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Oxidation of two-dimensional electrides: Structural transition and the formation of half-metallic

channels protected by oxide layers
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Based on first-principles calculations, we performed a systematic study of the energetic stability, structural
characterization, and electronic properties of the fully oxidized A, B electrenes, with the following combinations:
(i) A = Ca, Sr, and Ba for B = N; (ii) A = Sr and Ba for B = P; and Y,C and Ba,As. We have considered one
side oxidation of single layer electrenes (O/A,B), and two side oxidation of bilayer electrenes (O/(A,B),/O). We
show that the hexagonal lattice of the pristine host is no longer the ground state structure in the (fully) oxidized
systems. Our total energy results reveal an exothermic structural transition from hexagonal to tetragonal (h—t)
geometry, resulting in layered tetragonal structures [(AOAB)" and (AO(AB),AO)"]. Phonon spectra calculations
and molecular dynamic simulations show that the O/A,B and O/(A,B),/O systems, with A = Ba, Ca, Sr, and B =
N, become dynamically and structurally stable upon such a h—t transition. Further structural characterizations
were performed based on simulations of the near edge x-ray absorption spectroscopy at the nitrogen K edge.
Finally, the electronic band structure and transport calculations reveal the formation of half-metallic bands
spreading out through the AN layers, which in turn are shielded by oxide AO sheets. These findings indicate that
(AOAN)' and (AO(AN),AO)" are quite interesting platforms for application in spintronics; since the half-metallic
channels along the AN or (AN), layers (core) are protected against the environment conditions by the oxidized

AO sheets (cover shells).

DOI: 10.1103/PhysRevB.105.235301

I. INTRODUCTION

Research works in two-dimensional (2D) materials with
different functionalities have been boosted in the last few
years. Since the successful synthesis of graphene [1], 2D
materials have been considered as a new paradigm not
only in fundamental studies, like the search of topolog-
ical phases [2—4] and tunable magnetic structures in 2D
systems [5-8], but also addressing technological applica-
tions. For instance, the development of new materials for
(nano)electronic and spintronic devices like single layer field
effect transistors [9], and half-metals based on transition metal
dichalcogenides and dihalides [10-14].

Electrides are ionic crystals characterized by the presence
of electrons not bonded to a particular nucleus. These elec-
trons act as ions (with no nucleus) embedded within the
crystal lattice, termed anionic electrons [15,16]. Further ex-
perimental works on Ca;,N crystals revealed that these anionic
electrons form a nearly free electron gas (NFEG) confined
between the stacked layers of the electride [17,18]. It is worth
noting that there are other native inorganic electrides with the
same lattice structure of Ca,N, like Sr,N [19] and Y,C [20];
meanwhile other ones that also share the same lattice struc-
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ture of Ca;N have been predicted throughout high-throughput
computational simulations, for instance, Ba,N, Sr,P, Ba,P,
Y,C, and BayAs [21-24].

By taking advantage of the layered structure of their
three-dimensional (3D) parents, combined with a suitable
balance between strong (weak) intralayer (interlayer) binding
interactions [25], two-dimensional materials can be obtained
through exfoliation processes. Indeed, in a seminal work,
Lee et al. [17] revealed the exfoliable nature, and the
two-dimensional electronic confinement in Ca,N electrides.
Meanwhile, theoretical works based on first-principles calcu-
lations have studied the exfoliable nature of Ca;N, as well as
the electronic properties and energetic/structural stability of
CayN electrenes [26-28].

Currently, few layer systems of electrides (electrenes) have
attracted research works in fundamental issues, like the search
of topological phases throughout the design of kagome lattices
on the electrene surface [29], as well as to the development
of electronic devices with hight carrier density and electronic
mobility. Furthermore, theoretical studies have addressed the
functionalization of Ca,N electrenes mediated by atomic ad-
sorption [30]. Functionalization is a quite promising route in
order to tailor the electronic and magnetic properties of 2D
systems. For instance, the rise of ferromagnetic (FM) phases
upon full hydrogenation [31], and oxidation of Ca,N and
Sr;N electrenes [32,33]. On the other hand, it is important
to stress that the presence of anionic electrons makes the
electrene surface very reactive, which may lead to significant
changes on the electronic and structural properties of the
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functionalized systems, giving rise to a new set of physical
properties to be exploited.

In this work, by means of first-principles calculations, we
perform a systematic investigation of the energetic stability,
structural, and the electronic/magnetic properties of the ox-
idized A,B electrenes, with the following combinations, (i)
A = Ca, Sr, and Ba for B = N; (ii) A = Sr and Ba for B
= P; and Y,C and Ba,As. We have considered the full oxi-
dation of one surface side of single layer electrene (O/A;B),
and two surface sides in bilayer electrenes (O/(A;B),/0O).
Our total energy results revealed a barrierless hexagonal (h)
to tetragonal (t) structural transition, giving rise to layered
tetragonal systems, namely (AOAB)' and (AO(AB),AO)". The
dynamical and structural stabilities were examined through a
combination of phonon spectra calculations, and molecular
dynamic simulations. Based on the simulations of the (N
K edge) x-ray absorption near edge spectroscopy (XANES),
and the projection of the electronic orbitals, we present a
detailed structural analysis of the oxidized systems, and fin-
gerprints of their tetragonal geometries. Finally, focusing on
the electronic/magnetic properties, we find that the oxidized
(AOAB)' and (AO(AB),AO)' systems are characterized by (i)
an energetic preference for the FM phase, and (ii) the emer-
gence of half-metallic channels along AN layers shielded by
oxidized AO shells (with A = Ca, Sr, and Ba).

II. COMPUTATIONAL DETAILS

The calculations were performed by using the density
functional theory (DFT) [34] as implemented in the compu-
tational codes QUANTUM ESPRESSO (QE) [35] and Vienna ab
initio simulation package (VASP) [36,37]. We have considered
the generalized gradient approximation of Perdew-Burke-
Ernzerhof (GGA-PBE) [38] for the exchange-correlation
functional, and the electron-ion interactions were described
using norm-conserving pseudopotentials (PS) [39] and pro-
jected augmented wave (PAW) [40] in the QE and VASP codes,
respectively. The single layer and bilayer A, B electrenes were
simulated using slab structures within the supercell approach,
with a vacuum region of 18 and 22 A, respectively, and surface
periodicities of (1 x 1), and (+/2 x +/2) for hexagonal and
tetragonal structures. Dipole corrections have been included
in order to suppress artificial electric fields (in asymmetric
systems) across the slab [41]. The final atomic geometries,
and total energies, were obtained using the QE code, where the
Kohn-Sham [42] orbitals, and the self-consistent total charge
densities, were expanded in plane wave basis sets with energy
cutoffs of 70 and 353 Ry; the Brillouin zone sampling was
performed by using a 8 x 8 x 1 k-point mesh [43,44]. The
atomic positions were relaxed until the residual forces were
converged to within 5 meV/A, and the structural relaxation
(variable cell) was performed within a pressure convergence
of 0.05 kbar. The long-range van der Waals (vdW) interactions
were taken into account using the self-consistent vdW-DF
approach [45-47].

Further structural characterizations were performed
through calculations of the x-ray absorption spectra
combining the QE results and Xspectra [48—50] simulations.
We have considered the K-edge spectra of nitrogen atoms
by using the gauge-including projector augmented-wave

(GIPAW) [51] method to calculate the dipolar cross section,
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within the dipole approximation; v, /€, and v,/€;, are the
final n and initial 1s (single particle) orbitals/energies in the
presence of core-hole. The absorbing atom is described with a
pseudopotential with a full core-hole in the N-1s orbital [52].
In order eliminate spurious interactions between a core-hole
and its periodic images, we have considered a distance of ~7
A between the core-holes.

The electronic structure calculations and
structural /thermal stability simulations were performed
using the VASP code. We have considered an energy cutoff
of 500 eV for the plane wave basis set, and the Brillouin
zone was sampled using a 15 x 15 x 1 k-point mesh [43].
The structural stability was verified through the calculation of
elastic constants and the phonon dispersion using PHONOPY
code [53]. The thermal stability was verified by ab initio
molecular dynamics simulations (AIMD) at 300 K, with a
time step of 1 fs using Nosé heat bath scheme [54].

The calculation of the electronic transmission probabil-
ity (T') was performed based on the nonequilibrium Green’s
functions (NEGF) formalism using the DFT Hamiltonian as
implemented in the Siesta and TranSiesta [55,56] codes. The
KS orbitals were expanded in a linear combination of numer-
ical pseudoatomic orbitals, using split-valence double-zeta
basis set including polarization functions [57,58]. The BZ
samplings were performed using two different sets of k-point
meshes, 1 x 10 x 200 1 x 20 x 500 according to the elec-
tronic transport directions.

The total transmission probability of electrons with energy
E and bias voltage V, T (E, V), from the left electrode to reach
the right electrode passing through the scattering region is
given by

T(E) = Tr[[g(E, V)GR(E, V)T L(E, V)GYE, V)],

where I'; (z)(E, V') is the coupling with the left and right elec-
trodes and G®@ is the retarded (advanced) Green function
matrix of the scattering region. The current / is evaluated by
using Landauer-Biittiker formula [59,60],

2
I(V) = f/T(E, VI (E — ) — f(E — ur)ldE,

where f(e) is the Fermi-Dirac distribution for energy e
and ppg) is the electrochemical potential of the left (right)
electrode. We have considered the zero-bias approximation
T(E,V)=~T(E,QO0) for the calculation of the electronic cur-
rent at the limit of low bias voltage (<0.1 V).

III. RESULTS AND DISCUSSIONS

A. Pristine A,B electrenes

The A,B electrides with A = Ca, Sr, Ba, Y, and B = N,
P, As, C share the same structure of Ca;N, Fig. 1(a). Our
results of equilibrium geometries of A;B electrides and 2D
single layer electrenes, summarized in Table I, are in good
agreement with previous experimental and theoretical find-
ings, viz. BayAs [61], Ba,P [61], SroP [61], Y,C [20,62],
Ca,N [31,32,63,64], SrpN [19,32], and Ba;N [32,65]. The
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FIG. 1. Structural model of A,B electride bulk (a), and single
layer electrene, side view (b) and top view (c). The isosurfaces (of
0.003¢/A3) show the localization of the anionic electrons within the
energy interval of £0.5 eV with respect to the Fermi level.

structural properties of these electrides are anisotropic, char-
acterized by a strong intralayer interaction due to the A-B
ionic chemical bonds, and a comparatively weaker interlayer
interaction between the A,B sheets. The latter is ruled by a
superposition of (i) Coulombic attractive forces between the
positively charged A,B layer and the anionic electrons, and
(ii) repulsive interaction between the positively charged A,B
layers [15,26,27]. In order to provide a quantitative picture
of the interlayer binding strength, we calculate the interlayer
binding energy (E") defined as [66]

1
B — §(E[AzB]ML — E[A2Blpui)s

where E[A;Blyy and E[A;Blpyx are the total energies of
single layer electrene and A,B electride, respectively, and S
is the surface area normal to the A,;B stacking. Our results of
binding energies for Ca;N, Sr,N, Ba,N, and Y,C (Table I)
are in good agreement with those presented in the current
literature [16,67].

TABLE 1. Details of the equilibrium geometry of A,B electrides
and single layer electrenes, lattice constant a, and A-B equilibrium
bond length (in A), and the interlayer binding energy E? (in J/m?)
without/with the inclusion of vdW interactions.

Bulk Monolayer
A>B a A-B E’ a A-B
Ba,As 4.64 3.21 0.41/0.48 4.65 3.22
Ba,P 4.65 3.18 0.44/0.51 4.64 3.17
Sr,P 4.45 3.01 0.59/0.64 443 3.00
Y,C 3.61 2.47 1.60/1.73 3.50 2.45
Ca,N 3.60 242 0.97/1.02 3.61 243
SroN 3.84 2.60 0.78/0.83 3.85 2.61
Ba,N 4.02 2.76 0.58/0.64 4.00 2.75

Given the large A;B-A,B interlayer distance (>3 A), it is
worth examining the contribution of the van der Waals (vdW)
interactions in the binding energies. As shown in Table I, the
calculations of E? without/with the inclusion of the vdW in-
teractions reveal a slight increase of E b for instance between
5% and 10% for the nitrides A,N. Thus, we can infer that the
Coulombic attractive forces bring the major contribution to
the interlayer interactions.

Our results of E” indicate that these A,B electrenes can
be classified as “potentially exfoliable” based on the crite-
ria presented by Mounet ef al., in a recent high-throughput
computational investigation applied to two-dimensional ma-
terial [25]. As shown in Figs. 1(b) and 1(c), at the equilibrium
geometry, the single layer electrene exhibits the same A,B
atomic structure of its bulk (electride) parent, with the anionic
electrons lying on the electrene surface.

B. Oxidation

Here we will address the energetic stability, structural
characterization, and the electronic properties of the oxidized
A,B electrenes. First, we have considered the one-sided full
oxidized single layer electrene [O/A;B], and in the sequence
the two-sided full oxidized bilayer electrene [O/(A;B),/O].
In Figs. 2(bl) and 2(b2) we present the structural models of
O/A;,B and O/(A;B),/0.

1. Energetic stability

The energetic stability of the oxidized electrenes was in-
ferred through the calculation of the formation energy (E/),

E’ = E[0,/A;B] — E[A,B] — 2n E[O,].

E[O,,/A,B] and E[A,B] are the total energies of the oxidized
and pristine A,B electrenes, where n is the fraction of O
adatoms per 2 x 2 surface unit cell, as shown Figs. 2(al)—
2(a3). The total energy calculations were performed by
considering the full relaxation of the atomic positions, and the
lattice vectors @ and b in Fig. 2; E[O,] is the total energy of
an isolated O, molecule (triplet state).

We found an energetic preference for oxygen adatoms on
the hollow site aligned with the (cation) A atom at the opposite
side of the A,B monolayer, as shown in Figs. 2(al)-2(a3)
and 2(b1) for n = 0.25, 0.50, 0.75, and 1, respectively [33,68].
In Table IV (Appendix) we present a summary of our total
energy results for oxygen adsorption on the other surface
sites, namely aligned with the (cation) B atom, and on top
of the A atom of the same surface side. Our formation energy
results indicate that the oxidation processes are exothermic,
with E/ (in absolute values) proportional to the oxidation
rate. In Fig. 3(a) we present E/ as a function of the oxygen
coverage for O/A;B with B = N, O/A,N. It is worth pointing
out that, although the anionic electrons of A;B are neutral-
ized for coverage of 50% (Oqs/AB), the incorporation of
oxygen adatoms for n > 50% is energetically favorable. For
instance, Ogs/Ca;N plus an excess of O, molecules is less

stable than the full oxidized O/Ca;,N system by 0.96 eV/O

atom, Ops5/CayN + O, ﬂ>O/CalzN. Similar results were

obtained for the other O/A,B systems. The formation energies
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Dty 2

FIG. 2. Structural models of the hexagonal electrene adsorbed by
O adatoms, with oxygen coverage (n) of 0.25 (al), 0.50 (a2), and
0.75 (a3). Hexagonal (b1) and tetragonal (c1) one-sided full oxidized
single layer electrene; two-sided full oxidized (b2) hexagonal and
(c2) tetragonal bilayer electrene. Oxygen atoms are indicated by red
spheres.

and the equilibrium lattice constant of O/A,B are summarized
in Table II.

However, although the negative values of E/, phonon
spectra calculations (Fig. 4) revealed imaginary frequencies
for all hexagonal O/A,;B structures [hereinafter referred to
as O/(A,B)M], except O/(Y,CO) [Fig. 4(d1)], thus indicating
that the other O/(A;B)" systems are dynamically unstable.
We have also examined structural stability of the hexago-
nal phases through molecular dynamics (MD) simulations,
where found that all O/(A,B)" systems, with an exception for
0/(Y,C)", are structurally unstable (Fig. 11, Appendix).

In the sequence we performed a search for dynamically
and structurally stable O/A,B by changing the in-plane angle
(y) formed by the lattice vectors a and b [Figs. 2(b1)]. Such
a structural search was guided by the existence of stoichio-
metrically equivalent AO and AN tetragonal (t) bulk cubic
parents, namely CaO, SrO, and BaO [69-72], and CaN, SrN,
and BaN [72]. Our findings, for B = N, show that indeed
the full oxidized hexagonal geometry [Fig. 2(b1)], y = 120°,
corresponds to a metastable configuration characterized by a
barrierless (h—t) structural transition [Fig. 3(b)] to a tetrago-
nal (y = 90°) AO/AN layered phase (AOAN)' [Fig. 2(c1)].

The energy gain upon such a h—t transition is given
by the total energy difference between the two structural
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FIG. 3. (a) Formation energy of the oxidized O/A,B electrene,

and (b) the total energy difference as a function of the in-plane

angle (y) formed by the lattice vectors a and b [Fig. 2(b1)] of the

fully oxidized electrenes O/A,B, with y = 120° for the hexagonal

(h) phase and 90° for the tetragonal (t) phase.

phases, AE™M = E' — E". Our results of AE'", presented in
Table II, indicate that the tetragonal phase (AOAB)' is ener-
getically more favorable for all O/A;B systems. On the other
hand, phonon spectra calculations revealed that the (AOAB)'
systems are dynamically stable only for B = N [(AOAN)']
and (YOYC)'. As shown in Fig. 4, imaginary frequencies
present in the hexagonal O/A;N structures [Figs. 4(al)—4(c1)]
were suppressed in the tetragonal (CaOCaN)', (SrOSrN)',
and (BaOBaN)' systems, Figs. 4(a2)-4(c2). In addition, the
structural stability of (AOAN)' and (YOYC)' was confirmed
by MD simulations. We found that the tetragonal structure was
preserved at a temperature of 300 K during the 15 ps of MD
simulation [Fig. 11 (Appendix)].

TABLE II. Formation energy (E/ in eV/1 x 1), for n =1, of
the hexagonal and tetragonal oxidized single layer (O/A,B) and
bilayer [O/(A,B),/O] electrenes, and the total energy gain upon
hexagonal— tetragonal structural transition (AE"™ in eV/O atom).
The lattice constant (@) and the vertical distances (d and h in Fig. 2)
are in A. The lattice constant of the pristine hexagonal A, B electrene
are within parentheses.

O/A,B Hexagonal — Tetragonal

A,B Ef a AEM™ a h

Ca;N —-2.99 3.85(3.61) —0.90 3.36 2.40
SN —3.00 4.11 (3.85) —0.80 3.59 2.54
Ba,N —3.08 4.35 (4.00) —0.57 3.83 2.61
Y,C —5.46 3.64 (3.50) —0.20 3.40 2.58
Ba,As -1.79 4.07 (4.65) —0.51 3.75 2.80
Ba,P —2.08 4.42 (4.64) —0.63 4.18 2.64
Sr,P —2.21 4.33 (4.43) —0.76 3.92 2.50
0/(A2B),/0 Hexagonal — Tetragonal

A>B Ef a AE™ a d

Ca;N —3.04 3.92 —1.68 3.40 2.57
Sr,N -3.07 4.19 —1.27 3.63 2.85
Ba,N —3.02 433 —1.10 3.86 3.22
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FIG. 4. Phonon spectra of the hexagonal (al)—(g1) and tetragonal (a2)—(g2) O/A,B electrenes.

We next have examined the surface oxidation of bilayer
electrenes [(A2B);] with B = N, O/(A;N),/O [Fig. 2(b2)].
Similarly to what we have found in the single layer systems,
the O/(A;N),/O structures are (i) energetically stable (E I <0
in Table II), and also (ii) present exothermic h—t structural
transitions, with AE'™ almost twice compared with those
of their O/A,B counterparts. Further phonon spectra calcu-
lations, and molecular dynamics simulations of O/(A;N),/O,
Figs. 5 and 12 (Appendix), respectively, show that the tetrago-
nal (layered) systems, depicted in Fig. 2(c2), are dynamically
and structurally stable. We found no imaginary frequencies in
the tetragonal phases, Figs. 5(a2)-5(c2), and the MD simula-
tions reveal that the atomic structures of the (AO(AN),AO)"
systems have been preserved [Figs. 12(a2)-12(c2), Ap-
pendix], whereas the ones of the hexagonal phase are no
longer maintained after 15 ps of simulation, Figs. 12(al)—
12(cl) (Appendix).

(al) Ca2N (b1) Sr2N (c1)
5 12 &"3
= 10
SRS TN " ST
g Iy
9 6
B 3&% 5
g 3
i N
= 0 - = 0 =

Sad 0 LA
T

12

Frequency (THz)

r

FIG. 5. Phonon spectra of the hexagonal (al)-(c1), and tetrago-
nal (a2)—(c2) O/(A,N),/O electrenes.

At the equilibrium geometry, the tetragonal phase of the
oxidized electrenes is characterized by a layered structure
indicated as AO and AN in Fig. 2(c2), where the inner AN
bilayer structure, with interlayer bond distance d (indicated in
Table II), is shielded by oxidized AO sheets, (AO(AN),AO)".
As expected, such geometries somewhat mimic the ones
of their (stoichiometrically equivalent and energetically sta-
ble) AO and AN bulk cubic parents, namely CaO, SrO, and
BaO [69-72], and CaN, SrN, and BaN [72], thus providing
further support to the energetic and structural stability of the
tetragonal (AO(AN),AO)".

2. Structural characterization

In order to present a more complete structural picture
of the oxidized systems, in connection with their electronic
properties, and also provide a theoretical support for future
experimental studies, we have simulated the nitrogen K-edge
x-ray absorption spectra of pristine (A;N), and the oxidized
O/A;N and O/(A;N),/O systems. Here we will present our
results for A = Ca, namely Ca,N, O/Ca;N, and O/(Ca,;N),/O;
the other systems, with A = Sr and Ba, present quite similar
spectra and interpretations.

Let us start with the single layer pristine Ca;N electrene.
In Figs. 6(al) and 6(b1) we present the absorption spectra
for polarization vector perpendicular (¢1) and parallel (1)
to the surface, respectively. Based on the analysis of orbital
projected density of states (DOS, not shown), we found that
the edge and near-edge absorption features are mostly dic-
tated by the electronic transition from the N-1s core electron
to the unoccupied N-2p, and N-2p, , orbitals, for &' and
&ll, respectively. Due to the electronic confinement along the
normal direction with respect to the electrene surface, the
broadening of the absorption lines from the Fermi energy (Ef)
up to ~Eg + 6 eV for & is slightly smaller compared with
that for 2!, Meanwhile, in the oxidized systems the energy
broadenings for & [Figs. 6(d1) and 6(f1)] are significantly
larger compared with those for &, Figs. 6(cl1)-6(el), indi-
cating a reduction (increase) of the electronic confinement
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FIG. 6. XANES spectra of pristine single layer Ca,N electrene
for the polarization vector (al) perpendicular, %, and (b1) parallel,
2!, to the electrene surface. XANES spectra of O/Ca,N for &+ (cl),
2l (d1), and the density of states of (CaOCaN)' projected on the
N-2p, (c2), Ca-4p, (c3), N-2p,, (d2), and Ca-4p,, (d3) orbitals.
XANES spectra of O/(Ca,N),/0, for &+ (el), &' (f1), and the density
of states of (CaO(CaN),CaO)' projected on the N-2p, (e2), Ca-4p,
(e3), N-2p., (f2), and Ca-4p,, (f3) orbitals. The XANES spectra
of the tetragonal (hexagonal) phase are indicated by solid (dashed)
lines. Spin-down and spin-up channels are indicated by purple and
black solid lines.

along the parallel (perpendicular) direction with respect to
the surface plane; which is, in its essence, a consequence of
the formation of planar Ca-N and Ca—O layered structures
upon oxidation [Fig. 2 and insets of Figs. 6(cl) and 6(d1)].
Further identification of the oxidized structures can be done by
comparing the energy position of the absorption edges (AEs).
For instance, comparing the AEs of the tetragonal phases,
indicated by solid lines in Figs. 6(al) and 6(c1), we find that
the former lies near the Fermi level, while in the latter the AE
starts at about Eg + 4 eV, thus indicating an increase of the
N-1s binding energy (BE) in the oxidized systems. Indeed,
based on the Lowdin charge population analysis, we found
that the total charge of the nitrogen atoms in the oxidized
0O/Ca;,N [O/(Ca,N),/0] electrenes reduces by 0.34 [0.42]e/N

atom when compared with the one of pristine Ca;N. Thus,
we can infer that the increase of the N-1s BE is due to the
reduction of the electronic screening at the N nucleus in the
oxidized Ca,N.

Next, we examine the nitrogen K-edge XANES spectra
of the oxidized tetragonal systems in light of the projected
density of states. The projections on the N-2p, and Ca-4p,
orbitals, Figs. 6(c2) and 6(c3), indicate that the absorption
features 2, 3, and 4 in Fig. 6(cl) are ruled by the electronic
transitions to the lowest unoccupied N-2p, (major contribu-
tion) hybridized with the nearest neighbor Ca-4p, orbitals
(minor contribution). It is worth noting that the features 2
and 3 (for é1) of the tetragonal phase are also present in the
absorption spectra of the hexagonal phase [2’ and 3’ (dashed
lines) in Fig. 6(c1l)]. However they are shifted by ~1 eV to-
ward lower energies when compared with their counterparts 2
and 3, thus we can infer that the BE of the N-1s core electrons
in the tetragonal phase is larger compared with the one of
the hexagonal phase. As discussed above, such an increase
of the BE is supported by the reduction of the total charge
of the nitrogen atoms (by 0.0le/N atom) in the tetragonal
O/Ca;,N in comparison with that of hexagonal one. Similarly
for O/(Ca,N),/0, as shown Figs. 6(e1)—6(e3), (i) the XANES
spectra (é1) of the tetragonal phase is ruled by the unoccupied
N-2p, states (major contribution) hybridized with the 4p,
orbitals (minor contribution) of the Ca atoms embedded in the
CaO sheets; and (ii) the edge features of the tetragonal and
hexagonal phases indicate that the BE of N-1s core electrons
of the former is larger by about 1 eV compared with that of the
latter, in agreement with the lower total charge (by 0.04e/N
atom) of the N atoms in the tetragonal phase.

In Figs. 6(d) and 6(f) we present the XANES spectra for a
polarization vector parallel to the O/Ca;N and O/(Ca,;N),/O
layers, &/, and the DOS projected on the N-2p, , and Ca-4p, ,
orbitals of the tetragonal phase. Compared with the absorption
spectra with the polarization vector normal to the surface &,
we found that the pre-edge absorption (feature 1), attributed to
the hybridizations of the partially occupied spin-down N-2p, ,
and Ca-4p, , orbitals, becomes more intense for &l In fact,
such a pre-edge absorption spectrum can be considered as a
signature of the formation of half-metallic channels along the
CaN layers, which will be discussed below. In the sequence, it
is noticeable the well defined absorption spectrum 2’, present
in the hexagonal phase, has been practically suppressed in
the tetragonal structure, thus suggesting that the structural
differences between the tetragonal and hexagonal phases are
better captured by looking at the in-plane edge absorption
features.

3. Electronic and magnetic properties

The electronic band structures of A,B electrenes, with A
= Ca, Sr, Ba, and B = N are characterized by parabolic
metallic bands, giving rise to nearly free electron (NFE) states
localized on the electrene’s surface and between the stacked
layers. On the other hand, upon the formation of AO oxidized
layers these NFE states become unoccupied, and we observe
the emergence of magnetic moments in the AN layers. Here
we will examine the magnetic and electronic properties of
(AOAN)' and (AO(AN),AO)".
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FIG. 7. Schematic orbital occupation of (AOAN)' (a) AO and NO
layers along the stacking direction (C), and (b) AN sheet perpendic-
ular to the stacking direction, a x b plane. (c) Orbital occupation of
(AO(AN),AO)" along the stacking direction. (d) Intralayer and (e)
interlayer FM/AFM spin polarizations. (f) Spin-density distribution
of the (intralayer and interlayer) FM (AO(AN),AO)' systems. Isosur-
face of 0.004e/A2.

Based on the nominal oxidation states and the electroneg-
ativities of the involved atoms, we can infer the emergence
of a magnetic moment in the oxidized systems [32]. There
is a net charge transfer of two electrons from each (less
electronegative) A atoms to the (more electronegative) O and
N atoms, resulting in A%+, 0%, and N2~ oxidation states,
Fig. 7(a). The ground state configuration is characterized by
an OA (oxidized) layer with closed p shells parallel to a AN
layer with the N-2p orbitals partially occupied, Fig. 7(b). Sim-
ilarly, in the bilayer system (AO(AN),AO)" [Fig. 7(c)], we find
AN layers with partially occupied N-2p orbitals sandwiched
by OA (edge) layers with closed p shells. According to the
Hund’s rule, each N atom will carry a net magnetic moment
of 1 ug. Indeed, within the GGA-PBE approach, we found a
net magnetic moment of about 0.8 g mostly localized on the
nitrogen atoms [44]. The projected electronic density of states
(PDOS) on the N-2p orbitals of (AOAN)' and (AO(AN),AO)t,
Figs. 8(a)-8(c), reveal that the partial occupation of planar N-
2p,,y orbitals brings the major contribution to the polarization
of the N atoms.

Total energy comparisons between the magnetic and
nonmagnetic phases, AE™* = E™M#%& — ENOMME - gupport the
energetic preference for the spin-polarized systems, AE™* <
0 in Table III. The strength of the magnetic interactions
between the nitrogen atoms was examined by comparing
the total energies of the ferromagnetic (FM) and antifer-
romagnetic (AFM) phases for the intralayer (AEIE{‘faAFM)
and interlayer (AEfM-APM) magnetic couplings, as shown
in Figs. 7(d) and 7(e), respectively. The intralayer cou-
pling takes place between the N atoms in the same AN
layer [Fig. 7(d)], while the interlayer coupling is due to
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FIG. 8. Electronic density of states (DOS) projected on the N-2p
orbitals of (AOAN)' (al)—(c1), and (AO(AN),AO)" (a2)—(c2).

the interactions between the N atoms lying in different AN
layers of (AO(AN),AO)', Fig. 7(e). Our results, summa-
rized in Table III, reveal that both systems, (AOAN)' and
(AO(AN),AO)', present an energetic preference for the in-
tralayer and interlayer FM coupling between the N atoms. It
is noticeable that (i) (CaO(CaN),CaO)' presents the largest
interlayer FM interaction, AEFMA™M — —36.5 meV/N atom,
when compared with the other (AO(AN),AO)' systems, lead-
ing to (ii) a strengthening of the intralayer FM coupling,
namely AEE{‘faAFM —8.5 — —22.8 meV/N atom. In con-
trast, (iii) we found (relatively) lower values of AEFM-AM for
(SrO(SrN),SrO)' and (BaO(BaN),Ba0O)' which can be due to
the larger interlayer distance (d) as indicated in Fig. 2(c2) and
Table II, and the more localized feature of the spin-polarized
states normal to the stacking direction (c). In Fig. 7(f) we
present the spin-density distribution of the intralayer and in-
terlayer FM (AO(AN),AO)', with A = Ca, Sr, and Ba where
we confirm the localization of the net magnetic moment on
the nitrogen atoms. It is noticeable that the projection of the
DOS on the N-2p orbitals (Fig. 8) support the larger interlayer
interaction ruled by the N-2p, orbitals in (CaO(CaN),CaO)"

TABLE III. Total energy differences (in meV /N atom) between
nonmagnetic and magnetic phases, AE™®¢ = E™& — Erommas - apd
between the FM and AFM phases for intralayer (AEFM-AP™) ‘and in-

intra

terlayer (AEFMAPM) interactions, schematically shown in Figs. 7(d)
and 7(e), respectively.

AE™E AEQIM AEDIA
(CaOCaN)! —67 —8.5 -
(SrOSiN)! —135 —18.7 -
(BaOBaN)' -92 -19 -
(CaO(CaN),CaO)! —83 —22.8 —36.5
(SrO(SrN),SrO)" —127 —12.9 -1.0
(BaO(BaN),BaO)' —93 —44 ~05
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FIG. 9. Electronic band structure of the electronic distribution

near the Fermi level (Eg 0.1 eV) of the oxidized (AOAB)' mono-
layer with A = Ca (al), Sr (bl), and Ba (cl), and the oxidized
(AO(AB),AO)" bilayer with A = Ca (a2), Sr (b2), and Ba (c2). Elec-
tronic distribution of the NFE state at the I" point (inset). Isosurfaces
of 0.002¢/A2. Solid purple and black lines indicate the spin-down
and spin-up channels.

[Fig. 8(a2)] compared with those of the other oxidized bilayer
electrenes, Figs. 8(b2) and 8(c2).

The energetic preference for the FM phase can be attributed
to superexchange interactions between the N>~ anions medi-
ated by A>* cations. In this sense, the FM coupling will be
favored due to the electron delocalization along the N>~—A%*—
N2~ bonds, thus lowering the kinetic energy of the system,
as schematically shown in Figs. 7(b) and 7(c) for the in-
tralayer and interlayer couplings, respectively. Further support
to the FM coupling between the N>~ anions, mediated by
superexchange interactions, can be found in the Goodenough-
Kanamori rule [73,74], since the N2~ —A%*-N?~ bonds are
characterized by bond angles of 90°.

The electronic band structures of (AOAN)' and
(AO(AN),AO)', Fig. 9, indicate they are half-metals. The
metallic channels are characterized by spin-down (purple
lines), whereas the spin-up energy bands (black lines) are a
semiconductor with the valence band maximum (VBM) lying
at about 0.2 eV below the Fermi level (EVEM ~ Er — 0.2 eV)
for A = Ca [Figs. 9(al) and 9(a2)] while for A = Sr and Ba
we find EVBM &~ Er — 0.5 eV, Figs. 9(b1) and 9(b2) and 9(c1)
and 9(c2). The lowest unoccupied states are spin degenerated,
lying between 1 and 2 eV above Ep, and characterized by NFE
parabolic bands localized on the oxidized surface (OA) (insets
of Fig. 9). Further real space projections of the electronic
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FIG. 10. (Top) Structural model of the simulation setup used
for the electronic transport calculation along the b direction. Trans-
mission probability and electronic current of the (AOAB)' oxidized
electrene with A = Ca (al), Sr (b1), and Ba (c1), and (AO(AB),AO)!
with A = Ca (a2), Sr (b2), and Ba (c2).

states near the Fermi level Eg 0.1 eV reveal that the
half-metallic bands are mostly ruled by in-plane N-2p orbitals
localized in the AN layers of (AOAN)', Figs. 9(al)-9(cl).
Similarly, in the bilayer systems the half-metallic bands
spread out through the AN layers; however, it is worth noting
that in (AO(AN),AO)', these half-metallic channels are
sandwiched by the oxidized AO sheets [Figs. 9(a2)-9(c2)].
These oxidized sheets may act as a shield, protecting the
half-metallic channels against the environment conditions,
which is a quite appealing property for development of
spintronic devices based on 2D platforms.

TABLE IV. Total energy differences (in eV/O atom) between
the (energetically most stable) O adatom on the hollow site aligned
with the A atom at the opposite surface side of the A,B monolayer
[E@{)], and the O adatom on the hollow site aligned with the B
atom [E(i1)], and the O adatom on the on-top site aligned with A
atom of the same surface side, AE(ii) = E (i) — E(ii) and AE (iii) =
E (i) — E(iii), respectively.

O/A,B AE(ii) AE((iii)
0/Ca,N —0.12 —2.82
0/Sr>N —0.19 —2.77
0/Ba,N —0.34 —2.60
0/Y,C —0.33 —291
O/BasAs —0.12 —2.82
0/Sr,P —0.15 —3.37
0/Ba,P —0.19 —2.75
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FIG. 11. Total energy fluctuation, of hexagonal (al)—(gl) and tetragonal (a2)-(g2) O/A,B oxidized electrenes, as a function of the time
step (1 fs). Insets, Structural model after 15 ps of molecular dynamics simulation at 300 K.

In order to provide a quantitative picture of the emer-
gence of spin-polarized electronic current in the oxidized
electrenes, we calculate the electronic transmission proba-
bility T(E) and the electronic current (V) of the (AOAN)
and (AO(AN),AO)' systems. In Fig. 10 (top) we present the
simulation setup used for the electronic transport calculations
along the b direction, namely two (left and right) electrodes
composed by semi-infinite oxidized electrenes, both con-
nected to a (central) scattering region. Our results of T (E),
summarized in Figs. 10(al)-10(a3) and 10(b1)-10(b3), reveal
that near the Fermi level (|Er| < 0.1 eV) the transmission
probability is mediated by the spin-down channels, in con-
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FIG. 12. Total energy fluctuation, of hexagonal (al)—(cl), and
tetragonal (a2)—(c2) O/(A,N),/O oxidized electrenes, as a function of
the time step (1 fs). Insets: Structural model after 15 ps of molecular
dynamics simulation at 300 K.

sonance with the electronic band structure results (Fig. 9).
The transmission channels lie on the inner AN layers, mostly
ruled by the in-plane hybridizations between the spin-down
N-2p orbitals (N-2p{")) with the nearest neighbor A atoms.
For A = Ca we found larger values of T (E) [Figs. 10(al) and
10(a2)], and net electronic current [Figs. 13(al) and 13(a2)
in the Appendix] when compared with the other (AOAN)!
and (AO(AN),AO)' systems. In contrast, although the more
localized character of the in-plane N-2p{!) orbitals for A = Ba
[Figs. 9(cl) and 9(c2)] compared with the ones obtained for
A = Sr, Figs. 9(b1) and 9(b2), we found nearly the same val-
ues of transmission probability, Figs. 10(b1) and 10(b2) and
10(c1) and 10(c2), and electronic current for low bias voltage
[Figs. 13(b1)-13(c1) and 13(c1) and 13(c2) in the Appendix].
We have also calculated the transmission probability and the
electronic current along the bisector direction between a and
b, where we found practically the same values of T'(E) and

— 5 T T T T T T T T T T T T
g 4f(al) 1(bl) [ (cl)
£ 4f i T ]
g o i T ]
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FIG. 13. Electronic current of (AOAB)' with A = Ca (al), Sr
(bl), and Ba (cl), and (AO(AB),AO)' with A = Ca (a2), Sr (b2),
and Ba (c2).
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1(V) near the Fermi level. Thus, suggesting that the electronic
transport through the inner AN layers, at low bias limit, does
not present significant directional anisotropy as predicted in
the other 2D systems [75].

IV. SUMMARY AND CONCLUSIONS

By means of first-principles DFT calculations, we have
performed a theoretical study of the full oxidized 2D single
layer, O/A;,B, and bilayer, O/(A,B),/0, electrenes, with A =
Ba, Ca, Sr, Y, and B = As, N, P, C. We found that O/A,B
and O/(A;B),/O systems with A = Ca, Sr, Ba, and B =
N become stable upon an hexagonal—tetragonal structural
transition, resulting in layered tetragonal systems, (AOAN)'
and (AO(AN),AO)". Further characterizations, through simu-
lations of XANES spectroscopy, allowed us to identify key
aspects of the absorption spectra and their correlation with
the structural and electronic properties of the oxidized sys-
tems. We found the emergence of a ferromagnetic phase in
the oxidized tetragonal structures, with the net magnetic mo-
ment mostly ruled by the planar N-2py , orbitals. Meanwhile,
electronic structure calculations reveal the formation of half-
metallic bands spreading out through the AN layers, with
nearly negligible contribution from the oxidized AO sheets.
The emergence of spin-polarized transmission channels was
confirmed through the electronic transport calculations based
on the Landauer-Biittiker formalism. These results reveal that
the oxidized (AOAN)' and (AO(AN),AO)"' systems are quite
interesting platforms for spin-polarized transport on 2D sys-
tems, characterized spin-polarized metallic channels shielded
by oxide layers. For instance, (AO(AN),AO)" can be viewed
as a core-shell 2D material with half-metallic channels lying

on the (AN), layers (core) protected against the environment
conditions by the oxidized AO sheets (shell).
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APPENDIX

In Table IV we present the total energy differences between
the O/A,B electrenes with the oxygen atom adsorbed on the
(i) hollow site aligned with the cation A atom at the opposite
surface side of the A,B monolayer, (ii) on the hollow site
aligned with the B atom, and (iii) on top of the A atom of
the same surface side, namely AE(ii) = E(i) — E(ii), and
AE((iii) = E(i) — E(iii), respectively. Our results of AE, viz.
AE(ii) < 0 and AE(ii) < 0, confirm the energetic prefer-
ence of (i). In Figs. 11 and 12 we present our results of MD
simulation to oxidized single layer electrene, O/A,;B, with A =
Ca, Sr, Ba, Y, and B = N, P, As, C, and bilayer (O/(A;N),/0)
electrenes, with A = Ca, Sr, and Ba. We have considered a
total simulation time of 15 ps, and time steps of 1 fs. In the
inset we present the structural model after 15 ps of simulation
at 300 K.

In Fig. 13 we present the net electronic current of the oxi-
dized monolayer (AOAB)' and bilayer (AO(AB),AQ)" systems
by using Landauer-Biittiker formula as described in Sec. II.
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