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Computational design of flexible electrides with nontrivial band topology
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Electrides, with their excess electrons distributed in crystal cavities playing the role of anions, exhibit a
variety of unique electronic and magnetic properties. In this work, we employ the first-principles crystal structure
prediction to identify a new prototype of A;B electride in which both interlayer spacings and intralayer vacancies
provide channels to accommodate the excess electrons in the crystal. This A3;B type of structure is calculated to
be thermodynamically stable for two alkaline metals oxides (Rb3;O and K;0O). Remarkably, the unique feature
of multiple types of cavities makes the spatial arrangement of anionic electrons highly flexible via elastic
strain engineering and chemical substitution, in contrast to the previously reported electrides characterized by
a single topology of interstitial electrons. More importantly, our first-principles calculations reveal that Rb;O
is a topological Dirac nodal line semimetal, which is induced by the band inversion at the general electronic
k momentums in the Brillouin zone associated with the intersitial electric charges. The discovery of flexible
electride in combining with topological electronic properties opens an avenue for electride design and shows

great promises in electronic device applications.
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I. INTRODUCTION

Electrides are important functional materials with exotic
electronic properties and many potential applications, such as
in optoelectrics [1] and catalysis [2-4]. The key feature of
electride lies in its nonbound electrons serving as anions in
the crystal [5,6]. Such an electron distribution picture is sig-
nificantly different from the conventional covalent and ionic
compounds [7]: (i) it violates the standard valence rule for
the excess unsaturated electrons trapped around the interstitial
sites, while the conventional solids have zero formal charges.
(i1) It localizes the anionic electrons into the interstitial sites
as non-nucleus-bound electrons, while in conventional com-
pounds electrons are distributed around atoms to form bonds.
(iii) It has stoichiometric composition, unlike the random
defects of color centers. Electrides with the high mobility
of the non-nucleus-bound anionic electrons are candidates of
superconductor [8—10], while the excess electrons are excel-
lent catalysts for ammonia and alkynes synthesis due to their
high electron donor ability [4,11-14]. Recently, it was also
suggested that the so-called unique floating electrons in the
electrides are favorable for achieving band inversions needed
for topological phase transitions in the electronic states [15].

The search for room temperature stable electride mate-
rials has been a long pursuit in materials research since
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Dye’s pioneering work [7,16]. The first crystalline organic
electride was made by Dye and coworkers in 1983 [16].
Several others have been synthesized by Dye’s group [7,17].
However, the application of organic electrides was limited
by their thermal instability. To improve the stability, the
electride studies have been shifted to inorganic materials re-
cently. The first room-temperature stable inorganic electrided
C12A7:2e~ was synthesized by Matsuishi et al. [18] through
selectively removing two oxygen ions per unit cell from the
parent compound mayenite (CagAl;O16) via oxygen-reducing
processes. In the cubic unit cell of C12A7:2e~, four excess
electrons are trapped to twelve crystallographically equivalent
zero-dimensional (0D) cages. Due to its low work function
[19] and high electron mobility [18], C12A7:2e™ can effi-
ciently promote the catalytic activity for ammonia synthesis
[2,20,21], and it shows promise as a low electron-injection
barrier material for organic light-emitting diodes (OLED)
fabrication as well [1].

The mobility of the interstitial electrons strongly depends
on the topology of the cavities confining the anionic electrons.
In a 0D electride, the anionic electrons are localized in lattice
cavities and isolated from each other, while in 1D, 2D, and
even 3D electrides the electrons are connected along lattice
channels or planes. Electrides with higher degree of connec-
tivity are more desirable for catalytic and other applications.
Ca;,N, being predicted to possess intrinsic nucleus-free 2D
electrons gas at the interlayer space [22], has been prepared
by Gregory and coworkers [23], and later confirmed to be
a 2D electride by Lee and coworkers [24]. With the anionic
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electrons directly exposed to the environment, Ca,N is able
to greatly promote the ammonia synthesis [3,13]. Recently,
several 1D-like electrides (LagSr,(SiOy4)¢ [25], NbsIrs [26],
Y5Siz [11], and SrsP3 [27]) have been established both in
theory and experiment. It was also proposed that materials
with the same chemical composition may exhibit different
electron confinements from 0D, 2D to 3D due to structural
diversity [28]. Moreover, the recent high-pressure studies
substantially expanded our understanding on electrides. Under
compression, many simple metals (Li [29,30], Na [31], K
[32], and compounds (NaHe, [33] and Mg;0, [34]) were
suggested to adopt structures with valence electrons localized
in the interstitial regions. Nevertheless, these high-pressure
electrides are not recoverable under ambient conditions.

To date, a library of new electride materials, with inter-
stitial electrons forming different channel topologies, have
been proposed. From the viewpoint of device application,
it is desirable to have a material whose properties could
be altered by external conditions or fields in a controllable
manner. A recent work demonstrated that the spin-alignment
of interstitial electrons in 2D Y,C can be effectively tuned
by introducing the isovalent Sc substitution on the Y site
[35]. It was also reported that the magnetic state of organic
Cs™(15-crown-5),e~ electride could be changed by external
pressure [36]. However, it is still unknown whether the prop-
erties could be modulated to a greater extent. Our knowledge
about controlling the non-bound-electrons topology is surpris-
ingly poor, which hinders the rational design of electrides with
desired properties.

A key to realize the modulation is to find a material in
which the distribution of interstitial electrons has flexible
responses to external fields. This motivates us to perform a
thorough crystal structure search to find such materials. In
this work, we combined first-principles evolutionary crystal
structure prediction [37,38] with high throughput screening
methods (from online database of Materials Project [39])
based on density functional theory (DFT), which allow us to
effectively explore the structure spaces with unknown struc-
tural prototypes and calculate their stability maps in a variety
of chemical systems. For the first time, we identified the
monoclinic (C2/m) form of A3B with anti-MoCl; prototype as
a thermodynamically stable (or marginally stable) electride in
metal oxides (Rb3O and K30O) at ambient pressure condition,
as well as a group of layered structures analogical to transition
metal trichlorides (MCls) with similar thermodynamic stabil-
ity. The distribution of the interstitial electrons in C2/m-Rb3;0
can be readily modulated by applying strain or chemical
pressure. Our further calculations reveal that Rb;O is a topo-
logical Dirac nodal-line semimetal. We believe the discovery
of flexible electride with combined toplogical properties will
show great promises in future electronic devices applications.

II. COMPUTATIONAL METHODS
A. Crystal structure prediction

We started our investigation with alkaline metal oxides,
which are likely candidates for metal rich compounds to
hold anionic interstitial electrons. In particular, we were in-
terested in heavy alkaline metals (Rb, Cs), because these

metals exhibit rich oxidation chemistry and form a number
of stable metal-rich compounds according the online database
of Materials Project (examples of such compounds include
RbgO, RbgO,, Cs70, Cs1103, and Cs30). To screen for other
possible compounds not listed in the database, we performed a
first-principles crystal structure prediction (CSP) on Rb-O and
Cs-O systems using the USPEX code [37,38]. In this search,
all combinations of Rb and O in the unit cell were allowed
(within the limitation that the total number of atoms does not
exceed 32). The first generation of structures was created with
random symmetries and random compositions. All structures
were relaxed at ambient pressure and zero temperature, at the
level of density functional theory (DFT) as implemented in
the VASP code [40]. In the type of crystal structure search with
variable compositions, it is not the total energy, but the largest
normalized enthalpy (or free energy at zero temperature) of
formation from other compounds in the system, that defines
the fitness function. This construction leads to the so-called
convex hull diagram. According to the fitness ranking, the
worst structures (40%) were discarded and new generations
were created by heredity, mutation and random generator
operations. The best structure from each generation was kept.
All structure optimizations evolved over maximum of 30
generations.

B. High-throughput screening

While the first-principles CSP can perform a thorough
search of all possible structures and different compositions,
it is computationally expensive and can be only conducted in
a limited set of chemical systems. To improve the efficiency
of materials discovery, we take advantage of the existing high-
throughput data mining approaches based on available materi-
als databases, which already contain information about crystal
structures and energies calculated for a variety of compounds,
making it unnecessary to repeat the expensive DFT calcu-
lations. Combining our CSP approach with resources from
Materials Project database [39] can accelerate the discovery
of new electrides. We selected the best ten structures by fitness
ranking from both CSP runs on both Rb-O and Cs-O, and
then applied chemical substitution to other binaries in groups
IA-VIA and ITA-VA. Together with the available data entries
in Materials Project [39], we computed the final convex hull
diagram for each binary system under investigation.

C. DFT Calculations

All DFT calculations were performed using the plane
wave code VASP [40] based on the projector augmented wave
scheme. The exchange-correlation functional was described
by the generalized gradient approximation in the Perdew-
Burke-Ernzerhof parametrization (GGA-PBE) [41], and the
energy cutoff of the plane wave was set as 1000 eV. We
used Rb PAW potential with a [Ar] core of 2.541 a.u. and
nine valence electrons (4s24p°5s'), O PAW potential with
a [He] core of 1.550 a.u and 6 valence electrons (2s22p4).
In order to account for the van der Waals (vdW) interac-
tion, all energies were further recomputed using the optPBE
functional [42]. The geometry convergence criterion was set
as 0.001 eV/A for the maximal component of force and
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FIG. 1. (a) Convex hull diagram of the Rb-O system at opt-PBE level. Red circles denote metastable compounds; black squares represent
stable compounds. The top view of monolayers in layered structures of R-3m Rb,0 (b), C2/m RbsO, (c), and C2/m Rbs0 (d), respectively.

0.001 GPa for stress. The electronic structures are calculated
based on DFT. The Brillouin zone (BZ) was sampled by
uniform I'-centered meshes with the reciprocal space resolu-

tion of 2w x 0.03 Afl, which was verified to be accurate
enough for the systems under investigation. The dynamic
stability of the structures was carefully checked by the phonon
spectra calculation with the finite displacement method as
implemented in PHONOPY code [43]. For the electronic and
phonon band structure calculations, the band paths are taken
based on the suggestion from Ref. [44]. A tight binding
model Hamiltonian based on the maximally localized Wanner
functions (MLWFs) [45,46] has been constructed in the basis
of s and p orbits of Rb atom and p orbits of O atom. In
the Wanner representations, we applied an iterative Green
functions method [47,48] based on the bulk tight-binding
model to obtain the surface density of states and the surface
projected Fermi surface of the semi-infinite system neglecting
possible surface reconstructions and charge rearrangements.

D. Electride analysis

We identified electrides by calculating electron localization
function (ELF) [49]. If the ELF of a given material yields
nonnuclear maxima and the electrons can be assigned to ionic
bonding, we consider the materials as a possible electride.
Moreover, we performed a detailed band structure and partial
charge analysis to identify the topology of the interstitial elec-
trons. Since we are interested in only energetically favorable
electreides, the ELF analysis was performed on a subset of the
generated structures, which were stable or marginally stable
with respect to the constructed convex hull.

III. RESULTS

In the following sections, we will first discuss the results
of Rb-O system obtained from first-principles CSP method.
In particular, we introduce a new monoclinic (C2/m) form
of Rb;0O with anti-MoCl; prototype as a thermodynamically
stable electride at ambient pressure condition from our pre-
diction and demonstrate that it is an electride which is found
to possess flexible anionic electrons under elastic strain and
chemical substitution. Then, we discuss its intriguing topolog-
ical properties. Last, we extend it to other binary systems via
high throughput data mining method and discuss the statistics
of binary inorganic electrides.

A. Phase diagram of Rb-O system

Through sampling more than thousands of structures at
ambient pressure from evolutionary CSP on Rb-O, we ob-
tained a series of stable and metastable structures. Figure 1(a)
shows the formation enthalpies of predicted structures relative
to the elemental Rb and O,. At PBE level, RbO,, RbO,
Rb,0, Rbs0,, Rb30O, RbgO,, and RbgO, were calculated to
be stable, see Fig. S1 [50]. Among them, Rb3;O and Rb50,
were newly predicted in this work, while the rest of them have
been already reported in the database. This example illustrated
the power of CSP method in identifying new compounds
with unknown stoichiometries. Including vdW interaction
within optPBE functional does not qualitatively change the
relative stability. Instead, it only slightly shifted RbsO, and
RbyO, from being stable to being marginally stable (8 and
3 meV /atom above the hull, respectively).
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FIG. 2. The electronic band structure (a), partial density of states (b), the isosurface and map of partial charge density distribution of
interstitial band 1 (c), band 2 (d), the isosurface and map of density distribution of interstitial band 1 [(e)—(f)] and band 2 [(g)—(h)] of
C2/m Rb;0 phase. The interstitial bands, mainly contributed by the interstitial electrons, are highlighted in bold red and blue lines. In (c)—(h),
the large magenta spheres denote Rb atoms, and the small red spheres denote O atoms.

Figures 1(b)-1(d) illustrates structures of Rb,O, Rbs0;,
and Rb3;O. Large magenta atoms correspond to Rb, while
smaller red atoms represent oxygen. The Rb-O bonds are also
shown in red. All three compounds have layered structures
and they differ only in the number of oxygen vacancies. Rb,O
has an anti-CaCl, type structure with R-3m symmetry (the
experimental Rb,0O is in anti-fluorite type, which was calcu-
lated to be 2 meV /atom less stable than R-3m structure at PBE
level, but 10 meV/atom more stable at optPBE level). In this
structure, every oxygen is octahedrally coordinated with Rb
atoms. Each (001) basal plane is composed of RbgO octahe-
dral connected along their edges. Similar to Rb,O, Rbs0, also
has a layered structure with the C2/m monoclinic symmetry.
To account for the different composition, “O vacancies” are
present in the (001) basal planes. Thus the Rb;yO4 layer can
be obtained by removing one oxygen out of every five units of
Rb,0. Similarly, the layered structure of C2/m Rb3;O can be
constructed from R-3m Rb,0, by removing one oxygen out of
every three units of Rb,O. This transformation also lowers the
symmetry of the structure from trigonal to monoclinic.

According to the formal charges of Rb (+1) and O (—2), all
the compounds between Rb,O and Rb3;O should have excess
electrons. R-3m Rb,O has a balanced charge which means
it is unlikely to be an electride. On the other hand, Ca;N,

with the same structural type, has 41 charge per formula unit
and becomes electride with the excess electrons confined to
the interlayer space. Given the structural similarity, RbsO;
and Rb;0O are likely to be electrides. Moreover, both RbsO,
and Rb30 have O vacancies in the basal plane, which might
provide another type of sites to accommodate the electrons. In
our crystal structural search, we also observed several other
low-energy layered Rbz;O structures similar to C2/m RbzO
with different interlayer stacking. The detailed structure in-
formation is shown in Fig. S3 [50] and their properties are
summarized in Table S1. Due to the strong structural similar-
ity, they are energetically competitive and may share similar
physical properties with C2/m Rb3;0. Since C2/m Rb3O is
stable under both PBE and optPBE functionals, we shall focus
on this compound in the proceeding sections.

B. Electronic structure of Rb;O

We performed a detailed analysis of the electronic prop-
erties of C2/m RbzO. Specifically, we calculated its band
structure, density of states (DOS), the decomposed partial
charge distribution and ELF (see Fig. S5 [50]). As shown
in Figs. 2(a)-2(d), we found that the layered C2/m Rb;O
structure is a typical electride. There are two bands crossing
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the Fermi level (Epermi). As a result, its DOS forms two peaks
spanning around Epemi. In order to identify the contributions
from interstitial electrons, we placed pseudoatoms with a
Wigner-Seitz radius of 2.00 A at interlayer interstitial site
and intralayer vacancies, and then projected the portions of
the wave functions within these spheres to obtain the partial
density of state (PDOS) curves for the interstitial sites. Fig-
ure 2(b) shows that the DOS accumulation near the Egerm; 1S
mainly from the non-atom-centered orbitals located around
the interstitial site, while the contributions from the atomic
orbitals of Rb and O are much smaller.

The existence of the interstitial electrons is further con-
firmed by the decomposed partial charge densities according
to the energy [Figs. 2(c) and 2(d)]. By plotting the partial
charge density of the two bands which cross Epemmi, namely,
bands 1 and 2, we can clearly find that they correspond
to interstitial electrons. The picture of two excess electrons
forming two partially occupied interstitial bands has also been
found in Y,C [11,51] (also a layered structure in anti-CaCl,
type). However, the anionic electrons in C2/m-Rb;0O can also
pass through the layers due to the presence of intralayer holes,
while the excess electrons are only confined between the
layers in Y,C. To obtain more insights, we plotted the decom-
posed charge density for each band. As shown in Figs. 2(e)—
2(h), the results suggest that the electrons accumulate around
the center between two adjacent vacancies in band 1, while
around the vacancies in band 2. If we zoom in the flat regions
on both bands, they correspond to electrons forming 1D
channel around the vacancies and 2D gas between the layers,
respectively. Thus we can obtain a qualitative understanding
on the distribution of anionic electrons by bands. As we will
discuss in the following section, these two bands and the
overall distribution of anionic electrons can be effectively
changed by external forces and chemical substitution.

C. Tuning the interstitial electrons

Though C2/m-Rb;0 has a layered structure, the presence
of O-vacancies makes it intrinsically different from the well-
known Ca;,N type materials. According to the electrostatics,
the excess electrons tend to be pushed away from the cation
sites to the crystal cavities. In C2/m-Rb30, the excess elec-
trons are trapped by two types of crystal cavities: (i) the
intralayer O vacancies and (ii) the interlayer space. If there
exist ways to leverage their relative electrostatic potential
distribution, the trapped electrons might rearrange themselves
into different distribution and even different topology. In the
following sections, we will demonstrate that such redistribu-
tion can be triggered by elastic strain and chemical substitu-
tion.

Elastic strain. Strain engineering has been widely used
to induce phase transition in a wide range of materials [52].
Given the layered nature of C2/m-Rbs0O, it is intuitive to
modify the size of the interlayer spacing by applying strain
along the ¢ axis. Specifically, we applied up to 8% com-
pression along the ¢ axis. Our phonon calculations suggested
that the structure after the deformation remains dynamically
stable (see Fig. S6 [50]), indicating that Rb3O is an ultra-
compressible material which can sustain large elastic strain,
like other 2D materials. Since the distribution of anionic

interstitial electrons is a function of 3D space and energy, the
interpretation of results can be challenging. In order to charac-
terize them in a more comprehensive manner, we tracked the
changes by calculating several properties, (i) the isosurface
plots at different values; (ii) the integrated PDOS along three
main crystal direction; and (iii) the contour maps at some
primary planes. Figure 3 shows the results for some important
crystal directions. While the choice of isosurface value yields
somewhat ambiguous pictures (since this is truly isovalue
dependent), the integrated PDOS and contour maps tell more
insights into the distribution over the entire parameter space.
Compared with Rb;O without strain, we observed the dis-
tribution of interstitial electrons has a strong localization in
the (100) plane, see Fig. 3(b) partial charge map. This is also
evidenced by the sharpening of the peak in the middle of the
path along the y axis [Fig. 3(b)]. The changes on interlayer
spacing also substantially changes the distribution in energy
space. Clearly, the integrated PDOS values in Rb3;O under
strain has more population in the energy range between 0.2
and 0.4 eV relative to Egermi- As shown in Fig. S8 [50], we
found that the accumulation of PDOS from —0.5 to 0 eV is
even more obvious.

Chemical substitution. Clearly, the topology of interstitial
electrons largely depends on the arrangement of vacancies and
the interlayer distances. The chemical substitution is another
common approach to adjust these parameters. We therefore
checked the possibility of Rb3S and RbsSe based on the
same structural motif. Both of them were calculated to be
unstable with respect to the convex hull (0.06 eV /atom for
Rb;S and 0.08 eV/atom for Rb;Se at the level of optPBE).
Rb;S is dynamically stable at both PBE and optPBE level,
while RbsSe is dynamically stable at PBE level but unstable
at optPBE level based on the phonon calculations (see Fig.
S7 [50]). Without considering the vdW force, the interlayer
distance monotonically increases from O, S to Se, while
considering the vdW interaction, the interlayer distance first
increased at S but then dropped at Se due to strong interlayer
Se-Se vdW attraction. It suggests that vdW interaction is
crucial to describe the correct geometry. Therefore we dis-
cuss the results based on the geometries taking into account
of vdW correction. As shown in Figs. 3(c) and 3(d), the
anionic electrons in both RbsS and Rbs;Se appear to lose

the connectivity along the y axis from the isosurface plots
. ¢3
(note that we set the same isosurface value 9.0 x 107 A

for all systems under consideration). This is also supported
by the results from contour plots and integrated PDOS. In
the integrated PDOS plot, both RbsS and RbsSe [Figs. 3(c)
and 3(d)] show nearly single peak character along the y-
axis, as opposed to the multiple peaks in Rb3O [Fig. 3(a)].
Although there still exist some minor percentages of DOS
along the y axis, it is clear that both Rb3;S and Rbs;Se tend
to behave more like 2D electrides, suggesting that chemical
substitution is a more effective approach to tune the anionic
electrons than strain engineering. This is not surprising, since
it results in a more uniform expansion in intralayer spacing by
replacing O with S/Se. In the meantime, both S and Se are less
electronegative than O. Therefore the excess electrons tend to
accumulate more in the vacancy sites. Last, we emphasize that
the synthesis of pure Rb3S and RbsSe is thermodynamically
unfavorable, but the partial substitution on O sites of Rb;O
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is possible. Therefore the topology of C2/m-Rb3;0O becomes
rather flexible via controlling the concentration of the substi-
tuted S/Se.

D. Nontrivial electronic topological properties

It was recently proposed that the so-called unique floating
electrons, which occupy the interstitial space, in the electrides
are favorable for achieving band inversions needed for topo-
logical phase transition in the electronic states [15]. Indeed,
with this mechanism a few known electride materials, includ-
ing Y,C [15,53], Ca3Pb [54], Cs30 [55], and Sr,Bi [15], were
identified to be topological nontrivial. As a result, we have
paid attention to the currently predicted electride material of
Rb30. From our currently obtained electronic band structure
without the spin-orbit coupling (SOC) in Fig. 2(a), it seems
to show the nearly linear band crossings between the energy-
lowest conduction band (CB) and the energy-highest valence
band (VB) around the Fermi level at the high-symmetry
points, L and Z, in the BZ. After a careful double checking
on these two crossings, they indeed exhibit small opening
gap of 22 and 24 meV at the L and Z points, respectively.
It is well-known that, when the time-reversal symmetry and
the space-inversion symmetry coexists in a lattice system, the
energy inverted bands with opposite parities have to cross
a closed Dirac nodal line if its SOC effect is ignored. This
would be exactly what happens for Rb;O. Since L and Z
are not strictly band crossing points, we have performed an

extended search in the whole lattice momentum space with
a dense 120 x 120 x 120k mesh to identify whether or not
the nearly linear band crossings exist between the CB and
VB bands in the BZ. Interestingly, we have found that two
Dirac nodal lines (DNLs) exist, as shown in Fig. 4(a). It is
important to note that these DNLs cannot be easily found
because they do not belong to any high-symmetry path. To
elucidate the nature of the band inversion for these DNLs
as discussed in previous literature [56-58], we labeled two
special points X; and X, on the DNLs in the BZ [see Figs. 4(a)
and 4(c)] and then plotted the corresponding electronic band
structures along the I'-X;-X,-M path without SOC in Fig. 5(a)
and with SOC in Fig. 5(b). Without the SOC inclusion there
are two strict band crossings (corresponding to Dirac cones)
at about 0.2 eV above the Fermi level along the X;-X, path,
whereas the SOC inclusion results in small openings of these
two crossing points as illustrated in the inset of Fig. 5(b). In
fact, these band crossings do not occur only at these two points
and, instead, they continuously cross each other to form the
three-dimensional (3D) snakelike wrapped DNLs. This kind
of special DNLs have been reported in some recent work
[59], that are typically different from those in Be [56], CaP;
[60] and Ca,P; [61] in which nodal lines lie in a 2D plane.
To elucidate the mechanism of the formation of the DNLs in
Rb;0, we have analyzed the band inversion along the defined
X;-X; path, which is induced by the Rb-s-like and O-p, + py-
like orbitals [as marked by in Fig. 5(a)], because they possess
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FIG. 4. (a) Two degenerate nodal rings in the reciprocal primitive
cell (RPC), which includes four characteristic points [I" (0.0, 0.0,
0.0), M (0.5, 0.5, 0.5), X; (0.2971, 0.2971, 0.2174), and X, (0.3623,
0.3623, 0.4493)]. Among them, X; and X, are two points on the nodal
rings. (b) Projected RPC along [100] direction. (c) Projected RPC
along (001) direction. (d) The variation of the Berry phase along path

I'-X;-X,-M of the (001) projection.

opposite positive and negative parities. Accordingly, we have
plotted the decomposed charge densities in Figs. 5(c) and
5(d) at the selected middle k-point between X; and X, in
Fig. 5(a). It can be seen that the charges of the inverted bands
at the selected positions [d and ¢ as marked in Fig. 5(a)] are
localized in the crystal interstitial sites, which is a typical
fingerprint for an electride. In addition, as already observed in
Fig. 5(b) the DNLs will split into tiny gap once the SOC effect
is switched on. The tiny gap is expected since both Rb and O
have relatively light masses and the resulting SOC effect is
likely to be negligible.

o O-px+py

1

FIG. 5. Electronic band structures of Rb;O without (a) and with
(b) the SOC. The inset in (b) shows the enlarged band structure
around X; and X, points with SOC. (c) and (d) show the wave
functions of two eigenstates marked as ¢ and d in the band structure
(left: front view, right: side view).

To further identify the nontrivial topological nature of these
DNLs in Rb3O, we have investigated the Berry phase in the
ky-ky plane of Rb30. The Berry phase [59,61,62] in the k.-k,
plane can be expressed as follows:

Plek) = =i 3 [ ook, 0

Ej<E/ -

where u;(k) is the periodic part of the bulk Bloch wave
function in the jth band. The sum is over all occupied Bléch
eigenstates |u;(k)) of the Hamiltonian [61]. As proposed in
Ref. [61], the Berry phase P(k;, k,) with the SOC inclusion
is quantized in unit of 7, and it is related to the charge at the
end of the 1D system with fixing k, or k,. The Berry phase
is defined modulo 27, due to the fact that the large gauge
transformation of the wave functions can change it by 2.
If P(ky, ky) = m mod 27, there exists an odd number of the
drumhead surface states at (k,, k,) in the surface BZ [61].
Following this method, we have calculated the Berry phase
along the T'-X;-X,-M path of the (001) surface BZ [Fig. 4(d)].
It can be seen that the value of the Berry phase suddenly
steps at the X and X, points, indicating that DNLs crossing
X, and X, points are topologically nontrivial. In particular, the
Berry phase equals 7 for all (k,, k,) points inside the projected
DNL on the (001) surface, whereas the corresponding values
are zero for all (k,, k,) points outside the projected DNLs.
This fact implies that the nontrivial topological surface states
certainly occur within the (001) projected nodal rings of the
bulk DNLs.

Now, let us focus on the topologically protected nontrivial
surface electronic states. We have first compiled the (001)
surface electronic band structure in Fig. 6(a) along the se-
lected k path as defined in Fig. 4(c) in order to visualize
the DNL-induced drumheadlike nontrivial surface states. As
expected, two apparent nontrivial surface states can be clearly
visualized, as shown by the highest color density in the
ranges from X; to X, path and from C to D to E. The
former whole range and the latter partial range cross the
defined drumheadlike region projected by the bulk DNL onto
the (001) surface. These nontrivial surface states are also
evidenced by the difference between the surface electronic
bands and the (001) projected states from the bulk electronic
bands [Fig. 6(b)]. Furthermore, in order to see the evolution of
drumheadlike nontrivial surface states by varying the energy,
we have calculated the Fermi surfaces and the spin texture of
the (001) surface. We have selected the energy of 135 meV
above the Fermi level and plot the Fermi surface in Figs. 6(c)
and 6(d). At this energy, some isolated bright states distin-
guishable from the bulk states form surrounding the point D
and nearly along the X;-X, path, which certainly correspond
to the drumheadlike nontrivial surface states induced by the
bulk DNLs. Interestingly, we have found that the topological
surface states are spin-polarized with helical spin textures
[Fig. 6(e)], which is originated from unique spin-momentum
locking property in topological materials. It is noteworthy that
such nontrivial surface states can be also observed in the (100)
surface band structure (see Appendix A).

The identification of topological electrides requires the
analysis of both topological and electride properties. The
automated classification of topological materials along high-
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FIG. 6. (a) Projected surface band spectrum of the (001) surface of Rb;0, where C and E correspond to (0.5, 0) and (0.5, 0), and D is the
middle point between X; and X;. (b) The difference between surface and bulk band spectrum for the (001) surface of Rb;O. (c) The Fermi
surfaces for the (001) surface at Eremi + 135 meV, (d) the zoomed-in image of the plot around D, and (f) the in-plane spin texture of the surface

state at Epem; + 135 meV.

symmetry point (HSP) or high-symmetry line (HSL) has
been enabled recently [63—-65]. Similarly, two recent works
reported the high-throughput identification of inorganic elec-
trides from the entire experimental materials database [66,67].
Comparing both the topological [63] and electride [67] ma-
terials databases, we found many materials belong to both
catalogues [67]. Indeed, all the recently reported topological
electrides [15,53-55] have been found and classified to ei-
ther HSP (BasN, Cs30) or HSL (CasPb, Y,C, Sr,Bi) [67].
However, Rb3O cannot be identified from such schemes.
First, this structure is entirely from first-principles prediction.
Second, the band inversion in Rb3O occurs at the general
electronic k momentum (neither HSP nor HSL), which is
beyond the current capability of topological material identi-
fication [63]. We anticipate that Rb;O represents a very rare
class of topological electrides which have not been explored
fully. The accumulation of more examples would be useful
to understand better the relation between interstitial electrons
and topological properties.

E. Extension to other binaries

In the recent years, high-throughput computational screen-
ing has been playing an increasingly important role in the
discovery of new electrides [51,68-70]. Based on the Ca;N
prototype, a series of 2D electrides have been proposed [70].
For example, Y,C has been synthesized in the laboratory
since 1960s [71,72]. However, it was identified to be elec-
trides by calculation only recently [51]. On the other hand,
the recent advances in crystal structure prediction made it
possible to search for new materials with unknown structure
prototypes [27,68,69]. For example, Zhang et al [69] proposed
an inverse design strategy to search for inorganic electrides.
Using the interstitial electron’s ELF as the optimization target,
they identified a number of potential electrides A,B and AB
compounds [69]. Furthermore, Wang et al. [27] pointed out
that one had to consider the possibility of competing phases

with different stoichiometries in the crystal structure search.
By applying the variable compositional structure search of
Sr-P system, they found two new stable electrides SrgPs and
SrsP3;. However, such first-principles CSP is computational
expansive, and thus the applications were limited to a small
set of chemical systems.

In order to gain a more complete information about phase
stability, we combined the advantages of both data mining and
first-principles CSP methods. We selected the best ten struc-
tures by fitness ranking from CSP runs on both Rb-O and Cs-
O, and then applied chemical substitution to other binaries in
groups IA-VIA, IIA-VA, and IIIB-IVA. We also included the
prototypical structures of several well-known electrides, such
as A, B (anti-CaCl, type [24]), AsB3 (FesSis and SrsPs types)
[11], AgBs (SrgPs type) [27] in our study. Taking advantage of
the data available in the Materials Project [39], we computed
the final convex hull diagram for each binary system under
investigation at PBE level. The complete information can be
found in Appendix B. Figure 7 summarizes the distribution
of stable electrides in these systems. Our analysis identified
several other binary systems including alkaline metal oxides
and alkaline earth metal nitrides in which the A3 B compounds
are thermodynamically stable. It is obvious that these com-
pounds are favored in the systems characterized by large ratio
of cation/anion sizes and large electronegativity difference.
For instance, A3B are unstable in Li-O and Na-O. With the
increase in the cation size, the C2/m K30 with a larger cation
size becomes stable at PBE level, but marginally stable at
optPBE level (only 9 meV /atom above the convex hull). Thus
C2/m K30 is also likely to be synthesized in experiment. The
further increase of cation size leads to that the 1D anti-S-TiCls
type structure with a hexagonal lattice (P63/mcm) becomes
more favorable. The corresponding stable structures (Cs3O
and BazN) are also electrides, according to recent work by
Park et. al [55]. Both anti-B-TiCl; type Cs30 and BazN have
been synthesized experimentally in the past [73,74], while the
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formation energy in the system, followed by the number of stable compounds and the number of stable electrides (in parenthesis).

discovery of Rb;O and K5O in this work provides an example
of unknown electrides entirely predicted from first principles.
More importantly, the monoclinic C2/m is so far the only
discovered phase with tunable topology of anionic electrons.
The phase stability is also associated with electronegativity.
Extending to group IIIB-IVA, we failed to find any stable A3 B
electrides. Instead, the electrides with higher concentrations
of anions (A;B and AsBj) tend to become thermodynamics
favorable in these systems (Fig. 7).

IV. DISCUSSION

The discovery of electrides has attracted a lot of attention
recently as they are examples of exotic materials with anionic
electrons and have many potential energy applications. While
a number of electride systems with different topologies have

(@)

3

(b)

3

been already reported in the literature, here we provide a first
example of an electride material with flexible topologies of
the interstitial electrons and discuss its relation with certain
features of crystal packing. From the atomic point of view,
the tunable electrides are quite different from other types
of electrides. The candidate crystal structures are expected
to contain multiple types of crystal cavities, such as 1D
channels and 2D layered spacings in the same material. For
example, the C2/m-Rb30 electride studied in this work has
both interlayer vacancies and interlayer spacing available to
accommodate the interstitial electrons. Obviously, the mul-
tiple electron localization sites are crucial for changing the
anionic electron’s distribution. Though the electrides with
multiple types of crystal voids have been reported in the past
[75-77], our present work shows that the external stain and
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FIG. 8. The electronic band structure (upper), the isosurface (middle), and map (lower) of density distribution of interstitial band 1 and
band 2 of C2/m Rb;0 phase at zero strain (a), 8% strain (b) and Rbs;Se (c). The interstitial bands are highlighted with red and blue lines. The
blue arrows indicate the gradual upper shift of band 2 towards Er.m,;. The large magenta spheres denote Rb atoms, the small red spheres denote

O atoms and the small green spheres denote Se atoms.
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FIG. 9. (a) Projected surface spectrum of for the (100) surface
of Rb;0, where M, F, and U correspond to (0.5, 0.5), (0.5, 0),
(0.5, —0.5), respectively. The Fermi surfaces for the (100) surface at
Erermi + 150 meV (b) and at Exep + 180 meV (c). The black dash
ring is the projection in (100) surface of nodal ring.

chemical substitution could breakdown the connection and
thus lead to a substantial change in the anionic electron’s
topology.
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How the electron topology can be switched in these types
of electrides? The distribution of the excess electrons in the
crystal is dictated by many factors, including Coulomb repul-
sion, kinetic energy and Pauli exclusion, which can be altered
in a number of ways. For example, varying the interlayer
spacing with mechanical strain can induce the redistribution
of interstitial electrons. Without compressive strain, there
exist two bands crossing Efemi. Upon compression, band 2
undergoes an upper shift from —0.28 to —0.18 eV, while more
anionic electrons tend to occupy on band 1. Alternatively,
chemical substitution can change the electron transfers in the
structure, as well as the interlayer and interlayer spacing, thus
it may lead to a more profound change. As shown in Fig. 8§,
the continuing upper shift of band 2 from Rb;O to RbsSe
eventually leads to a switch from 3D to 2D-like topology.
Based on these observations, we conclude that the flexible
nature of anionic electrons is due to the response of electronic
bands against the subtle changes of local atomic environ-
ment. Our work here only explored two ways of adjusting
excess electrons distribution through the structure modifica-
tions. However, other approaches, such as combined external
electric or magnetic fields, may produce similar effects if the
electrides contain different types of crystal cavities.
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FIG. 10. The computed convex hull diagrams of group IIIB-IVA binary systems at PBE level based with the same parameters setting used
in Materials Project. In each diagram, the x axis is composition ratio, and the y axis is the formation enthalpy in eV /atom relative to the ground

states of the corresponding elemental allotropes.
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V. CONCLUSION

In summary, we identify a family of electrides with flexible
topologies, by combining the evolutionary crystal structure
prediction with high-throughput screening. These electrides
are composed of 2D-layered Rb;O motifs but have differ-
ent stacking sequence and different number of O-vacancies.
Due to the presence of two types of crystal cavities in lay-
ered Rb;0, the interstitial electrons have viable responses
to the subtle change of local environment, which may lead
to substantially different distribution by mechanical strain
or chemical substitution. We demonstrated that the key to
design new electride materials with flexible anionic electron
topology is to build the plausible crystal structures containing
multiple types of crystal cavities and identify the ways to
localize the electrons in these different cavities. Moreover,
our calculation suggested that Rb;O is a unique topological
Dirc nodal line semimetal with a peculiar 3D-snake-like shape
and band inversions occurring not along any high-symmetry
path. We believe our investigation on Rb3O and other binary
systems offers new strategies for search and design of other
flexible electrides with combined topological properties and
thus is beneficial to the future functional electride materials
design.
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APPENDIX A: PROJECTED STATES FOR THE
(100) SURFACE OF Rb3;0

The electronic band structure and the Fermi surfaces are
shown in Fig. 9(a). In the path along T-F-M, there are
some bright surface states. In comparison with the region
at which the drumheadlike nontrivial surface states exist, it
has been recognized that these bright surface states outside
the projected nodal ring are apparently trivial surface states.
Certainly, we have also found some drumheadlike nontrivial
surface states as marked by the black arrow, which are within

the projected nodal ring. These nontrivial surface states in an

TABLE 1. Stability of monoclinic (C2/m) and hexagonal
(P63/mcm) AsB compounds at both PBE and optPBE levels. Here
the x symbol denotes the structure is unstable, while the ,/ symbol
means the structure is stable.

Compound Structure PBE Opt-PBE
Li;O C2/m X X
P63 /mcm X X
Na;0 C2/m X X
P65 /mcem X X
K50 C2/m X J
P65 /mcm X X
Rb;O C2/m i Vi
P63 /mcm X X
Cs;0 C2/m X X
P63/mcm Vv Vv
Mg;N C2/m X X
P63 /mcm X X
CasN C2/m X X
P65 /mem X X
Sr3N C2/m X X
P65 /mcem X X
BasN C2/m X X
P63 /mcem X VA

apparent ellipselike shape can be also observed in the Fermi
surfaces at Epermi + 150 meV and Egerm; + 180 meV in
Figs. 9(b) and 9(c), respectively.

APPENDIX B: EXTENDED PHASE STABILITY
CALCULATIONS ON OTHER BINARY SYSTEMS

We investigated the thermodynamic stability of A3B com-
pounds in other binary systems obtained by chemical substi-
tutions from in groups IIB-IVA (Fig. 10), IA-VIA (Fig. 11),
and ITA-VA (Fig. 12). We selected the best ten structures
by fitness ranking from CSP runs on both Rb-O and Cs-O,
and then applied chemical substitution to all these binaries.
We also included the prototypical structures of several well-
known electrides, such as A;B, AsB3, and AgBs in our study.
For each structure, we performed the geometry optimiza-
tion and energy calculation by using the same parameters
sets (MPRelaxSet and MPStaticSet) as used in Materials
Project (https://materialsproject.org/docs/calculations). Com-
bining with the available data in the Materials Project3, we
computed the final convex hull diagram for each binary sys-
tem under investigation at PBE level. This analysis identified
several other binary systems including alkaline metal oxides
and alkaline earth metal nitrides in which the A3 B compounds
are thermodynamically stable. Therefore we performed more
accurate calculations at optPBE level on these two sets of
binaries. The results are summarized in Table I.
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