
30960 |  Phys. Chem. Chem. Phys., 2023, 25, 30960–30965 This journal is © the Owner Societies 2023

Cite this: Phys. Chem. Chem. Phys.,

2023, 25, 30960

Exploring correlation effects and volume collapse
during electride dimensionality change in Ca2N†

Dmitry Y. Novoselov, *abc Mary A. Mazannikova, abc Dmitry M. Korotin, ab

Alexey O. Shorikov, abc Vladimir I. Anisimovabc and Artem R. Oganov b

We investigate the role of interstitial electronic states in the metal-to-semiconductor transition and the

origin of the volume collapse in Ca2N during the pressure-induced phase transitions accompanied by

changes of electride subspace dimensionality. Our findings highlight the importance of correlation

effects in the electride subsystem as an essential component of the complex phase transformation

mechanism. By employing a simplified model that incorporates the distortion of the local environment

surrounding the interstitial quasi-atom (ISQ) which emerges under pressure and solving this model by

Dynamical Mean Field Theory (DMFT), we successfully reproduced the evolution between the metallic and

semiconducting phases and captured the remarkable volume collapse. Central to this observation is a

significant enhancement of the localization of excess electrons and the emergence of antiferromagnetic

pairing among them, leading to a spin-state transition with a notable reduction in the magnetic moment

on the interstitial states.

1 Introduction

Recently, there has been a surge of interest in electrides, com-
pounds with unique physical properties whose electrons are
confined within crystalline voids.1–14 The existence of interstitial
electrons can significantly affect the physical and chemical char-
acteristics of these materials. It is worth noting that the wave
functions describing interstitial electronic states can exhibit both a
localized and delocalized character14,15 and transition between
these states can occur due to the change in the dimensionality
of the electride subsystem. Since electride energy bands are located
in the vicinity of the Fermi level, a change in degree of localization
of interstitial electrons can lead to dramatic changes in the
observed properties, including transport, thermal, structural, and
magnetic ones.

Previous studies16,17 of the first two-dimensional inorganic
layered electride Ca2N have revealed that this system undergoes
a series of phase transitions under pressure, accompanied by a
consistent reduction in the dimensionality of the region where
excess electrons are localized. The anomalous metal-to-

semiconductor transition in Ca2N under pressure, characterized
by a sharp increase in resistivity and simultaneous volume
collapse, is attributed to this unique characteristic of its electro-
nic subsystem. Similar behavior was observed in elemental
lithium, sodium, and calcium.18–21 The physics of this phenom-
enon involves a significant increase of the localization degree of
electrons in interstitial voids under pressure due to the strong
repulsion between valence and inner electrons, arising from
orbital overlap. The corresponding wave functions, which satisfy
the orthogonality requirement, will be centered on interstitial
positions. As a result, the electron density flows from the space
around the atoms towards the vacant interstitial positions within
the crystal structure. These electrons become quasi-anions and
their partially occupied states are situated near the Fermi level.
Such states are characterized by significant electron–electron
repulsion, leading to substantial correlation effects.5–8,14 If sig-
nificant overlap of electride states is possible due to the crystal
structure, then splitting into bonding and anti-bonding levels
occurs. We propose that this exotic behavior, accompanied by
the transition from a 3D to a 0D electride phase, is the primary
driving mechanism of energy gap formation and volume col-
lapse in Ca2N under pressure.

2 Results and discussion
2.1 Crystal and band structures

Under normal conditions, Ca2N is a two-dimensional electride
with a chemical formula [Ca2N]+�e�. Electrons confined in the
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voids located between the calcium layers occupy a quasi-
anionic site.7 Dicalcium nitride undergoes a structural transi-
tion from the initial layered R%3m structure to the 3D (previously
described as 1D16) electride phase with Fd%3m symmetry16 under
pressure (E2.8 GPa). Fig. 1 shows the isosurfaces of the
electron localization function (ELF) for a fragment of the Fd%3m
crystal structure for two ELF values: ELF = 0.75 (a) and ELF =
0.79 (b). In this phase, the interstitial charge density forms a
connected charge network with regions of the highest localiza-
tion near tetrahedral voids between calcium atoms (Wyckoff
position 8a). The localization of the electronic density in the
center of the calcium tetrahedron is clearly seen in Fig. 1(a)
where the isosurface for ELF = 0.75 is drawn.

One can see from the band structure, presented in Fig. 2,
that the interstitial electronic states lie in the vicinity of the
Fermi level predominantly within the �1.5 to 0.5 eV energy
window. The band structure below the electride states is
composed of nitrogen p-states and shows some hybridization
with the interstitial bands, particularly noticeable at the G-
point. Note also that the electride states that form the top of the
conduction band have a threefold degeneracy at the G point
protected by crystal symmetry.

Further compression causes a structural transition from the
Fd%3m phase to the 0D electride phase with I%42d symmetry,

which remains stable above 20.5 GPa.16 This transition occurs with
a sharp change in cell volume (E7%) accompanied by the change
in electrical resistance corresponding to the transition from
metallic to semiconducting behavior.16 The structural parameters
and energy band dispersion of the I%42d phase can be found in the
ESI.† The analysis of the ELF isosurface for I%42d phase (Fig. 3(b))
allows one to identify the region of localization of interstitial
charge density at the centers of symmetric but highly compressed
tetrahedra (Fig. 3(a)) formed by four calcium atoms in the first
coordination sphere of the non-nuclear attractor (Wyckoff position
4b). Thus, the application of external pressure leads to a distortion
of the calcium tetrahedron, resulting in a reduction of symmetry of
the local environment of the interstitial quasi-atom, lifting the
degeneracy of the interstitial electronic states.

Fig. 2 also shows the plots of the density of states for the
Fd%3m and I%42d phases. It can be seen from their comparison
that during this structural transition the interstitial energy
band near the Fermi level becomes spilled into two subbands
completely filled and empty, separated by an energy gap.

2.2 Maximally localized Wannier functions

To describe the electronic states of the electride, we constructed
Maximally Localized Wannier Functions (MLWFs) projected
within the energy window spanned by energy bands in the
vicinity of the Fermi level. The Wannier functions of excess
anionic electrons in the one-dimensional electride phase of
Ca2N were centered at the 16c Wyckoff positions of the Fd%3m
space group. The isosurface of the four resulting squared
electride MLWFs is shown in the left part of Fig. 4. The
combination of these four MLWFs forms a molecular orbital
centered at the 8a Wyckoff position that is located in the center
of the tetrahedral cage formed by the nearest calcium cations
(right part of Fig. 4). Both the spatial distribution of this
molecular orbital (Fig. 4(b)) and the ELF = 0.75 isosurface
(Fig. 1(a)) resemble an orbital with sp3 symmetry. Interstitial
electronic states that compose a molecular orbital with sp3-like
symmetry represent four-fold degenerate partially filled states.

Since the electride states are hybridized with the p-states of
nitrogen atoms, in addition to the interstitial electronic states,

Fig. 1 Isosurface of electron localization function (ELF) for the primitive
Fd %3m cell fragment in the cases of ELF = 0.75 (a) and ELF = 0.79 (b). White
spheres correspond to calcium atoms, red and green spheres denote 16c
and 8a interstitial Wyckoff positions, nitrogen atoms are hidden for
convenience.

Fig. 2 Band structure of Fd %3m phase (solid gray curves) and MLWFs with
colored projected components of interstitial MLWFs; density of states for
Fd %3m and I %42d structures.

Fig. 3 Schematic view of I %42d unit cell (a) and isosurface of ELF = 0.8 (b)
for a fragment of I %42d structure. White spheres correspond calcium
atoms, green spheres denote 4b interstitial Wyckoff positions, nitrogen
atoms are hidden for convenience.
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the p-N states were also included in the basis to construct a
small non-interacting Hamiltonian. Then the Hamiltonian was
diagonalized, corresponding to the transition into the local
basis of molecular orbitals, which form the one-dimensional
charge network of the electride.

2.3 Hypothesis

Transformation into the local basis set of molecular orbitals
leads to the decomposition of the electride electronic subspace
into one fully filled and three partially filled orbitals, which
exhibit a triple degeneracy similar to the decomposition of sp3

into one s and three p orbitals (Fig. 5). With the start of the
pressure-induced structural phase transition from Fd%3m to
I%42d, Ca4 tetrahedra around the ‘‘electride’’ maximum become
distorted and this leads to a reduction in the symmetry of the
local crystal field of the interstitial quasi-atom. This results in
the lifting of the degeneracy of the triply degenerate sub-shell.

Since the interstitial electronic states in the Fd%3m phase are
partially filled and well-localised, significant correlation effects
within the Ca2N electride subsystem are expected, as proposed
in paper.7 These correlations might be responsible for the
metal-semiconductor transition and volume collapse.

To verify this hypothesis and to qualitatively reproduce the
metal-semiconductor transition with volume collapse, we intro-
duce an additional potential for electride states, simulating the
presence of a crystal field distortion. This potential is specifically
designed to reproduce an energy split in the Hamiltonian, which
lifts the degeneracy of the triply degenerate band. This is accom-
plished by shifting one level below the sub-shell’s center of mass
by d and raising two doubly degenerate levels by d/2, while
maintaining the band center’s position (see Fig. 5).

2.4 DMFT

The constructed Hamiltonian was solved using the combi-
nation of density functional theory (DFT) and dynamical mean
field theory, the so-called DFT+DMFT method,22 which allows one
to take into account electronic correlations and many-body effects in
the electride subsystem. Calculations were carried out for a set of d
values at a fixed Coulomb parameter U = 2.5 eV, which was
previously estimated for Ca2N.7 One can see from the density of
states presented in Fig. 6, that there are two sets of solutions
corresponding to the metallic state with 0.0 r d r 0.2 (curves in
green shades) and the state with an energy gap for 0.3 r d r 0.5
(curves in yellow-red shades). Therefore, we obtain a clear picture of
the metal-to-semiconductor transition occurring at the critical value
of the crystal field splitting parameter d = 0.3 eV.

After applying the external potential, the density of states at
the Fermi level first increases and then abruptly drops, and the
energy gap opens at d = 0.3 eV. This behavior occurs since the
lower band gradually shifts down with increasing strength of the
crystal field, and after reaching the critical value, it splits further
due to the Coulomb interaction between the electride electrons.
Further enhancement of the crystal field leads to an increase in the
energy gap, which is consistent with experimental observations16

showing a resistivity jump followed by its subsequent increase.
Fig. 7 shows the orbital-resolved density of states for the

several solutions: without CF (a), just before and after the transi-
tion (b and c), and without electron–electron Coulomb interactions
(d). One can see from Fig. 7(a), that in the absence of a distorting
crystal field, three states remain degenerate and an energy gap is
absent. It is worth noting that, in addition to opening the energy
gap during the metal-to-semiconductor transition (Fig. 7(b) and
(c)), they exhibit a qualitative difference: In the first case, molecular
orbitals 2, 3, and 4 are partially filled, while in the second case,
orbital 2 is completely filled, and orbitals 3 and 4, while remaining
degenerate, become the conduction band which is typical for the
Mott metal-insulator transition. In the absence of Coulomb inter-
action between interstitial electrons, the presence of a crystal field
is insufficient to open an energy gap and create fully occupied and
fully empty states (Fig. 7(d)).

Fig. 4 Isosurface of square of 4 interstitial MLWFs (a) and its sum (b) for
Fd %3m phase. White spheres correspond calcium atoms, red and green
spheres denote 16c and 8a interstitial Wyckoff positions, nitrogen atoms
are hidden for convenience.

Fig. 5 Sketch of the electride levels splitting in a local coordinate system
(LCS) and the model splitting by a distorted crystal field (CF).

Fig. 6 Dependence of the density of states on energy relative to the
Fermi level for different values of d.
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To evaluate pressure, we fit to our total energies the third-
order Birch–Murnaghan equation of state23 for the case without
crystal field splitting and for the solution with d = 0.5 eV at
which the magnitude of the energy gap is closest to the value of
the gap in the I%42d phase.16,17 Then the enthalpy (H = E + PV) for
these two solutions was calculated to determine the transition
pressure and the change in volume. The resulting phase dia-
gram is shown in Fig. 8. From this figure one can see that the
phase transition occurs at a pressure of 28.3 GPa, which is close
to the experimentally observed16 value of 20.5 GPa. Quantitative
discrepancies between experimental data and model outputs
may be attributed to the model’s simplicity and the lack of
feedback between solving the impurity problem in DMFT and
DFT’s lattice degrees of freedom. Our calculations show that

this transition is accompanied by a volume collapse of 1.2%.
Although this value is less than the experimental16 one, the
qualitative effect is well reproduced by this oversimplified model.
This supports our hypothesis regarding the role of interstitial
electronic correlations in the metal-to-semiconductor transition
and the volume collapse phenomenon in the Ca2N during the
transformation of the 3D–0D electride subspace.

2.5 Spin-state transition and magnetism

On the next step we used this model, which reliably reproduces
the metal-to-semiconductor transition and volume collapse, to
analyze changes in magnetic properties during the observed
phase transformation. We started with the study of the lifetime
of the local moment by analysis of the evaluation of the local
spin–spin correlation function hSz(t)Sz(0)i on the imaginary

time axis (Fig. 9) where Sz ¼
P

iss0
ĉ
y
issss0 ĉis0 , ĉ†

is and ĉis0 are the

electron creation and annihilation operators at orbital i and
spin projection s, rss0 are Pauli matrices.24–26 Fig. 9 clearly
shows the presence of two distinct sets of curves for d r 0.2 eV
and d Z 0.3 eV, i.e. before and after opening the gap. One can
see the qualitative difference in the behavior of the correlation
functions between these two sets: in the first case, a very strong
dependence on imaginary time is observed, unlike the second
case, where the dependence is much less pronounced. This
indicates that the lifetime of the local moment in the second
phase is significantly longer than in the first phase and that the
moments in the second phase are more localized.

We also performed calculations of spin–spin correlation func-
tions for d = 0.0 and 0.5 eV at various temperatures, from which the

local spin susceptibility was derived as wloc ¼ gs
2=3 �

Ð b
0dthSð0ÞSðtÞi,

where gs = 2 is the electron spin factor g and S is the spin
operator (inset in Fig. 9). The temperature dependence of wloc

exhibits qualitative differences between the two phases of Ca2N.
In the case of the 3D electride system (d = 0.0 eV), the behavior
indicates the presence of partially localized and relatively large
magnetic moments in the interstitial regions. On the other

Fig. 7 Orbital-resolved density of states relative to the Fermi level for the
cases without distorting CF (a), with d = 0.2 and d = 0.25 in the inset (b) and
0.3 eV (c), as well as with d = 0.3 but with Coulomb parameter U = 0 eV (d).

Fig. 8 Phase diagram with metal-to-semiconductor cross at P = 28.3 GPa.

Fig. 9 Local spin–spin correlation functions hSz(t)Sz(0)i in the imaginary
time domain at b = 20 eV�1 for different values of the crystal field splitting
parameter d. Inset: Temperature dependence of the local spin suscepti-
bility at d = 0.0 and 0.5 eV.

Paper PCCP



30964 |  Phys. Chem. Chem. Phys., 2023, 25, 30960–30965 This journal is © the Owner Societies 2023

hand, for the phase corresponding to the 0D electride (d =
0.5 eV), the local susceptibility is close to zero and practically
independent of temperature. Considering that the localization
of moments in the 0D phase is significantly higher, one can
conclude that the interstitial electrons form a pair with a net
magnetic configuration S = 0.

The dependence of square of the magnitude of the fluctuat-
ing moment hmz

2i on the crystal field parameter d shown in
Fig. 10 confirms the sharp decrease of local magnetic moment
on the interstitial states. The inset in Fig. 10 presents the
statistical weights of possible spin states, which clearly show
that a spin-state transition occurs during the 3D–0D transition.
The statistical weight of the states with spin S = 1 decreases
almost to zero at d = 0.3 eV, while the weight of the states with
S = 0 becomes dominant and approaches 80% as d increases.
This observation supports the model of formation of electron
pairs on the interstitial states of Ca2N during the transition
from the Fd%3m to the I%42d phase.

The mechanism described in this paper accompanying the
phase transition from 3D to a 0D electride phase under pressure
can have universal features that characterize electrides as materi-
als in which Coulomb correlations play an important role in the
formation of their observed properties. These include the growth
of the degree of localization of interstitial electronic states due to
a decrease in the volume of crystal cavities and an increase in the
depth of the electrostatic potential well that confined excess
electrons. If quasi-atom states are only partially filled, increasing
localization leads to a stronger Coulomb interaction between
excess electrons. This creates a tendency for a transition from the
metallic phase to the insulator or semiconductor phase. Further-
more, a decrease in the symmetry of the crystal environment of
the electride cavity promotes and intensifies this transition. This
ultimately results in the effect of volume collapse.

3 Conclusion

In summary, we have established that the mechanism of the
experimentally observed metal-to-semiconductor transition
during the structural transformation from the Fd%3m to the

I%42d phase of Ca2N under pressure is reminiscent of Mott
physics and is driven by correlation effects on interstitial
electronic states. Implementation of this mechanism assumes
lifting of the symmetry protection of degenerate states in the
electride subsystem due to the distortion of the crystal field by
the local environment of the electride quasi-atom. Using a
simplified model that takes into account the partial reduction
of the degeneracy from interstitial electronic states and solving
it by DMFT, we were able to reproduce the experimentally
observed transition between 3D and 0D electride phases and
qualitatively obtain the volume collapse. We have shown that an
increase in the strength of correlation effects during the metal-
to-semiconductor transition, accompanied by a pronounced
enhancement in the localization of electride states and the
emergence of pairing of the excess electrons, leads to a spin-
state transformation and a drop in the magnetic moment on the
interstitial states.

One can expect that the metal-to-semiconductor transition,
as well as the spin-state transition between high-spin and low-
spin states, is the typical mechanism of the 3D–0D transforma-
tion in electrides under pressure and is worth further detailed
investigation.

4 Methods

The noninteracting DFT band structure e(
-

k) was obtained using
the Quantum ESPRESSO package27 with the exchange–correlation
energy described by the generalized gradient approximation (GGA)
and the Perdew–Burke–Ernzerhof (PBE) functional.28 Structural
data for Ca2N were taken from ref. 16. The MLWF basis was
generated using the Wannier90 package,29 which was also used to
extract the noninteracting GGA Hamiltonian HGGA in the real
space. The Hamiltonian obtained was converted to reciprocal
space using a regular 12 � 12 � 12 k-point mesh, followed by
diagonalization. This transformation effectively reduces the off-
diagonal elements of the Green’s function to negligible values,
enabling the utilization of a diagonal solver. DFT+DMFT calcula-
tions were performed for the inverse temperature b = 1/kBT from 10
to 50 eV�1, where kB is the Boltzmann constant and T is the
absolute temperature. The effective quantum impurity problem30

was solved using the continuous-time quantum Monte Carlo
method with the hybridization expansion algorithm31 as imple-
mented in package AMULET.32
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