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First-principles study of electronic and optical properties of two-dimensional Ca,N electride
using pseudoatomic orbital basis set
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Dicalcium nitride (Ca,N) is a two-dimensional (2D) electride with unique electronic behavior. In this study, we
use pseudoatomic orbital (PAO) basis sets to investigate its electronic and optical properties. This methodology
provides an accurate representation of the electronic structure associated with the interlayer and surface anionic
states of the Ca,N bilayer, enabling a comprehensive study of its optical properties. We identify several peaks
in the dielectric functions which correspond to interband transitions. Our analysis of the optical conductivity
and linear optical spectra, derived from these dielectric functions, reveals distinct peaks in the linear optical
spectra of both bulk and bilayer Ca,N. These peaks are influenced by the in-plane and out-of-plane vectors. This
investigation provides valuable insights into the interband transitions and optical behavior of this intriguing 2D
electride. It also lays the foundation for future studies of promising 2D electrides.
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I. INTRODUCTION

Electrides are a fascinating class of materials with unique
electronic and physical properties [1,2]. These materials
contain electrons occupying interstitial spaces in positively
charged frameworks, which gives them the unusual property
of having electrons acting as anions [3—14]. This property,
known as interstitial anionic electron (IAE) behavior, endows
electrides with a range of remarkable properties, including
low work functions, resistivity anisotropy, metal-insulator and
metal-semiconductor transitions, and even superconductivity.

Electrides have attracted increasing attention in recent
years due to their potential for applications in electronics,
energy storage, and catalysis. However, the synthesis of stable
electrides has historically been challenging [15-20]. A turning
point in this field was the successful synthesis of Ca;; Al14033,
an electride with exceptional thermodynamic and chemical
stability. This development has opened new opportunities for
investigating the exotic properties of electrides and for their
practical application [15-20].

The research landscape for electrides has broadened in re-
cent years to include two-dimensional (2D) materials [6]. The
materials exhibit a layered structure analogous to graphite and
have sparked considerable interest in the scientific commu-
nity. Like their three-dimensional counterparts, 2D electrides
contain IAEs, but they are confined to interlayer spaces. This
is similar to a spread sandwiched between two slices of bread.
The study of 2D electrides, such as Y,C, Gd,C, Sc,C, and
Al,C, has unveiled their intriguing properties [21-23]. These
materials have shown promise for applications in electronics,
energy storage, and catalysis.

These 2D electrides, characterized by IAE states near the
Fermi level, exhibit a variety of fascinating properties. Com-
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pounds such as Ca;N, Y,C, and Gd,C exhibit intriguing
metallic properties, with Gd,C even showing ferromagnetic
behavior [24-27]. This suggests the potential richness of their
electronic and optical nature and warrants further exploration.

In this study, we overcome the limitations of pseudoatomic
orbital (PAO) basis sets by presenting a methodology to yield
reliable results in density functional theory (DFT) calcula-
tions for 2D electrides. We explore the electronic and optical
properties of bulk and bilayer Ca;N, leveraging both PAO and
plane-wave (PW) basis sets in our DFT calculations.

We perform a comparative analysis of the band structures
calculated with these two basis sets and determine the dielec-
tric functions derived from the band structures. This allows
us to identify specific peaks in the dielectric functions that
are indicative of interband transitions. We then examine the
optical conductivity and linear optical spectra obtained from
the dielectric functions of bulk Ca,N, enriching our under-
standing of its optical behavior. Our investigation reveals that
the linear optical spectra of bulk Ca,N exhibit distinct peaks
for in-plane and out-of-plane vectors. This is in contrast to
previous research on Ca,N, which focused primarily on its
plasmonic properties and attenuation coefficient [28-30]. Our
results extend this understanding by investigating the inter-
band transition and optical properties of Ca,;N.

II. COMPUTATIONAL DETAILS

We used DFT to explore the electronic and optical prop-
erties of bulk and bilayer Ca,;N structures. We performed the
calculations using two different codes: the OPENMX code [31]
and the Vienna Ab initio Simulation Package (VASP) [32,33].

For the OPENMX code, we adopted a PAO basis set to
describe the electronic charge density and used the norm-
conserving method to represent the interactions between
electrons and ions [34,35]. We used the Perdew-Burke-
Ernzerhof (PBE) type generalized gradient approximation

©2023 American Physical Society
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FIG. 1. Optimized bulk and bilayer Ca,N structures. L; repre-
sents the distance between calcium and nitrogen atoms in bulk.
Meanwhile, L, and L; represent the distance between nitrogen atoms
and calcium atoms on the surface or close to the interlayer region,
respectively, in the bilayer.

18.964 A

(GGA) functional
energy.

On the other hand, for the VASP code, we applied a PW
basis set to describe the electronic charge density and used
the projector augmented-wave method to describe the inter-
actions between electrons and ions [36,37]. We also used the
PBE-type GGA functional to model the exchange-correlation
energy [38]. To account for van der Waals interactions, we
used Grimme’s DFT-D3 (a dispersion correction for DFT
calculations) method [39].

The kinetic energy cutoff was set at 300 Ry and 800 eV for
the OPENMX and VASP codes, respectively. The convergence
tolerance was set to 1078 hartree energy for the OPENMX
code and 107 eV for the VASP code. We used a I"-centered
18 x 18 x 6 (18 x 18 x 1) k-point grid for the electronic
structure calculations in bulk (bilayer) Ca,N. Finally, we used
the VESTA and GNUPLOT packages to visualize the model struc-
tures and plot the band structures, density of states, and optical
properties.

to model the exchange-correlation

III. RESULTS AND DISCUSSION

A. Optimized structures

First, we obtained the optimized structures of bulk and
bilayer Ca,;N using plane-wave basis sets. The optimized
structures are shown in Fig. 1. The gray circles represent cal-

cium atoms, and the magenta circles represent nitrogen atoms.
The lattice parameters of bulk (bilayer) Ca;N are a = 3.577
(3.592) A and ¢ = 18.964 (20.000) A.

In the bulk Ca,N structure, the bond length between the
Ca and N atoms L, is 2.416 A. In the bilayer, the periodicity
is lost in the c-axis direction, which breaks the symmetry
and leads to structural changes. Therefore, the Ca,N bilayer
has two different bond lengths, L, and Ls. L, represents the
bond length between the Ca atom near the interlayer and
the N atom, and L3 represents the bond length between the
outermost Ca atom and the N atom. Bond lengths L, and L3
are 2.472 and 2.380 A, respectively. Ls is about 0.1 A shorter
than L, due to the outermost Ca atom’s contact with the
vacuum layer. The interlayer distances d; and d; are 3.812 and
3.650 A, respectively. We placed dummy atoms in the mid-
dle of the interlayer, as indicated by black circles in Fig. 1.
We also introduced dummy atoms (red circles in Fig. 1) to
simulate the anionic electrons on the surface of the Ca,N
bilayer because few-layer electrides are known to have anionic
electrons at their surface.

Dummy atoms, which have no nuclear charge and only a
basis function, are widely used in quantum chemistry and con-
densed matter physics calculations. They allow the calculation
of electron densities in regions without real atoms, effectively
determining the charge distribution in vacancy regions. Pre-
vious studies emphasized the importance of including these
anionic electrons at the surface and in the interlayer space for
accurate predictions of electride material properties [28,40].

B. Electronic properties of Ca,N bulk and bilayer

We examined the electronic band structures of bulk and
bilayer Ca;N using the PW basis set to understand the im-
portance of IAE states within positively charged frameworks
and their effects on the electronic properties of electrides. To
compare the band structures obtained using different basis
sets (PAO and PW), we present the results in Fig. 2(a), with
the black (red) lines representing calculations using the PW
(PAO) basis sets. In addition, we investigated whether the
band structure of bulk Ca, N without dummy atoms, even with
PAO basis sets, could describe the IAE states well. Unfortu-
nately, the band lines obtained from PAO basis sets did not
align well with the +2 eV energy level at the I'-K and I'-M
paths compared to those from the PW basis sets. To empha-
size this discrepancy, we indicate the band line exhibiting the
difference between PAO and PW basis sets with blue arrows
in Fig. 2(a). As a result, although the cutoff radii of the PAOs
effectively include the interlayer region for Ca atoms, their
application solely in positively charged frameworks does not
accurately depict the IAE states.

To address the discrepancy between the band structures
calculated with PAO and PW basis sets, we introduced dummy
atoms at the IAE sites in the middle of the interlayer region.
The cutoff radius of the PAOs in these dummy atoms was
set to 9.0ay, where ag is the Bohr radius, which is the same
as the cutoff radius of the PAO basis sets in Ca atoms. This
resulted in a band structure that was more comparable to that
obtained with PW basis sets. However, it has been raised that
the dummy atoms at the surface anionic electron (SAE) sites
may not necessarily need to have the same cutoff radius as the
IAE sites. To investigate this, we calculated the band structure
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FIG. 2. (a) The band structures of bulk and bilayer Ca,N with black (red) band lines representing the results obtained using the PW (PAO)
basis set. The cutoff radius R, of the PAO basis sets in dummy atoms is measured in ay, which is the Bohr radius, equivalent to 0.529 A.
(b) Electron localization function (ELF) plots of bilayer Ca,N with the Ca (N) atoms indicated by black lined (filled) circles and the IAE
(SAE) sites represented by black (red) dashed circles. (c) The s-orbital band of the IAE and SAE states are shown by the blue and red dashed
lines, respectively, in the orbital-projected band structure plots of the IAE and SAE.

of bilayer Ca;N using PAO basis sets, including dummy atoms
at the SAE sites with a cutoff radius of 9.0ay. However, the
resulting band structure still did not agree with that derived
from the PW basis set along the I'-K and I'-M paths. At the
I' point, the band obtained with PW basis sets has a band
minimum of +2.4 eV, while the band obtained with PAO basis
sets goes higher and has a band minimum of +2.7 eV. This
suggests that the cutoff radius of the dummy atoms at the
SAE sites may need to be larger than that of the IAE sites in
order to obtain a band structure that is in agreement with that
obtained with PW basis sets. Further investigation is needed
to determine the optimal cutoff radius for the dummy atoms
at the SAE sites.

To further investigate the systems, we generated an elec-
tron localization function (ELF) plot of the bilayer CasN,
which gives us a clear view of the electron density distribution
at the surface. As shown in Fig. 2(b), the ELF plot shows
the delocalized distribution of anionic electrons at the surface,

similar to a 2D electron gas. The black lined (filled) circles
indicate the Ca (N) atoms, while the black (red) dashed circles
represent the IAE (SAE) sites. The delocalized distributions of
SAEs suggest that the cutoff radius of the PAO basis sets in the
surface dummy atoms is greater than 9.0ay. We found that by
adjusting the cutoff radius of the dummy atom at the SAE site
to 11.0ay and keeping the cutoff radius of the PAO basis set
in the dummy atom at the IAE site at 9.0ay, we were able to
obtain a band structure of the bilayer Ca,;N that is comparable
to the results obtained using the PW basis set. Therefore, to
accurately calculate the band structure of bilayer Ca,N when
dummy atoms are placed at the SAE sites, the cutoff radius of
the PAO basis set should be set longer in the region with SAE
than in the region with IAE, as shown in Fig. 1.

Next, we studied the band line mismatch between PAO and
PW basis sets in the computation of the orbital-projected band
structures of bulk and bilayer Ca,N to figure out the reason.
Our analysis suggests that the discrepancy occurs due to the
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FIG. 3. Band structure of the Ca,N bilayer with the dummy atom
positioned 2.3 A above the surface.

inadequate description of SAE by the PAO basis with a shorter
cutoff radius. To gain better insight into this, we present the
orbital projection plot of the band structure of bulk and bilayer
Ca,N in Fig. 2(c). This plot shows that the s-orbital bands are
related to the IAE and SAE states. As indicated by the black
arrows with +2.0 (+2.4) eV in the bulk (bilayer) in Fig. 2(c),
the electronic structures calculated using the PAO and PW
basis sets have mismatched band lines, which arise due to the
contributions from the sparse IAE and SAE states. Therefore,
it is crucial to establish the appropriate cutoff radius of the
PAO basis sets at the IAE and SAE sites in the dummy atoms
to ensure an accurate calculation of 2D electrides with PAO
basis sets.

The electronic band structure of a surface can be accurately
represented by placing dummy atoms with zero potential and
only localized orbitals. In previous calculations, we used a
longer cutoff radius (11.0a) to achieve the same electronic
structure as the plane-wave calculation. However, we found
that repositioning the dummy atom farther from its previous
location resulted in an electronic structure nearly identical
to that obtained with plane-wave calculations. Specifically,
placing the dummy atom 2.3 A away from the surface Ca
atom resulted in a band structure that is in good agreement
with the plane-wave calculation. We present the model and
the electronic band structures in Fig. 3. In this calculation,
the cutoff radius for the dummy atoms was set to 9.0ay. In
summary, by setting the cutoff distance of the dummy atom
to 9.0ay, we observed that the electronic band structure with
the dummy atom positioned at 2.3 A from the Ca,N outer
surface (as shown in Fig. 3) is more consistent with the results
of the plane-wave calculations. This is in contrast to the band
structure with the dummy atom at a distance of 1.825 A
(shown in Fig. 2), which exhibits a more significant deviation.

C. Optical properties of Ca,N bulk and bilayer

To accurately represent the electronic structures of the
Ca;,N bulk and bilayer, we used PAO basis sets and incorpo-

bilayer
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FIG. 4. (a) The dielectric functions of bulk and bilayer Ca,N.
The black (red) lines indicate the dielectric functions perpendicular
(parallel) to the ¢ axis. (b) The electronic band structures of the Ca,N
bulk and bilayer.

rated dummy atoms with determined PAO cutoff radii. With
these parameters established, our focus shifted to the analy-
sis of the optical properties of both configurations. For this
purpose, we calculated the dielectric functions of bulk and bi-
layer Ca,N, obtaining results consistent with previous studies
using PW basis sets [28]. The dielectric functions, shown in
Fig. 4(a), were calculated using the Kubo-Greenwood formula
from the OPENMX package. The complex dielectric function
&(w) is defined as follows:

&(w) = Rele(w)] + iIm[e(w)], (1

where Re[e(w)] and Im[e(w)] denote the real and imaginary
parts of the dielectric function, respectively. The diagonal
elements of the dielectric tensor &;;(w) are represented by the
dielectric functions &,,(w) and ¢.,(w). The hexagonal symme-
try results in £, (w) and &y, (w) are identical. While &, () is
oriented perpendicular to the ¢ axis, &.,(w) runs parallel to it.

Our study reveals that the dielectric properties of bulk and
bilayer Ca,N exhibit anisotropic behavior relative to the z
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axis when the photon energy is below +6.0 eV. However,
above this energy threshold, the properties become isotropic.
In terms of the dielectric functions &,,(w) and e, (w), no
notable peaks are present in &, (w), whereas ¢,,(w) displays a
few prominent peaks. The high-energy range above 9.0 eV
also exhibits characteristics resembling the Drude model. In
Fig. 4(a), we observe that the imaginary part of the dielectric
function for bulk Ca,N displays a single peak labeled as A,
while the dielectric function for bilayer Ca;N exhibits three
peaks designated as A’, B’, and C'. Peak A has a photon
energy of 2.75 eV, whereas peaks A’, B’, and C’ have energies
of 3.12, 2.27, and 1.00 eV, respectively. We have identified
energy ranges in the electronic band structures that explain the
interband transitions responsible for these dielectric function
peaks. These transitions are represented by green arrows in
Fig. 4(b). Figure 4(b) presents the electronic band structures
of both bulk and bilayer Ca;N. The blue lines depict the
bands associated with IAE states, while the red lines in the
band structure plot of the Ca;N bilayer represent the SAE
states. Notably, the flat band lines observed at —1.5 (—1.9)
eV in bulk (bilayer) correspond to the strongly localized N 2p
orbitals.

To study the interband transitions in Ca;N, we examined
the energy difference between the valence and conduction
bands as a function of photon energy, corresponding to the
peak position of the imaginary part of the dielectric functions.
The flat bands at —1.5 (—1.9) eV in the electronic band struc-
ture of bulk (bilayer) Ca,N hardly contribute to the interband
transition, which are localized states originating mainly from
the N atoms. Therefore, peak A of the dielectric function of
bulk Ca;N predominantly represents the interband transition
originating from the valence band of the IAE states. Specif-
ically, the interband transition from the valence band of the
IAE states could occur in two possible cases, namely, A; and
A, (A] and A)), as shown in Fig. 4(b) for the bulk (bilayer)
Ca,N. The A; (A)) interband transition of bulk (bilayer) Ca,N
indicates the transition between the valence band of the IAE
states and the conduction band of the IAE states, with the cor-
responding band lines located in the ['-M path near +2.0 eV in
Fig. 2(c). On the other hand, the A, (A)) interband transition
of bulk (bilayer) Ca,;N represents the transition between the
valence band of the IAE states and the conduction band of the
Ca 3d orbital states in the I'-K path.

For the bilayer, the peak at 0 eV in the dielectric function
is due to the transition between the bands of two SAE states.
This transition is also observed in the Ca;N monolayer [28].
The bilayer Ca,N exhibits peaks B’ and C’ in the imaginary
part of the dielectric function, which are absent in bulk Ca,N.
Peak B’ corresponds to the interband transition between the
valance band of the SAE states and the conduction band of
the Ca 3d orbital. The SAE states are typically observed in
few-layer structures of 2D electrides. Therefore, the interband
transition between the valance band of the SAE states and the
conduction band of the Ca 3d orbital is observed in only few-
layer structures of Ca,N, such as mono-, bi-, and trilayers. We
also observed the interband transition between the IAE and
SAE bands in the imaginary part of the dielectric function.
The peak C’ of the bilayer Ca,N corresponds to the difference
in energy level between the valance band of the IAE states and
the conduction band of the SAE states. Peak C’ represents the

TABLE I. The transition dipole moments (TDMs) for the inter-
band transitions A;, Ay, A}, A}, B/, and C'. The notation P? is used
to represent the square of the TDM, which is expressed in units of
square debyes.

A Ay A A} B C

P? 41.94 35.56 20.00 37.21 181.38 21.59

interband transition from the valance band of the IAE states to
the conduction band of the SAE states. Therefore, even with
PAO basis sets, we can explain the interband transitions of the
dielectric function by accurately describing the IAE and SAE
states in the band structure.

We have calculated the transition dipole moment (TDM)
for both bulk and bilayer Ca,N using VASP. The squares of the
TDM are proportional to the transition probabilities between
the valence and conduction bands. The squares of the TDM
are tabulated in Table I. The results confirm the interband
transition probabilities for both structures.

Next, we move on to investigate the linear optical prop-
erties of bulk Ca,N by calculating its optical conductivity
from the dielectric function. The optical conductivity o (w)
is related to the complex dielectric function. In the OPENMX
package, the dielectric function is computed in terms of the
relative permittivity &,. The optical conductivity is then calcu-
lated as follows:

o(w) = i[l — & (w)]eow, )

where &y and w are the permittivity of vacuum and the
frequency of the incident wave, respectively. The real and
imaginary parts of the optical conductivity o () are related to
the real and imaginary parts of the dielectric function (w). We
plot the optical conductivity of bulk Ca,N in Fig. 5(a), where
the black and red lines represent the real and imaginary parts
of o(w), respectively. The real part of o (w) shows peaks at
8.40 and 8.05 eV for o,, and o, respectively. The secondary
peak at 2.79 eV in o,, corresponds to peak A in the dielectric
function. The dip position between 11 and 13 eV in o (w) is
due to the Drude-like characteristic of the dielectric function
at high photon energies. Our results provide insight into the
linear optical properties of bulk Ca,N. The peaks in the real
part of o (w) indicate the presence of electronic transitions in
the material. The Drude-like characteristic of the dielectric
function at high photon energies suggests that bulk Ca,;N is a
good conductor of electricity. These results may be useful for
future studies of bulk Ca,N, such as investigating its potential
applications in optoelectronics and photovoltaics.

The optical spectra of bulk Ca,N were investigated us-
ing UV-visible spectroscopy [41-43]. The results provide
valuable insights into the optoelectronic properties of this
material. The linear optical spectra of bulk Ca,;N can be cal-
culated from the optical conductivity o (w), which is obtained
from the dielectric function. The formulas are as follows [44]:

a(w) = @[ Re(e)? + Im(¢)2 — Re(e)], 3
C

(,/Re(g)2 T Im(e)? — Re(s))é
2 9

k(w) = )
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FIG. 5. (a) The optical conductivity of bulk Ca,N. The black
(red) lines indicate the real (imaginary) part of the optical conduc-
tivity. (b) Linear optical spectra of bulk Ca,N. The black (red) lines
indicate the linear optical spectra calculated from o,, (c;;). The unit
of the numbers with the dashed lines is eV.

SR T Im(e ) :
n(w) = ( Re(e) —l—h;(e) + Re(e) ’ )
=1+
R(w) = CES e (6)

where «, k, n, and R indicate the absorption coefficient,
extinction coefficient, refractive index, and reflectivity, re-
spectively. The linear optical spectra for o, and o, are shown
in Fig. 5(b). The black and red lines correspond to oy, and
o0,., respectively. The vertical dashed lines indicate the peaks
and dip positions of the linear optical spectra. The absorption
coefficient o and extinction coefficient k are related to the
real part of the optical conductivity o (w). The peaks of o,
occur in the ultraviolet (UV) region, while those of o,, occur
in both the visible and UV regions. Therefore, the absorption
coefficient o and extinction coefficient k£ have different peaks
depending on whether they are perpendicular or parallel to the
C axis.

The optical spectra of bulk Ca,N suggest that it is a
promising material for optoelectronic applications. The peaks
in the optical conductivity indicate the presence of electronic

transitions in the material, which can be used to absorb and
emit light. This is essential for optoelectronic devices such as
lasers and solar cells. The different peaks in the absorption
coefficient for o,, and o, suggest that bulk Ca,;N can be used
to create polarization-sensitive devices. These devices can be
used to filter light or to detect the polarization of light. Overall,
the optical spectra of bulk Ca,N provide valuable insights into
the potential applications of this material in optoelectronics.

We investigated the absorption and extinction coefficients
of bulk Ca;N in the visible and UV regions. We found that
the absorption and extinction coefficients were close to zero
below the visible light region (0.00-1.59 eV) but increased
steadily in the visible light region (1.59-3.26 eV). The peak
absorption coefficient o determined from o,, was 8.67 eV,
decreasing rapidly above this energy level. The absorption
coefficient « calculated from o, showed two peaks at 3.29
and 8.43 eV. The small peak at 3.29 eV was in the UV region
but could be measured in the visible light region since it
was smeared between 2.9 and 3.29 eV. Our results are in
agreement with a previous study [29].

The extinction coefficient k, calculated from oy, peaked
at 8.53 eV and decreased above this energy level. The ex-
tinction coefficient k calculated from o,, showed peaks at
2.92 and 8.39 eV. We analyzed the resistance anisotropy in
optical conductivity by examining the absorption and extinc-
tion coefficients. Our findings demonstrate that bulk Ca,N
exhibits anisotropic resistance within the 2 to 5 eV range
(near-UV and visible light regions) while displaying isotropy
beyond 6 eV (far-UV region). Notably, the presence of dis-
tinct plasmon modes, akin to excitons in 2D transition metal
dichalcogenide materials [45], is suggested by the two peaks
observed in the extinction coefficient derived from o,,. The
photon energy-induced anisotropy leads us to expect various
optical properties in 2D electrides on heterostructures.

We  investigated  the  refractive  index  and
reflectivity of bulk Ca;N in the visible and UV regions.
The refractive index and reflectivity showed a different
pattern from the absorption and extinction coefficients. The
refractive index n determined from o, showed a peak of
2.65 at 1.77 eV, and its dip position was 0.56 at 10.82 eV.
The refractive index n, calculated from o, peaked at 3.36 at
1.95 eV. The reflectivity R, determined from o,,, showed a
peak of 31% at 9.96 eV and a plateau of almost 20% from
0.0 to 7.24 eV. In contrast, the reflectivity R calculated from
o0,, showed two peaks at 2.81 and 9.35 eV. The peak was 36%
in the visible region and 34% in the UV region. Therefore,
the optical transmission of the bulk Ca,N was over 60%
from the infrared (IR) to the UV. The reflectivity R of the
bulk Ca;N was almost 0% above 10 eV, indicating that the
transmission of the bulk Ca,N was close to 100% in the
high-UV region. Under 7 eV, the refractive index exhibits
anisotropy, with the peak heights crossing depending on the
orientation relative to the ¢ axis at 3 eV. The refractive index
derived from o,, demonstrates higher peaks below 3 eV (in
the infrared and visible light regions), while the refractive
index peaks from oy, surpass those from o,, between 3 and
7 eV. Notably, the reflectivity displays anisotropy near the
peak observed at 2.81 eV. These anisotropic characteristics
manifest in the near-ultraviolet range (2 to 5 eV) through
absorption and extinction coefficients and in the infrared and
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FIG. 6. Optical conductivity and optical spectra in the Ca,N
bilayer. The in-plane 2D optical conductivity is normalized by oy
[= €%/(4#)]. In optical conductivity plots, black lines represent the
real part, and red lines represent the imaginary part. This distinction
applies to both the overall optical conductivity and the specific in-
plane 2D optical conductivity.

visible light regions (below 3 eV) through the refractive index
and reflectivity measurements. When chemical adsorption
occurs on the surface of Ca,N, the reflectivity and refractive
index peaks can differ depending on their orientation, whether
parallel or perpendicular to the ¢ axis.

Furthermore, we confirmed the linear optical properties
of bilayer Ca,N. We calculated the optical conductivity
and plot it in Fig. 6. The in-plane optical conductivity oy,
rapidly increases at 3.16 eV and plateaus between 3.16 and
6.80 eV. The highest peak appears at 8.22 eV. The out-of-
plane optical conductivity o,, shows two peaks at 3.14 and
7.81 eV. The anisotropic characters in the near-UV range
can be confirmed in the optical conductivity of the Ca,N
bilayer. However, the linear optical properties of 2D mate-
rials are influenced by the slab thickness of the materials;
Egs. (3)—(6) are ill defined in low-dimensional materials.
Therefore, the optical conductivity o,p(w) is considered for
the optical properties of 2D sheets. The in-plane 2D op-
tical conductivity oop(w) of bilayer Ca;N is calculated as
follows [46,47]:

o (@) = doy(w), N

where d is the slab thickness. For bilayer Ca,N, we set the
slab thickness d to 12.15 10\, considering the covalent radius
of Ca atoms. Based on the 2D optical conductivity, we can
calculate the normalized conductivity 6 (), reflectance R(w),
transmittance 7 (w), and absorbance A(w) as follows [46,47]:

Fw) =22, ®)
&oC

R = 6/2 ’ 9

<w>—\m ’ ©

1

T(w) = T5a72F (10)

Alw) = ﬂ (11)
146/2)*

where ¢y and ¢ are the vacuum permittivity and the speed of
light, respectively. Moreover, R, T, and A were normalized
such that R + T 4+ A = 1. In this paper, we emphasize that the
symbol R has two distinct meanings. In calculations for bulk,
it refers to reflectivity, whereas in two-dimensional bilayers, it
refers to reflectance. We plot the 2D optical conductivity and
optical spectra in Fig. 6. Since the in-plane 2D optical conduc-
tivity o,p is calculated from the in-plane optical conductivity
oy, the peaks of opp appear at the same photon energies as
the peaks of o,,. Since the reflectance R is close to zero,
the optical properties of the bilayer Ca;N are dominated by
the absorbance A. The transmittance T can be evaluated to
T ~ 1 — A. The absorbance shows a peak at 8.22 eV with a
value of 11.58%. The absorbance plateaus between 3.16 and
6.80 eV, with values between 5% and 7%. This indicates that
absorption is strongest in the far-UV region and weaker in the
visible light range. The calculated transmittance is 88.01% at
8.22 eV and over 94.58% in the visible light range. These
results show that bilayer Ca,;N has high transmission in the
visible light region.

IV. CONCLUSIONS

In this study, we investigated the electronic and optical
properties of Ca;N, a 2D electride. We used DFT calcula-
tions with both PW and PAO basis sets. Our findings indicate
that using PAO basis sets in DFT calculations without in-
corporating dummy atoms at the IAE and SAE sites leads
to an incomplete representation of the electronic structures.
To rectify this, we introduced dummy atoms at the IAE sites
(in the bulk structure) and both IAE and SAE sites (in the
bilayer structure), ensuring a more accurate description of the
electronic structures. Additionally, we determined the optimal
cutoff radius for the PAO basis sets by comparing the band
structures obtained from PW and PAO calculations.

Our investigation also sheds light on the linear optical
properties of bulk Ca;N. We observed distinct peaks in the
linear optical spectra of bulk Ca,N, occurring in both the visi-
ble and UV regions, depending on the direction relative to the
¢ axis (perpendicular or parallel). By calculating the dielectric
functions from the band structures, we successfully elucidated
the interband transitions involving the IAE and SAE states
in both bulk and bilayer Ca,N. Moreover, we propose that
a deeper understanding of the IAE and SAE states can be
attained through experimental measurements of the A; to A,
ratio in the interband transitions of bulk Ca,N.

The computational cost associated with PW basis set cal-
culations for supercells with numerous atoms is substantial.
Our results suggest that employing PAO basis sets in DFT
calculations offers a promising approach to reduce computa-
tional expenses while still accurately describing the electronic
structures of 2D electrides. Finally, we recommend that future
investigations focus on exploring the nanoribbon structures of
2D electrides, as they exhibit distinct electronic and thermal
transport properties compared to those of the 2D infinite layer.
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