheet with five- and eight-membered
rings, and the Al atoms occupy the center of the octagonal
ring. The other stable phases with stoichiometries of LiAl,
Li,Al, Li3Al,, and Li, Al; are shown in Figs. 1(f) and S4(a)—
S6(a), respectively. The I4/mmm Li,Al phase and the
I4/mmm Li3Al, phase can be viewed as host-guest struc-
tures. For I4/mmm Li, Al, each Al atom sits in the center of a
cubic lattice of Li atoms. The 14/mmm Liz Al, phase can be
considered as the cubic lattice of Al atoms inserted into the
two-layer Li cubic lattice as a guest.

To investigate the electronic properties of these com-
pounds, we calculate the electron localization function
(ELF), the difference charge density, electronic band struc-
tures, and density of states (DOS). As shown in Fig. 2(a), for
the 14/mmm Li,Al, the DOS at the bottom of the valence
band has a striking steplike feature, which suggests a van
Hove singularity of a two-dimensional electronic structure.
This sharp steplike feature in the DOS usually appears in
layered compounds [54], which is quite intriguing, similar to
Li-Be alloys [17]. The computed partial charge density for
electrons in the energy range specified in the DOS in the
inset reveals that the 2D electron gas states are related to the
high-electronic-density regions in the layers of Al atoms.
This is mainly due to the strong repulsive interaction
between the core electrons of Li atoms, which pushes their
valence electrons from the Li layer to the Al layer.

Furthermore, the ELF maps of the three Li-rich com-
pounds show that the excess electrons in the interstitial
space enclose the Al atoms, forming unique spherical
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FIG. 2. Electronic properties and superconducting properties of
I14/mmm Li,Al and C2/m LigAl. (a) Band structures and PDOS
of I4/mmm Li, Al at 50 GPa. We show electron density maps of
the bottom of the valence band (E = —10 to —7.5 eV, isosurface
of 0.005), which gives the 2D electron gas features in real space.
(b) ELF on the (11 — 1) plane and partial electron density map
within an energy (=50 meV) corresponding to near the Fermi
level of C2/m LigAl at 100 GPa. (c) Phonon band structures,
projected density of states, Eliashberg spectral function, and
electron-phonon coupling constant 4 of LigAl at 150 GPa. The
sizes of the solid violet circles are proportional to the electron-
phonon coupling strength.

shell-like electride states, as seen in Figs. 2(b), S7(c), and
S8-S10(c). Furthermore, Bader charge analysis is per-
formed to investigate the charge transfer between Li and
Al atoms (Table SII). The results reveal that the charge
transfers from Li atoms to Al atoms in Li;Al, LijAl, and
LigAl are around 2.09¢, 2.78e, and 4.11e, respectively,
which shows that Al atoms exhibit diverse oxidation values
in different systems. The analysis of the band structure
shows that these compounds are metallic, with bands
crossing the Fermi level (Er). As shown in Fig. S11(a),
LigAl exhibits two prominently broadening bands cross-
ing Ep. The partial charge density within an energy
(=50 meV) corresponding to near Ep reflects that the
electrons possess a cross-shaped distribution enclosing Al
atoms, which could be considered a feature of s-p orbital

hybridization, as seen in Fig. 2(b). Thus, both the DOS and
charge density indicate that the electrical conduction is due
to the hybridized states from the Li-s and Al-p orbitals
coupled with the orbitals of unique spherical shell-like ISQs.

Since many lithium compounds exhibit superconducting
properties under pressure [21-25], we study the potential
superconductivity of the new Li-Al alloys. The calculated
phonon dispersion and electron-phonon coupling (EPC)
constants are depicted in Figs. 2(c), S7, and S10-S11, and
Table SIV. We find that the calculated EPC constant 4 of
C2/m LigAl is around 1.08 at 150 GPa, and its super-
conducting transition temperature (7.) is estimated to be
around 29.0 K (with g* = 0.1). To further understand the
superconductivity and the effect of pressure on LigAl, we
plot the phonon dispersion of LigAl at 150 GPa and 50 GPa
in Figs. 2(c) and S11(c), respectively. Our results can be
divided into three parts. (i) Phonon-coupling of Li-Al
atoms: From the phonon DOS, one can determine that
the low-frequency phonon modes below 300 cm™' are
related to the hybridization of the vibrations of Li with Al
atoms and give a prominent contribution of around 59.0%
to the total 1 at 150 GPa. (ii) Phonon softening: It is worth
noting that the transverse acoustic modes along the Y-I'-A
directions and the optical mode A, (~109 cm~!) at the I"
point soften as the pressure increases from 50 to 150 GPa;
the large phonon linewidth of these modes implies that they
are strongly coupled to the electrons and play a key role in
enhancing the superconductivity in LigAl compared to the
results of low pressures. (iii) In terms of electronic density,
we find that when applying high pressure on LigAl, the
total DOS at Ef increases (Fig. S12), and the shell-like
interstitial electron localization surrounding the Al atoms
becomes denser (more yellow areas at 150 GPa), which
would help phonon vibrations affect more electrons and
enhance the electron-phonon coupling, as also shown in
those hydrogen-based superconductors [55]. Therefore,
with the increase of pressure, the strong enhancement of
A in LigAl results from a combined effect of higher
electronic DOS and strong-coupling phonon modes, both
stemming from hybridization with electronic and vibra-
tional states between Li and Al atoms, as well as the ISQs.

Despite these intriguing dynamic properties of electrons
(superconductivity) of the high-pressure Li-Al compounds
at low temperatures, these compounds may also possess
transport properties at high temperatures in another scale
(superionicity) similar to Li-ion battery compounds. Taking
LigAl at 150 GPa as an example, with ab initio and
machine-learning molecular dynamics (MLMDs) simula-
tions, we find that, at 800 K, the system demonstrates a
solid state [Fig. 3(a)], while at 1600 K, lithium atoms start
to diffuse and Al atoms still vibrate at their equilibrium
positions, which is the typical superionic behavior
[Fig. 3(b)]. Heating to 2000 K, the system shows liquid
behavior with random-walk atomic motion [Fig. 3(c)].
Mean square displacements (MSDs) of LigAl at different
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FIG. 3. Finite-temperature thermodynamic behaviors of LigAl

at different temperatures. (a)—(c), Snapshots extracted from
MLMDs at (a) 800 K, (b) 1600 K, and (c) 2000 K, which
clearly show the behaviors of solid, superionic, and liquid states.
(d) Volume-temperature relationship of LigAl at 150 GPa. The
discontinuity in volume vs temperature confirms the melting.
Diffusion coefficients at different 7 are displayed via Arrhenius
linear regression. Dashed lines are guides to the eye, and green
horizontal lines in property symbols are error bars. (e) Radial
distribution functions ¢(r) in solid, superionic, and liquid states.
Black vertical lines highlight Li-Li structural short- and long-
order changes. (f) Simplest atomic collective diffusion (ring
mechanism) with their ELF (0.75) environments, indicating that
the superionic state in Li-Al compounds is connected with their
electride feature. Four red lithium atoms rotate almost simulta-
neously above an Al atom that is surrounded by localized
electrons.

temperatures also reflect similar phenomena (Fig. S15).
The machine-learning potential for LigAl is trained on the
predicted structures and DFT results of this Letter using the
NEP package [56], and this potential is well consistent
with DFT results in different aspects, which ensures the
robustness of the following results (see details in the
Supplemental Material [35]).

Diffusion coefficients in superionic states and liquid can
be extracted from MSDs. They satisfy the Arrhenius
relation [Fig. 3(d)] and have different activation energies
(E,) for different states (~35.13 kJ/mol for the superionic
state and ~147.76 kJ/mol eV for the liquid). The melting
point of LigAl at 150 GPa is located at around 1800 K by
identifying the volume discontinuity during our MLMD
simulations at different 7 [Fig. 3(d)]. With no structural
change for the Al sublattice, the volume change from solid
to superionic is slow and continuous, indicating that it is a

type-1I superionic matter. Radial distribution functions g(r)
[Fig. 3(e)] extracted from MLMD simulations provide us
with more transformation details. For instance, at 800 K,
g(r) between different atom species indicates both short-
and long-range order, while in the 1600 K superionic state,
g(r) of Li-Li loses its long-range order and retains some
short-range order. In liquid, all g(r) displays typical liquid
structural properties and converges to 1 as the radius
increases to a large number. We notice that g(r) of Li-Li
in the superionic state does not display full liquid behavior,
and thus the diffusion behavior is different from the
random-walk atomic motion in liquid. Hence, the diffusion
mechanism in Li-Al superionic electrides should be eluci-
dated. Previously, tremendous work in Li-ion batteries has
revealed different diffusion mechanisms of superionic
lithium atoms in solid sublattices [31], including interstitial
mechanisms, vacancy mechanisms, and collective motion
mechanisms. In our MD simulations, since we use super-
cells of defect-free LigAl single crystals, Li diffusion is
directly attributed to atomic collective motion, in which a
group of atoms diffuses by pushing its nearest neighbor and
hopping to the next equilibrium position to form rings or
open loops.

In Fig. 3(f), we show the simplest collective motion in
our simulations, in which four atoms rotate to their nearest
neighbor almost simultaneously. Previous studies showed
that the collective motion of multiple lithium ions could
reduce diffusion barriers [57]. More complex atomic
collective diffusions in our simulations are shown in the
Supplemental Material [35], and we notice that there is a
path priority during collective diffusion [Fig. 3(b) and
Supplemental Material], which causes the short-range order
residual in g(r) for the Li-Li pairs in the superionic state.
To understand this priority, electronic structures must be
considered. The above results about the electronic struc-
tures in this Letter indicate that LigAl is a high-pressure
electride in which valence electrons of Li are localized
interstitially and form a shell-like distribution surrounding
the central Al atoms [Fig. 2(b)]. Calculating electronic
environments in superionic states, we find that Li does not
change its cationic characters at high temperatures since
their diffusion only occurs in the open pipes surrounded by
an electride. In Fig. 3(f), four-Li-atom ring diffusion rotates
in the open space above the shell-like electride. This atomic
collective motion assisted by an electride is also identified
in high-pressure elemental calcium [10] and has a free
energy priority compared to regular random walk diffu-
sions. We believe that similar atomic collective diffusions
may occur in other electrides at high-pressure and finite-
temperature conditions.

In conjunction with the superconducting properties
discussed above, we summarize a temperature-pressure
phase diagram of LigAl. As shown in Fig. 4, the temper-
ature-dependent phase diagram at high pressure is divided
into four distinct regions: the superconducting state, the
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FIG. 4. Proposed temperature-pressure phase diagram of the
C2/m LigAl. The symbols represent the data points correspond-
ing to four distinct states: triangle, solid state; square, superionic
state; circle, liquid state; and diamond, superconducting state.
The black dashed lines are the phase boundaries.

solid state, the superionic state, and the liquid state. The
superionic region exists over the entire pressure range in
which LigAl is stable. The superconducting temperature 7',
of LigAl increases with increasing pressure. The T is
estimated to be 10.0 K at 50 GPa and 18.7 K at 100 GPa,
with a pressure coefficient (d7./dP) of 0.19 K/GPa.

In summary, the phase diagram and physical properties
of Li-Al systems from 0 to 150 GPa are extensively
explored using our crystal structure search method
MAGus and first-principles calculations combined with
machine learning. Seven new stable compounds are found.
Three pressure-stabilized Li-rich compounds—LizAl,
LizAl, and LigAl—are predicted to possess exotic proper-
ties. They are high-pressure electrides; in particular, in
LigAl, some valence electrons localize in the interstitial
space to form unique spherical shell-like quasi-atoms and
wrap the Al atoms. Interestingly, our calculations show that
LigAl is a superconductor with a superconducting 7. of
29.0 K at 150 GPa. At high temperatures, superionic states
in the Li-rich compounds are identified in a temperature
range of a few hundred Kelvin. The diffusion mechanism in
defect-free LigAl is attributed to atomic collective motion.
It is fascinating that we identify both superconducting and
superionic states in the same system, reflecting the trans-
port properties of two kinds of particles with very different
masses, electrons, and ions. These results are expected to
guide future experimental studies on alloys under pressure
and help us to understand the collective diffusion in
electrides.
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