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ABSTRACT: Two-dimensional (2D) electrides are layered ionic crystals in which
anionic electrons are confined in the interlayer space. Here, we report a discovery of
nontrivial 2 topology in the electronic structures of 2D electride Y2C. Based on first-
principles calculations, we found a topological 2 invariant of (1; 111) for the bulk
band and topologically protected surface states in the surfaces of Y2C, signifying its
nontrivial electronic topology. We suggest a spin-resolved angle-resolved photoemission
spectroscopy (ARPES) measurement to detect the unique helical spin texture of the
spin-polarized topological surface state, which will provide characteristic evidence for
the nontrivial electronic topology of Y2C. Furthermore, the coexistence of 2D surface
electride states and topological surface state enables us to explain the outstanding
discrepancy between the recent ARPES experiments and theoretical calculations. Our findings establish a preliminary link
between the electride in chemistry and the band topology in condensed-matter physics, which are expected to inspire further
interdisciplinary research between these fields.
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Electrides are peculiar ionic solids in which electrons serve
as anions.1−4 Particularly the anionic electrons occupy void

spaces instead of being specifically “assigned” to atoms or
chemical bonds, leading to the notion of void quasiatoms
(VQAs).5−15 Electrides can be conveniently classified by the
dimensionality of the void space confining the anionic
electrons. For decades, all the discovered electrides were either
0D or 1D.16−19 Very recently, Lee et al.20 discovered the
layered dicalcium nitride Ca2N to be the first 2D electride with
anionic electrons confined to the interlayer space between
positively charged cations, which can move freely between the
cation layers.21−24 A recent angle-resolved photoemission
spectroscopy (ARPES) experiment provides some evidence of
the electride state in Y2C.

25 It is also noted that there is a
quantitative discrepancy between the theoretical calculation and
experimental measurement of the electride bands, which
remains an outstanding puzzle to be solved.
Additionally, the topological aspects of band structure have

attracted considerable research interest in recent years.26−33

Materials with nontrivial band topology exhibit unique
properties such as robust metallic surface states of topological
insulators due to the bulk-boundary correspondence.34,35 Given
the fact that anionic electrons form robust 2D electron gas in
the surface of 2D electrides,36 the following questions naturally
arise: is there any nontrivial band topology in 2D electrides? If
so, what is the interplay between the surface anionic electron
and the topological surface state?
In this work, we demonstrate the existence of topological

electride. We discover that the 2D electride Y2C has a
topologically nontrivial band structure based on first-principles

calculations. The nontrivial band topology is identified by
directly calculating the topological 2 invariant and topological
protected surface states. We further propose a spin-resolved
ARPES experiment to measure the unique spin texture of
topological surface state of Y2C, which can provide a rather
confirmative evidence for the nontrivial electronic topology of
Y2C. In addition, our discovery enabled us to resolve an
outstanding discrepancy between the recent ARPES measure-
ment and first-principles calculation, which can be attributed to
the existence of topological surface state that was unknown
before.
Yttrium hypocarbide (Y2C) belongs to a family of rare-earth

carbide with the anti-CdCl2 type structure, similar to the
structure of other electrides such as Ca2N and Sr2N.

37 As
shown in Figure 1, Y2C crystallizes in a trigonal R3 ̅m structure
(D3d

5 , no. 166). The basic building block of Y2C consists of a
triple layer where C atoms are sandwiched by top and bottom Y
layers. Each C atom occupies the center of an octahedron of Y
atoms. The Y2C crystal structure is formed by stacking these
building blocks in an ABC sequence.
Our first-principles calculations are performed within the

framework of density-functional theory as implemented in the
Vienna ab initio simulation package38 using the projector-
augmented-wave method.39 The exchange-correlation func-
tional is treated using the Perdew−Burke−Ernzerhof-type40
generalized gradient approximation. The cutoff energy for the
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plane-wave expansion is 400 eV, and a k-point mesh of 9 × 9 ×
9 is used for Brillouin zone (BZ) integrations. The spin−orbit
coupling (SOC) is included in the self-consistent calculations of
electronic structures. We construct Wannier representations by
projecting the Bloch states from the first-principles calculations
of bulk materials onto Y s and d and C p atomic trial orbitals
without an iterative maximal-localization procedure.41−43 Based
on Wannier representations, we further calculate the surface
spectral function and Fermi surface using the surface Green’s
function method of semi-infinite systems.44−46

Figure 2a shows the calculated band structure of Y2C in the
absence of SOC. Both electron and hole pockets exist around
the Fermi level, indicating that Y2C is a metal. The conduction
and valence bands are close to each other along some high-

symmetry lines, such as the L-B1 and Γ-P lines. By carefully
checking these bands, we found that the conduction and
valence bands cross each other linearly in between L and B1 on
the surface of the first BZ, leading to the formation of a band
touching point (i.e., a node). Although the linear dispersion
around the node resembles the character of a Dirac semimetal,
the system is actually a nodal-line semimetal in the absence of
SOC.47,48 Namely, the band touching persists along a line in
the 3D BZ forming closed nodal loops around the L points (see
Figure S1). More importantly, the band dispersion around a
node in the loops is over-tilted along one direction but untilted
along others, which is the characteristic feature of the type-II
nodal-line semimetals (see Figure 2c).49−52 The calculated
Fermi surface indicates that the nodes actually appear at the

Figure 1. (a) Atomic structure of Y2C with R3̅m (no. 166) symmetry in a trigonal conventional cell. (b) The rhombohedral primitive cell of Y2C. (c)
The Brillouin zone (BZ) of Y2C and the projected surface BZs of the (111) and (100) surfaces.

Figure 2. Band structure of Y2C along the high-symmetry lines of the BZ (a) without and (b) with SOC. The insets show a zoomed-in view of the
plot of the bands around the crossing or non-crossing points. (c) 3D band structures in the Γ-L-B1 plane around the nodal point D in the absence of
SOC. (d) Side view and top view of the partial charge density for the states within 0.05 eV of the Fermi level. The VQAs are confined in the
interlayer space and form a trigonal lattice.
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contacts between electron and hole pockets and the Berry
curvature distribution shows large values around these band
touching points, implying that they are indeed the type-II nodal
lines in the absence of SOC (see the Supporting Information
for more details). According to our calculations, there are in
total three type-II nodal lines in the BZ, which are related by
the C3 symmetry. Energetically, these type-II nodal lines are
located very close to the Fermi energy EF; for example, the
energy of the nodal point D (ED) is about −13 meV below EF.
We next calculated the band structure of Y2C in the presence

of SOC as shown in Figure 2b. The conduction and valence
bands avoid crossing due to the SOC effect, and the type-II
nodal lines are gapped (see the insets of Figure 2b). Because of
the coexistence of time reversal and inversion symmetries, every
band is spin doubly degenerate. Hence, any band crossing in
the electronic structure of Y2C, if existed, would be 4-fold
degenerate. Such high degeneracies are usually protected by
extra crystalline symmetries, which only appear at high-
symmetry points or lines such as the kz axis with C3v
symmetry.53 We checked the band structure along other
high-symmetry lines and found the conduction and valence
bands avoid crossing in all these lines. Hence, there is always a
local gap between the conduction and valence bands at any
arbitrary k point, although there is not a global gap in the entire
BZ. This provides a possibility to define the topological 2
invariant for the bands below the local gap, as discussed later.
We further calculated the partial charge density for states

near the Fermi level, as shown in Figure 2d. It is clear that the
VQAs composed of anionic electrons are confined inside the
void space in between the cation layers. More interestingly,
these VQAs form a trigonal lattice in the interlayer void space.
Therefore, our results indicate that Y2C is a 2D electride with
semimetallic electride bands derived from anionic electrons
confined in the interlayer space. This 2D electride character of
Y2C was also demonstrated by recent experiments.11,25

To identify the nontrivial electronic topology of Y2C, we
calculated the 2 invariant. Because there is no global gap
throughout the whole BZ, we consider the subspace spanned by
the lowest N band, where N is the number of electrons per unit
cell. These N bands are gapped from the higher bands
everywhere in the entire BZ; hence, the topological 2
invariant is well-defined in this subspace. Because the system
has inversion symmetry, the 2 indices can be determined from
the parities of these N bands at time-reversal invariant
momentum (TRIM) k points (see Table 1).54,55 The parity

product of bands below the gap is +1 at Z and −1 at other
TRIMs; hence, the kx,y,z = π planes are topologically nontrivial
with = 12 , whereas the kx,y,z = 0 planes are topologically
trivial with = 02 . We also checked the 2 invariant using the
hybrid Wannier charge-center approach,56 which gives the same
results. Therefore, the 2D electride Y2C shares the same

topological characters as strong topological insulators with the
3D 2 invariant (ν0; ν1ν2ν3) = (1; 111). Then, topological
surface states are expected to appear on surfaces of Y2C
according to the bulk-boundary correspondence, as shown
below.34

For simplicity, we calculated the surface spectrum for the
(100) surface of Y2C. Figure 3a shows that the nontrivial

surface states start from the nearly contacted points between
bulk conduction and valence bands and disperse upward,
merging into bulk-state continuum. The projected Fermi
surface makes it clear that the nontrivial surface states emanate
from the almost touched points between two Fermi pockets,
cross each other in the bulk gapped region, and connect to one
pocket (Figure 3b). Due to the mirror symmetry of the (100)
surface, there are two sets of such surface states that appear in
two sides of the central Γ̃ point. These topological surface
states, which are well-separated from bulk states, should be
experimentally detectable by modern ARPES technique. These
surface-state results agree with the 2 invariant calculations,
confirming again the nontrivial topological nature of Y2C.
Due to the layered structure of Y2C, the Y terminated (111)

surface is a natural cleaved facet of Y2C, which is more easily
accessible in experiments in comparison to the (100) surface.
As a 2D electride, there should be 2D metallic electride states
consisting of anionic electrons on the (111) surface of Y2C.

36

However, the nontrivial bulk electronic topology guarantees the
existence of topological surface states in this surface. The
coexistence and interplay between the 2D surface electride
states and topological surface states may give rise to rich
physical properties and potential applications in topological
electronics and electride-based devices.
We have calculated the surface electronic structure of the

(111) surface of Y2C as shown in Figures 4 and 5. The
calculated surface spectrum agrees well with the recent ARPES
measurements25 in a large energy range (see Figure 5). Due to

Table 1. Parity Products at TRIMs and the 2 Index of Y2C
a

TRIM Γ L × 3 F × 3 Z
parity − − − +

plane (i = x,y,z) ki = 0 ki = π (ν0; ν1ν2ν3)
2 0 1 (1; 111)

aTRIMs are defined as = + +K n n nG G G( )n n n, ,
1
2 1 1 2 2 3 31 2 3

, where

n1,2,3 = 0 or 1 and G1, G2, and G3 are the primitive reciprocal lattice
vectors.

Figure 3. (a) Projected surface spectrum for the (100) surface of Y2C,
where topological surface states are around the Fermi level. (b) The
projected Fermi surface of the (100) surface. The zoomed-in view of
the plot shows the projected Fermi surface around the topological
surface states, which are marked by green arrows.
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the nontrivial electronic topology of Y2C, a topological surface
state disperses downward from B̅ to F̅ crossing the Fermi level.
There is also a piece of topological surface state connecting the
electron and hole electride bands around the F̅ point in the Z̅-

F̅-Z̅ path (see Figure 4a−c). Actually, this topological surface
state already appears in previous ARPES results,25 which causes
a quantitative discrepancy between the experimental measure-
ment and a simple bulk band calculation. We directly compared
our results of surface state calculation with the ARPES
spectrum.25 As shown in Figure 5, the topological surface
state around F̅ near the Fermi level is clearly visible, which
agrees well with the strong intensity of in-gap states in the
ARPES measured band structure. The good agreement between
the ARPES observations and our calculated topological surface
states on the (111) surface resolve this outstanding discrepancy,
which in turn provides additional evidence for the nontrivial
electronic topology in the 2D electride Y2C (see the Supporting
Information for more details).
How to confirm that the experimentally observed states

around the F̅ point are caused by the nontrivial electronic
topology of Y2C instead of other possible reasons such as the
correction from electron−electron interaction of Y 4d bands?25

The answer is to use a spin-resolved ARPES technique, which
enables the determination of the spin texture of the topological
surface bands.57−59 To illustrate this, we calculated the
isoenergy contours of the projected surface spectrum at EF
and EF − 0.25 eV, as shown in Figure 4d−i. By zooming in the
states around F̅, one can clearly see the topological surface
states, although they only appear in the gapped regions of the
bulk-state continuum. More interestingly, the topological

Figure 4. (a) Projected surface spectrum for the (111) surface of Y2C. (b) The difference between surface and bulk spectrum for the (111) surface of
Y2C. (c) The zoomed-in image of the plot of the spectrum around the F̅ point [the area marked by black and blue boxes in panels a and b,
respectively. The green arrows mark topological surface states. (d) The isoenergy surface, (e) the zoomed-in image of the plot around F̅, and (f) the
in-plane spin texture of the surface state at EF. (g) The isoenergy surface, (h) the zoomed-in image of the plot around F̅, and (i) the in-plane spin
texture of the surface state at EF − 0.25 eV. The green hexagons in panels d and g represent the surface BZ.

Figure 5. (a) Projected surface spectrum and (b) the difference
between surface and bulk spectrum along the Z̅-F̅-Z̅ path for the (111)
surface of Y2C. The surface state around F̅ near the Fermi level is
clearly visible. (c) Experimental band structure obtained by plotting
the second derivative of the ARPES spectra acquired along the k path
passing through the F point in the rhombohedral Brillouin zone for
which ARPES measurements were carried out at hν = 440 eV. The
energy bands along the Z(Γ)-F-Z(Γ) direction calculated by the
FLAPW method are superimposed by solid lines. Filled triangles
indicate the Fermi momentum (kF) determined by ARPES spectra.
Panel c is reprinted in part with permission from ref 25. Copyright
2017 American Physical Society.
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surface states are spin-polarized with helical spin textures due to
the unique spin-momentum locking property in topological
materials (see Figure 4f,i),60−62 which is distinctively different
from the spin-unpolarized electride bands8,9 or the ferromag-
netic instability.63 The unique spin texture on the (111) surface
of Y2C is expected to be detected by spin-resolved AREPS
measurement, which would provide the characteristic evidence
for the nontrivial electronic topology in Y2C.
The presence of topological surface states may give rise to

anomalous magneto-transport properties. Also, due to the
unique spin-momentum lacking properties, the topologically
protected surface states are spin-polarized with helical spin
textures, which are distinct from trivial surface state. These
unique spin-polarized characteristics of topological surface
states are expected to be observed by spin-resolved ARPES
measurements and may have potential applications for devices
employing spin-polarized transport64,65 and spin Seeback
effect.66 Our findings may inspire further study of topological
properties in other electrides. For example, we found that Sc2C,
Tb2C, Dy2C, and Ho2C all have nontrivial band topology,
which are in the Supporting Information. It is interesting to
note that previously, topological states have been also predicted
in Mxene31 and transition metal intercalated graphene,67 and in
this sense, our current work enlarges the carbonated transition
metal topological family.
In conclusion, we discover a topological 2D electride Y2C by

calculating the topological 2 invariant and topological surface
states based on first-principles calculations. Our finding, on the
one hand, demonstrates new unknown electronic properties in
electrides and, on the other hand, adds a unique class of
members to the ever growing family of topological materials. It
marries two research fields: the electride in chemistry and the
band topology in condensed matter physics, which will
stimulate highly interdisciplinary research in the future. For
example, investigation of more electronic topology-related
phenomena of electrides should be carried out, such as optical,
transport and mangetoresponse behaviors. More candidate
materials of topological electrides are expected to be found.
The combination of nontrivial electronic topology and anionic
electron states in electrides may also lead to potential
applications in electride-based topological electronics and
topological-related electride devices.
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