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The study of abnormal Wilson transitions from metal to nonmetal states in simple electronic systems under
high pressure plays an important role in understanding the profound physical mechanisms associated with
the electronic structures of materials. Moreover, such studies serve as important references for understanding
complex electronic systems. Of particular interest is that Li-O systems have been demonstrated to exhibit
both normal and abnormal Wilson transition behaviors at high pressure depending on the Li to O ratio, and
that Li-O compounds also exhibit superconductivity. However, the pressure-induced phase transformations
and superconducting properties of these materials have not been comprehensively studied, particularly for
Li-rich oxides. The present work addresses this issue by conducting ab initio structural relaxations of Li,, O,
compounds (m < 8, n < 2) at selected pressures ranging from 1 atm to 200 GPa using density-functional
theory. Accordingly, we obtain detailed structural information for all stable compounds based on their formation
enthalpies with respect to decomposition into other Li-O compounds or elemental Li and O solids. The results
demonstrate that the parity of m in Li-rich Li,,O compounds determines their metallization or antimetallization
features under applied pressures rather than the magnitude of m. The C2/c phase of LigO, which exhibits an
antimetallization feature with increasing pressure, is found to be superconducting at a temperature of 5.54 K
under an applied pressure of 100 GPa. In stark contrast to other Li-rich compounds and most hydrides whose
superconductivity is primarily affected by the electron density of states at the Fermi level, the superconductivity
of C2/c-phase LigO is mainly affected by an increasing average electron-phonon matrix element over the Fermi

surface and a decreasing average phonon frequency with increasing pressure.
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I. INTRODUCTION

Metal-insulator phase transitions are very important phys-
ical phenomena in the field of condensed-matter physics.
Nearly all metal-insulator transitions can be grouped into
two types. The first type involves phase transitions related to
complex electron systems, such as Mott, Anderson, and Slater
transitions, whose electronic structures cannot be described
adequately by the mean-field approximation or Landau-Fermi
liquid theory [1,2]. Understanding these phase transitions is of
important significance for solving a number of advanced prob-
lems in condensed-matter physics, such as for determining
the operative mechanism in unconventional superconductors.
The second type of metal-insulator transition is related to
materials with conventional electronic structures that can be
reasonably described by Landau-Fermi liquid theory, such as
Peierls and Wilson transitions, which can be attributed often to
a clear physical mechanism based on energy-band theory. In
particular, Wilson transitions can arise due to factors such as
temperature and pressure, and are often applied for explaining
the metal-insulator transitions occurring in compressed ma-
terials. However, metal-insulator phase transformations can
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rarely be attributed to single operative mechanisms in actual
materials, and multiple mechanisms are often intertwined,
such as is the case for VO, [3-6].

A great many insulator-to-metal transformations are well
known to be driven by Wilson transition mechanisms in
materials with simple electronic structures [7]. For ex-
ample, the inducement of Wilson transitions under high
pressure is an important method for synthesizing metallic
hydrogen. According to the classical energy-band theory of
condensed-matter physics, such Wilson transitions occur due
to overlapping energy bands arising from the decreasing
atomic spacing obtained under high pressure. For example,
hexagonal close-packed Ar and Kr systems, which are good
insulator materials at ambient pressure, undergo insulator-to-
metal transitions at about 510 and 310 GPa, respectively [8,9].
Moreover, hydrogen-rich compounds have been reported to
transition to metals and have high superconducting transition
temperatures (7;) under high pressure.

Nonetheless, abnormal Wilson transitions from metal to
insulator or semiconductor (i.e., nonmetal) states have been
observed for alkali metals and alkaline earth metals. For ex-
ample, Na, Li, and Ca metals have been demonstrated to
transform to nonmetal states under high pressure in a process
that is sometimes referred to as pressure-induced antimetal-
lization [10—19]. Similar phenomena have also been observed
in some compounds with simple electronic structures, such
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as LiyC [20,21]. The study of abnormal Wilson transitions in
simple electronic systems plays an important role in under-
standing the profound physical mechanisms associated with
the electronic structures of materials. Moreover, such studies
serve as important references in the study of complex elec-
tronic systems, and are likely to yield relevant new physical
paradigms. For example, Li-O systems have been demon-
strated to exhibit both normal and abnormal Wilson transition
behaviors. These behaviors have been found to be affected by
the Li to O ratio, rather than the concentration of Li, which has
not been reported in other materials with Wilson transitions.

We further note that a number of Li-based compounds have
been reported to exhibit superconductivity at high pressures.
For example, the P6/mmm phase of AsLi; has a relatively
high value of 7. = 38.4 K at 150 GPa [22]. The fcc phase
of Li3S is a metastable state found at pressures less than 640
GPa, and exhibits a high 7. of 80 K at 500 GPa [23]. The
pressure-induced LigP electride exhibits a 7. of 39.33 K at
270 GPa [24]. Similarly, LisC was predicted to have a high
T. of 48.3 K at 210 GPa [25], and LigTe, with the highest
concentration of Lig octahedra, is superconducting with a 7
of 10.2 K at 75 GPa [26]. Finally, LijpSe has been estimated
to exhibit the highest 7. value of 16 K at 50 GPa, which is the
lowest pressure to induce superconductivity among Li-based
chalcogen electrides [27]. However, oxygen, which is one of
the most abundant and important elements, can change from
an insulating state to a metallic state at high pressures, and
can transform into a superconducting state at low temperature
[28-31]. Hence, the superconductivity of Li-O compounds
has also have attracted extensive attention. Most of the known
Li-O compounds, such as Li,O, Li,O,, LiOy4, LisO3, LisO3,
and LigO, are oxygen rich [32-39]. However, among these,
only the superconducting properties of LiO4 with a T, up to
12.2 K at 10 GPa have been reported [39]. Moreover, the
superconducting properties and pressure-induced phase trans-
formations of Li-rich oxides have not been comprehensively
studied.

The present work addresses this issue by conduct-
ing ab initio structural relaxations of Li,O, compounds
(m < 8, n < 2) at selected pressures ranging from 1 atm to
200 GPa using density-functional theory (DFT), and thereby
obtain detailed structural information for all stable com-
pounds based on their formation enthalpies with respect to
decomposition into other Li-O compounds or elemental Li
and O solids. Lattice dynamics and electron-phonon coupling
(EPC) calculations are also conducted. The results clearly
demonstrate that the parity of m determines the metallization
or antimetallization characteristics of Li-rich Li,, O crystals,
rather than the magnitude of m. In addition, the supercon-
ductivity of LigO, which exhibits antimetallization behavior
with increasing pressure, is found to be facilitated by an
increasing average electron-phonon matrix element over the
Fermi surface and a decreasing average phonon frequency
with increasing pressure, rather than by an increasing electron
density of states on the Fermi level, as would be expected.

II. COMPUTATIONS

Structural searches of Li-O compounds were conducted
using ELOCR code [40]. The DFT calculations were conducted

within the Perdew-Burke-Ernzerhof (PBE) parametrization of
the generalized gradient approximation (GGA) [41], as im-
plemented in the Vienna Ab initio Simulation Package (VASP)
code [42]. The projected augmented-wave pseudopotential
was used for both Li and O atoms, and the 1s2s and 2s4p
electron configurations were adopted as valence states for Li
and O, respectively. A plane-wave basis set with an energy
cutoff value of 1000 eV was used for enthalpy calculations,
and a Monkhorst-Pack k-mesh spacing of 27 x 0.025 A~!
was adopted in this work. Then, the pseudopotentials were
carefully tested by comparing the calculated lattice parame-
ters obtained using the VASP code with the parameters listed
in Table S1.

The lattice dynamics and EPC calculations were imple-
mented in QE (QUANTUM ESPRESSO) code [43] using Trouiller-
Martins—type norm-conserving pseudopotentials within the
GGA correction of the PBE parametrization. Convergence
testing gives the choice of kinetic energy cutoffs of 80 Ry,
and the Monkhorst-Pack (MP) [44] grids of k-point sampling
for each phase using a grid of spacing 27 x 0.025 A~ in the
Brillouin zone (BZ) to ensure the reliability of the results.
Phonon-dispersion curves were calculated using a g-mesh
density of 27 x 0.04 A~ in the first BZ for the interpo-
lation of the force constants, and phonon density of state
(PHDOS) curves were calculated using a denser mesh of
27 % 0.025 A~". Subsequently, EPC calculations were con-
ducted in the first BZ on the same MP g-point meshes using
individual EPC matrices obtained with a grid of spacing
27 x 0.04 A~'. All the convergences of the plane-wave basis
set and MP sampling were carefully examined by employing
higher kinetic energy cutoffs and denser grid sets.

The Fermi-surface filling parameter (FSFP) is a good
means of defining the ratio of free electrons in a metallic
material, and can therefore serve as a good measure of the
degree of metallization. The FSFP can be obtained as follows

[21]:
1
¢ = (M) ga(skn —&r), (1)

where Ny is the number of electron-momentum points used for
sampling in the first BZ, the Kohn-Sham energy in electron
energy band n at a given electron-momentum k is denoted
as &gy, er is the Fermi energy of the electron system, and
S(er, — eF) is the delta function.

The Eliashberg phonon spectral function a>F (w) can be
defined as

2 20
CF () = - N(EF)quvs(w Wgu), 2

where N (ef) is the electron DOS at the Fermi level, w is the
phonon frequency, g and v are the wave vector and mode in-
dex, respectively, w,, is the phonon frequency, and the phonon
linewidth y,, is defined as follows:

Vav = hgv TN(ER)p,. 3)

Here, 1, is the electron-phonon coupling constant. Super-
imposing y,, on each mode yields the following [45]:

2
Yoo =2y, Y |8, il 8(€km — Er)S(etn — Er).  (4)

kmn
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FIG. 1. (a) Stability of lithium-rich Li,,O compounds (m = 2-8) at different pressures based on their relative ground-state enthalpies (with
respect to Li,O, and Li) as a function of m. The tie lines represent convex hulls obtained by joining together globally stable structures at
corresponding pressures with same marker colors. (b) Predicted pressure ranges of stability for different space groups of Li,, O, compounds.

Among them, LiO, and LiO4 were reported previously [39].

where |1/ | |is the electron-phonon coupling matrix element

and 8(ey,, — Eg)d(ex, — Ep) is the Fermi-surface nested func-
tion. This value of A, can be applied to express the value of
Agv over all g and v as follows:

Yqv
A= Aoy = _ 5
qZV K qZU JTN(&‘F)a)gV ©)

We can now substitute Eq. (5) within Eq. (2) to obtain
a?F (w) as follows:

1
o*F(w) = 5 ; Ao 8@ — wg). (6)

The present work obtains «>F (w) by integrating ,, over
the entire BZ region, as described previously [46]. Finally, the
logarithmically averaged value of w is defined as

2 [Cdo ,
Wlog = EXP n ; ?(x F(w)n w|. 7)

The behavior of phonon-mediated superconductors can be
described accurately by Migdal-Eliashberg theory [47]. From
this perspective, the value of 7; for a superconductor can be
estimated by the Allen-Dynes formula as follows [48]:

Wlog —1.04(1 + 1)
T. = exp )
1.2 A — p*(140.621)

where p* is the electron Coulomb repulsion pseudopotential
parameter. This approximation has been found to be highly
accurate for many materials for which A < 1.5. Then, the
variation in A can be analyzed using the rigid muffin-tin theory
developed by Gaspari and Gyorffy [49]. Finally, A can be
defined by McMillan’s strong coupling theory as follows:

_ N(ep)(?)
T M{w?)

®)

= 1N (ep), ©))

where (I?) is an average of the electron-phonon matrix ele-
ment over the Fermi surface, M is the atomic mass, (w?) is a

weighted average of the square of the phonon frequency, and
)
77 - M(w2> .

III. RESULTS AND DISCUSSION

Stable Li,, O, compounds were determined at different
pressures based on their formation enthalpies AH calculated
per atom as follows:

AH(Li,,0,) = [H(Li,,0,) — mH(Li) — nH(0)]/(m + n),

(10

where the enthalpy values H were calculated per chemical
unit for each compound. The Li,,O, compounds obtained
at different pressures are plotted as convex-hull curves in
Fig. 1(a) as a function of m and in Fig. S1 in Supplemental
Material (SM) [50] for different O-rich compounds. Those
structures with AH values lying on the convex hull are con-
sidered thermodynamically stable [51]. The phase diagram
obtained accordingly for the crystalline Li,,O, systems is
presented in Fig. 1(b). In addition, the detailed structural
information obtained for the thermodynamically stable Li,,O,
phases is summarized in Table S1 in SM for pressures rang-
ing from 1 atm to 200 GPa. The stable crystalline structures
observed herein are consistent with the structures observed in
previous experimental and theoretical studies [38—42,52-55].
The stable Li,,O,, compounds observed herein can be di-
vided into Li-rich compounds Li,O (m > 1) and Li-poor
compounds LiO,(n > 1). Lithium peroxide (Li,O;) can be
viewed as a transition type of Li,, O, compound in the con-
tinuum from Li-poor to Li-rich oxides. Our calculations
redemonstrated that Li,O, crystallizes into a hexagonal form
with a space group of P63/mmc at pressures less than 90 GPa
[39]. The energetic favorability of the other space groups of
Li,O, at greater pressures can be determined according to
their calculated values of H (Table S2). Recent studies have
reported that the hexagonal P63/mmc phase transforms into
a monoclinic P2;/c phase at pressures greater than about
90 GPa [39,56]. However, the results obtained in the current
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FIG. 2. Crystal structures of predicted stable Li,,O, systems: (a)
Li, 0, with space group P1; (b) Li,O with space group P63/mmc; (c)
Li;O with space group P63/m; (d) Li,O with space groups Pmmn
(d-1) and Pm (d-2); (e) LisO with space group P1; (f) LigO with
space group P62m; and (g) LigO with space groups C2/c (g-1) and
C222; (g-2). Standard convention employed herein is that green and
red spheres represent Li and O atoms, respectively.

study indicate that the P1 phase of Li, O, is more energetically
favorable than the P2;/c phase in the pressure range from
90 to 200 GPa, due to the lower enthalpy value as shown in
Fig. S2(a), Table S2. The crystal structure of the predicted sta-
ble P1-phase Li O, system is illustrated in Fig. 2(a). We have
calculated the Gibbs free energy of P1 and P2;/c structures
of Li,O; at 100 GPa. Considering the influence of temperature
on the energy of the system, the results show that the enthalpy
value in P1 structure is still lower than P2, /c structure in the
temperature range of 0 ~ 1000 K, assuming that they still do
not melt within the range, as shown in Fig. S2(b). However,
the enthalpy difference is quite small between the two struc-
tures, and may indicate coexistence of the phases depending
on experimental conditions. The theoretical x-ray-diffraction
(XRD) curves of the three space-group systems calculated
with a wavelength of 1.541 A (Fig. S3) should help to verify
the observability of the P1 phase for Li,O, at the reported
pressures experimentally in the future. Moreover, the corre-
sponding atomic structures are given as insets in the figure. Of
particular interest is that equivalent XRD patterns are obtained
for the P2;/c system reported herein and that reported pre-
viously [39], even though the two P2;/c structures are quite
different in shape [57].

Our calculations conducted for Li, O demonstrated that the
face-centered cubic Fm3m phase and the orthorhombic Pnma
phase were most energetically favorable in the pressure ranges
of 1 atm to 30 GPa and from 30 to 130 GPa, respectively,
which is in agreement with the results of recent experimental
and theoretical studies [38,39,53,55,58]. At higher pressure,
Li,O stabilizes with a hexagonal P6;/mmc lattice up to a
pressure of at least 200 GPa. The crystal structure of the

predicted stable P63 /mmc-phase Li, O system is illustrated in
Fig. 2(b). Regarding the structure of Li3;O at ambient pressure,
Wu et al. [59]. synthesized LizO in a gaseous form at ambient
pressure in 1979. The P65 /m phase was obtained for LizO at
pressures greater than or equal to about 80 GPa in the present
work, and the corresponding crystal structure is illustrated in
Fig. 2(c). At relatively low pressure, Li4O is found to conform
to the Pmmn space group, undergoes a phase transition to
the Pm space group at a pressure of 90 GPa, and can be
stable up to 150 GPa. The crystal structures of the predicted
stable LisO systems are given in Fig. 2(d) with space groups
Pmmn and Pm given as (d-1) and (d-2), respectively. In the
pressure range from 80 to 100 GPa, LisO conforms to a
triclinic crystal in the P1 space group with the crystal structure
given in Fig. 2(e). According to the convex hull in Fig. 1(a),
Li;O decomposes into LigO and LigO for pressures ranging
from 100 to 200 GPa. The crystal structure of the predicted
stable P62m-phase LisO system at a pressure of 150 GPa is
illustrated in Fig. 2(f). The phonon spectra of Li,O, and the
Li-rich Li;O-LigO compounds in their stable space groups
[Figs. S4(a)-S4(f)] exhibit no imaginary frequencies in the
BZ, and thereby confirm the stability of their lattice dynamics.
Meanwhile, the lowest-enthalpy Li;O structure observed at a
pressure of 100 GPa resides in the Imma space group, and
the crystal structure is illustrated in SM [Fig. S4(h)]. We can
see from the convex-hull graph curve at different pressures
that the enthalpy differences from the points on the curve
are small. The absence of imaginary frequencies in the BZ
of the phonon spectrum of Li;O in the Imma space group
[Fig. S4(g)] also confirms the stability of its lattice dynamics.
Considering the possibility of an energy barrier, the results
suggest that Li;O compounds may be thermodynamically
metastable. The LigO compound is stable in the transform
from the C2/c phase structure to the C222, phase structure at
about 110 GPa. The crystal structures of the predicted stable
LigO systems are given in Fig. 2(g) with space groups C2/c
and C222; given as (g-1) and (g-2), respectively.

The mechanical properties of these materials are essential
information when evaluating their structural stability. To
this end, we calculated the elastic constants C;; (GPa) for
Li,,O, compounds with different stable space groups at
different pressures, and the results are listed in Table S3. The
mechanical stability of the hexagonal phases associated with
space groups P63/mmc, P62m, and P63/m is guaranteed
if the values of the five independent elastic constants
Ci1, Cia, Ci3, Cs3, and Cz; conform to the inequalities
C31 > 0, C]] > |C12|, and (C]] +2C12) C33 > 2C123 [60] As
can be seen, these phases are guaranteed to be stable in the
corresponding pressure intervals. Mechanical stability in the
case of the orthonormal phases associated with space groups
C222,, Imma, and Pmmn is guaranteed if the independent
elastic constants Cy, Cs3, C31, Css, Ces, C12, Ci3, and Co3
satisfy the inequalities Cjy > 0, Cp > 0, C33 > 0, Cy; +
Co +C33 + [2(Cr2 + Ci3 + Ca3)] > 0, (Cry + Cpp — 2Cy3) >
0, C31 >0, Cs5 >0, Ce6 >0, and (Cop + C53 —2C3) > 0
[61]. An examination of these values indicates that all
these phases are mechanically stable in the corresponding
pressure intervals. Finally, the mechanical stability of
phases with monoclinic and triclinic crystal structures,
including space groups P1l, Pm, and C2/c, are guaranteed
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points at which energy band gap begins to appear in GW method and DFT method, respectively. (b) FSFP in LigO; (c) FSFP in Li,O; and (d)
FSFP in Li;O. Three-dimensional (3D) Fermi surfaces corresponding to selected pressures are also illustrated.

if their independent elastic constants satisfy the following
inequalities: Cj; >0, Cp >0, C33 >0, C3; > 0, Cs5 >
0, C66 > 0, (C33C55 - C325) > 0, (C31C66 - Cfﬁ) > O, and
(Cy 4+ C33 — 2Cy3) > 0[62]. An examination of these elastic
constants indicates that all these phases are mechanically
stable in the corresponding pressure intervals.

The electronic properties of the Li,,O compounds under
different pressures were analyzed based on their calculated
electron band structures. The electron band structure obtained
for LigO in the P62m space group at 80 GPa [Fig. S5(a)]
indicates that P62m-phase LigO is metallic at this pressure
with several bands passing through the Fermi level. At the
higher pressures of 150 and 200 GPa, P62m-phase LicO
developed band gaps and apparently entered a nonmetallic
state [Figs. S5(b) and S5(c)]. We further note that a band
gap appears with increasing pressure to 120 GPa [Fig. 3(a)]
according to the DFT calculations. Obviously, the P62m phase
of LigO transitions from a metal to an insulator under increas-
ing pressure in this range. It is well known that the screened
Coulomb interaction (GW') approximations can improve the
prediction of the energy band gap in contrast to the standard
ab initio DFT calculations [21]. We used GW method to

calculate the band gap in the nonmetallic phase of LigO, as
shown in Fig. 3(a). The results obtained by GW method show
that the band gap appears when the pressure is higher than 100
GPa. In addition, the band gap increases with the increase of
pressure, which is consistent with the variation trend of DFT
calculation; see Fig. 3(a).

Subsequently, the pressure-induced antimetallization in the
P62m phase of LigO, the C2/c phase of LigO, the Pm phase of
Li4O, and metallization process in the P63 /m phase of Li;O
were investigated quantitatively according to the FSFP using
Eq. (1) by the DFT and GW methods, respectively, and the re-
sults can be found in Figs. 3(a)-3(d). We are more concerned
about the variation trend of FSFP with pressure because it
is the tendency that determines whether the material has a
metallization or antimetallization behaviors. From Fig. 3. we
can see that the two calculation methods of DFT and GW
demonstrate a consistent tendency, and give the same physical
conclusions.

As can be seen from Fig. 3(a), the FSFP of the P62m-
phase LigO compound decreased continuously as the pressure
increased from 80 to 120 GPa by DFT calculation, which
clearly verifies the observed transition from a metal to an
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insulator under increasing pressure demonstrated in the pre-
ceding paragraph, and further demonstrates that this process
occurs gradually and monotonically with increasing pressure.
Similar metal-to-nonmetal transitions have been observed
with increasing pressure for some alkali metals. For example,
the metallic Na-#/19 phase of Na has been demonstrated to
transition to the insulating Na-hP4 phase with a highly dis-
torted double-hexagonal close-packed structure at a pressure
of about 200 GPa [16]. However, the process observed for
LigO is quite different from that observed for Na, in that
the LigO crystal remained in the P62m phase throughout
the metal-to-insulator transition. Obviously, the metal-to-
insulator transition behavior of P62m-phase LisO cannot be
attributed to a first-order phase transition.

Similar to that observed for P62m-phase LigO, the re-
sults in Fig. 3(b) indicate that the FSFP of the C2/c-phase
LigO compound also decreased continuously as the pressure
increased from 60 to 100 GPa, which confirms a metal-to-
insulator transition process for LigO with increasing pressure.
This effect can be further evaluated according to the calculated
electron band structures obtained for LigO in the C2/c space
group at a pressure of 100 GPa [Fig. S6(a)] and in the C222,
space group at 150 GPa [Fig. S6(b)]. A plot of the band-gap
energy as a function of pressure [Fig. S6(d)] indicates that
the band-gap energy first decreases in the C222; space group
and then increases with further pressure increase. The PDOS
curves of C2/c-phase LigO at different pressures of 60 GPa
[Fig. S7(a)], 80 GPa [Fig. S7(b)], and 100 GPa [Fig. S7(c)]
reveal hybridizations of Li_p, Li_s, and O_p electrons under
pressure. Here, the metallic properties of C2/c-phase LigO are
dominated by the Li_2p state electrons [Fig. S7(d)].

Anomalous Wilson transitions induced by pressure can
also be observed in other Li-rich compounds with even Li
ratios, such as LisO and Li,O systems. As can be seen
from Fig. 3(c), the FSFP of the Pm-phase Li4O compound
decreased continuously as the pressure increased from 90
to 120 GPa, indicating that the metallic properties of the
compound weakened with increasing pressure. However, the
impact of pressure on the FSFP became considerably re-
duced with further pressure increase up to 150 GPa. The
calculated electron band structure and the two-dimensional
(2D) electron localization function (2D-ELF) for Li4O in the
Pmmn space group at a pressure of 80 GPa [Figs. S8(a)
and S8(c)] confirms the insulator behavior of the material.
Here, the ELF spans values ranging from O to 1, where an
ELF of 1 suggests isolated electron pairs, an ELF of 0.5
reflects probable electron-gas—like pairs, and an ELF of 0
corresponds to nonelectron localization [63]. The obtained
2D-ELF plot indicates that the conductivity of the material
derives from connected regions within the red rectangles, and
nearly free electrons with an ELF value of 0.5 are confined
in the interstitial positions of atoms in Pm-phase LisO as
shown in Fig. S8(d). Meanwhile, the electron band struc-
ture of Pm-phase LisO [Fig. S8(b)] at a pressure of 100
GPa exhibits Van Hove singularity (VHS) points in the band
diagrams near the Fermi level at high-symmetry k points
from Y-A and E-C [64,65]. The electron band structures of
Li,O calculated at different pressures of 1 atm [Fig. S9(a)],
50 GPa [Fig. S9(b)], 100 GPa [Fig. S9(c)], and 200 GPa
[Fig. S9(d)] demonstrate that the different phases of Li,O are

all wide-gap insulators in the pressure range considered. The
antimetallization behavior in of the Li,O system is illustrated
by the continuously increasing band-gap energy with increas-
ing pressure, which does not follow a Wilson transition.

In contrast to the other Li-O phases considered, the results
in Fig. 3(d) indicate that the FSFP of the P63;/m-phase Li;O
compound increased continuously with increasing pressure
from 80 to 200 GPa, which represents pressure-induced met-
allization. The calculated electron band structures of LizO
(P63/m phase) at 150 GPa [Fig. S10(a)] and LisO (P1 phase)
at 100 GPa [Fig. S10(b)] demonstrate that both Liz;O and
LisO maintain their metallic properties in the pressure range
considered, and several bands are observed to pass through the
Fermi level. In addition, a VHS appears in the band diagram of
P65 /m-phase LizO at high-symmetry k points from A-H. Our
calculations also demonstrated the occurrence of pressure-
induced metallization for the metastable phase of Li;O phase.

The results obtained herein for Li-rich Li,O oxides
demonstrated that pressure-induced antimetallization and
metallization properties were, respectively, modulated accord-
ing to even and odd values of m. These findings are further
confirmed by the plot (Fig. S11) of the band-gap energy of
Li,O and the electron DOS of Li,,O (m = 3-8) at the Fermi
level with respect to pressure, where spherical markers repre-
sent structures for which m is even and square markers repre-
sent structures for which m is odd. Obviously, the parity of m
determines the metallization or antimetallization characteris-
tics of Li-rich Li,,O crystals, rather than the magnitude of m.

The ELF isosurface obtained for C2/c-phase LigO
[Fig. S6(c)] at a pressure of 100 GPa shows similar localized
interstitial electrons to those observed for LigTe and LijoSe,
which are both superconducting with respective 7. values of
10.2 K at 75 GPa and 16 K at 50 GPa [26,27]. Accordingly,
application of Bardeen-Cooper-Schrieffer theory [66] and the
McMillan-Allen-Dynes equation [48] with a Coulomb pseu-
dopotential of u* = 0.1 yields a T, value of 5.5481 K for
C2/c-phase LigO at 100 GPa with an EPC parameter (1) of
0.6175 (Table S5).

The phonon-dispersion curves obtained for C2/c-phase
LigO at a pressure of 100 GPa are presented in the left panel of
Fig. 4, where the extent of the red areas is in direct proportion
to the intensity of electron-phonon interactions. Hence, we
can conclude that the vibration modes near the high-symmetry
k points of I" and A exhibit strong EPC interactions, which
contributes significantly to the value of A. Meanwhile, the
Eliashberg spectral function o> F (w) values shown in the right
panel of Fig. 4 indicate that O vibrations contribute 12.7%
and Li vibrations contribute 87.3% to the total vibrations over
a wide frequency range. The right panel further provides the
integrated EPC value of A. We can see that «?F (w) contributes
relatively little to A at frequencies greater than about 13 THz
because the increase in A over this range of frequencies is
small. However, o>F (@) contributes about 75% to the value
of X in the low-frequency region below 13 THz where the
acoustic branch is located. In particular, two peaks in &> F ()
are observed at frequencies of about 3 and 7 THz, which are
mainly derived from vibration modes at the high-symmetry
k-points T" and A, respectively. Here, the A, mode of the
seventh optical branch at the high-symmetry k-point I con-
tributes most to A. This mode of vibration is illustrated in
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FIG. 4. Phonon properties of LigO in C2/c space group at pres-
sure of 100 GPa: (Left panel) calculated phonon-dispersion curves,
where extent of red areas is in direct proportion to intensity of
electron-phonon interactions; (center panel) phonon density of states
(PHDOS) of Li and O atoms; (right panel) Eliashberg spectral func-
tion a>F (w) values and integrated EPC value of A.

Fig. S12(a) for the 16 Li atoms occupying 16 kinds of la
symmetric positions, and 2 O atoms occupying 2 kinds of la
symmetric positions in the primitive cell of LigO, as shown
in Table S4. We can see those adjacent atoms, such as Lil
and Li2, are associated with vibration vectors of the same
magnitude, and pairs of atoms with the same color vectors
represent vibrations in opposite directions. In contrast, Fig.
S12(b) shows an identical A, mode of the 22nd branch at the
high-symmetry k-point I", which corresponds to the peak in
the PHDOS of Li atoms in the middle panel of Fig. 4 at around
18 THz. The slightly weaker vibration intensity and the higher
frequency of this vibration mode means that it contributes
less to A than the vibrational mode of the seventh branch.
Finally, we note that the low-frequency vibrational feature of
the first acoustic vibration mode at the high-symmetry k-point
A illustrated in Fig. S12(c) contributes significantly to A.

The pressure dependencies of T¢, A, wieg, and N(eg) for
C2/c-phase LigO (Table S5) are presented graphically in
Fig. 5. As can be seen, 7. increases from 0.4981 K at 60 GPa
to 5.5482 K at 100 GPa. This increase in 7. with increasing
pressure is in sharp contrast to the pressure-dependent be-
havior of T for a Li-poor compound LiOy4, which decreases
with increasing pressure [39]. In addition, we note that X also
increases with increasing pressure, which can be expected to
contribute to the increasing value of 7. However, wjog and
N(¢erp) both decrease with increasing pressure. According to
Bardeen-Cooper-Schrieffer theory [67], the value of A should
increase with increasing N (er), which ultimately increases the
value of T;. Therefore, the Li-rich LigO material violates this
expectation because N(¢p) decreases and 7. increases with
increasing pressure. In other words, the reduction in N(gg) in
the antimetallized compound does not negatively affect its su-
perconductivity. This behavior also differs from the behaviors
of other superconducting compounds, such as the hydrides of
SH; and SeHs, where a large hydrogen-dominated N (ep) is
reported to generate a strong A and high T; [7].

The above-discussed irregularity in the superconductivity
of the C2/c phase of LigO can be analyzed based on the
average electron-phonon matrix element (I?) over the Fermi

7 9
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FIG. 5. Pressure dependencies of C2/c-phase LigO for critical
temperature 7. (K) of superconductivity, electron-phonon coupling
parameter A, logarithmic average phonon frequency wi,,, and elec-
tron density of states at Fermi level N (eg).

surface and the average phonon frequency (w?) "2 calculated
at select pressures (Table S5). Obviously, the increase in

(I%) and decrease in (a)2>1/2 dominate the upward tendency
in A with increasing pressure, which is responsible for the
observed increase in 7. Accordingly, we can conclude that
the superconductivity of C2/c-phase LigO, which exhibits an-
timetallization behavior with increasing pressure, is facilitated

by an increasing (/%) and decreasing (wz)l/ ® with increasing
pressure, rather than an increasing N(eg), as would be ex-
pected. On the basis of what has been discussed above, (I?)

and (a)z)l/ * are mainly related to the vibration modes of Li
atoms. In addition, the other metallic phases of Li-rich oxides,
such as LizO, Li4O, LisO, and LicO, have values of T; tending
toward zero.

IV. CONCLUSION

The present work addressed our current poor under-
standing of the pressure-induced phase transformations and
superconducting properties of Li-rich oxides by conducting an
extensive and systematic analysis of the stable crystal phases
of Li, O, compounds (m < 8, n < 2) under ambient- and
high pressures with first-principles calculations. In contrast
to previous research, the P1 phase of Li;O, has lower en-
thalpy values than the previously reported P2;/c phase at
pressures below 200 GPa. However, the enthalpy difference
is quite small between the two structures, and may indicate
coexistence of the phases depending on experimental condi-
tions. Of particular importance, our results demonstrate that
the parity of m in Li-rich Li,,O compounds determines their
metallization or antimetallization features under applied pres-
sures rather than the magnitude of m. Specifically, even values
of m result in pressure-induced antimetallization behavior,
while odd values of m result in pressure-induced metalliza-
tion. We further determined that the value of 7. observed for
C2/c-LigO increased from 0.4981 K at a pressure of 60 GPa to
5.5482 K at 100 GPa. However, in sharp contrast to the behav-
iors of other types of Li-rich compounds and most hydrides,
the value of N(eg) observed for this material decreased with
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increasing pressure owing to its corresponding antimetalliza-
tion behavior. Therefore, the reduction in the electron DOS at
the Fermi surface in the antimetallized LigO compound does
not negatively affect its superconductivity. In fact, the results
demonstrated that the superconductivity of LigO is determined

by (I?) and (0?)'"*.
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