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We investigate how the 2D — 1D — 0D reduction in dimensionality of interstitial electronic states in
the CazN electride influences its electronic structure and transport properties. Employing the Maximally
Localized Wannier Functions (MLWF') approach, we successfully describe the interstitial quasi-atomic states
(ISQ) located in non-nuclear Wyckoff positions between Ca atoms. This allowed us to conclude that the
electride subsystem is responsible for the formation of the band structure in the vicinity of the Fermi level in
all CazN phases observed under pressure. Using the obtained MLWF basis, we calculate the electronic and
thermal conductivity, along with the Seebeck coefficient, by solving the semi-classical Boltzmann transport
equations. The results achieved permit the conclusion that the counterintuitive increase in resistance under
pressure observed experimentally is attributed to enhanced localization of interstitial electronic states through
the 2D — 1D — 0D electride subspace transformations. We also established a substantial anisotropy in the
transport properties within the 2D phase and found that the conductivity inside the plane of the electride
layers is provided by electrons, while along the direction normal to the layers, holes become the majority

carriers.
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1. Introduction. Lately, there has been a notable
surge of interest within the scientific community towards
a novel category of materials known as inorganic elec-
trides [1-12]. These materials have significant poten-
tial to advance the development of artificial materials.
Electrides belong to a unique category of ionic com-
pounds where excess electrons are distributed within
voids in the crystal structure, taking on the role of an-
ions [13]. The distinctive electronic structure of elec-
trides arises from the loosely bound trapped electrons,
resulting in remarkable physical and chemical proper-
ties. These properties include high electron mobility, an
extremely low work function, strong electron-donating
capabilities, and good oxidation and catalytic activity
[7, 14]. Such remarkable features of the electronic struc-
ture make electrides highly attractive for a wide range of
applications, including their use as catalyst promoters
or catalysts [15], battery electrode materials [16], elec-
tronic devices, superconductors [17], and new magnetic
materials [18].
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Recently, a CasN — layered electride material, char-
acterized by the presence of anionic electrons con-
fined within a two-dimensional domain, has been re-
ported [19]. The chemical formula [CasN|T-e™ indicates
the existence of anionic electrons distributed in the in-
terstitial space between two Ca-N layers. Earlier re-
search [19] of CasN has shown that this material under-
goes a sequence of structural phase transitions under ex-
ternal pressure from R3m phase to Fd3m phase then to
142d and then to Cc. These transitions are accompanied
by a gradual decrease in the electride subspace dimen-
sion 2D — 1D — 0D. At the same time, experimental
measurements of electrical resistance [19] find a transi-
tion from the metallic phase to the semiconductor phase
during pressure increase. It was previously shown that
the localization of interstitial electronic states plays an
important role in the formation of the electronic struc-
ture of electrides, especially near the Fermi level [12, 20].
Consequently, any changes in the degree of localization
can cause significant alterations in the transport prop-
erties of the material. This work aims to theoretically
study the role of interstitial electronic states in the for-
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mation of the transport properties of CasN such as elec-
tronic conductivity, thermal conductivity, and the See-
beck coefficient, as well as their evolution with a de-
crease in the dimension of the electride subspace. To
describe the subspace of electride states, we propose the
construction of maximally localized Wannier functions
(MLWFs) [21], that are centered in non-nuclear Wyckoff
positions. Subsequently, these MLWFs are used as a ba-
sis for the wave functions of the electride states to solve
the semi-classical Boltzmann transport equations [22].

2. Computational methods. Electronic struc-
ture calculations were performed using DFT within
the generalized gradient approximation (GGA) and the
Perdew—Burke-Ernzerhof (PBE) functional [23] imple-
mented in the QUANTUM ESPRESSO package [24].
Initial crystal structure data for CagN were taken
from [19]. Integration in the reciprocal space was per-
formed on a regular 16 x 16 x 16 k-points mesh in
the irreducible part of the Brillouin zone. The MLWF
basis was obtained using the Wannier90 package [25].
Electronic transport properties were calculated by solv-
ing the semiclassical Boltzmann transport equations in
the constant relaxation-time approximation using the
BoltzWann code [22] embedded in the Wannier90 pack-
age [25]. Bader charges [26] were calculated using the
Critic2 program [27].

3. Results and discussion.

3.1. Wave functions of interstitial states. Under nor-
mal conditions, excess anionic electrons in CasN form
2D electronic layers in the xy plane of the R3m crys-
tal structure [19]. The band structure in the vicinity of
the Fermi level consists of 4 hybridized energy bands,
including three p-states of nitrogen and one intersti-
tial electronic state (see Fig.1). Thus, the basis of the
states lying near the Fermi includes 4 MLWFs. The first
MLWF corresponding to the electride state is centered
at the 3b Wyckoff positions and predominantly have an
s-like orbital symmetry. The contribution of the first
MLWEF to the band structure is shown in Fig. 1a in light
purple. As can be seen, interstitial electrons mainly oc-
cupy a partially filled band crossing the Fermi level and
providing the metallicity of this phase. The width of
the electride band in this case is about 2 eV. The re-
maining three MLWFs describe three fully occupied en-
ergy bands in the interval [—3.5; —1.2] eV. These bands
possess a p-orbital symmetry and are centered on the
nitrogen atom. Figure la shows that the energy band
crossing the Fermi level is predominantly formed by in-
terstitial electronic states, which clearly confirms the
assumption that the excess anionic electrons are respon-
sible for the transport properties of this material in the
2D phase.
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Fig.1. (Color online) Band structure of CazN relative to
the Fermi level (EF) for: (a) — R3m; (b) — Fd3m; (c) —
142d; (d) - Cc structures (solid black curves) and MLWFs
with colored projected components of interstitial MLWFs

As shown in [19], an increase in pressure to about
12.7 GPa leads to a transition from the R3m to the
Fd3m phase. This transition is accompanied by a re-
duction in the subspace’s dimensionality, from 2D to
1D. The MLWFs basis for Fd3m structure includes 16
states, 4 of which correspond to anionic electronic states
and are located at the 16¢ Wyckoff positions.
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Fig. 2. (Color online) Evolution of ELF and MLWFs isosurfaces of CazN under pressure. The isosurfaces of the electron
localization function for R3, Fd3m, 142d, Cc structures with value 0.55, 0.7, 0.8, and 0.8, respectively. White and green

spheres denote Ca and N atoms

The other 12 are fully occupied p-states of the
four nitrogen atoms. The contribution of the first four
MLWFs to the band structure is shown in Fig. 1b. As can
be seen from this figure, the interstitial electronic states
make the main contribution to the four energy bands ly-
ing in the vicinity of the Fermi level and crossing it. The
total width of the electride band for the 1D case is close
to that in the 2D phase and is about 2 eV. However,
in this case, two subbands with different dispersions are
formed in the spectrum of interstitial states: one par-
tially filled has a width of about 1.7 eV, and the second
is completely empty with a width of less than 0.5 eV.
Such dispersion indicates an increase in the localization
of interstitial states during the 2D—1D transition. As in
the 2D case, the transport properties in the 1D phase
are also determined by interstitial electrons.

A further increase in pressure causes the next tran-
sition to the [42d phase at about 20.5 GPa [19]. In this
phase, the electride subspace has zero dimension. An-
other transition also to the 0D electride phase with Cc
symmetry occurs at 37.5 GPa [19]. To obtain the basis
of MLWTFs for 142d and Cc phases, 14 states were pro-
jected; the first two correspond to electride states and
the other 12 are associated with fully occupied p-states
of four N atoms. For I142d structure, the first two WFs
were centered at the 4b Wyckoff positions. For the crys-
tal structure with Cc symmetry, the first two states were
centered at the positions (0.500, 0.750, 0.125), (0.000,
0.125, 0.750). The contribution of interstitial MLWFs
to the band structure of I42d and Cc phases is shown
in Fig. 1c and d respectively. Both 0D phases have an
energy gap and their interstitial states are completely
filled, forming the top of the valence band. In both cases,
the dispersion of the two available electride bands is
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noticeably different. However, the upper band is quite
flat and has a width of only about 0.5 eV, which in-
dicates a strong localization of the corresponding elec-
tronic states.

Thus, interstitial electronic states make the main
contribution to the band structure near the Fermi level
in all the considered CasN phases. Changes in the en-
ergy band dispersion and a reduction in the dimension
of the electride subspace indicate an increase in the de-
gree of localization of these states during phase transi-
tions. These observations imply that the nature of the
unusual resistance behavior observed in the experiment,
exhibiting an increase with rising pressure, is entirely
determined by the properties of the electride electronic
subsystem of CagN.

8.2. Spatial distribution of ELF and MLWEF. To de-
scribe a topology of the spatial distribution of the in-
terstitial charge density and the degree of localization
of anionic electrons in varying CasN phases, we calcu-
lated both the electron localization function (ELF) [28§]
and the Bader charges. The search for non-nuclear at-
tractors in Bader basins has enabled the determination
of Wyckoff positions for interstitial localization centers.
Fig.2 (upper panel) shows the isosurfaces of the ELF
for structures with R3, Fd3m, I42d, Cc symmetry with
the isosurface values 0.55, 0.7, 0.8, and 0.8, respectively.

In the R3m crystal structure, anionic electrons form
a two-dimensional layer of electronic gas, bounded by
calcium atoms. Bader charge calculations reveal the ex-
istence of a non-nuclear charge density maximum in
the same position as the electride Maximally Localized
Wannier Function (MLWF). The MLWFs correspond-
ing to the electride electronic states are depicted in the
lower panel of Fig. 2. However, the charge integral within
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this Bader basin is extremely low, measuring less than
0.01 electron. This observation finds its rationale in the
substantial degree of electron delocalization inherent in
this structural configuration.

In the Fd3m crystal structure, electrons are orga-
nized into a continuous one-dimensional charged net-
work. This is evident from the isosurface representa-
tion of the ELF (Fig.2, upper panel). The isosurface
of the sum of four resulting electride MLWFs is shown
in Fig.2. Their spatial distribution resembles the re-
gion of the ELF that coincides with the junction of the
one-dimensional chains. The calculated Bader charge
amounts to 1.5 electrons (0.375 per formula unit), signif-
icantly exceeding the value observed in the R3m phase.
This outcome signifies a noticeable enhancement in the
level of interstitial state localization within the 1D phase
compared to the 2D phase.

The ELF isosurface distribution, as illustrated in
Fig. 2, reveals that structures possessing 142d and Cc
symmetry exhibit regions of charge density in zero di-
mensions (0D). The spatial arrangement of the Maxi-
mally Localized Wannier Functions (MLWFs) in these
structures bears resemblance to the ELF isosurfaces.
The calculated Bader basin charges for the 142d and
Cc structures amount to 1.5 (0.374 per formula unit)
and 1.3 (0.325 per formula unit) electrons, respectively.

Therefore the analysis of changes in the ELF isosur-
face as well as the shape and spatial distribution of the
MLWFs confirms that the structural transitions induced
by pressure in CasN are accompanied by a stepwise re-
duction in the dimensionality of the subspace occupied
by anionic electrons, whose states can be effectively ana-
lytically described through MLWFs centered at the cor-
responding interstitial sites of the crystal lattice.

3.8. Electrical conductivity. Subsequently, in order to
determine the transport properties of CasN within each
phase, we employed the obtained MLWF basis sets cor-
responding to the electride states to solve semi-classical
Boltzmann equations. The plots illustrating the depen-
dence of electrical conductivity divided by relaxation
time with respect to chemical potential for the R3m,
Fd3m, 142d, and Cc structures at three constant tem-
peratures (100, 200, and 300 K) are depicted in Fig. 3. It
is clear from the figure that the electrical conductivity at
the Fermi level is highest for the R3m phase among the
structures considered. It increases with electron dop-
ing and exhibits a peak around a chemical potential
of approximately 0.4 eV, associated with the maximum
electronic capacity of the electride layer. As expected,
hole doping leads to a decrease in electrical conductiv-
ity, which is attributed to the reduction in the charge
carrier concentration within the interstitial layers. The
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Fig. 3. (Color online) Electrical conductivity relative to re-
laxation time as a function of chemical potential at three
constant temperatures 100, 200 and 300 K for R3m, Fd3m,
142d, Cc structures

transition from 2D to 1D configuration is concomitant
with a notable reduction in electrical conductivity by a
factor of several magnitudes. However, electron doping
in the 1D phase may lead to an approximately three-fold
increase in conductivity, as this phase exhibits a peak
in the electron doping region attributed to the presence
of additional electronic capacity within the 1D-channel
electride chains. In the 0D phases, since DFT calcula-
tions predict an energy gap and the interstitial states
are fully occupied, the obtained solution corresponds to
an insulator. Consequently, the computation of electri-
cal conductivity based on the interstitial wave function
basis reproduces the observed decline in electrical con-
ductivity as seen in experiments [19].

The decrease in conductivity with an increase in ex-
ternal pressure is an atypical behavior for most metals,
except for certain alkali metals (Li, K, and Na) [29-32].
The nature of this unusual phenomenon lies in the pecu-
liarities of electronic states in the vicinity of the Fermi
level. In electrides, these states correspond to electrons
detached from atoms and located in periodic crystalline
voids. An increase in pressure leads to compression of
the spatial region of their confinement, resulting in en-
hanced localization. Additionally, it causes an increase
in Coulomb repulsion between excess electrons. This ef-
fect is particularly pronounced during the 1D-0D transi-
tion from the connected to disconnected topology of the
charge density, which is accompanied by a sharp jump
in resistance and the opening of an energy gap.

Also, it can be observed from Fig. 3 that the change
in temperature does not have a significant influence on
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electrical conductivity. This contradicts experimental
observations [19], which indicate a significant temper-
ature dependence of resistance, especially in the two-
dimensional and zero-dimensional phases. The discrep-
ancy may be attributed to the fact that the computa-
tional method used in this study does not account for
the temperature effects of atomic vibrations in the crys-
talline lattice.

The conductivity of the 2D structure with R3m sym-
metry shows high directional anisotropy (Fig.4 upper
panel). The in-plane component of o is an order of
magnitude greater than the out-of-plane conductivity
at 300 K. Such behavior results from the substantial
anisotropy of the two-dimensional electride subsystem
which determines the dispersion of electronic energy
states directly at the Fermi level and in its vicinity.
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Fig. 4. (Color online) Dependence of electrical conductiv-
ity relative to relaxation time, Seebeck coefficient and elec-
tronic thermal conductivity relative to relaxation time on
chemical potential at 300 K for R3m structure

3.4. Seebeck coefficient. The Seebeck coeflicient can
be positive or negative, and its sign indicates the type
of majority charge carriers: +S5 represents p-type mate-
rials, i.e. positive charge carriers (holes), while n-type
materials are denoted by —S [33].

The dependencies of the Seebeck coefficient on the
chemical potential for R3m, Fd3m, 142d and Cc struc-
tures at three temperatures (100, 200 and 300 K) are
shown in Fig.5. It is evident that the Seebeck coeffi-
cient at Er is positive for each of the phases, indicating
that holes act as the primary charge carriers. We ob-
serve an increase in the Seebeck coefficient during the
transition from the metallic state to the semiconductor
state, which is characteristic of decreased charge car-
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Fig.5. (Color online) Seebeck coefficient as a function of
chemical potential at three constant temperatures 100, 200
and 300 K for R3m, Fd3m, I142d, Cc structures

rier concentration [34]. In the Fd3m structure, electron
doping can alter the majority carrier type, leading to
increased electrical conductivity.

In the 2D phase of CagN, similar to its electrical
conductivity, the Seebeck coeflicient exhibits notable
anisotropy. The dependence of the components Sz, Syy,
S of the Seebeck coefficient on the chemical potential
for the R3m structure is illustrated in Fig.4 (middle
panel). The values of the Seebeck coefficient in the zy
plane are negative, indicating that electrons are the ma-
jority charge carriers within the electride layers. Con-
versely, along the normal direction of these layers, holes
serve as the majority carriers.

3.5. Electronic thermal conductivity. The most effec-
tive thermoelectric materials are those with low thermal
conductivity. Thermal conductivity usually consists of
two parts: the electronic part (k.), in which the electrons
and holes are responsible for transporting heat, and the
phonon part (k;), where the phonons travel through the
lattice. We should emphasize that the BoltzZWann code
allows us to calculate only the electronic part k.. Fig. 6
represents the electronic thermal conductivity of the an-
alyzed structures as a function of chemical potential at
three constant temperatures (100, 200 and 300 K).

For a 2D structure, the thermal conductivity is no-
ticeably higher than for the others, and it also has a
strong temperature dependence. This behavior is ex-
plained by the presence of a bound region in the zy
plane (Fig.4) of almost free electrons, which act as a
medium for the transfer of thermal energy. The picture
is similar for a 1D structure, but the thermal conduc-
tivity is considerably lower. The thermal conductivity
of 0D phases exhibits a reverse dependence, resulting
in lower thermal conductivity and less temperature de-
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Fig. 6. (Color online) Electronic thermal conductivity rela-
tive to relaxation time as a function of chemical potential
at three constant temperatures 100, 200 and 300 K for
R3m, Fd3m, I142d and Cc structures

pendence. The anisotropy of the thermal conductivity
for a 2D structure arises for the same reason as the
electrical conductivity. In the 142d and Cc phases, the
electronic subsystem does not contribute to the thermal
conductivity under electron doping, since both phases
have an energy gap. Therefore, the electronic thermal
conductivity of CagN, similar to its electrical conduc-
tivity, shows a notable trend of a sharp decrease with
increasing pressure.

4. Conclusion. In conclusion, we have investigated
the contribution of interstitial electronic states to the
electronic structure and transport properties of CasN
in its 2D, 1D, and 0D electride phases arising under
pressure. By analyzing the Electron Localization Func-
tion, we determined the Wyckoff positions of intersti-
tial quasi-atoms. For each phase, we employed an ap-
proach involving the construction of a maximally lo-
calized Wannier function basis centered at these non-
nuclear positions. This enabled the rigorous identifica-
tion of the electride states contributions to the band
structure of CagN, leading to a conclusion regarding
their crucial role in shaping the transport properties of
all pressure-induced phases of CasN. The study revealed
that the counterintuitive increase in resistance driven by
pressure, as observed experimentally [19], is rooted in
the enhanced localization of interstitial electronic states
that takes place with the 2D — 1D — 0D dimensionality
reduction of the electride subsystem. Across all phases
of CagN, a positive Seebeck coefficient is observed, sig-
nifying that holes are the majority carriers. However,
for the 2D phase, it was found that the Seebeck coeffi-
cient within the plane of electride layers is negative, in-
dicating that conductivity within the plane is governed
by electrons, while along the normal direction to the
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layers, holes become the majority carriers. It has been
established that a decrease in the dimensionality of the
electrid subspace also leads to a decrease in electronic
thermal conductivity, and the transition to a 0D phase
results in a sharp decline. Thus, our findings reveal that
the transport properties of the CasN electride are gov-
erned by electronic states described by interstitial wave
functions.

The DFT and MLWF parts of the study were sup-
ported by the Russian Science Foundation (project
#19-72-30043). The results of solving the Boltzmann
transport equations were obtained within the state as-
signment of the Ministry of Science and Higher Edu-
cation of the Russian Federation on the theme “Elec-
tron” # 122021000039-4, which was carried out within
the framework of the youth project of the IPM Ural
Branch of the Russian Academy of Sciences # 22-7.
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