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Electrides are a special family of materials with exotic physical properties and various crystal struc-
tures in different dimensions. Among them, alkaline-earth metal nitrides (AE;N) have attracted enormous
attention, since the synthesis of Ca,;N as a two-dimensional (2D) electride. However, apart from Ca,N,
the physicochemical properties of other AE;N are not well understood, and in some cases, their crystal
structures remain unknown. To overcome these issues, here, we conduct systematic investigations into
the crystal structures, electronic structures, and optical properties of two typical AE;N, i.e., Mg,N and
Be, N, based on first-principles calculations. By symmetry analysis, we derive a crystal structure with
R3m symmetry for Be,N, which is energetically more stable than all the other structures proposed pre-
viously. Our calculations show that R3m Be,N is a 2D electride with the anionic electrons located in
the interstitial space, forming a 2D Kagome lattice. Moreover, distinct from traditional 2D electrides, it
exhibits anomalous physicochemical properties, such as having a small interstitial space, a high work
function, and a large cleavage energy, mainly due to the relatively strong bonding effect between anionic
electrons and cationic framework. For Mg, N, on the other hand, we find that the most stable structure
has R3m symmetry, which shows a total energy of 0.005 eV per formula unit lower than the previously
predicted Cmcm structure. Moreover, different from R3m Be;N, R3m Mg,N is identified as a zero-
dimensional (0D) electride with a semiconducting band structure, since its anionic electrons are confined
in separated OD cavities and cannot interact with each other. These studies thus provide a deeper under-
standing of the crystal structures and physicochemical properties of Be,N and Mg, N as potential electride

materials.
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I. INTRODUCTION

Electrides constitute an emerging class of materials
constructed by a cationic framework with excess elec-
trons located in their structural cavities, which serve as
anions [1]. In these materials, the anionic electrons are
not bound to any nucleus, and thus, are usually free to
diffuse and easy to extract, which lead to exotic physical
properties, such as high electrical conductivities and low
work functions (Wr). These fascinating properties have a
major fillip for various technologies, including supercon-
ductors [2,3], transparent conductors [4], high-harmonic
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generation [5], ferromagnets [6], electrodes [7], light-
emitting diodes (LEDs) [8], ammonia synthesis [9],
and CO, splitting [10], which have spurred tremendous
research interest in electrides over the past 30 years.
Historically, the electride, Cs ™ (15-crown-5)2-¢~, was
realized in an organic crystal by Dye and co-workers in
1982 [11,12]. After that, a series of organic compounds
were synthesized and identified as electrides [13—16].
However, most of these organic electrides are rather unsta-
ble and sensitive to heat and O,/water, such that their
intrinsic properties remained almost undetermined [17].
The situation did not change until 2003, when the inor-
ganic electride, [CayAlyOgs]* (e7)4, was successfully
synthesized by Matsuishi et al. [18], which possessed
a good thermal stability at room temperature [4,19,20].

© 2023 American Physical Society
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Since then, a variety of stable inorganic electrides have
been found experimentally, including Ca,N [21], LaRuSi
[22], SrsP; [23], Tip(O/S) [24], and Hf,S [25], with their
physicochemical properties carefully studied. In addition,
with the development of computational techniques, hun-
dreds of potential electrides were also recently predicted by
density-functional-theory- (DFT) based high-throughput
calculations, which significantly expand the boundary of
the electride family [26-30].

Generally speaking, according to the connectivity of
cavities and channels in their crystal structures, electrides
can be classified into four categories: zero- (0D), one-
(1D), two- (2D), and three-dimensional (3D) electrides
[31,32]. Among them, 2D electrides are a class of mate-
rials with the anionic electrons confined in a 2D space
sandwiched by adjacent cationic slabs, with Ca;N as the
prototype material. It is interesting to see that Ca;N can
achieve an electron mobility of 520 cm? V~'s™! at 2 K,
along with a mean scattering time of 0.6 ps and a mean
free path of 0.12 um, which together results in a rather
high electrical conductivity, even higher than that of metal
Ca [21]. Moreover, distinct anisotropy in electron trans-
port and magnetic resistance are also observed in Ca;N
[33]. These interesting properties make Ca;N a promis-
ing candidate for various electronic applications, and thus,
encourages plenty of efforts to explore 2D electrides,
such as other alkaline-earth metal nitrides, AE;N (AE =
Be, Mg, Ca, Sr, Ba). Among them, Sr;N and Ba,N are
found to have the same crystal structure as Ca,N [34,35],
but with poor stability under oxygen and/or moisture con-
ditions [35]. While, on the other hand, Be,N and Mg,N
have not been experimentally synthesized. Based on the ab
initio crystal-structure-search method, Ma and co-workers
[31] reported that Be,N and Mg,N might have trigo-
nal (R3m symmetry) and orthorhombic (Cmcm symmetry)
crystal structures, respectively, although both of them are
predicted to be either thermodynamically or dynamically
unstable. Moreover, recent theoretical calculations indi-
cated that Mg, N might have a monolayer structure similar
to that of Ca,N, which can generate high harmonics up
to 120th order with an efficiency 4 orders of magnitude
higher than that of monolayer 4-BN [5]. Thus, to clarify
ambiguities and continue exploring AE;N as electrides,
further investigations on their crystal structures, as well as
the associated physicochemical properties, are still highly
in demand. Here, starting from the previously reported
R3m structure of Be,N, we derive a crystal structure for
both Be;N and Mg,N by symmetry analysis, which has
a layered framework with R3m symmetry. The thermody-
namic and dynamic stabilities of this R3m structure are first
studied and compared to that of all the other structures pro-
posed for AE,N in the literature. Then, based on the most
stable structures obtained, we systematically investigate
the electronic and optical properties of Be,N and Mg, N
as electrode materials.

II. COMPUTATIONAL METHOD

First-principles calculations are performed using the
projector augmented wave method [36] with the plane-
wave basis set within the DFT framework, as implemented
in the Vienna ab initio simulation package (VASP) [37,38].
The exchange-correlation energy is treated by the gen-
eralized gradient approximation method [39] with the
Perdew-Burke-Ernzerhof functional [39], while the Heyd-
Scuseria-Ernzerhof (HSE06) hybrid functional [40,41] is
adopted to calculate the electronic structures and optical
properties. Wave functions are expanded in plane waves
up to a kinetic energy cutoff of 550 eV, and Brillouin-zone
integrations are performed using the I"-center k-point mesh
with a resolution of 277 x 0.03 A~'. During relaxation, the
unit-cell lattice vectors, as well as the atomic coordinates,
are fully relaxed until the force on each atom is less than
0.02 eV/A. To reveal electron localization at the interstitial
space in electrides, the charge density around a given atom
is integrated based on Bader analysis [42], and the DFT-D3
approach by Grimme is performed to investigate the long-
range weak van der Waals interactions [43]. The phonon
spectra are calculated by using the frozen-phonon method
with a4 x 4 x 1 supercell, as implemented in the PHONOPY
code [44], and ab initio molecular dynamics (AIMD) sim-
ulations [45] are performed within a 4 x 4 x 1 supercell by
using the constant volume and temperature (NVT ensem-
ble) method, where the temperature is controlled by a
Nosé-Hover thermostat.

III. RESULTS AND DISCUSSION

A. Crystal structures of Be,N and Mg,N

Like Ca;N, Be;N and Mg, N are important members of
the AE,N family. However, up to now, neither of these
materials have been synthesized in experiments and their
crystal structures remain unknown. Previous theoretical
studies predicted that Be;N might adopt a rhombohedral
structure with R3m symmetry, which is quite different from
the structures of Ca;N, Sr,N, and Ba,N [31]. As shown in
Fig. 1(a), in this R3m structure, there are two kinds of N
atoms: (1) N atoms that are sixfold coordinated with Be
atoms to form edge-sharing octahedra, and (2) N atoms
that are fivefold coordinated with Be atoms to form corner-
sharing hexahedra, both running along the ab plane. Each
octahedron is then connected to an adjacent hexahedron
by sharing one Be atom, so that the stoichiometric [Be,N]
slabs are formed and stacked along the ¢ axis in an ABC
stacking sequence. Excess electrons can be accommo-
dated in the interstitial space (interlayer) between adjacent
[Be,;N] slabs, which are supposed to form a 2D anionic
electron gas, analogous to Ca;N. However, DFT calcula-
tions indicate that these excess electrons in Be,N are too
localized to interact with each other, and consequently,
it is categorized as a 0D electride with semiconducting
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FIG. 1. (a)Derivation from R3m to R3m structures of Be;N. (b) Cohesive energies of AE,N with different crystal structures (for crys-
tal structures, see Fig. S1 within the Supplemental Material [31,46]). (c),(d) Calculated phase diagrams of Be-N and Mg-N compounds,
respectively. (e),(f) Phonon spectra of R3m Be,N and R3m Mg, N, respectively.

electronic properties [31]. As a typical AE;N, this result
is peculiar, and one may wonder whether there are other
structures for Be,; N, such as a 2D electride, which has still
not been found.

To answer this question, starting from the R3m struc-
ture of BeyN, we derive crystal structures for both Be;N
and Mg,N by symmetry analysis. As shown in Fig. 1(a),
the original two-sheet-thick [Be,N] slabs in the R3m struc-
ture are converted into three-sheet-thick [Be,N] slabs in
the derived structure by imposing inversion symmetry
on the hexahedra sheet next to the octahedra sheet, with
their ABC stacking sequence kept unchanged. Since each
sheet in [Be,N] slabs has Be, N stoichiometry, these sym-
metry operations will not alter the chemical composition
of the entire system. Although, through these operations,
the original polar R3m structure is converted into a cen-
trosymmetric structure with R3m symmetry, the unit cell
of which contains 27 atoms. The lattice constants of
this R3m structure are calculated to be a=b=2.84 A

and ¢=28.60 A, with Be atoms occupying the Wyckoff
positions 6¢(0.33333, 0.66667, 0.41278), 6¢(0, 0, 0.19315),
and 6¢(0.66667, 0.33333, 0.69159), and N atoms occupy-
ing the Wyckoff positions 35(1, 0, 0.5) and 6¢(0.66667,
0.33333, 0.74821).

To estimate the feasibility of this derived R3m structure,
we compare its relative stability with other structures pro-
posed in the literature for all AE;N, as shown in Fig 1(b).
For experimentally synthesized compounds, i.e., Ca;N,
SroN, and BayN, the Ca,N structure is shown to be the
most stable, which is consistent with the experimental
observations [21,34,35]. For Be,N, we find that the R3m
structure becomes the most stable, which has a total energy
of 0.025 eV/formula unit (f.u.) lower than that of the pre-
viously predicted R3m structure. This may be ascribed to
more delocalized anionic electrons in R3m Be;N, com-
pared to that in R3m Be,;N, which could reduce the
kinetic energy of the system (see the electronic structure of
Be;N, as discussed below). Moreover, the thermodynamic
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stability of R3m Be,N is also considered by calculating its
formation energy (£r) with respect to bulk Be, N, and
BesN, which are the only competing compounds on the
convex hull of the Be-N system [47], given by

Ef = Ege,N, — X[iBe — VUN 1)

where Epe,N, is the total energy of a given Be(N, com-
pound, and up. and un are the chemical potentials of
Be and N, respectively. The calculated convex hull is
shown in Fig. 1(c), which indicates that R3m Be,N is
thermodynamically stable. Figure 1(e) shows the calcu-
lated phonon spectrum of R3m Be,N. It is clear to see
that there are no negative-frequency modes within the
entire Brillouin zone, suggesting the dynamic stability of
this material. In addition, to take the temperature effect
into account, we also perform AIMD simulations on R3m
Be;N at 300 and 1000 K, respectively. The results show
that the R3m structure can withstand above 1000 K and
preserve its atomic configuration without any significant
distortion [see Fig. S2(a) within the Supplemental Mate-
rial [46]]. All these DFT calculations thus imply that
R3m Be,N might be synthesizable, which calls for further
experimental confirmation.

For Mg, N, on the other hand, previous theoretical pre-
dictions show that it may possess an orthorhombic struc-
ture with Cmcm symmetry, which is, however, dynam-
ically unstable [27]. Here, in contrast, our calculations
indicate that the most stable structure of Mg,N should
be the R3m structure, although its energy difference with
the Cmcm structure is only 0.005 eV/f.u., as shown in
Fig. 1(b). More interestingly, different from the Cmcm
structure, the R3m structure is found to exhibit both ther-
modynamic and dynamic stabilities, as demonstrated in
Figs. 1(d) and 1(f), which implies that it may also be
possible to synthesize Mg, N in this structure.

Moreover, to verify our structure prediction by symme-
try analysis, a comprehensive unbiased structure search
for Be,N and Mg, N is also performed by using CALYPSO
code [48,49] (see Fig. S3 within the Supplemental Material
[46]). For BeyN, it is interesting to see that the R3m struc-
ture is also predicted to be the ground-state structure by
CALYPSO calculations, consistent with our symmetry anal-
ysis. For Mg, N, the Cmcm structure is predicted to be the
ground-state structure, analogous to previous work [27].
However, more accurate DFT calculations indicate that
the R3m structure has a lower energy than that of Cmcm
structure of 0.005 eV/fu..

B. Electronic structures and physicochemical
properties of Be;N and Mg,N

With the most stable structures obtained, we next turn
to discuss the electronic structures and physicochemical
properties of Be,N and Mg,N. To understand the elec-
tronic properties of R3m Be,N, the electron-localization

function (ELF) is first calculated. In general, ELF val-
ues close to unity reveal a strong covalent interaction or
lone-pair electrons, whereas lower values represent weaker
ionic, metallic, or van der Waals interactions. As shown
in Fig. 2(a), apart from the localized electrons around N
atoms, there is also significant number of electrons dis-
tributed in the interstitial space between adjacent [Be;N]
slabs in R3m Be;N, forming a 2D-like electron gas. These
excess (anionic) electrons should come from the two Be
atoms per Be, N f.u., which can provide four electrons, and
thus, overcompensate for the three electrons required by
one N atom. Figure 2(b) shows the band structure of R3m
Be,N. It is clear to see that R3m Be,N is a metal, and the
metallic states around the Fermi level are dominated by
anionic electrons, with only a small hybridization with Be
2s and N 2p orbitals [see Fig. S4(c) within the Supple-
mental Material [46] ]. This is also reflected by the partial
charge-density distribution of these metallic bands, as plot-
ted in Fig. S5 within the Supplemental Material [46]. These
characteristic electronic properties imply that R3m Be,N
is a 2D electride, like Ca;N, which is quite different from
R3m Be;N, which is reported to be a 0D electride [31].
More interestingly, we also find that the anionic electrons
in R3m Be;N can form a 2D Kagome lattice, as illustrated
in Fig. 2(a). It was reported recently that these 2D Kagome
anionic electrons might lead to exotic physical properties,
such as superconductivity [50].

To stabilize the electride materials, it is generally
thought that the size of the interstitial space confining the
anionic electrons in their crystal structures should be in the
range from 3 to 5 A [27]. When the size is smaller than
this range, electrons would prefer to occupy the conduc-
tion bands, while, when the size is larger, electrons tend to
escape from the space by thermal excitation [51]. For R3m
Be, N, however, we find that this general rule is not obeyed.
As shown in Fig. 3(a), the width of the 2D interstitial
space in R3m Be,N is only 1.43 A, which is significantly
smaller than the empirical range, while, at the same time,
the anionic electrons are still confined in this small space,
revealing characteristic 2D electride features. For compar-
ison, we survey the size of interstitial space for several typ-
ical electrides, as shown in Fig. 3(b), which all fall into the
empirical range of 3-5 A. To understand this anomalous
feature of R3m Be,N, we further inspect its anionic elec-
trons. It is well known that, in electrides, the anionic elec-
trons located in their structural cavities behave like anions,
which form bonds with surrounding cations, just like the
intermetallic bonds formed in metals [e.g., the hybridiza-
tion between anionic electrons (X states) and Be 2s states
in Fig. 2(b) suggests the formation of Be—Be intermetallic
bonds in Be;N]. Thus, the greater the number of anionic
electrons confined, the stronger the intermetallic bonds
formed, which, in turn, lead to a smaller interstitial space.
Figure 3(c) shows the calculated Bader charge of anionic
electrons in R3m Be,N. When the ¢ axis is not stretched,
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FIG. 2. (a) 3D ELF for R3m Be,N with isosurface =0.7, and 2D maps are plotted with a 2 x 2 supercell for the top (001) plane.
(b) Band structure and projected density of states (PDOS) of R3m Be,N. Contribution of interstitial anionic electrons [labeled as X in
Fig. S4(a) within the Supplemental Material [46]] is highlighted in red. Three bands passing the Fermi surface colored with green,
blue, and cyan, and corresponding 3D partial charge densities at a value of 0.003 ¢/A3 are displayed in Figs. S5(a)-S5(c) within the

Supplemental Material [46], respectively.

we find there are —0.13 |e| confined in each interlayer
between adjacent [Be,N] slabs (denoted as [Be,N]*13+ .
0.13¢7) in R3m Be,N, which is significantly larger than
the anionic electrons confined between the [Ca,N] slabs in
Ca,N ([Ca,N]%938+ . 0.038¢7). These results indicate that
the Be—Be intermetallic bonds formed in R3m Be,N are
much stronger than the Ca—Ca intermetallic bonds formed
in Ca,N, which result in the anomalously small interstitial
space in R3m Be,N.

Experimentally, the interstitial space in 2D electrides
can be modulated by several methods during the synthe-
sis process, such as by inserting #-BN buffer layers [52] or
by imposing nanomechanical pressure [53]. Here, we also
investigate how the mechanical strain will influence the
anionic electrons in R3m Be,N, as shown in Fig. 3(c). As
the structure of R3m Be;N is continuously stretched along
the ¢ axis, we find that the number of anionic electrons
decreases gradually from —0.13 to —0.07 |e| per f.u. (until
the stretching strain reaches a maximum of 21%), indicat-
ing that the electrons are transferred from the interstitial
space to the cationic framework. Moreover, within [Be;N]
slabs, we find that the N; atoms gain electrons, while the
N, atoms lose electrons in nearly the same amount, which
tends to cancel each other out, and the charge around the
Be; and Be, atoms remains almost unchanged. Thus, the
anionic electrons should be mainly transferred to the Be;
atoms, with their Bader charges changing from 0.75 to
0.63 |e|, indicating that each Bes atom gains —0.12 |e| at
21% stretching strain. Continuing to stretch the structure
leads to the cleavage of R3m Be,N at an energy cost of
4.81 J/m?, as illustrated in Fig. 3(d). This cleavage energy
is significantly larger than that for Ca,N (1.09 J/m?) [54].
Moreover, bond breaking does not occur at the interstitial
space but within [Be,;N] slabs, which also demonstrates

the strong bonding effect between the anionic electrons
and cationic [Be;N] slabs in R3m Be,N (the Be—Be
intermetallic bonds).

The small interstitial space in R3m Be,N also leads to
other anomalous physical properties. For electrides, the
work function (Wr) is typically low, because of the loosely
bound anionic electrons. However, this is not the case for
R3m Be,N, as discussed above. As a consequence, the
Wr of R3m Be,N is calculated to be 3.76 eV, as shown
in Fig. 3(e), which is higher than that found for other
electride materials (less than 3.5 eV [21,23,55-58], see
Table S1 within the Supplemental Material [46]). This
implies a relatively hard electron extraction from R3m
Be,N. Figure 4 shows the optical absorption coefficient
and plasma frequency (w,) of R3m Be,N. Interestingly,
a large anisotropy in the optical absorptions is observed.
As shown in Fig. 4(a), there are significant optical absorp-
tions in the entire energy window (from 0 to 6 eV) along
the x and y directions. On the other hand, the absorptions
in the z direction are relatively low below 3.5 eV, with a
small plasma frequency of 0.65 eV/h. These results imply
that R3m Be,N will be opaque in the x and y directions,
but quite transparent in the z direction for visible light.
Indeed, the simulated optical transmission spectra about
the z direction for a free-standing 100-nm-thick slab shows
that the sample has an average of 60% transmittance for
visible light, suggesting that R3m Be,N may be used as a
privacy-film material [59].

Compared to R3m Be,N, the electronic structures and
physicochemical properties of R3m Mg,N are quite dif-
ferent. Figures 5(a) and 5(b) show the calculated ELF
and band structure of R3m Mg,N. It is clear to see that
R3m Mg,N is a 0D electride with a semiconducting band
structure. This is because the anionic electrons in R3m
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Mg, N are well confined in individual structural cavities,
and thus, cannot efficiently interact with each other to
form itinerate bands. As a result, an indirect band gap of
0.22 eV (based on HSE06 calculations) appears with the
band edges located near the 4 and H points. The calcu-
lated PDOS indicate that the valence-band maximum states
are predominately contributed to by the anionic electrons,
while the conduction-band minimum states are constructed
by the hybridization between Mg 3s and N 2p, orbitals

(a)

— XX

Yy
—zz

Visible

a (10% cm™)

2wy =wy =5.05eVih
w?*=0.65eV/ih

O (\ i 1 1
0 1 2 3 4 5 6
Photon energy (eV)

(see Fig. S6 within the Supplemental Material [46]). Bader
analysis shows that there are —0.45 |e|/f.u. located in the
structural cavities in R3m Mg, N, which is much larger than
that in R3m Be,N.

The width of interstitial space is found to be 2.42 A in
R3m Mg,N, which is larger than that in R3m Be,N, but
still outside the empirical range. As shown in Fig. 5(d), the
Wr of R3m Mg,N is calculated to be 3.21 eV, which is
smaller than that of R3m Be;N. The above results imply
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FIG. 4. Optical properties of R3m Be,N. (a) Calculated absorption coefficients with plasma frequencies of w = w; =5.05eV/h
and wff = 0.65 eV/h. (b) Reflection (R.,), transmission (7%,), and absorption (4,,) spectra for a 100-nm-thick Be,N slab with optically

smooth surfaces.
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R3m Mg,N. (d) Work functions of R3m Mg, N along the [110] directions.

that the interaction of anionic electrons with surrounding
cations in R3m Mg,N is smaller than that in R3m Be,N,
which may be ascribed to their localized nature. As a con-
sequence, the cleavage energy of R3m Mg, N is calculated
to be 1.96 J/m?, as shown in Fig. 5(c), which is compara-
ble to that of Ca,N. This result suggests that the exfoliation
of Mg, N into monolayers would be energetically possible,
which was recently proposed as a high-harmonic generator
based on time-dependent DFT calculations [5].

IV. CONCLUSION

By structure and symmetry analysis, we show that Be;N
possesses a ground-state structure with R3m symmetry,
which is more stable than the previously predicted R3m
structure, with an energy difference of 0.025 eV/f.u. More-
over, different from R3m Be,N, which is predicted to be
a 0D electride, R3m Be,N is demonstrated to be a 2D
electride with excess electrons located in the interstitial

space forming a 2D Kagome lattice. Furthermore, com-
pared to other 2D electrides, R3m Be,N shows anomalous
physicochemical properties, such as having a small inter-
stitial space of 1.43 A, a high work function of 3.76 eV,

and a large cleavage energy of 4.81 J/m?, which can be
ascribed to the relatively strong bonding effect between
the anionic electrons and cationic framework. For Mg, N,
on the other hand, we find that the R3m structure is the
most stable, with a total energy of 0.015 and 0.005 eV/f.u.
lower than that of R3m and Cmcm structures, respectively.
Moreover, different from R3m Be,N, R3m Mg, N is shown
to be a 0D electride, exhibiting a semiconducting band
structure with an indirect band gap of 0.22 eV. The inter-
stitial space of R3m Mg,N is larger than that of R3m
Be; N, but the work functions and cleavage energy of R3m
Mg,N are smaller than that of R3m Be,N, mainly due
to the reduced interaction of their anionic electrons with
surrounding cations.
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The exotic physicochemical properties of Be,N and
Mg,N may lead to various potential applications. For
instance, like Ca;N, the high mobility of 2D electron
gas in R3m Be,N could make it a platform for explor-
ing topological materials. Moreover, different from Ca,N,
the 2D electron gas in R3m Be,N forms a 2D Kagome
lattice. It was reported recently that this 2D Kagome elec-
tronic band could lead to special physical properties, such
as low-temperature superconductivity [3,50]. Furthermore,
as discussed above, R3m Be,N has quite distinct optical
absorption coefficients along different crystalline direc-
tions, which thus may be used as privacy-film materials
[55]. For Mg, N, on the other hand, our calculations indi-
cate that exfoliation of its bulk material into monolayers
is energetically possible. As predicted by time-dependent
DFT calculations, the Mg,N monolayer can be used as
a high-harmonic generator, which can generate high har-
monics up to 120th order with an efficiency 4 orders of
magnitude higher than that of the #-BN monolayer [5]. In
addition, close contact of the Mg, N monolayer with other
2D materials by van der Waals epitaxy would create spe-
cial electronic states, such as heavy electron doping into
hard-doping 2D materials.
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