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ABSTRACT: Electrides contain interstitial electrons with the states that are spatially
separated from the crystal framework states and form a detached electronic subsystem. In
mayenite [Ca12Al14O32]2+(e−)2 interstitial electrons form a unique charge network where
localization and delocalization coexist, pointing to the importance of investigating the manybody nature of electride states. Using density functional theory and dynamical mean-field
theory, we show a tendency toward electron localization and antiferromagnetic pairing, which
leads to the formation of an experimentally observed peak under the Fermi level. The effect is
associated with strong hybridization between interstitial electronic states, which removes the
degeneracy and leads to the formation of a singlet state on a bonding molecular orbital as well
as with the Coulomb interaction between interstitial electrons. Our work provides a
fundamental understanding of the localization mechanism of interstitial electrons in mayenite
and proposes a new approach for a proper description of the electronic subsystem of mayenite
and other electrides.

M

ayenite (equivalent notations Ca12Al14O33, 12CaO·
7Al2O3, or C12A7) is an ionic framework of calcium
aluminate with I4̅3d symmetry.1−3 The structure of mayenite
consists of 12 cages per unit cell. The cages have openings that
look to each other and allow the extraction and loading of ions,
which can then migrate through interconnected pores. Although
the lattice framework has a positive charge, the cavities have
statistically distributed counteranions (O2−), which ensure the
electroneutrality of the mineral as a whole.2,4 The charged
oxygen counteranions can be removed from the material as a
neutral oxygen molecule and leave behind two excess electrons,
which compensate the framework charge and convert mayenite
into a zero-dimensional electride C12A7:e−.5 The crystal
structure of C12A7:e− can absorb up to 2.33 × 1021 cm−3
excess electrons.6 The first fully reduced mayenite was obtained
in 2003,7 and it can be synthesized now directly from Al and
commercially available precursors of CaO and Al2O3.8 Because
the mayenite framework is quite rigid, removing oxygen atoms
from the cavities does not destroy it. Moreover, these cavities
can embed,9 for example, ions of gold, platinum, and chlorine as
well as rare-earth elements, leading to a wide variety of
technological applications, including promising field-emission
properties10,11 and prominent catalytic activity.12−19 Mayenite,
which is self-doped with electrons placed in positively charged
cavities, can exhibit interesting physical properties such as low
work function, a state of phonon glass and an electron crystal
state,20 a metal−insulator transition with a change in the
concentration of interstitial electrons,20 and superconductivity.21−24 These properties of mayenite originate from the nesting
© 2022 American Chemical Society

of electride electrons in the cages weakly coupled to the lattice.
These electrons form the energy states lying in the vicinity of the
Fermi level.
The electronic structure of mayenite electride has been a
subject of controversy in various theoretical studies. Early
works25−27 developed a model in which the electron density was
mainly localized in cages, but mayenite turned out to be an
insulator. It was shown6 using different density functional theory
(DFT) functionals that electride electrons are neither bound to
specific atoms nor completely delocalized, but this was done
separately for the fully localized insulating and uniformly
delocalized metallic solutions. At the same time, another
model was proposed21,28 that employs a highly delocalized
electron system that contradicts the notion that C12A7:e−
mayenite is an electride. Bader analysis29 of the charge density
distribution obtained by DFT did not find any non-nuclear
attractors and the corresponding electride Bader basins in
C12A7:e−.21 DFT calculations indicate that interstitial electrons
are uniformly distributed between all cavities and do not have
centers of localization, whereas neutron and synchrotron X-ray
diffraction experiments2 have shown that the electron density is
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Figure 1).36−41 The obtained MLWFs represent the electride
states and predominantly have an s-like orbital symmetry. These
functions effectively contain contributions from the states of the
frame atoms (yellow and blue areas of the isosurface in the inset
of Figure 1). These contributions are due to the hybridization
between the electride and atomic states and provide an
interaction channel between the electrons localized in the
neighboring cavities.
If electronic correlations are not taken into account, the
electride states do not have a peak in the density of states below
the Fermi level (Figure 1). We calculated the value of the
Seebeck coefficient α solving the semiclassical Boltzmann
transport equations42 using the maximally localized Wannier
function basis set and found that it has a negative sign α ≈ − 9
μV/K at T = 300 K, while the experiment value of the Seebeck
coefficient for the highest possible concentration of excess
electrons is positive α = 10 μV/K at T = 300 K.20 The negative
sign of the Seebeck coefficient indicates that the main type of
charge carriers is electrons, while the experimental data20
suggest that holes are the main carriers at the maximum possible
concentration of electride electrons. All the Wannier functions
obtained from the DFT calculation have the same occupancy,
which is less than half-filling (1/3e). A change in the sign of the
Seebeck coefficient from “−” to “+” is possible with more than
half-filling of the corresponding states, and it could be realized in
the case of a nonuniform redistribution of electrons between
different electride states in favor of one of them.
The obtained MLWFs were used as a basis to construct the
non-interacting Hamiltonian. All the diagonal elements of this
Hamiltonian have the same value, and if off-diagonal elements
were absent in the Hamiltonian, then these states would be
degenerate. However, hybridization between the electride
orbitals of neighboring cavities, which lifts the degeneracy of
electride states, leads to the presence of such off-diagonal
elements corresponding to electron hoppings between cavities.
These elements reflect essential information about an intrinsic
symmetry of the electride electronic subsystem and intercage
electronic hoppings, which can be described as a charge
network. These interactions can be taken into account
considering the electride electron subsystem as a cluster25 or a
molecule.43,44
For this purpose, we employed the combination of density
functional theory and dynamical mean field theory, the so-called
DFT+DMFT method.45−47 The continuous-time quantum
Monte Carlo (CT-QMC)48 solver, which treats the diagonal
elements of Green’s function only, was used to solve an effective
DMFT quantum impurity problem.49 In order to map a cluster
model to a local problem at the first step we diagonalize the
Hamiltonian. This transformation, which is mathematically
rigorous, could be considered as a transition into the basis of the
molecular orbitals43,44 that form the charge network of electride.
In this basis the off-diagonal elements of Green’s function are
negligible, and the lack of degeneracy of electride states and all
interactions between them are contained in diagonal elements of
Green’s function. In this case, using the diagonal solver does not
lead to errors in the description of electride states. We set
interorbital parameter U′ equal to intraorbital parameter U in all
sets of calculations. Calculations were performed for several
values of the Coulomb parameter U, which acts as an effective
interaction parameter between electrons localized on molecular
orbitals. Accounting for correlation effects leads to the
localization and spin pairing of interstitial electrons on one
molecular orbital, while the rest of the interstitial electrons

localized in the centers of cages. At the same time in another
work21 it was claimed that maximum entropy method (MEM)Rietveld combined analyses of synchrotron powder X-ray
diffraction patterns together with DFT calculations indicate
that the electrons are delocalized over the cages. Furthermore,
the results of the DFT4,28,30,31 demonstrate a negative slope of
the density of states (DOS) curve at the Fermi level, which
indicates a negative sign of the Seebeck coefficient (charge
carrier sign), while in the experiment20,24 it is positive for the
metallic phase of [Ca12Al14O32]2+(e−)2. Furthermore, using
high-resolution photoemission spectroscopy, a small but welldefined peak at the Fermi level (EF) was clearly observed,31
while DFT4,28,30,31 does not show any tendency to form such a
peak. A probable reason lies in the fact that DFT tends to overdelocalize electron density due to the self-interaction error
(SIE).32 In this work, we reproduce a partially localized metallic
state and elucidate the mechanism responsible for the
localization of electride electrons. For this purpose, we studied
the electronic structure associated with excess electrons
describing them with Maximally-Localized Wannier Functions
(MLWFs)33 and considered them as a set of strongly hybridized
molecular orbitals taking into account many-body correlation
effects in the framework of Dynamical Mean-Field Theory
(DMFT).34,35
The Wannier functions of excess anionic electrons in
C12A7:e− are centered at the 12b Wyckoff position of the
I4̅3d group and are enclosed by the nearest axial calcium cations
that form the first coordination sphere inside the cages. The
latter being basic structural units of the mayenite framework
with S4 symmetry form periodic quasi-0D (0D = zerodimensional) spaces (see inset in Figure 1). These states

Figure 1. DFT density of states and band structure of
[Ca12Al14O32]2+(e−)2 relative to the Fermi level (EF). The contribution
to the Bloch states by the MLWFs centered on the interstitial voids is
shown by red circles. FVB and FCB are abbreviations of frame valence
and frame conduction bands. (inset) Isosurface of a spatial distribution
of a maximally localized Wannier function in a cage with its schematic
view. The S4 symmetry axis passes through the center of the cage, and
the axial Ca atoms are denoted by the blue dashed line.

correspond to the energy bands crossing the Fermi level, wellseparated from the frame valence and the frame conduction
(FVBs and FCBs) bands and lying in the range from −1 to 1 eV
relative to the Fermi level (Figure 1). To describe these electride
electronic states, we constructed six MLWFs projected within
the energy window spanned by six energy bands in the vicinity of
EF (Figure 1) and centered in the cavities (voids) (inset in
7156
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remain only partially localized, providing a nonzero density of
states at the Fermi level and metallic character. This scenario is
reminiscent of the orbital-selective Mott transition model
proposed for (Ca,Sr)2RuO4.50 The degree of localization and
emergence of electron singlet depends on the value of the
interaction parameter U. Such behavior indicates a tendency
toward the formation of diamagnetic electron pairs with
antiparallel spins or a singlet polaron, which is consistent with
the experimental observations.5
To analyze changes in the density of electride electronic states
that arise as a result of accounting for many-body effects, the
spectral functions were evaluated using an analytical continuation of the self-energy dependences on the real frequencies
(Figure 2). It can be seen from Figure 2 that, unlike DFT, a well-
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Figure 3. k-Resolved total spectral function A(k, ω) of
[Ca12Al14O32]2+(e−)2 along the Γ-X-M-R-Γ direction obtained by
DFT+DMFT for U = 1.2 eV; the DFT band structure is shown with
blue circles.

DMFT calculations of mayenite electride also show that
taking into account the many-body correlation effects leads to an
energy gain equal to −0.5935 (±0.0003) eV/cell due to the
increased localization of the electronic states, indicating the
favorability of this process.
The formation of localized electron diamagnetic pairs will lead
to inhomogeneity of the electron density distribution within the
charge network. This will cause corresponding structural
distortions accompanied predominantly by compression of
some cages along the S4 symmetry axis6,21,25 passing through the
center of the cage and two axial calcium atoms due to
electrostatic attraction between them and interstitial electrons.
Inhomogeneous lattice distortions facilitate the localization of
out-of-framework electrons at the distorted lattice cages.6 Such
an observation corresponds to a polaron formation that agrees
with the polaron-type electronic conductivity.6,51,52 Thus, the
next stage of research could be complete charge-self-consistent
DFT+DMFT calculations, which would give a more accurate
crystal structure and related electronic properties.
In the case of less than half-filling, DFT does not allow one to
obtain a localized singlet electron state due to the absence of a
pairing potential. To analyze and illustrate the mechanism of an
antiferromagnetic electron pairing observed in the electride
subsystem of mayenite, we present a minimal ad hoc three-band
model with semicircular density of states DOSi ( )=2/ Di

Figure 2. Total density of electride states obtained by DFT (black
dashed curve) and by DMFT with different U values (solid curves) as
well as the experimental data31 marked with blue circles. (inset) An
enlarged region below the Fermi level.

pronounced peak directly below the Fermi level is formed in
DMFT in the energy range of the cage valence band. The
position of this peak depends on the value of the Coulomb
parameter U. The best agreement of the peak position with the
results of the photoemission spectroscopy experiments31 is
achieved for U = 1.2 eV. The valley-like shape of the DOS at EF
also agrees with the Seebeck coefficient measurements.20,24 The
formation of the peak below the Fermi level in DMFT indicates
that localization of electride electrons was caused by correlation
effects and can emerge even without structural distortions, that
is, cage compression around localized electrons.
In DMFT, 1.61 out of 2 anionic electrons are localized at the
bonding molecular orbital, clearly indicating the presence of
antiferromagnetic electron pairing. It is worth noting that the
energy spectrum tends to form a pseudogap between the
bonding and antibonding states, while the remaining four
orbitals form a common peak at 0.5 eV above the Fermi level and
are nonbonding states.
The DMFT k-resolved spectral function for U = 1.2 eV, which
might be compared directly to angle-resolved photoemission
spectroscopy (ARPES), is shown in Figure 3. It demonstrates
strong thermal smearing, which is responsible for the pseudogap
in the DMFT DOS in contrast to the DFT bands (shown with
circles). One can see an almost separated flat band just below the
Fermi level, which corresponds to the broad band in the DMFT
spectral function (see Figure 2), which spreads from −2 eV to
the Fermi level with a pronounced peak.

× 1 ( /Di)2 , where 2Di is the bandwidth W. We set W = 2
eV; interband Coulomb repulsion U′ was varied from 0 to 1.8
eV, and intraband U was set to 1.2 eV. These values were chosen
to reproduce the DOS from DFT and the behavior of a real
electride when using DMFT. If we treat the electride subsystem
as a charge network, then nonzero off-diagonal elements of the
Hamiltonian will lead to the appearance of bonding,
antibonding, and nonbonding molecular orbitals. To reproduce
this picture for the case of nondegenerate bands we introduce
the additional splitting of Δ = ±0.9 eV. The filling was set to two
electrons in all cases. This model was solved by DMFT for β = 10
eV−1 using CT-QMC solver. This solver allows one to calculate
not only magnetic and spectral properties but also the
probabilities (statistical weights) of different electronic configurations. The results of the calculations are presented in Figure
4.
This simple model can reproduce the formation of paired
states with a small number of adjustable parameters. In the case
of fully degenerate bands with two electrons and only intraband
U taken into account we obtain a metallic state with negligible
7157
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The results obtained in this work clearly demonstrate the
tendency toward the formation of electride diamagnetic pairs in
C12A7:e− with electron anions coupled antiferromagnetically
with each other (S = 0),5 which, in particular, may be in favor of
the bipolaronic mechanism54 of superconductivity in mayenite.
The localization of electride states in mayenite, together with the
data obtained earlier55−59 for other electrides, allows us to
suggest the importance of taking into account many-particle
correlation effects when considering the electride subsystem.
In summary, using the DFT+DMFT approach, we showed a
clear trend toward localization and antiferromagnetic electron
pairing in the C12A7:e− mayenite electride. This effect is based
on both strong hybridization between interstitial electronic
states, which lifts the degeneracy of the electronic subsystem and
leads to the formation of a singlet state on the bonding molecular
orbital, and the presence of the Coulomb interaction between
electrons on the electride state and between neighboring cages.
Some of the electrons maintain a partially delocalized character,
providing a nonzero density of states at the Fermi level. This
leads to the formation of the experimentally observed peak31 in
the cage valence band just below the Fermi level together with
the metallicity. Thus, we found that many-body correlation
effects in the subspace of the electride charge network are a
crucial part of the physics that defines important properties of
electride mayenite.

■

Figure 4. DOS of the model obtained by DMFT with U = 1.2 eV and
(a) U′ = 0 eV, Δ = 0 eV, (b) U′ = 1.2 eV, Δ = 0 eV, (c) U′ = 1.2 eV, Δ =
±0.9 eV, and (d) U′ = 1.8 eV, Δ = 0 eV. (insets) Weights of
configurations with different numbers of electrons. The red shading
corresponds to the weight of the paired state.

COMPUTATIONAL METHODS
As the first step, a non-interacting DFT band structure ε(k)⃗ was
obtained using the VASP package60 with the exchangecorrelation energy described by the generalized gradient
approximation (GGA) and the Perdew−Burke−Ernzerhof
(PBE) functional. 61 The initial structural data for
[Ca12Al14O32]2+(e−)2, which has equal cages, were taken from
ref 2. Integration in the reciprocal space was performed on a
regular 4 × 4 × 4 k-point mesh in the irreducible part of the
Brillouin zone. The MLWF basis was obtained using the
Wannier90 package,37 which was also used to extract the noninteracting GGA Hamiltonian HGGA in the real space. The
obtained Hamiltonian was transformed into the reciprocal space
on a regular 12 × 12 × 12 k-point mesh and then diagonalized,
which makes off-diagonal elements of Green’s function
negligible and allows one to use the diagonal solver. The DFT
+DMFT approach45,46 was used to take into account Coulomb
correlations and many-body effects for the constructed
Hamiltonian. DFT+DMFT calculations were performed for
the inverse temperature β = 1/kBT = 20 eV−1, where kB is the
Boltzmann constant and T is the absolute temperature. The
effective DMFT quantum impurity problem49 was solved using
the continuous-time quantum Monte Carlo method with the
hybridization expansion algorithm48 as realized in the package
AMULET.47 The analytical continuation of a self-energy
dependence from Matsubara to the real frequencies was
evaluated using the Padé approximation method.62 The
electronic transport properties were evaluated in a semiclassical
transport framework using an MLWF basis for the band
structure interpolation and the calculation of band velocities
within BoltzWann.42

weight of the state with paired electrons (see Figure 4a). This
solution matches the expectation for the model with U/W < 1. It
is worth noting that the weights of configurations with a total
number of electrons of 1 and 2 are significant, which indicates
that electrons are itinerant.
An increase in the interband repulsion parameter U′ up to 1.2
eV (Figure 4b) does not qualitatively change the result. The
system remains metallic, but the weight of the paired electrons
becomes 0.11, which can be interpreted as the threshold for the
formation of a singlet state. The mean-squared magnetic
moment ⟨m2z ⟩ for these two cases is 1.76 and 1.50 μB2,
respectively, which also indicates the absence of a paired state. A
further increase of U′ to 1.8 eV (Figure 4d) drastically changes
the result. A singlet paired state with a weight of 0.78 appears,
and the value of ⟨m2z ⟩ drops to 0.29 μB2. Also, a pseudogap at the
Fermi level is formed. In the case of a nondegenerate model, the
pairing of electrons with the formation of a pseudogap state can
occur for lower U′ = 1.2 eV (Figure 4c). The small value of the
mean square of the magnetic moment ⟨m2z ⟩ = 0.2 μB2 also shows
that two electrons form a singlet state. This can be explained by
the fact that the scaling of the critical U parameter in the
Hubbard model is necessary for the metal−insulator transition
as follows: Uc = √NUNc = 1, where N is degeneracy, and UNc = 1 is
the critical value for the nondegenerate case.53
Thus, the mechanism of localization of a diamagnetic pair in
mayenite is based on strong hybridization between electride
states, which removes the degeneracy and facilitates the
formation of a singlet state in the bonding molecular orbital as
well as the presence of the Coulomb interaction between
electride electrons both inside one cage and between adjacent
ones.
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