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Probing a divergent van Hove singularity of graphene with a Ca2N support:
A layered electride as a solid-state dopant
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Layered electrides, as typified by Ca2N, are unconventional quasi-two-dimensional metals with low work
functions, in which the conduction electrons are localized between the cation layers as well as outside the
surface. We have investigated the electronic structure of the interface between a layered electride and another
material, using graphene on Ca2N as an example. Our first-principles calculation shows that a graphene layer on
Ca2N remains flat and is doped to an extremely high density of n = 5 × 1014 cm−2 with its Fermi level (EF )
aligned with the logarithmically divergent van Hove singularity (VHS) at a saddle point of graphene’s π∗ band.
This finding shows that graphene/Ca2N is an ideal testing ground for the exploration of the many-body ground
states, most notably superconducting states (p + ip wave, d wave, and f wave), predicted to appear when EF

is close to a VHS. The work function decreases abruptly upon monolayer attachment but reverts to that of Ca2N
upon bilayer attachment. This peculiar behavior is explained in terms of the distinctive electronic structures of
the constituent materials and their bonding.
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I. INTRODUCTION

In condensed matter research, it is often witnessed that a
material known and studied in chemistry for decades finally
attracts the attention of physicists and begins to be investigated
with a broader perspective and added momentum. Such is the
current status of the family of compounds called electrides,
crystals in which electrons act as anions [1,2]. From the
formal valence viewpoint, electrides possess excess electrons
(anionic electrons), which mainly accumulate in the interstitial
voids in the crystal lattice (as if they are nuclear-free atoms)
rather than being associated with ions or atoms. Of particular
interest are layered electrides with quasi-two-dimensional
(Q2D) band structures such as Ca2N, in which the excess
electrons accumulate in the gap between the ionic layers to
form a free-electron-like interlayer band [3–7]. If this band
is the sole energy band crossing the Fermi level, as in Ca2N,
Sr2N, and Ba2N, it dominates the low-energy properties, such
as the electronic conductivity, of the material.

Since the first demonstration of Ca2N as a Q2D elec-
tride [3], studies on the magnetic [5,7–11], optical [12],
and mechanical [13] properties of layered electrides have
been reported. Angle-resolved photoemission spectroscopy
(ARPES) measurements have successfully identified the Q2D
anionic bands of Ca2N [14] and Y2C [15], which are in
excellent agreement with those predicted by ab initio calcula-
tions based on density functional theory (DFT). The surface
electronic structures of layered electrides have been calculated
recently: it was revealed that they possess an extra-surface
state, i.e., a two-dimensional (2D) free-electron-like state with
the electrons literally floating outside the surface [16]. In other
words, anionic electrons exist not only in the bulk but also
immediately outside the crystal.

The thinning of layered materials down to a few layers
to form genuinely 2D materials has been a popular area of
research. An initial attempt to exfoliate layered electrides

utilized Scotch tape [3], but a more sophisticated liquid-
exfoliation technique has been developed recently [17], which
succeeded in producing few-monolayer samples of Ca2N. With
this breakthrough, layered electrides have entered the club of
2D materials [18].

Turning to applications, the use of layered electrides in elec-
tronics [3], batteries [19], catalysis [20,21], and as reducing
agents in chemical reactions [20,22] has been proposed. Many
of these applications utilize the low work functions of layered
electrides [3,23]. However, the low work function of layered
electrides enables their more direct application as solid-state
dopants. A recent paper reported electron doping into MoTe2

from a Ca2N support with sufficiently high concentration to
induce a structural phase transition in MoTe2 [24].

As outlined above, 2D electrides are a novel class of layered
metals that fall outside the conventional notion of metals.
Although a fairly good understanding of their bulk and surface
electronic structures has been acquired in the last few years,
no study has been conducted on the interfaces they form with
different materials, despite this being a nontrivial problem in
condensed matter physics. The present study investigates the
electronic structure of the interface between a 2D electride
and a van der Waals crystal, taking graphene on Ca2N as
an example, using ab initio DFT calculations. We reveal the
general features of the bonding and electronic structure of
such interfaces. Furthermore, we, more importantly, show that
the graphene in this system is n doped to an extremely high
density with the Fermi level nearly aligned with the 2D van
Hove singularity (VHS) in graphene’s π band.

A 2D VHS is a saddle point in the energy band structure
where the density of states diverges logarithmically and the
electron spectrum has a mixed electron-hole character. Much
attention has been devoted to VHSs since the 1980s in relation
to the high-temperature superconductivity of the cuprates [25].
Interest in van Hove physics persists to date, mainly due to the
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recent predictions of exotic many-body ground states for 2D
VHS systems; these predicted states include superconducting
(p + ip wave [26,27], d wave [28–30], and f wave [31]),
ferromagnetic [28,32], antiferromagnetic [28], spin density
wave [33], and charge density wave states [34]. Experimental
verification of these states has been hampered by the lack of
a disorder-free heavy-doping method. Solid-state doping with
2D electrides, as discussed in this paper, offers an alternative,
more promising route for the exploration of van Hove physics.

The paper is organized as follows. Section II describes
the geometrical model for the interface and the method
of calculation based on DFT. After reviewing the surface
electronic structure of Ca2N in Sec. III A, the calculation
results for MLG/Ca2N and BLG/Ca2N (MLG and BLG denote
monolayer graphene and bilayer graphene, respectively) are
presented in Secs. III B and III C, respectively, with emphasis
on the doping of graphene. Finally, the work functions are
calculated in Sec. III D, and their dependence on the number
of graphene layers is discussed in terms of the peculiar
electronic structures of the constituent materials and their
mutual bonding.

II. METHODOLOGY

Ca2N is a layered compound having an anti-CdCl2 structure
(space group R3̄m) with a primitive unit cell containing
three atoms, two Ca and one N. Its conventional unit cell,
containing three primitive unit cells, is hexagonal and com-
prises nine atomic layers forming the same (albeit staggered)
triangular lattice with an in-plane nearest-neighbor distance
of 3.64 Å [35]. The nine layers, in turn, are arranged into
three layer units (LUs), each made of three layers (Ca/N/Ca)
stacked with a small distance of 1.23 Å. The gap between
these LUs is much larger (3.81 Å) and accommodates anionic
excess electrons. Using the standard oxidation numbers of Ca
and N (+2 and −3, respectively), the charge arrangement in
the c direction of bulk Ca2N can be written schematically as
· · · [CaNCa]+ · e− · [CaNCa]+ · e− · [CaNCa]+ · · · . The elec-
trons, mainly confined in the inter-LU gaps, form a free-
electron-like interlayer band. If we truncate the crystal at (001)
planes, the charge arrangement becomes (e−/2) · [CaNCa]+ ·
e− · [CaNCa]+ · e−· [CaNCa]+ · (e−/2). Note the emergence
of e−/2 at both ends, which is required to maintain charge
neutrality of the system. This extra charge is accommodated
in the extra-surface state mentioned above.

We modeled Ca2N by the 18-layer (six-LU) (001) slab
shown in Fig. 1(a). Graphene was placed on top of the slab
assuming lattice matching between a 2 × 2 surface cell of
Ca2N and a 3 × 3 supercell of graphene (Fig. 2), which
requires the graphene to be compressed by 1.6%. As a result
of extending the unit cell, the K (M) point in the original
graphene Brillouin zone is folded back to �̄ (M̄). [This
lattice-matching model was adopted as an approximation to the
actual structure, which may be one with a smaller compression
of graphene (a commensurate structure with a larger lateral
period or an incommensurate structure).] Concerning the
lateral position of graphene, we considered the configurations
in which at least one of the Ca atoms on the surface is located
immediately below a symmetric site of graphene. There are
two such configurations indicated as A and V in Fig. 2. In the

FIG. 1. (a) Ca2N(001) slab, consisting of six LUs (18 layers),
used in our study. It was optimized by relaxing the upper three LUs
while keeping the lower three LUs frozen in the optimized structure
for the bulk. (b) Band structure of the slab in (a) obtained by DFT
along the symmetry lines of the 2D hexagonal Brillouin zone. The
bands spanning the energy range between −1.4 and 1 eV are the
anionic bands (indicated by the asterisk), which are either bulk states,
having charge density mainly confined to the gaps between the LUs,
or extra-surface states localized immediately outside the surfaces.
The extra-surface states are highlighted by bold dots. The light blue
shaded areas near the Fermi level indicate the continua of bulk energy
bands projected onto the 2D surface Brillouin zone.

case of BLG on Ca2N, we placed another graphene layer on A
or V assuming Bernal stacking and obtained the three configu-
rations Aa, Ab, and Va in Fig. 2. The most stable configurations
were determined by comparing the calculated total energies.

The DFT electronic structure calculations were carried out
using the Vienna ab initio simulation package (VASP) [36,37]
based on the projector augmented wave method and a plane-
wave basis set [38,39]. The exchange-correlation energy was
treated in the generalized gradient approximation (GGA)
proposed by Perdew, Burke, and Ernzerhof (PBE) [40]. The
plane waves were cut off at 700 eV, and integration over the
Brillouin zone was performed on a 7 × 7 × 1 (11 × 11 × 11)
�-centered grid for the slabs (bulk). Since graphene sheets
are held together by weak van der Waals interactions, which
cannot be adequately treated within the GGA, we considered
these interactions by Grimme’s DFT-D3 approximation [41].
The interlayer distance of graphite obtained by this approx-
imation is 3.44 Å, in reasonably good agreement with the
experimental value of 3.36 Å [42]. To treat the slab structures
with plane waves, supercells were constructed by stacking the
slabs periodically in the c direction with a gap of at least
20 Å. Dipole corrections were included to minimize spurious
interactions between the periodic slab images. The structures
were relaxed with extreme care because the systems are soft
and convergence was slow. Electronic iteration was deemed
convergent when the changes in the total energy per unit cell
and the Kohn-Sham energies between steps became less than
10−7 eV. The ionic relaxation was carried out with sufficiently
small steps until the maximum force on the atoms became
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FIG. 2. Stacking configurations considered in our calculation.
The shaded areas indicate the unit cell and the spheres denote Ca
ions in the top layer of the Ca2N slab. Configurations A and V:
MLG/Ca2N(001) with the lines indicating the hexagonal lattice of
graphene. Configurations Aa, Ab, and Va: BLG/Ca2N(001) with the
solid (dashed) lines denoting the lattice of the inner (outer) graphene
layer. Bernal stacking between the two graphene layers is assumed,
with Aa and Ab derived from A, and Va from V. The red dashed lines
at the left of A and Aa indicate the slice planes used to draw Fig. 4
and Figs. 7(a) and 7(b).

<0.005 eV/Å. Subsequently, ∼50 additional ionic iteration
steps were executed to ensure convergence. To obtain 2D
densities of states with high accuracy, we used the analytic
quadratic integration method proposed by Harris [43].

III. CALCULATION RESULTS

A. Ca2N(001) slab

We first optimized bulk Ca2N and truncated the obtained
structure to obtain a six-LU slab [Fig. 1(a)]. A supercell
calculation was then carried out in which the top three
LUs were relaxed while keeping the remaining LUs frozen.
Figure 1(b) shows the 2D energy bands calculated for the
structurally optimized slab. The energy bands spanning the
energy range between −1.4 and 1 eV, indicated by the asterisk,
are anionic bands. (Throughout this paper, zero energy is
taken to be the Fermi energy EF .) Most of these bands are
bulk anionic bands with charge density well localized in
the inter-LU gaps (interlayer bands) [3–5]. However, there
are also anionic bands, highlighted by bold dots, localized
outside the surfaces and higher in energy than their bulk
counterparts. These are the extra-surface bands mentioned
in the previous section. Note that these extra-surface bands
appear in quasidegenerate pairs. In each pair, the upper (lower)
band is the surface band associated with the top (bottom)
surface of the slab. They are nondegenerate because we relaxed
only the upper surface, and, therefore, the lower and upper
surfaces have slightly different structures. [The nondegeneracy
is not due to tunnel coupling between the top and bottom
surfaces arising from the finite thickness of the slab. If both
surfaces are relaxed to have an identical structure, the splitting
between the surface bands is undetectably small in the energy
scale of Fig. 1(b), indicating that our slabs are sufficiently thick
to simulate the surface electron states.]

FIG. 3. Layer-averaged electron densities for the structures in-
vestigated. (a) Total electron density for the Ca2N slab. The peaks
indicate the positions of the ionic layers. (b) Partial electron density
for the Ca2N slab. Note that the dominant peaks are located in the
inter-LU gaps and also outside the surface ionic layer (extra-surface
states indicated as ESS). (c) Partial electron density for MLG/Ca2N,
where G1 indicates the graphene layer. (The G1 peak has two
subpeaks corresponding to the two lobes of a carbon 2pz orbital.)
(d) Partial electron density for BLG/Ca2N, where G1 and G2 indicate
the inner and outer graphene layers, respectively. (b)–(d) Calculated
for electron energies between −0.5 and 0 eV.

Figure 3 shows the (a) total and (b) partial layer-averaged
electron densities for the Ca2N slab. The partial electron
density accounts for the electrons in the vicinity of the Fermi
level (energy between −0.5 and 0 eV). Note that the peaks
in Fig. 3(b) denoted as ESS lie outside the outermost peaks
in Fig. 3(a) arising from the surface Ca layers. The ESS
peaks indicate the extra-surface states characteristic of layered
electrides.

B. MLG on Ca2N(001)

For MLG/Ca2N, the calculated total energy for configura-
tion A was found to be lower than that for configuration V by
only 0.71 meV per C atom, and the band structures for the two
configurations are nearly identical. We therefore present only
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FIG. 4. (100) contour maps of the partial charge densities (elec-
tron energy between −0.5 and 0 eV) for (a) Ca2N, (b) MLG/Ca2N,
and (c) BLG/Ca2N. The slice plane is that indicated by red dashed
lines at the left of A and Aa in Fig. 2. The color gradient is RGB with
an electron density ranging from 0 (blue) to 3 × 10−3 bohr−3 (red).
The densities on the contour lines are in a ratio of 3 starting from a
minimum of 10−4 bohr−3.

the results for A below. (See the Appendix for a comparison
between the band structures for the two configurations.)

The optimum separation d between the graphene and
the topmost Ca layer was found to be 2.59 Å, which
indicates that the bonding of graphene to Ca2N is intermediate
between chemisorption (d � 2.3 Å) and physisorption (d ∼
3.3 Å) [44]. The flatness of graphene is well preserved with
the maximum deviation of the z coordinate of carbon from the
average being 0.13 Å.

The layer-averaged partial electron density (energy between
−0.5 and 0 eV) is plotted in Fig. 3(c). By comparing it
with Fig. 3(b), one can see that the extra-surface state peak
associated with the upper surface of the Ca2N slab [right ESS
peak in Fig. 3(b)] has disappeared and appears to be replaced
by that of graphene [G1 in Fig. 3(c)]. This means that most of
the electrons in ESS transfer to graphene.

These findings are corroborated by the contour plots
of the partial electron densities for Ca2N and MLG/Ca2N
shown in Figs. 4(a) and 4(b), respectively. The electrons in
ESS accumulated outside the surface of Ca2N are observed
to disappear with the deposition of graphene. The charge
densities are affected only down to the gap between the first
and second LUs.

The band structure is shown in Fig. 5(a), where the
graphene-derived bands are highlighted in red. (The radius of
each red dot is proportional to the total number of π electrons
in the atomic sphere of carbon.) By comparing Fig. 5(a) with
Fig. 1(b), it can be readily seen that the energy bands of Ca2N
remain largely unchanged except that the extra-surface bands
associated with the upper surface [the upper band of each
quasidegenerate pair of bands represented by bold dots in
Fig. 1(b)] have disappeared completely, which is consistent
with Figs. 3(b) and 3(c) and Figs. 4(a) and 4(b). The graphene
bands are disturbed only where they cross, and hybridize
with, the bulk Ca2N bands. The Dirac cone apex is located

FIG. 5. (a) Calculated band structure of MLG/Ca2N. The π bands
of graphene are highlighted in red with the radius of each dot
proportional to the density of electrons for a given k in the graphene
layer. The light blue shaded areas near the Fermi level indicate the
bulk energy bands projected onto the 2D surface Brillouin zone
(continuous spectrum at each 2D k point). (b) Partial density of states
(PDOS) for graphene calculated from the band structure in (a). (c)
Graphene bands in MLG/Ca2N [red dots in (a)] compared with the
bands calculated for an isolated MLG (black dots). The latter were
calculated after removing the Ca and N atoms from the optimized
structure of (a) while keeping the positions of the C atoms fixed. The
obtained energy bands were downshifted so that the Dirac cone apex
at � occurs at the same energy as in (a).

at 1.4 eV below EF , and the graphene is heavily n doped
with n = 5 × 1014/cm2 (0.13 electrons/C). (To be precise, two
Dirac cone apexes overlap here because the apexes at K and K ′
in the original Brillouin zone of graphene are folded back onto
the same � point.) The 1.4 eV increase in EF relative to the
Dirac cone apex is significantly higher than those predicted by
DFT for various substrates (�0.5 eV); for example, values of
0.35, 0.49, 0.47, and 0.40 eV have been reported for Ag [45],
Al [45], Cu [45], and SiC [46] substrates, respectively. Note,
in particular, that EF is nearly aligned with the 2D VHS at M̄

(M in the original Brillouin zone of graphene), where the band
dispersion has a saddle point causing the density of states to
diverge logarithmically. This singularity is observed clearly in
the partial density of states of graphene shown in Fig. 5(b),
where the VHS is indicated by an asterisk. Hybridization with
Ca2N does not destroy the VHS because there is no bulk band
(blue shaded areas in Fig. 5) to hybridize with graphene in the
vicinity of M̄ .
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Figure 5(c) shows the graphene bands of MLG/Ca2N
plotted in red [the same as the red points in Fig. 5(a)] together
with those calculated for isolated MLG plotted in black. The
latter were calculated after removing the Ca and N atoms
from the optimized MLG/Ca2N structure. The energy bands
obtained were downshifted rigidly so that the Dirac cone apex
occurs at the same energy as that in Fig. 5(a). (This means that
the effect of doping was not taken into account in obtaining the
black lines.) Aside from the difference in bandwidths and the
occurrence of anticrossings due to hybridization with Ca2N,
the red and black curves are in good qualitative agreement.
The difference in bandwidths may be ascribed to the heavy
doping of graphene, which brings about band renormalization
from enhanced electron-electron interactions.

C. BLG on Ca2N(001)

For BLG/Ca2N, the total energy of configuration Aa was
found to be only slightly lower than those of Va and Ab,
the difference being almost negligible (0.65 meV for Va and
0.22 meV for Ab per C atom at the interface, i.e., C atom in
the inner graphene layer), and the band structures are nearly
indistinguishable (see the Appendix). We therefore limit our
discussion below to configuration Aa.

The separation between the inner graphene layer and the
surface Ca layer is 2.58 Å, almost unchanged from the value
of 2.59 Å in MLG/Ca2N, and the distance between the two
graphene layers is 3.46 Å, in agreement with the interlayer
distance in graphite (3.44 Å) obtained by the same method.
These results are consistent with the small difference between
the partial electron density of MLG/Ca2N [Figs. 3(c) and 4(b)]
and that of BLG/Ca2N [Figs. 3(d) and 4(c)].

The calculated band structure is shown in Fig. 6(a), where
the red (blue) dots denote the bands derived from the inner
(outer) graphene layer. These graphenelike bands retain much
of their original dispersions except where they hybridize with
each other (an anticrossing at about −1 eV) and with the bulk
(Ca2N) bands. The band dispersions for the inner graphene
layer (red) are nearly identical to those in Fig. 5. The doping
level is also unchanged, with EF pinned near the VHS of the
inner graphene layer, as can be seen from the partial density
of states in Fig. 6(b). The doping of the outer graphene layer
(blue) is much more modest, as indicated by the fact that its
Dirac cone apex is located only 0.4 eV below EF [Figs. 6(a)
and 6(c)]. This is consistent with the small peak height of G2
compared with that of G1 in Fig. 3(d) and the low electron
density at G2 in Fig. 4(c). The large difference in doping
between the two graphene layers indicates that there is a sizable
electric field between them.

The graphene-derived bands are plotted together with the
bands of isolated BLG (black dots) in Fig. 6(d). (The latter
bands were calculated for the structure obtained by removing
Ca and N atoms from BLG/Ca2N. The resulting bands were
downshifted to facilitate their comparison with the graphene
bands in BLG/Ca2N.) The graphene bands of BLG/Ca2N can
be understood from those of isolated BLG if one takes account
of the potential gradient between the two layers and band
narrowing due to doping-induced band renormalization (mass
enhancement). The fact that the bands derived from the less-
doped outer graphene layer are wider than those of the inner
graphene layer is consistent with this interpretation.

FIG. 6. (a) Calculated band structure of BLG/Ca2N. The π bands
of the outer graphene layer are highlighted in blue while those of the
inner graphene layer (in immediate contact with Ca2N) are shown
in red. The radius of each colored dot is proportional to the density
of electrons at each k in the corresponding graphene layer. The light
blue shaded areas near the Fermi level indicate the bulk energy bands
of Ca2N projected onto the 2D surface Brillouin zone. (b) and (c)
Partial density of states (PDOS) for (b) the inner graphene layer and
(c) the outer graphene layer calculated from the band structure of
(a). (d) Graphene bands in BLG/Ca2N [red and blue dots in (a)]
compared with the bands calculated for an isolated bilayer graphene
(black dots). The latter were obtained after removing the Ca and N
atoms from the optimized structure while keeping the positions of the
C atoms fixed. The obtained energies were downshifted to facilitate
comparison with (a).

D. Work functions

The work functions � of Ca2N, MLG/Ca2N, and
BLG/Ca2N, together with those for MLG and BLG, were
calculated by the macroscopic average method [47]. The
results are summarized in Table I. Interestingly, � varies

TABLE I. Work functions for Ca2N(001), MLG/Ca2N(001), and
BLG/Ca2N(001) together with those for graphene. The values are
taken from the present calculation unless stated otherwise.

Ca2N MLG/Ca2N BLG/Ca2N MLG BLG

3.39, 3.43,a 3.5b 2.95 3.47 3.94,c 4.26d 3.97,c 4.28d

aReference [50] (calculation).
bReference [3] (experiment).
cLattice matched to Ca2N.
dFree-standing.
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nonmonotonically as a function of the number of graphene
layers, decreasing as the first layer is attached and then
increasing to a value slightly larger than that of Ca2N as
the second layer is deposited. This trend may be understood
by inspecting how the electrons relocate themselves with the
deposition of graphene.

Figure 7(a) shows a (100) map of the difference electron
density for MLG/Ca2N defined as the difference between the
electron density of MLG/Ca2N and the sum of the electron
densities of the graphene layer and the Ca2N slab. The map
shows electron rearrangement associated with the deposition
of graphene in gray scale between white (electron accumu-
lation) and black (depletion). The electrons are observed to
be depleted in the dark horizontal strip (indicated by D)
below the graphene layer, reflecting the disappearance of the
extra-surface state. The main destinations of the transferred
electrons are the regions in white: these include the lobes
around carbon (n doping of graphene), but some electrons also
transfer to the bulk, reaching the first LU (as can be seen from
the white circular areas between the Ca and N layers). Note
that the lobes around carbon are highly asymmetric, i.e., the
lobes above carbon are compact and p-like, but those below
are more pronounced, extending prominently into Ca2N. We
interpret this enhanced electron density on the bulk side of
graphene as arising from bond formation between carbon and
Ca2N. (Such bonding-induced enhancement of the electron
density is known to generally take place between a metal
substrate and an adatom [48].) Overall, the electrons move
inward (from vacuum into the bulk), as shown by the arrow
in Fig. 7(a), producing an electric field (dipolar field), which
tends to lower the work function.

The surface contribution to the work function is equal to
the change in electrostatic potential across the surface [49].
Figure 7(c) shows the layer-averaged electrostatic potential
V (z) for MLG/Ca2N minus the sum of V (z) for graphene and
Ca2N, which we denote by �V (z). The increase in �V (z) to
above zero between graphene and the first LU (43 < z < 50 Å)
and its sharp drop to a negative value at graphene (G1) are
consistent with the charge rearrangement observed above.

We can analyze the increase in � with the deposition of the
second graphene layer (G2) in the same manner. Figure 7(b)
shows a (100) map of the difference electron density for
BLG/Ca2N defined as the difference between the electron
density of BLG/Ca2N and the sum of the electron densities of
the individual graphene layer (G2) and the MLG/Ca2N slab.
The map shows clearly that electron transfer is predominantly
from the inner graphene layer (G1) to the outer graphene layer
(G2). This is consistent with the difference electrostatic po-
tential �V (z) presented in Fig. 7(d), showing the confinement
of the electric field between the graphene layers. The fact that
the electrons rearrange themselves only in the intergraphene
space may be understood as follows. As Table I indicates,
the Fermi level of an isolated graphene layer is lower than
that of MLG/Ca2N by about 1 eV. This means that, as the
second graphene layer (G2) is attached to the MLG/Ca2N
“substrate” (G1+Ca2N), electron transfer takes place from
the substrate to G2. This transfer hardly affects the electron
distribution in the substrate because its Fermi energy is pinned
to the VHS. Therefore, charge rearrangement associated with
the addition of G2 takes place mainly on the vacuum side of

FIG. 7. (a) (100) contour map of the difference electron density
for MLG/Ca2N defined as the difference between the electron density
of the MLG/Ca2N slab and the sum of the electron densities of
the graphene layer and the Ca2N slab. D in the figure indicates
where the depletion of electrons dominantly takes place. The gray
scale ranges from −5 × 10−3 (black) to 3 × 10−3 bohr−3 (white),
and the contours are in steps of 2.5 × 10−3 bohr−3 starting from a
minimum of −5 × 10−3. (b) (100) contour map of the difference
electron density for BLG/Ca2N defined as the difference between the
electron density of the BLG/Ca2N slab and the sum of the electron
densities of the graphene layer G2 and the MLG/Ca2N slab. The gray
scale ranges from −5 × 10−4 (black) to 3 × 10−4 bohr−3 (white),
and the contours are in steps of 2.5 × 10−4 bohr−3 starting from a
minimum of −5 × 10−4 bohr−3. The arrows in (a) and (b) indicate
the direction of electron transfer as a graphene layer is deposited. (c)
Layer-averaged electrostatic potential V (z) for MLG/Ca2N minus the
sum of V (z) for graphene and Ca2N. (d) Layer-averaged electrostatic
potential V (z) for BLG/Ca2N minus the sum of V (z) for graphene and
MLG/Ca2N. In (c) and (d), �� indicates the change in work function
due to the attachment of the (last) graphene layer. The positions of
the atomic layers are indicated by dashed vertical lines with G1 and
G2 denoting the inner and outer graphene layers, respectively.

the substrate, producing a sharp increase in the electrostatic
potential between the two graphene layers and increasing the
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FIG. 8. Energy band structures near EF for MLG/Ca2N with
stacking configurations (a) A and (b) V.

work function. With the deposition of further graphene layers,
we expect � to increase gradually towards that of graphite.

IV. CONCLUDING REMARKS

We have studied the electronic structure of the heteroint-
erface between graphene and the layered electride Ca2N(001)
by DFT with particular emphasis on the doping of graphene.
The main findings are as follows: (1) Upon the deposition
of a graphene monolayer, the extra-surface state, a hallmark
of layered electrides, vanishes completely, but otherwise
the bands of the constituent materials remain reasonably
unperturbed and independent. (2) The electrons originally
in the extra-surface state of Ca2N are mostly transferred to
graphene, leading to extremely high n doping of graphene
with the Fermi level aligned with the logarithmically divergent
VHS of graphene’s π∗ band. (3) A second graphene layer
deposited on MLG/Ca2N is only mildly doped. (4) The work
function decreases with monolayer deposition but increases
to a value close to that of Ca2N with bilayer deposition.
This nonmonotonic dependence of the work function on the
number of graphene layers reflects the peculiar electronic
structures of the constituent materials and their mutual
bonding.

Inspired by the predictions of exotic ground states, interest
in the physics of 2D saddle-point VHSs has been growing
recently. As EF approaches a VHS, various response functions
diverge, and small interactions may lead to significant effects.
Instabilities predicted to date in association with VHSs include
superconducting (p + ip wave [26,27], d wave [28–30], and
f wave [31]), ferromagnetic [28,32], antiferromagnetic, [28]
spin density wave [33], and charge density wave [34]. The
possibility of modified Friedel oscillations [51] and the
breaking of lattice symmetry by deformation of the Fermi
surface [29] has also been raised. An attempt at the heavy
doping of graphene to explore its VHS using Ca and K
ions absorbed on both sides of an MLG on SiC (chemical
doping) has been reported recently [52]. EF was tuned near
the VHS, but none of the instabilities mentioned above were
observed. The doping of graphene with a layered electride
support is a promising alternative to chemical doping with the
advantage of providing higher-quality samples with much less
contamination and disorder.

Finally, the work function engineering of layered electrides
through the deposition of graphene (or possibly other 2D van
der Waals crystals) may find applications in electronic devices
and catalysis.
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APPENDIX: COMPARISON BETWEEN THE BAND
STRUCTURES WITH DIFFERENT STACKING

CONFIGURATIONS

Figure 8 presents the band structures near EF calculated for
the two stacking configurations A and V of MLG/Ca2N. Simi-
lar plots for BLG/Ca2N with the three stacking configurations
Aa, Ab, and Va are shown in Fig. 9. In either case, the difference
between different configurations can be seen to be minimal.

FIG. 9. Energy band structures near EF for BLG/Ca2N with stacking configurations (a) Aa, (b) Ab, and (c) Va.
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