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Electronic correlations and intrinsic magnetism of
interstitial quasi-atomic states in Li8Au electride†

Dmitry Y. Novoselov, *abc Dmitry M. Korotin, ab Alexey O. Shorikov, abc

Vladimir I. Anisimov abc and Artem R. Oganov c

We investigate the electronic sub-system of a recently designed Li8Au superconducting electride to reveal its

many-body correlated nature and magnetic properties. Using maximally localized Wannier functions (MLWFs) to

describe the interstitial anion electron (IAE) states, it was found that these states are partially occupied with a

population of 1.5e� and have negligible hybridization with the almost completely filled p-Au states. The averaged

interaction screened Hubbard parameter U for quasi-atomic IAE states evaluated by the constrained random-

phase approximation (CRPA) method is 2 eV, comparable to the width of the electride band suggesting

moderate electronic correlations. Using dynamical mean field theory (DMFT) approach we found that IAEs in

Li8Au electride behave as magnetic centers and possess their own well localised magnetic moments of 0.5mB

per quasi-atomic IAE. The obtained results deepen the understanding of the significance of many-body effects

in the IAE subsystem of electronic states and reveal the mechanism for the formation of intrinsic magnetic

moments on IAEs, which behave like ferromagnetic quasi-atoms in the Li8Au electride. Overall, the observed

correlation effects in Li8Au emphasize their importance in materials with excess electrons confined in cavities.

1 Introduction

Electrides are an unusual class of materials where interstitial
anionic electrons (IAEs) are trapped in ordered cavities of a
positively charged lattice framework. In contrast to conven-
tional ionic crystals, in electrides the set of occupied energy
bands cannot be decomposed as a sum of band representations
(BRs) induced by only atomic orbitals in crystals, but necessa-
rily should includes BRs of quasi-atomic orbitals centered at
electride sites.1 The wave functions of such electrons confined
in anion vacancy positions exhibit a unique duality, combining
strong localization and spatial extent caused by the competition
between the kinetic energy and Coulomb interactions. Such
rivalry leads to the realization of a complex many-body ground
state. In some cases, the coupling between subsystems of
atomic and interstitial electrons is so weak that the latter can
be considered separately, thereby creating a remarkable plat-
form for the implementation and study of phenomena in pure
quantum electronic systems.2,3 In particular, such treatment

led to the discovery of the Wigner-crystal4 state on the electride
surface.5 Besides, peculiarities of electride states lead to several
intriguing properties such as high carrier concentration,6 low
work function7 and high electron mobility6 as well as surface
magnetism.8 These properties offer electrides wide prospects
for applications9 in spintronics, electron emission devices,10

high-performance catalysis,11,12 rechargeable ion batteries,13

superconductivity.14,15

As shown earlier, predictions based on density functional
theory (DFT) level are not always able to fully reflect the physics
of the electride subsystem since many-body effects need to be
taken into account.16–24 Usually, electron correlation effects
enrich the physics of the phenomena that occur in materials
and dramatically improve their functionality, and electrides are
not an exception to this rule. It has been recently discovered
that some electrides may possess a specific type of intri-
nsic magnetism unrelated to the electronic subsystem of
atoms.19,25–32 However, understanding the relevance of many-
body effects in the subsystem of electronic interstitial states, as
well as the mechanisms of formation of their intrinsic magnetic
moments in various electrides, remains to be elucidated.

This study focuses on the investigation of Li8Au, a recently
predicted dynamically stable electride33 with the highest criti-
cal temperature of the transition to the superconducting state
Tc of 73.1 K at 250 GPa revealed to date among electrides. This
system resembles both high-Tc hydrides34 and Na2He elec-
tride,35 with high-symmetry building blocks. Since the assumed
space of IAE localization in Li8Au is quite restricted and the
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interstitial electronic states are described by a partially filled
rather narrow energy band, one should examine this system
with respect to the possible appearance of electronic correla-
tion effects and inherent magnetism in the IAE subsystem.

2 Results and discussion

Well-localized interstitial anionic electrons in the cavities of
electrides can be generalized and considered as interstitial
quasi-atoms (ISQs), where IAEs occupy quantized orbitals of
interstitial sites.36 The Li8Au structure represents a double fcc
lattice possessing the Fm%3m space group32 with atomic Au and
positively charged cubic Li8 cages accommodating ISQs. Calcu-
lations of the phonon spectrum have shown that this structure
is dynamically stable over a wide pressure range from 120 to
300 GPa.32 Fig. 1(a) shows the isosurfaces of the electron
localization function (ELF)37 obtained from the DFT charge
density where it is clearly seen that the charge density is
confined at the center of the lithium cubes (4a Wyckoff posi-
tions) and is well localized with ELF = 0.9. The absence of any
contribution on Au atoms suggests that the electron localiza-
tion on the valence p-Au shell is weaker than that for IAEs.

Following the ELF shape and the idea of ISQs, we consider
Li8Au as a crystal with the rocksalt-type lattice formed by ISQs
ions at 4a Wyckoff position and Au ions at 4b Wyckoff position.
Consequently, our goal is to map the band structure obtained
within DFT to the basis of wave functions centered on the
nodes of this new lattice.

To describe properly the wave functions of spatially localized
electrons located at the anion sites we construct the maximally
localized Wannier functions.38 The trial wave function of s-
symmetry was initiated at the ISQ Wyckoff positions. After the
disentanglement and localization process, the MLWF changed
its shape to reflect the local symmetry of the electride state. The
basis set also contained three Wannier functions with the
symmetry of Au p-states. For the MLWFs construction we used
the energy window spanned by energy bands in the range from
�2.5 to 1.5 eV relative to the Fermi level. Besides the electride
states, this energy interval also contains p-Au energy bands.
Fig. 1(b) shows the spatial distribution of the resulting wave
functions describing the ISQ and p-Au states.

The ISQ state’s initial s-symmetry is generally preserved
during the disentanglement and maximally localization proce-
dures. The only difference is that it has extended tails along the
main diagonals of the cube (not shown in Fig. 1) connecting
neighboring electride sites to each other. The presence of these
overlapping regions of the electride wave-functions provides
interstitial electrons the possibility to hop between neighbor-
ing cavities, and also forms a channel for direct exchange
interactions.

The Li8Au band structure shown in Fig. 2 contains three
peculiar points along the directions G–X, K–G and G–L (marked
by dashed circles), corresponding to the orientations towards
the nearest Au atoms in real space which are 2.85 Å away from
ISQ. The Au and ISQ energy bands undergo a discontinuity
associated with the formation of a gap between �1.5 and
�0.8 eV at these points. The appearance of extrema and the
opening of a gap in the band structure between high-symmetry
points along the G–X, K–G and G–L directions indicate a
symmetry breaking of the wave vectors.39 The p-Au triply
degenerate band at the G point has T1u symmetry, while the
underlying band corresponding to the s-ISQ has A1g symmetry.
At the high-symmetry point X, a splitting of the p-Au state into a
doubly degenerate with Eu symmetry and an underlying A2u

state is observed, with the s-ISQ band with A1g symmetry on top.
Thus, the symmetry of the lowest energy band undergoes a
change at the path along the high symmetry G–X direction. This
break leads to restrictions on the electron transfer between the
electride subsystem and the subsystem of atomic electronic
states, as they need to overcome the energy barrier determined
by the value of the corresponding energy gap. The presence of
local extrema in the band structure highlights the origin of Van
Hove singularities, which were mentioned in paper.33 Except
for these three special points, the energy bands of the two
electron subsystems p-Au and ISQ reveal no coupling in the rest
of the Brillouin zone. The hopping parameter tsp between the
ISQ and p-Au states is only 0.02 eV. Thus, two spatially
separated weakly coupled electronic subsystems with comple-
tely independent contributions to the density of states at the
Fermi level coexist in Li8Au in the same energy range.

Fig. 2 shows that the Fermi level is crossed by the energy
bands of both ISQ and triply degenerate p-Au states. This

Fig. 1 Crystal structure of Li8Au with isosurfaces of ELF = 0.9 in green (a)
and some isosurfaces of the square of MLWFs of ISQs in violet as well as
MLWFs of pz, px-Au in cyan (b). Yellow spheres correspond to Au atoms,
while Li atoms are located in the vertices of the green-lined cubes.

Fig. 2 MLWFs projected energy bands of Li8Au obtained from DFT
calculation. The color scale encodes the weight balance between the
contribution of interstitial and p-Au states to the energy bands. The special
points are marked with dashed circles.
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indicates that the Fermi surface of Li8Au is formed by sheets of
both electronic subsystems. Therefore, the electronic conduc-
tivity of this material should have contributions from inter-
stitial electrons as well as from electrons assigned to Au atoms.

The formation of bonds in Li8Au is followed by charge
transfer, where eight lithium atoms donate one electron each
from their partially filled 2s shells. These 8 electrons are
redistributed as follows, 1.5e� go to form the IAE state, and
another 6.5e� are accepted by the Au atom (1e� for 6s and
5.5e� for 6p). Integrating the density of states of the IAE
described by MLWF up to the Fermi level indeed gives the
number of electrons in the Li8-cavity equal to 1.5e�.

As shown in Fig. 2, the ISQ energy band contains two rather
flat regions along the X–U–K and W–X directions of the first
Brillouin zone, which along with the relatively small width of
this band (B2.5 eV), its partial filling, and strong spatial
localization allow one to expect the presence of essential
electronic correlations in this subsystem.

To evaluate the role of Coulomb correlation effects in the
formation of the electronic structure of Li8Au electride, we
calculated the value of the averaged screened interaction Hub-
bard parameter U for ISQ electronic states using constrained
random-phase approximation (cRPA) method.40,41 We have
evaluated Coulomb matrix elements Uijkl (o = 0) and obtained
a Hubbard U parameter equal to 2.024 eV. This value is
consistent with the values that are typical for other electrides
with well-localized IAEs states.16–21,24 The obtained magnitude
of the U parameter is comparable to the width of the ISQ energy
band, supporting the presence of essential correlation effects in
the interstitial electronic sub-system of Li8Au. At the same time,
since p-Au states are triply degenerate, more extended in space
than s-ISQ, and almost completely occupied, one should not
expect substantial correlation effects on them.

At the next stage, using the obtained basis of MLWFs
including functions describing ISQ and p-Au states, a small
non-interacting Hamiltonian was constructed. To account for
many-body effects in the electride subsystem, this Hamiltonian
was then solved using the DMFT42 technique with U = 2 eV and
with allowance for spin polarization.

Based on DMFT calculations at b = 30 eV�1, the k-resolved
spectral functions A(k, o) were obtained and are shown in Fig. 3
for two spin projections and could be directly compared with
angle-resolved photoemission spectroscopy (ARPES). As can be
seen from this figure, the initially degenerate ISQ band has split
into two bands. At the same time, the bands corresponding to
the p-Au states remained the same as they were at the DFT level.
It is also worth noting that no spin polarization was obtained in
the DFT calculation. Fig. 4 shows spin-resolved density of states
evaluated by an analytical continuation of a self-energy depen-
dence from Matsubara to the real frequencies using the Padé
approximation method.43 It follows from both figures that the
electride valence band is spin-polarized and for spin-up orien-
tation it is completely filled while for spin-down orientation it is
partially filled. Thus, the Li8Au electride subsystem reveals a
typical half-metallic character and, like all half-metals, should
be ferromagnetic. The IAE wave functions tails’ overlap creates
a path of direct ferromagnetic exchange interaction with the
first nearest neighbors. To ensure that we do not overlook
essential physics related to magnetic properties and behavior
near the Fermi level by neglecting correlation effects on the p-
Au states, we performed calculations using the HSE hybrid
functional.44 The occurrence of local magnetic moments on the
interstitial electronic states, as well as the energy dispersion,
were found to be qualitatively reproduced by the hybrid func-
tional in agreement with the results of our DMFT calculation
(see ESI†). This confirms that electronic correlation effects are
significant solely for s-ISQ states, thereby justifying the applica-
tion of a minimal basis set in DMFT calculations.

The substantial magnetic moment of spin-polarized IAE
states up to 0.5 mB indicates that they behave as magnetic
elements in a nonmagnetic lattice framework. The dual nature
due to the localization and extent of the spatial distribution of
the anionic electronic states can cause the existence of unique
magnetic mechanisms in intrinsic magnetic electrides,26 which
deserve further research.

To investigate magnetic properties, we calculated spin–spin
correlation functions on the imaginary time axis hSz(t)Sz(0)i and
in the frequency domain hSz(o)Sz(0)i in a wide temperature

Fig. 3 k-Resolved total spectral functions A(k, o) of Li8Au obtained by DMFT calculation at b = 30 eV�1 for spin-up (a) and spin-down (b). The green
dashed line shows the Fermi level.
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range (see Fig. 5 left and right panels, respectively). The half-
width at half-maximum of the peak in hSz(o)Sz(0)i can be used
as a measure of the degree of localization.45 The behavior of the
obtained correlation functions shows that the electride states
can be in two different regimes: from low temperature with
b = 30 eV�1 (387 K) up to b = 5 eV�1 (2320 K) we observe
extremely narrow peaks, indicating weak fluctuations and
strong localization of magnetic moments. On the contrary, at
the higher temperatures with b below 4 eV�1 the curve of the
correlation function becomes flattened, signifying an itinerant
regime corresponding to a paramagnetic metallic phase with
weakly localized moments. The same behavior can be traced
from the correlation function of imaginary time (Fig. 5 left
panel). If the magnetic moments are well localized, this corre-
lation function remains close to constant: hSz(t)Sz(0)i E S2.
This is exactly the kind of behavior we observe at b Z 5 eV�1.
For b r 4 eV�1 the spin moments are delocalized, corres-
ponding to the Fermi liquid regime. Thus, both diagrams of
spin–spin correlation functions contain two distinct sets of
curves with delocalized and well-localized moments corres-
ponding to paramagnetic and ferromagnetic phases, respec-
tively. The observed behavior of the correlation functions also
suggests that the magnetic phase is stable over a wide tem-
perature range, and the transition between the paramagnetic
and ferromagnetic phases is abrupt.

Since Li8Au has two weakly coupled conducting electron
subsystems (s-ISQ and p-Au), and ISQ do not have their own

phonon modes, the occurrence of spin polarization in the
former does not necessarily exclude the possibility of realiza-
tion of a superconducting state in the later,46–50 but such a
mechanism requires additional studies. If it would be con-
firmed that superconductivity in the p-Au subsystem is pre-
served despite spin ordering of interstitial electrons, Li8Au
could become a unique material where two adjacent electronic
subsystems, FM-ordered and BCS-superconducting, coexist
simultaneously.

3 Conclusions

In summary, our work deepens the understanding of the
importance of many-body effects in the ISQ subsystem of
electronic states, and reveals the mechanism of formation of
IAEs intrinsic magnetic moments that behave as FM quasi-
atoms. This phenomenon is realized in the Li8Au electride,
which includes strongly localized IAEs occupying specific crys-
tallographic positions in the centers of Li8 cubes. We calculated
the value of the Coulomb parameter U for the IAE states using
the CRPA method and it turned out to be comparable to the
width of the partially filled ISQ energy band and equal to 2 eV,
which suggests a moderate correlation regime. Using the
DFT+DMFT approach, we find that well-localized magnetic
moments are formed on the IAE states and spin polarization
arises within the electronic subsystem of Li8Au. Based on the
assumption that the atomic (p-Au) and electride (s-ISQ) electro-
nic subsystems are weakly coupled, the latter can be considered
as a platform for studying detached electronic quantum sys-
tems with well-localized magnetic moments. In particular, this
opens the way to investigate the possibility of coexistence of
magnetism and superconductivity in two adjacent electronic
systems. Overall, the observed many-body effects in Li8Au
indicate their importance in the study of new materials with
excess electrons confined in cavities.

4 Method details

The non-interacting DFT band structure e(
-

k) was obtained
using the Quantum ESPRESSO package51 with the exchange–
correlation energy described by the generalized gradient
approximation (GGA) and the Perdew–Burke–Ernzerhof (PBE)
functional.52 Structural data for Li8Au were taken from ref. 33.
Integration in the reciprocal space was performed on a regular
mesh of 16 � 16 � 16 k points in the irreducible part of the
Brillouin zone. The MLWF basis was obtained using the Wan-
nier90 package,53 which was also utilized to construct the non-
interacting GGA Hamiltonian HGGA in the real space. DFT+
DMFT calculations were performed for the inverse temperature
b = 1/kBT = from 2 to 30 eV�1, where kB is the Boltzmann
constant and T is the absolute temperature. The effective DMFT
quantum impurity problem54 was solved using the continuous-
time quantum Monte Carlo method with the hybridization
expansion algorithm55 as implemented in the package
AMULET.56

Fig. 4 Spin-resolved density of states of Li8Au obtained by DMFT calcula-
tion at b = 30 eV�1.

Fig. 5 Local spin–spin correlation functions on imaginary time axis (a)
and on real frequencies (b).
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